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Autogenous shrinkage induced cracking is a major concern in high performance concretes 

(HPC), which are produced with low water to cement ratios. Internal curing to maintain 

high relative humidity in HPC with the use of an internal water reservoir has proven 

effective in mitigating autogenous shrinkage in HPC. Superabsorbent polymers (SAP) or 

hydrogels have received increasing attention as an internal curing agent in recent years. A 

key advantage of SAP is its versatility in size distribution and absorption/desorption 

characteristics, which allow it to be adapted to specific mix designs. Understanding the 

behavior of superabsorbent hydrogels in cementitious materials is critical for accurate 

design of internal curing. The primary goal of this study is to fundamentally understand 

the interaction between superabsorbent hydrogels and cementitious materials.  

In the first step, the effect of chemical and mechanical conditions on the absorption of 

hydrogels is investigated. In the second step, the desorption of hydrogels in contact with 

porous cementitious materials is examined to aid in understanding the mechanisms of water 

release from superabsorbent hydrogels (SAP) into cementitious materials. The dependence 

of hydrogel desorption on the microstructure of cementitious materials and relative 

humidity is studied. It is shown that the capillary forces developed at the interface between 

the hydrogel and cementitious materials increased the desorption of the hydrogels. The size 



of hydrogels is shown to influence desorption, beyond the known size dependence of bulk 

diffusion, through debonding from the cementitious matrix, thereby decreasing the effect 

of the Laplace pressure on desorption. In the third step, the desorption of hydrogels 

synthesized with varied chemical compositions in cementitious materials are investigated. 

The absorption, chemical structure and mechanical response of hydrogels swollen in a 

cement mixture are studied. The effect of the capillary forces on the desorption of 

hydrogels is investigated in relation to the chemical composition of the hydrogels. In the 

second set of experiments of this part, the behavior of the hydrogels in a hydrating cement 

paste is monitored by tracking the size and morphology evolution of hydrogels interacting 

with the cement paste matrix. It is shown that the changes on the surface characteristics of 

hydrogels as a result of interactions with the pore solution and cement particles can affect 

the desorption rate of hydrogels in contact with a porous cementitious material. Scanning 

electron microscopic (SEM) examination demonstrates two different desorption modes 

with distinct morphologies of hydrogels depending on the chemical composition of 

hydrogels. The effect of the interfacial bonding between the hydrogels and the cementitious 

matrix and its relation to the desorption is illustrated. The desorption of hydrogels with 

different chemical compositions in blended cement mixture containing different 

supplementary cementitious materials (SCMs) such as slag, fly ash, silica fume and two 

types of glass powders, are examined. The absorption/desorption kinetics of hydrogels in 

different hydrating blended cement mixtures are monitored by freeze drying the samples 

at different times. The surface characteristics of different hydrogels after interaction with 

pore solution, cement particles and SCMs particles are examined and their relation to 



interfacial bonding is illustrated. It is shown that different SCMs can cause distinct changes 

on interfacial bonding.  

The understanding of hydrogel behavior in cementitious materials helps with accurate 

mixture design for internal curing. The kinetics of desorption is crucial for the purpose of 

internal curing. The understanding of release mechanisms and the change in the hydrogel 

morphology is important for the self-healing and self-sealing applications. 

Two major contributions of this research are (1) to show the effect of capillary forces 

developed at the interface between cementitious matrix and hydrogel which can increase 

the rate of desorption dramatically and (2) to illustrate the chemo-physical interaction 

between cement pore solution and hydrating particles with hydrogels which can affect the 

interfacial bonding between hydrogel and cement. These two main contributions will be 

useful to understand the absorption and desorption behavior of hydrogel in cementitious 

materials.  

Two main strengths of experimental procedures of this research are (1) use of in-house 

synthesis of hydrogels that permits establishing a link between the chemical composition 

of hydrogels and their behavior in cementitious materials and (2) use of freeze drying for 

the first time to monitor the behavior of hydrogels interacting with a hydrating 

cementitious matrix. 
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Chapter 1:  Introduction 

Concrete is the second most consumed material in the world after water. Concrete is an 

important component of our infrastructure and society. Concrete is comprised of cement, 

water, and aggregates. Portland cement was invented in 1824 by Joseph Aspdin and since 

then it began to become the most widely used construction material worldwide.  

It has become evident that conventional concrete designed solely on the basis of 

compressive strength shows deficiencies in regard to durability performance including 

frost resistance, impermeability, and thermal cracking.  

Demand for high performance concrete (HPC) has seen an increase over the past 

several decades to address the deficiencies related to conventional concrete. HPC, by 

definition, is expected to possess adequate workability, high strength, low permeability, 

superior dimensional stability and long-term durability [1]. HPC has constantly growing 

number of applications: marine construction, high-rise buildings, bridge decks and piers, 

thin-wall shells, airport pavements and many others. However, HPC advancement is 

hindered by its early-age cracking sensitivity [2]. In addition, there are other supplementary 

cementitious materials, such as fly ash, silica fume, glass powders and slag, commonly 

used in HPC to enhance the mechanical properties, durability, cosmetic aspects and 

microstructure of concrete [3]. HPC is prepared with low water to cement ratios (below 

0.4) which is prone to self-desiccation that results in autogenous shrinkage. Autogenous 

shrinkage is restrained by aggregates and other external components which lead to early 

age cracking. Early age cracking in HPC constitutes a major concern limiting its intended 

service life [4–7].  
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1.1 Autogenous shrinkage 

It is critical to understand the source and reasons for these cracking. One of the major 

reasons for cracking is autogenous shrinkage which can cause stress development in 

concrete and lead to crack formation. The autogenous shrinkage is different from chemical 

shrinkage which is a term used for a phenomenon in which the absolute volume of cement 

and water decrease with progressive hydration of cement [8,9]. Autogenous shrinkage of 

cement paste is defined as the macroscopic volume reduction of cement paste during 

hydration which occurs with no moisture transferred to the exterior surrounding 

environment. It is a result of chemical shrinkage affiliated with the hydration of cement 

particles [10,11]. As long as the cement paste is in the plastic phase, the chemical shrinkage 

is totally converted into an overall volume change. After first solid skeletons are formed in 

the hardening cement paste, the stiffness increases and makes a relatively hard and fixed 

boundary for pore fluid [12,13]. As a result, gas bubbles start to nucleate and grow in the 

bigger pores due to a drop in relative humidity as water is consumed during hydration 

[13,14]. A schematic of gas bubbles nucleation and growth in a hydrating cement paste is 

shown in Figure 1-1. Due to bubbles and therefore menisci creation in the pores, tensile 

stresses increase in the pore solution which pull the skeletons close to each other and cause 

a bulk shrinkage.  

Since the tensile strength of the cement paste is very low at early age, this bulk 

shrinkage can create micro-cracking at early age. Basically, the drop of relative humidity 

(RH) due to hydration causes the autogenous shrinkage. One of the most effective ways to 

mitigate the drop in RH and consequently preventing the early age autogenous shrinkage 

cracking is internal curing. 
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Figure 1-1 Schematic representation of a cross-section of a hydrating cement paste. Left: 
low degree of hydration. Right: high degree of hydration. Solid matter (hydrates and 
unhydrated cement) is shown as dark gray, pore water as light gray and empty pore 

volume as white (adapted from [13]). 

 

1.2 Internal curing 

Traditionally curing is referred to maintenance of a satisfactory moisture content and 

temperature in concrete for a period of time immediately following placing and finishing 

[15–19]. As mentioned previously, reduced RH is the main cause of early age micro-

cracking in HPC. After placing the concrete different approaches based on the operational 

conditions are usually used to either prevent evaporation of water from concrete surface or 

providing extra water on the external surface to mitigate the drop in RH. This procedure is 

considered as external curing and can be implemented in different ways such as ponding 

and immersion, fogging and sprinkling, wet coverings, use of impervious paper, plastic 

sheets etc. [20].  

For a porous ceramic like cement paste external curing cannot provide moisture in an 

effective time range. Since, the pore structure of cement paste (concrete) is very fine and 

the material is dense (especially for HPC) and also usually the concrete elements are thick, 

mass transport in this material takes a very long time which is not desirable for curing (see 

Figure 1-2). To have better durability extra water needs to be provided internally to reduce 
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the transport length to allow efficient distribution of the extra water within the 

microstructure of concrete. This technique that is utilized to provide extra water internally, 

without affecting the initial water to cement ratio of concrete mixtures, is called Internal 

Curing. Internal curing has proven effective in alleviating autogenous shrinkage cracking 

in high performance concrete [4,5,12,21–31]. In addition, water released from hydrogels 

contributes to the hydration of unhydrated cement particles, further densifying the 

microstructure. This improves the durability and mechanical performance of the 

cementitious materials [31]. Internal curing can be achieved by using pre-wetted 

lightweight aggregate [11,32,33] as a reservoir of water (see Figure 1-2). 

 

Figure 1-2 Conceptual illustration of the differences between external and internal curing 
(Adapted from [32]) 

 

At the beginning of the 21st century, a new concept of internal curing by means of using 

fine superabsorbent polymer (SAP hydrogel) particles in concrete mixture was introduced 

by Jensen and Hansen [5,30]. This concept permits formation of a controlled reservoir of 
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water (swollen hydrogel), which can release water in cement paste in response to a 

reduction in RH. There are other envisioned benefits related to use of SAP including self-

sealing and delivery of bio-inspired self-healing materials [31,34–37]. Of course, the 

primarily purpose of using SAP in cementitious material is for internal curing, but in 

Figure 1-3 and Figure 1-4 the schematic of other concepts are illustrated too. 

 

Figure 1-3 Schematic for the self-sealing concept (Adapted from [35])  

 

 

Figure 1-4 Schematic for the delivery of self-healing materials concept (Adapted from 
[37]) 

A large number of benefits can be envisioned from using hydrogels as a vehicle for 

incorporating additives, including chemical and mineral admixtures, nanoparticles, etc., in 

cementitious materials. The presence of certain additives at the beginning could adversely 

affect other processes in cementitious materials; for example, delayed hydration and 

strength gain due to addition of shrinkage reducing admixtures (SRA) [1,38–41]. 



6 
 

 

Engineering hydrogel encapsulated SRA to release at a desired time permits optimum 

performance of additives in cementitious materials. The fundamental understanding of the 

behavior of hydrogels in cementitious materials is necessary in order to achieve successful 

designs for internal curing, self-sealing and delivery of self-healing materials. 

Unfortunately, the behavior of hydrogels in cementitious materials is poorly understood. 

During the last two decades several investigations have been performed in order to 

understand the absorption/desorption behavior of hydrogels in cementitious materials. 

Majority of these investigations were performed to understand the absorption/desorption 

behavior of hydrogel in synthetic pore solutions or extracted pore solutions [42–44] and 

the effect of commercial hydrogels on the micro-macro-scale behavior of cementitious 

materials [45–47]. 

Improvements in the hydration of cementitious materials when SAP was used due to 

internal curing has been documented in the past [27,48,49]. Prior studies have examined 

the effect of SAP on the microstructure densification of cementitious materials [29,49–52]. 

The influence of SAP on the transport properties was also studied by researchers 

[26,27,53]. However, addition of SAP has been found to result in formation of macrovoids, 

which impact the compressive strength of cementitious materials [7,29,44,54,55]. It is 

important to mention that factors including cement mix proportion and the physical and 

chemical characteristics of SAP strongly affect their influence on cementitious materials 

[7,26,28,44,56]. 

Supplementary cementitious materials (SCMs) are widely used in concrete to enhance 

the durability and extend the service life of infrastructure. The use of SCMs is in part 

motivated by the need to reduce Portland cement production which generates greenhouse 
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emissions and impacts the environment [57–59]. The cement clinker and SCMs hydrate 

simultaneously and influence on each other. The blended cement paste composition and 

pore fluid affect the overall hydration and pozzolanic reactions (by fly ash) are known to 

occur later as pozzolans need to react with the calcium hydroxide formed in cement 

hydration [60]. As the degree of hydration of fly ash increases, the autogenous shrinkage 

also increased in time [61]. The investigation by Jensen and Hansen [62] show that silica 

fume addition markedly increases autogenous shrinkage as well as the autogenous relative 

humidity change. Slag-cement mixtures showed greater autogenous shrinkage than 

ordinary concrete in the research of Lee et al [63]. Due to the slower rate of SCMs reaction, 

the initial total amount of autogenous shrinkage is lower compared to an ordinary Portland 

cement mixtures. However, internal curing by means of SAPs seems to be successful, 

independent of this long term higher rate of shrinkage in mixtures with SCMs [60]. Prior 

research has shown the benefits of SCMs such as fly ash [64–67], slag [68–70], glass 

powder [71–79], silica fume [80,81] and metakaolin [82,83] to cementitious material 

behaviors. 

 

1.3 Superabsorbent polymer (SAP hydrogel) 

In general, hydrogels are crosslinked polymer networks that have the ability to absorb 

noticeable amount of water. Hydrogels can be classified in different bases [84]:  

• Source: natural or synthetic origins 

• Polymeric composition: homopolymeric, copolymeric and multipolymer 

• Configuration: amorphous, semi-crystalline and crystalline 

• Type of crosslinking: chemical and physical cross-link junctions 
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• Physical appearances: matrix, film, or microsphere 

• Network electrical charge: nonionic (neutral), ionic, amphoteric electrolyte 

(ampholytic) containing both acidic and basic groups and zwitterionic 

(polybetaines) containing both anionic and cationic groups 

Hydrogels are responsive to different types of stimuli such as chemical effects (pH, 

ionic strength, solvent composition and molecular species) and physical effects 

(temperature, electric or magnetic field, light, pressure, mechanical loading or 

sound)[85,86]. This stimuli responsive behavior of hydrogels is a benefit since it can be 

used to design smart material systems. As long as the behavior of hydrogels under different 

conditions is known, stimuli can be used as a motivation or trigger to activate the desirable 

properties [87,88].  

There are various types of hydrogels which can be utilized in different conditions for 

different purposes. Hydrogels can be used in different technologies such as 

agricultural[89,90], tissue engineering [88,91–93], drug delivery system [94,95], sealing 

[96,97], water desalination [98,99], food additive [100], biomedical application [101–103] 

or recently infrastructure materials [5,30]. In order to use hydrogels in the design of smart 

material systems, the main step is to fully understand the behavior of this material in the 

specific application’s environment and condition.  

Recently, studies have been performed to understand the chemical behavior of 

hydrogels in cementitious materials. The hydrogels used in cementitious materials are 

typically polyelectrolytes, so they are sensitive to the pH and ionic strength of the 

environment. As illustrated in Figure 1-5 and Figure 1-6, hydrogels are naturally porous, 

meaning the mass transport through this material is possible. Of course, there is a difference 
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in this type of porosity compared to other porous material such as ceramics (cement paste). 

Schematic of polymer network expansion of hydrogels after exposure to solvent is also 

illustrated in Figure 1-5. In Figure 1-6, a microstructure of a freeze dried hydrogel 

demonstrating the micro-macro porosity of the hydrogel is shown. 

By definition, hydrogels are polymer networks having hydrophilic properties [84]. 

Hydrogels are generally prepared from hydrophilic monomers; however, in order to 

regulate hydrogel’s behavior such as mechanical properties or absorption capacity, 

hydrophobic monomers can be incorporated in the polymer networks [104,105]. 

Hydrophobic polymers are generally synthetic and mechanically strong which are very 

beneficial for tissue engineering applications [106].  

 

 

Figure 1-5 Schematic of absorption of a solvent by polymeric networks with crosslinked 
junctions (yellow circles)  
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Figure 1-6 SEM imaging of microstructure of freeze dried poly(sodium acrylate-
acrylamide) hydrogel with covalent crosslinking 

  

There are different types of polymerization for hydrogel synthesis. Any of these 

techniques can be used to form gelation: bulk, solution and suspension polymerization. 

Generally, there are three integral parts of hydrogels: monomer, cross-linker and initiator. 

The polymerization techniques used for hydrogel synthesis are briefly described as follows 

[84]: 

• Bulk polymerization: Bulk polymerization is the simplest technique which 

involves only monomers and monomer-soluble initiators. The bulk 

polymerization of monomers to make a homogeneous hydrogel produces a 

glassy, transparent polymer matrix which can be produced in a wide variety of 

forms including films and membranes, rods, particles, and emulsions [107]. 

• Solution polymerization/cross-linking: In this technique the ionic or neutral 

monomers are mixed with the multifunctional cross-linking agent and 

polymerization is initiated thermally by UV-irradiation or by redox initiator 

system [108]. 
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• Suspension polymerization or inverse-suspension polymerization: This 

technique is very useful if the preparation of beads or microsphere is needed. 

If the polymerization process is water-in-oil (W/O) it is called “inverse-

suspension polymerization”, but more common technique is oil-in-water 

(O/W) which is called suspension polymerization. There is no need for 

grinding of hydrogel to prepare micro particles and the particles will be 

spherical compared with irregular shaped ground hydrogels [109–111].  

• Grafting to a support: usually hydrogels prepared by bulk polymerization have 

a weak structure with low mechanical properties. To improve that hydrogel can 

be grafted on surface coated onto a stronger support. In this technique, hydrogel 

polymerization process is involved with extra steps to graft the hydrogel to a 

substrate such as starch in order to increase the hydrogel’s properties [112–

114] 

• Polymerization by irradiation: ionizing with high energy radiation, like 

gamma rays and electron beams, has been used as an initiator to prepare the 

hydrogels of unsaturated compounds. The major advantage of the irradiation 

initiation over the chemical initiation is the production of relatively pure and 

initiator-free hydrogels [115,116].  

Different methods are used to characterize the physical, chemical and mechanical 

properties of hydrogels. The physicochemical analysis contains morphological and 

microstructural imaging, evaluation of color, transparency, and degree of polymerization, 

chemical bonds characterization, and thermal and X-ray analyses [117]. The rubber 

elasticity and poroelasticity theories are usually utilized for constitutive modeling of 
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hydrogels as mechanical property characterization [118]. However, these theories are 

applicable to swollen state of hydrogels with median capacity of water. In the cases of high 

swelling capacity hydrogels and in their fully swollen state these theories might not be able 

to provide a realistic deformation of hydrogels. 

A schematic of interaction between hydrogels and cementitious material is depicted in 

Figure 1-7. When hydrogel is placed in a fresh cement slurry, the absorption starts 

subjected to ionic effect present in the cement slurry as a result of cement dissolution. In 

addition, hydrogel absorption is influenced by the mechanical pressure of the cement slurry 

mass and the constraint of the stiffening matrix with hydration. At a later point, when the 

relative humidity of the matrix is dropped due to water consumption during hydration, the 

difference in the chemical potential of the water in the hydrogel and in the surrounding 

matrix provide a driving for the desorption of hydrogel into the matrix. This provides a 

general picture of absorption and desorption of hydrogels in cementitious materials.  

 

Figure 1-7 Schematic of interaction between hydrogels and cementitious material 
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1.4 Objectives and Problem Statements 

HPCs are more prone to early age cracking than normal concrete which adversely 

impacts the durability of this material [119]. Superabsorbent polymers (SAP) have received 

increasing attention as an internal curing agent in recent years [5,25–30]. A key advantage 

of SAP is its versatility in size distribution and absorption/desorption characteristics, which 

allow it to be adapted to specific mix designs. 

The Objective 1 of this study is to understand the absorption behavior of hydrogels in 

cementitious material. The exact absorption of hydrogels in cementitious materials is 

needed for accurate design of internally cured cementitious materials. Inaccurate 

determination of hydrogel absorption will alter the effective water to cement ratio, which 

can impact the desired outcome.  

The Objective 2 of this investigation is to understand the desorption behavior of 

hydrogels in cementitious materials. The importance of hydrogel desorption can be 

emphasized by examining two scenarios. In the first scenario, if water release from 

hydrogels starts too early while the cementitious matrix is still plastic and able to 

accommodate the volume change due to hydration, the effect of hydrogel will be limited 

to simply an increase in initial water/cement ratio of the mixture. In the second scenario, if 

the water release occurs too late and water does not reach regions with decreased relative 

humidity, autogenous shrinkage can take place. In both cases, hydrogels are not expected 

to prevent autogenous shrinkage induced crack formation in the cementitious matrix. 

The Objective 3 of this investigation is to understand the effect of different types of 

supplementary cementitious materials (SCM) such as fly ash, slag, silica fume, glass 

powder on the hydrogel desorption behavior. As previously mentioned, HPCs usually 



14 
 

 

contain one or more SCMs which can influence the pore solution chemistry, cement matrix 

microstructure, RH and hydration rate. All these parameters potentially affect hydrogel 

desorption behavior.   

It is worth mentioning that an understanding of the fundamental desorption behavior of 

hydrogels is also important for applications where hydrogels are used as a delivery vehicle 

of encapsulated materials. In the case of self-sealing applications, the morphology change 

of hydrogels during desorption can influence their re-swelling and crack sealing.  

  

1.5 Dissertation outline 

In Chapter 1 an introduction about the internal curing and use of SAP as an internal 

curing material is provided. 

In Chapter 2, the experimental techniques, materials and sample preparation procedures 

are explained in details. 

Chapter 3 focuses on hydrogel absorption and the effect of capillary forces on the 

desorption of hydrogels in contact with porous cementitious materials 

In Chapter 4, the effect of chemical composition of hydrogels on hydrogel desorption 

in cementitious materials is investigated.  

Chapter 5 discusses the influence of different SCMs on the hydrogel 

absorption/desorption behavior and the effect of hydrogel on surrounding matrix 

microstructure.  

Chapter 6 provides conclusions and future work. 
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Chapter 2: Experiments 

This chapter covers all the experimental techniques, devices, materials and sample 

preparation procedures that are used through the entire study to examine the behavior of 

hydrogels in cementitious materials. The hydrogel synthesis was performed in our own 

laboratory in order to have a control on the chemical and physical structure of hydrogels. 

This can be critical in regard to the interpretation of hydrogel’s absorption/desorption 

behavior. The experimental techniques such as AFM, SEM, Profilometry, Micro 

mechanical, nano-mechanical, FTIR, MIP, and freeze drying are described in detail.  

2.1 Materials 

2.1.1 Commercial SAP 

A total of four different SAPs designated as SAP1, SAP2, SAP3, and SAP4 were used 

in this study. SAP1 was obtained from Universe of Science, Inc., and SAP2-SAP4 were 

provided by Emerging Technologies. SAP1, SAP3, and SAP4 were made of sodium salts 

of crosslinked polyacrylic acid, and SAP2 was a potassium salt of crosslinked polyacrylic 

acid-polyacrylamide copolymer. The exact chemical composition of the commercial SAPs 

as well as polymerization techniques and conditions are not released by the vendors. SEM 

imaging from SAP1-SAP4 particles are illustrated in Figure 2-1(a-d) and their particle size 

distributions are plotted in Figure 2-1 (e) which gives noticeable information regarding 

morphology and particle size of SAPs. The plots are smoothed using the curve fit toolbox 

in MATLAB. The median particle size of SAP1, SAP2, SAP3, and SAP4 was calculated 

to be 197 µm, 59 µm, 140 µm, and 60 µm, respectively, analyzing 100 particles of each 

SAP micrograph using ImageJ software. The size of each particle was calculated as the 
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diameter of a circle with the same area as the projected particle. The shape of the SAPs 

are irregular in general, but it is shown that SAP3 is spongy-porous compared with angular 

SAP1, SAP2 and SAP4.  

 

 

Figure 2-1 Scanning electronic microscopy micrograph of (a) SAP1, (b) SAP2, (c) SAP3, 

and (d) SAP4. (e) Particle size distributions of SAPs. (Adapted from [44]) 
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The absorption/desorption behavior of SAPs is related to their chemical composition, 

molecular crosslinking, particle size, particle shape and solution chemistry they come in 

contact with (such as: ionic strength and pH) [42,43,120–122]. Since exact chemical 

compositions of these commercial SAPs are not known, in this study they are only used to 

evaluate the effect of mechanical pressure in distilled water and ionic solutions. Also, they 

are used for tea-bag test of absorption in extracted cement pore solution and distilled water, 

and SEM imaging of macro-void and morphology of SAP in cement paste as an 

observation. 

2.1.2 Hydrogel   

As previously mentioned, chemical composition of commercial SAPs are not known 

and even though the behavior of SAPs in the synthetic pore solution and extracted pore 

solution was extensively investigated in the past [43,54,120], the relation and link between 

the chemistry of different SAPs and cement slurry is poorly known. In order to have better 

insight from the chemo-physical behavior of different hydrogels and be able to investigate 

the relation between molecular structures of hydrogels and cement paste environment, 

hydrogels in this study were synthesized in our laboratory. All the commercial SAPs are 

called SAP1-4 and all the synthesized ones are called hydrogel. Controlling the chemical 

composition of hydrogels allows us to investigate link between the absorption/desorption 

behavior of hydrogels and their molecular structures.  

Poly (sodium acrylate-co-acrylamide) copolymers with different chemical 

compositions are studied in this investigation and their compositions are listed in Table 1.  

Hydrogels are synthesized using the free radical polymerization method as described in 

Horkay [121]. All the materials are purchased from Sigma-Aldrich and used as received. 
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Main monomers are acrylic acid (AA) and acrylamide (AM). Hydrogels with different AA 

(g) /AM (g) ratios are prepared. AA is dissolved in 50 ml of distilled water and partially 

neutralized with 13.5% (wt) of sodium hydroxide before polymerization. AM is added to 

the solution and 0.025 g of N, N’- methylenebisacrylamide crosslinking agent (MBA) is 

added to the solution. The solution is stirred for 30 minutes to allow all the materials to 

fully dissolve. Dissolved oxygen is removed from the solution by bubbling the solution 

with argon for 3-5 min. The final step consists of adding 0.064 g of ammonium persulfate 

(APS) to initiate polymerization. After 5 minutes of stirring, the solution is poured in 

specific molds consisting of two glass plates sandwiching with a rubber gasket with varied 

thicknesses (0.5-3.5 mm) in order to control the initial thickness of hydrogel samples. In 

addition, glass molds allow us to have hydrogel layers with smooth surfaces without any 

wrinkles. The molds are placed in an oven and gelation occurred at 60 ºC for 2 to 3 hours 

dependent on the AA/AM ratio. The hydrogel layers are demolded, the hydrogel sheet 

edges which are in contact with rubber gasket are cut and their surfaces cleaned with 

alcohol for a few minutes to remove residual/unreacted monomers from the surface. The 

influence of the mold used during the synthesis by free radical polymerization of a hydrogel 

on the structure of its free surface is significant on surface characterization such as 

adhesion, in the past investigations it is shown that by increasing the hydrophilicity 

property of mold surface the final hydrogel has the lowest discrepancy between the bulk 

and the surface of the hydrogel [123]. Since the major effort in this study is focused on the 

interfacial bonding between hydrogel and porous cement paste the glass molds are used 

and the surface close to rubber gasket is not used in order to have the lowest discrepancy 

between the bulk and the surface of hydrogels. The hydrogels are placed in distilled water 
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for 1-3 hours (in the cases for bulk use it is kept in distilled water over night), then removed 

from distilled water and placed on a plastic mesh to allow hydrogel surface and body to 

become free of wrinkles or creases. The next day after the last cleaning, the hydrogels will 

be either punched, grind or cut before the drying process. Disks with a diameter of 16 mm 

are cut from the hydrogels using a punch and allowed to dry overnight in an oven at 60 ºC. 

All hydrogel disks have the same initial dry dimension of 9 mm in diameter; disks with 

varied thicknesses are prepared for different experiments as described later. Hydrogel disks 

with a dry thickness of 0.25-0.28 mm are utilized for absorption measurement and in situ 

experiments in order to have a similar diffusion length compared to SAP particles 

commonly used in cementitious materials. Hydrogel disks with a thickness of 1.6 mm in 

the dry condition are prepared to be used in the elastic shear modulus measurement, FTIR 

analysis, roughness measurement and AFM adhesion measurement. Thicker disks are used 

in these experiments to allow sample handling for these experiments. In order to examine 

the desorption of hydrogels in a hydrating cementitious matrix, thin micro-strip are cut 

from the thin hydrogel layers using a razor blade and then dried. The dry cross section of 

the micro-strip is in the range of 0.25-0.28 mm, which is similar to the thickness of the 

hydrogel disks used in the absorption experiments and is comparable to the size of SAP 

used in the cementitious materials. 

In order to increase the alternatives for hydrogel choices and also bring more 

functionality into the hydrogel-cement system, the Double-Network (DN) hydrogels are 

synthesized via two step sequential free-radical polymerization process from acrylamide-

alginate monomers [124–127]. The compositions are listed in Table 1, after dissolving all 

the components (monomers, cross-linker and initiator) in water, in the first step, a hydrogel 
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composed of covalently cross-linked network structure of AM (acrylamide) is formed via 

polymerization in oven at 60 ºC. This hydrogel is made of one monomer, but the second 

monomer which was dissolved in the initial solution is hidden in the hydrogel at the end of 

first step. The hydrogel sheets subsequently are submerged into a synthetic solution for 

alginate to form ionic-crosslinking, after taking the hydrogel out of oven and demolding it. 

The obtained hydrogel so-called DN hydrogel is immersed and washed in distilled water 

again to reach the equilibrium swelling state and cleaned from unreacted monomers and 

initiator. The synthesized pore solution compositions are listed in the Table 2. The synthetic 

pore solution chemistry is close to cement pore solution in order to have better 

compatibility. The pH level is adjusted to 13.00 by adding hydrochloric acid (HCl). 

 

Table 1 Hydrogel compositions 
Hydrogel 

Type 

AA  

(g) 

AM 

(g) 

NaOH 

(g) 

MBA 

(g) 

APS 

(g) 

Distilled 

Water (g) 

H-1 9 1 1.215 0.025 0.064 50 

H-2 5 5 0.675 0.025 0.064 50 

H-3 1 9 0.135 0.025 0.064 50 

H-A 6 4 0.810 0.043 0.064 50 

H-B 0 10 0 0.043 0.064 50 
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Table 2 Synthesized pore solution compositions 
 Ca(OH)2 

(g) 

KCl 

(g) 

NaCl 

(g) 

NaOH 

(g) 

Distilled 

water (g) 

Synthetic pore 

solution 

2.24 29.82 11.69 8.00 1000 

2.1.3 Cementitious material 

In this study, two major types of cement paste were prepared: 1) cement substrate with 

different water to cement ratios in order to use as substrate, 2) cement paste with embedded 

hydrogel or mixed with SAPs with different water to cement ratios in order to investigate 

the interaction behavior between hydrogels and cement paste. To have consistency in all 

the samples a lignosulfonate-based superplasticizer (WRDA® 60, W. R. Grace & Co.-

Conn.) at a concentration of 0.5% of the cement mass is added to the all mixtures.  

Cementitious substrates are prepared by mixing type I Portland cement and water with 

three water to cement ratios of 0.25, 0.45, and 0.65, according to ASTM C 109. Three water 

to cement ratios are used to vary microstructure in the cementitious materials with an 

increase in porosity with increasing water to cement ratio. Cement mixture cubes of 50 mm 

dimensions are cast in two layers with each layer being tamped 32 strokes with a tamper. 

The cubes are placed in a moist room with a relative humidity more than 95% and at a 

temperature of 23 ± 2 ºC for 24 hours. Then, the cubes are demolded and stored in a 

saturated lime solution for seven days. After seven days, the cubes are submerged in 

acetone for 12 h to stop hydration. Then, the cubes are cut in half using a saw and the cut 

surfaces are polished with SiC sand papers of 180, 320, 600, and 1200 grit sizes. The 

samples are cleaned in an ultrasonicator for 20 minutes to remove the polishing compounds 

stuck on the surface. Bleeding is observed on the surface of the cement paste cubes with a 
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water to cement ratio of 0.65; only a portion of these cubes away from the top surface is 

used in sample preparation to avoid bleeding portion of samples. The samples are saturated 

in distilled water for 48 h and, subsequently, placed in dry boxes with relative humidity 

levels of 75%, 85%, and 95% for one to two months. To achieve three different relative 

humidity levels of 75%, 85% and 95%, saturated salt solutions namely, sodium chloride, 

potassium chloride and potassium nitrate, respectively, are used in respective dry boxes. 

The goal is to have cementitious materials with varied microstructures and varied relative 

humidity levels to permit investigating the effect of these characteristics on the capillary 

forces and desorption of hydrogels. It should be mentioned that the conditioning procedure 

used here allows to condition the region near the surface as the entire interior of the sample 

would require a much longer time to be conditioned [128,129]. The cementitious material 

substrates are designated CM-0.25, CM-0.45, and CM-0.65, corresponding to the different 

water to cement ratios used in the experiments. 

In general, shrinkage reducing admixtures (SRA) reduces the surface tension of pore 

fluid, and are used in cementitious materials with low water to cement ratios to reduce 

shrinkage and mitigate crack formation [130,131]. It is described that SRA is mainly 

composed of amphiphilic (i.e., surfactant) molecules that when added to an aqueous 

solution, accumulate at the solution–air interface and can significantly reduce the 

interfacial tension. In this investigation, SRA was used to study on the effect of the pore 

fluid interfacial tension on the desorption of hydrogels in cementitious materials. There are 

two main reasons for this investigations: 1) we can manipulate the capillary forces in 

cement pores and this can be another evidence for the effect of capillary forces on the 

desorption of hydrogel, if by decreasing capillary tension (using SRA) the rate of hydrogel 
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desorption in contact with the cement substrate decreased, 2) SRA is commonly used in 

HPC which can affect on the desorption behavior of hydrogel and needed to be studied. In 

order to examine the effect of SRA on the desorption of hydrogels, cementitious material 

substrates were saturated in a solution containing 5% of SRA, composed of hexylene glycol 

(Eclipse® Floor, W. R. Grace & Co.-Conn.), for three days and then placed in the dry box 

with the 75% relative humidity for about one month. 

2.1.4 Diluted cement slurry  

Extracted or synthetic pore solutions are typically used to examine the chemical effects 

of the pore solution on hydrogels [42,43,122,132–134]. However, the extracted and 

synthetic pore solutions do not account for potential interactions between the hydrogels 

and the hydrating cement particles. Thus, in this study hydrogels are studied in a diluted 

cement mixture to allow the examination of the combined effect of pore solution and 

hydrating cement particles on hydrogel behavior. The diluted cement mixture is prepared 

with a water to cement ratio of 5 (or 2, it is mentioned in their section) and poured in 

polypropylene tubes. Hydrogel thin disks are submerged in the polypropylene tubes and 

sealed. The tubes are agitated periodically to maintain uniform dispersion in the cement 

mixture. Then hydrogels are removed from the diluted cement mixture at different times, 

surface cleaned and their mass measured using a balance with a precision of 0.001 g. 

Absorption (water content) was determined using the following equation: 

( )
d

ds

W
WWQ −

=  (1) 

Where Ws is the weight of swollen hydrogel and Wd is the weight of dry hydrogel. Two 

samples are used in the experiments and the average value is reported. The diluted slurry 
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samples are also used for FTIR, AFM adhesion, elastic shear modulus measurement, 

surface roughness and desorption test of hydrogel in contact with cement substrate. This 

technique allows us to model the real case more accurately. 

2.1.5 Mix design for cement paste blended with SCMs  

Supplementary cementitious materials are used as a partial replacement for Portland 

cement. Five different type of SCMs are used: slag, silica fume, fly ash, glass powder 

VCAS and glass powder CS400. The percentage of replacement in all of the mixtures are 

40% of cement by weight, except silica fume which is replaced by 20%. The SCMs and 

cement powder are mixed together properly for 3-5 minutes by using mixer before adding 

water. This allows the uniform distribution of powders and prevent agglomeration of 

SCMs. The water to cement ratio is 0.35 and lignosulfonate-based superplasticizer 

(WRDA® 60, W. R. Grace & Co.-Conn.) at a concentration of 0.5% of the cement mass is 

added to the all mixtures. 

2.2 Experimental techniques 

2.2.1 Elastic shear modulus measurement 

Hydrogels resemble natural rubbers in their property to elastically respond to applied 

stresses. Rubbers are materials that respond to external stresses with almost instantaneous 

and fully reversible deformation. A hydrogel subjected to a moderate deformation, up to 

20%, will fully and instantaneously reverse the deformation to original state. This elastic 

behavior of hydrogels can be explained by rubber elasticity theory originally developed by 

Treloar  and Flory [135–139]. 
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The mechanical behavior of hydrogel can have an important role in different 

mechanisms of desorption which is explained in details in the corresponding section. The 

mechanical property such as shear modulus (G) is highly sensitive to the water content of 

the hydrogel and chemical interaction between hydrogel and pore solution and hydrating 

cement particles. In order to examine the effect of the diluted cement mixture on the 

mechanical behavior of hydrogels, hydrogel disks at swollen state were subjected to 

compressive tests. Hydrogel disks were removed from diluted cement mixture after 6 

hours, surface cleaned and placed on the bottom plate of the fixture in a material testing 

machine. The hydrogel disks were uniaxially compressed by the top plate in the 

displacement controlled mode at a rate of 0.0195 mm/s. Both plates were made of a 

transparent glass and covered by silicone oil to prevent lateral friction during the 

compressive loading. The transparent glass allows us to control plausible rupture or 

imperfection in samples during the test in order to increase the accuracy of the results. The 

load-displacement curves were used to calculate the shear modulus of the hydrogel disks 

assuming a rubber elasticity constitutive model for the hydrogels [135,140]. The shear 

modulus, G, was calculated from the following equation [121]: 

)( 2−−= λλσ G  (2) 
 

where λ is the deformation ratio (λ=L/L0, L and L0 are the thickness of the deformed and 

undeformed specimen, respectively) and σ is nominal stress. The average value of two 

samples is calculated as the shear modulus of each hydrogel. The mechanical test setup is 

illustrated in Figure 2-2. The displacement provided by California bearing ratio device, 

force data acquisition is done by FUTEK load cell.  
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Figure 2-2 Mechanical test setup  

 

2.2.2 FTIR analysis 

Infrared spectroscopy probes the chemical bond vibrations. Functional groups can be 

associated with characteristic infrared absorption bands, which correspond to the 

fundamental vibrations of the functional groups [141–143]. The infrared spectra are quick 

and easy to achieve and refer to the spectrum region between the visible and microwave 

regions. In theory, infrared radiation is absorbed by molecules and converted into energy 

of molecular vibration; when the radiant energy matches the energy of a specific molecular 

vibration, absorption occurs. The frequencies at which a molecule absorbs radiation give 

information on the groups present in the molecule[141,144]. 

In this study, FTIR is used to examine the change in the chemical structure of the 

hydrogels as a result of interaction with the diluted cement mixture. As shown in the 

corresponding section, a thin skin with a different color and stiffness from the bulk of 

hydrogels is observed to form on the surface of the hydrogels used in the experiment. Thus, 

in order to identify the chemical nature of the skin and its contrast with the bulk hydrogel, 
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the FTIR analysis was performed on both the surface and the interior bulk of the hydrogels. 

The hydrogel surface was directly placed on a PerkinElmer Paragon 1000 FTIR with the 

ATR accessory which allows us to identify the samples chemical structure from fresh 

samples. In order to scan the interior bulk of the hydrogels, a starter notch was introduced 

at the edge using a blade and the top layer was peeled off to have a smooth surface in the 

interior bulk of the hydrogels. This method ensures that the interior bulk remains intact 

during sample preparation. The FTIR device is shown in Figure 2-3. The hydrogel samples 

are taken out of diluted cement slurry, surface cleaned with alcohol and placed on the 

device after couple of minutes in order to evaporate the extra alcohol. 

 

Figure 2-3 PerkinElmer Paragon 1000 FTIR with the ATR accessory  

 

2.2.3 AFM adhesion measurement 

Mechanical properties and other surface interaction forces of soft materials have a 

significant role in the mechanistic behavior of soft materials such as hydrogel. The ability 

to measure adhesion force, Young’s modulus and other surface characterizations of soft 

materials allows us to determine and interpret major number of complex phenomena which 

involve elastic contacts. The use of the Atomic Force Microscopy (AFM) as a micro-
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indenter to measure elastic properties and other surface interaction forces was introduced 

by Burnham and Colton [145] and followed by Tao et al. and Radmacher et al. [146,147]. 

In these methodologies by using AFM, the force-displacement curves are collected and 

suitable contact mechanics models are utilized to determine the Young’s modulus, 

adhesion force and other material properties. In order to investigate soft materials like 

hydrogel, a micro-indentation AFM based approach is commonly used. In this approach, 

the cantilever tip is modified by attaching a micro-sphere glass on the tip [145,148–150]. 

The schematic of approach, contact, retract and separation of AFM cantilever on a soft 

sample (cell, hydrogel, etc.) is illustrated in Figure 2-4. By collecting the force-

displacement curve the materials properties will be obtained. 

 

Figure 2-4 Schematic of AFM micro-indentation with micro-sphere glass bead attached 
to cantilever (Adapted from [151]) 

 

In this section, the experimental technique which is used to investigate the effect of 

diluted cement mixture on the hydrogel surface adhesion is explained. Since the hydrogel 

surface plays an important role on the interaction between the hydrogels and a cementitious 
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matrix and can potentially affect the desorption of hydrogels, it is important to characterize 

the dependence of hydrogel skin adhesion on the chemical composition of hydrogels. To 

this end, the AFM-based adhesion contact measurement assuming the Johnson-Kandall-

Roberts (JKR) [152] contact mechanics theory is used. This method describes the elastic 

contact behavior of an elastic sphere in contact with an elastic half-space accounting for 

adhesion between the two surfaces. The JKR model is a good approximation for the load-

indentation relationship of soft materials with a large value of sphere radius R [153]. This 

model is described as shown below:  

 

 (3, 4) 

 

where P is the applied normal force, E is the Young’s modulus of the sample, a is contact 

radius, R is the sphere radius, ν is the Poisson’s ratio of the sample, γi is the interfacial 

energy and δ is the depth of indentation. 

The adhesion contact measurement was carried out using an AFM (AFM Workshop) 

which is illustrated in Figure 2-5. A glass microsphere with a diameter of about 50 µm 

attached to the end of the AFM probe was brought into contact with the hydrogel surface. 

The microsphere is then retracted from the hydrogel until the attractive forces are no longer 

able to resist. The maximum attractive force is calculated from the maximum deflection of 

the cantilever using the elastic beam theory. The probe was purchased from APPNANO 

with a width of about 40 µm and initial stiffness (K) of 36-90 N/m. The glass sphere was 

purchased from Polyscience Inc. and an epoxy paste was used to attach the glass 

microsphere to the probe’s end which is shown in Figure 2-6. The Sader method was 
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applied to determine the spring constant of the AFM cantilever using its resonant frequency 

and plan view dimensions [154]. The AtomicJ software was utilized to obtain the adhesion 

force and Young’s modulus of the skin. About 20 indentations at random locations on the 

surface of hydrogels were performed in about one hour. Hydrogel samples taken fresh from 

the diluted cement mixture were cleaned with alcohol, excess alcohol wiped with 

Kimwipes and then used in the AFM measurement in air. 

 

Figure 2-5 AFM (AFM Workshop) 
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Figure 2-6 Glass microsphere attached on the cantilever. 

 

2.2.4 Surface roughness measurement 

In order to obtain insights into the potential changes in the surface morphology of 

hydrogels after interactions with the pore solution and cement particles, the hydrogel 

surface was examined using profilometry. The surface of swollen hydrogels was imaged 

with the Nanovea profilometer PS50 using a 3.5 mm optical pen which provides a 

resolution of 20-25 nm which is shown in Figure 2-7. The surface was scanned at a step 

size of 3 µm over an area of 2×2 mm2. Each scan took about 30 minutes in room condition 

with RH of about 65-75%. Duplicate samples were used in the experiments and the average 

roughness is reported. The difference in the duplicate samples was less than 4%. 

Cantilever 

Glass 
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Figure 2-7 (a) Nanovea profilometer PS50 (b) 3.5 and 12 mm optical pen 

 

2.2.5 Desorption of hydrogel in contact with cement substrate  

The desorption behavior of hydrogel in contact with cement paste substrate is 

investigated in two sections, chapter 2 and chapter 3. The main concept of this experiment 

is the same, but due to different objectives the experimental details are different. As 

mentioned below, in the chapter 2 where the main focus is to elucidate the effect of 

capillary forces on the hydrogel desorption behavior in contact with cement substrate, one 

type of hydrogel (H-A) is swollen in NaCl solution ([Na+] =1 mol) and different type of 

cement paste substrates are used. But in chapter 3, different types of hydrogels with 

different chemical compositions are swollen in diluted cement slurry. One cement substrate 

(a) 

(b) 
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Sample holder 

Chromatic 
confocal sensor 

Sample holder 
motor controller 



33 
 

 
 

is used to study on the effect of cement pore solution chemistry and hydrogel chemical 

compositions on the desorption behavior of hydrogels.  

In chapter 2: desorption of hydrogel layers (H-A) was carried out by placing 0.7 mm 

thick hydrogel layers (in swollen state in the NaCl solution) onto the polished surface of 

the cementitious material substrates. The entire hydrogels/cementitious material substrates 

were kept in the dry boxes with varied relative humidity levels. Hydrogel layers were also 

placed onto a Teflon substrate, which is hydrophobic and did not apply the capillary forces 

to the hydrogel layers, and therefore, permitted a comparison with the hydrogel layers with 

contact with the cementitious material substrates. The hydrogel layers with contact with 

cementitious material substrates (CM-0.25, CM-0.45, and CM-0.65) were designated H-

0.25, H-0.45, and H-0.65, respectively. The hydrogel layers without contact with a 

cementitious material substrate were designated H-O. It should be noted that desorption of 

H-0.25, H-0.45, and H-0.65 was allowed from the top surface through evaporation and the 

bottom surface due to the capillary suction. Desorption of H-O was allowed only from the 

top surface. This difference in the boundary conditions will be considered in the discussion 

of the results presented later. The desorption of hydrogel layers was obtained by measuring 

the change in volume using optical profilometry. A Nanovea profilometer PS50 was used 

to measure the change in three dimensions of the hydrogel layers which is illustrated in 

Figure 2-7. Hydrogel layers were scanned at a step size of 60 µm. To measure desorption 

at various times, the hydrogel layers/substrates were removed from the dry box and 

scanned with the profilometer in the room condition with about 65% relative humidity. 

Each scan took about 7-10 min, which was not expected to affect the desorption of hydrogel 

layers. Duplicate hydrogel layers/substrates were used in the experiments and their average 



34 
 

 
 

was reported. The results from duplicates were in a good agreement with each other and 

the maximum difference from the average was less than 4%. 

In chapter 3: desorption behavior of different hydrogel layers (H-2 and H-3) swollen in 

diluted cement slurry in contact with one cement substrate (CM-0.45) in one relative 

humidity (RH=95%) is investigated. The imaging was conducted with a step size of 18 µm 

and 60 µm in the x and y directions, respectively. The water loss of hydrogel disks was 

measured using 1-(Vt/V0) where Vt and V0 are the volume of hydrogel disk at different 

times and at the start of the desorption test, respectively (in both chapters). In order to 

compare the desorption of the hydrogels with and without contact with a cementitious 

substrate, hydrogels were also placed on top of a plastic mesh with an opening size of 7 

mm in the drybox with RH of 95%. The desorption of these hydrogels was measured in the 

same manner as those in contact with a cementitious substrate. Duplicate samples were 

used for each test and the standard error was less than 6%. The scanning setup and drybox 

are shown in Figure 2-8. 

     

Figure 2-8 (a) Drybox with salt bath (b) scanning setup 

Salt bath 
Mesh plate Cement substrate 

Hydrogel layer 

Optical pen (a) (b) 
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2.2.6 Pore structure analysis (Mercury Intrusion Porosimetry) 

Mercury intrusion porosimetry (MIP) is a widely used technique for characterizing the 

distribution of pore sizes in cement-based materials. It is a simple and quick indirect 

technique, but it has limitations when applied to materials that have irregular pore 

geometry. MIP is based on the premise that a non-wetting liquid (one having a contact 

angle greater than 90°) will only intrude capillaries under pressure. Mercury must be forced 

using pressure into the pores of a material [155–157]. Although there are evidences which 

indicate that the conditions that must be met for MIP measurements are not fully satisfied 

in cement-based systems, but the MIP method is still valid for comparative studies [158].   

In order to gain insight into the effect of microstructure on the desorption behavior of 

the hydrogel layers, the pore structure of the substrates with varied water to cement ratios 

is measured using mercury intrusion porosimetry (MIP). To this end, cube samples with a 

dimension of 25 mm were cut from the substrates. The samples were dried in a vacuum 

oven at 40 ºC until no change in mass was observed. Porosimetry was performed using a 

Quantachrome Poremaster - Automatic Pore Size Analyzer with pressures up to 410 MPa. 

In Figure 2-9 the schematic of pore types and MIP test concept is indicated. 

 

Figure 2-9 Schematic of pore types and MIP test concept (Adapted from [159]) 
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2.2.7 SEM imaging 

A scanning electron microscope (SEM) is a mature technique to investigate the surface 

morphology of different types of samples. This technique allows us to observe the samples 

at very high magnification. A normal scanning electron microscope operates at a high 

vacuum. The basic principle is that a beam of electrons is generated by a suitable source, 

typically a tungsten filament or a field emission gun. The electron beam is accelerated 

through a high voltage (for example 20 kV) and pass through a system of apertures and 

electromagnetic lenses to produce a thin beam of electrons, then the beam scans the surface 

of the specimen by means of scan coils. Electrons are emitted from the specimen by the 

action of the scanning beam and collected by a suitably-positioned detector [160,161]. The 

schematic diagram of SEM and the JEOL SEM device which is used in this study is shown 

in Figure 2-11 (a) and (b). Since the electrical conductivity is critical for imaging quality, 

most of the samples are set in epoxy and gold coated from 10 to 30 nm with Cressington 

sputter coater which is shown in Figure 2-10.  

 

Figure 2-10 Cressington sputter coater 
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Figure 2-11 (a) Schematic diagram of SEM, (b) JEOL SEM device 

 

2.2.8 Freeze drying technique to measure the evolution of hydrogel in situ  

The majority of studies related to hydrogels as an internal curing agent have been 

performance oriented and show the effects of hydrogel as an internal curing agent on 

cement paste properties from an engineering point of view (such as autogenous shrinkage 
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measurement, compressive strength, etc.). The main focus in these studies is modified 

macroscale properties of the cement paste with hydrogel admixtures [5,30,47]. Only a few 

investigations have been published on the detailed mechanisms and kinetics of water 

migration within the cement-based material, release mechanism and chemo-mechanical 

behavior of hydrogel in situ, including, for example, water migration from hydrogel into 

the surrounding matrix, desorption mechanisms, repeatability of swelling as self-sealing 

agent, effect of hydrogel on surrounding cement matrix pore microstructure or the onset 

and duration of water release [162–166]. These investigations have been performed by 

utilizing neutron tomography, nuclear magnetic resonance (NMR) relaxometry and 

isothermal calorimetry in order to visualize and quantify the water release, monitor 

hydrating cement pastes containing an individually designed SAP sample and characterize 

the impact of SAP on the hydration kinetics of cement pastes [25,163,165–167]. The 

majority of these experimental techniques are very expensive and the results do not provide 

information at micro-scale interfacial bonding between hydrogel and cement paste. 

Therefore the chemo-mechanical behavior of hydrogels in cementitious based material is 

poorly known. In this study, an experimental technique is used for the very first time in 

order to monitor the volumetric evolution of hydrogels in cementitious based material as 

an absorption/desorption index. In this technique, by utilizing liquid nitrogen, cement paste 

samples with embedded a single hydrogel micro-strip are frozen instantly at specific 

interval time, subsequently dried under high vacuum in order to remove the water (ice) 

whereas the hydrogel microstructure is kept intact. In the next step, SEM imaging is 

performed to examine the evolution of hydrogel size, morphology, and the bond between 

the hydrogel and the cementitious matrix. Since this technique is used for the first time for 
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this purpose, the freeze drying’s principles, procedure and modifications are explained in 

details as follows. 

Freeze drying technique, also known as lyophilization, is referred to as a removal of 

ice or other frozen solvents from a material through the sublimation procedure. As opposed 

to the destructive effects of drying from the liquid state, freeze-drying, under proper 

conditions, permits the preservation of three major specimen characteristics: morphology, 

solubility, and chemical integrity [168]. This technique has a wide range of application 

from pharmaceutical and biotechnology industries, food and agricultural industries, 

nanotechnology, chemical synthesis, etc. [169–177]. The main principle involved in freeze 

drying is a phenomenon called sublimation, where water passes directly from solid state 

(ice) to the vapor state without passing through the liquid state. Sublimation of water can 

take place at pressures and temperature below triple point i.e. 4.58 mm of Hg and 0.01 ºC 

as it is indicated at phase diagram of water in Figure 2-12 (a). The samples to be dried are 

first frozen in liquid nitrogen and then subjected to a high vacuum so that frozen liquid 

sublimes leaving only solid skeleton of the original samples [172,178]. Freeze-drying has 

been used extensively for the fabrication of porous hydrogels for tissue engineering [179–

181]. Since water don’t evaporate, there is no gross change in volume other than the slight 

expansion resulting from the crystallization of ice. This means the skeleton volume of 

hydrogel just before freezing is the same as after drying [179,182]. 

In principle, the freeze drying technique which is utilized in both chapter 4 and chapter 

5 is the same, just slight modifications are applied in order to avoid wrinkling of hydrogel 

micro-strip in cement paste in chapter 5. Here both procedures are explained in detail. 
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Figure 2-12 (a) Phase diagram of water (Adapted from [183])(b) freeze-drying device 

 

In chapter 4, cement paste with a water to cement ratio of 0.3 and the superplasticizer 

at a concentration of 0.5%, by cement mass, is prepared and poured into a polypropylene 

tube with a diameter of 14 mm. In the first step, the polypropylene tubes are half way filled 

with cement slurry. Then, the hydrogel micro-strip are inserted at the center along the axial 

direction of the tube and the tubes are filled up fully at the end. The tubes are shaken to 

improve consolidation and immediately sealed. In order to track the time variation of 

absorption and desorption, the tubes filled with cement paste and hydrogel micro-strip are 

dipped in liquid nitrogen at different times in order to stop hydration and any mass 

transport.  

Since it is very important to ensure that freeze-drying does not affect the size and 

morphology of hydrogels and the change in size and morphology is only due to their 

interaction with the cementitious matrix, the samples are broken by creating a notch on the 

sample surface and using a bending moment to avoid touching the cross section surface of 

the hydrogel micro-strip or cementitious matrix. This allows the cross section of the 

(a) 
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hydrogel micro-strip to be directly exposed to the negative pressure during sublimation and 

prevents melting of the hydrogels, which can be the source of shrinkage or volume change 

and should be avoided. The samples are placed in a freezer at -25 ºC overnight. The next 

day, they are transferred to a freezer at -80 ºC for 1-3 days. The samples are then placed in 

a Labconco lyophilizer to dry for 2-3 days which is illustrated in Figure 2-12 (b). The 

reason for using two different freezers is space limitation due to the large number of 

samples to account for statistical variability as well as the different times at which samples 

had to be subjected to freezing. As shown later in the SEM imaging results, the success of 

this procedure to preserve the hydrogel morphology can be verified from the SEM images 

of the hydrogel micro-strip corresponding to the early hours showing swollen hydrogels 

which does not indicate any shrinkage (hydrogel is fully swollen and fills the void 

completely). The SEM imaging is conducted in a JEOL (JSM-6010PLUS/LA) SEM with 

an accelerating voltage and spot size of 5-10 kV and 40-50, respectively. All the images 

are taken at the high vacuum pressure mode. SEM imaging is performed on 5-10 replicates 

for each hydrogel composition to account for statistical variability. The desorption of 

hydrogels is calculated as the ratio of the change in the cross sectional area of each hydrogel 

micro-strip at different times to the cross sectional area of the void surrounding the 

hydrogel micro-strip. This definition of desorption is consistent with the desorption of 

swollen hydrogel disks in contact with a cementitious substrate. The area of the void 

surrounding the hydrogel micro-strip is considered to be the maximum swelling of each 

hydrogel micro-strip at which time the fresh cementitious matrix is relatively stiff and does 

not fill back the void as the hydrogel shrinks in size. 
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In chapter 5 a simple modification is applied to increase the imaging resolution of this 

technique. Instead of using 14 mm diameter tube, a 30 mm Polypropylene tube is used. 

The tube is cut along the longitudinal axis by almost one fourth of the diameter as shown 

in Figure 2-13 (a). In the next step, half of the tube is filled with cement paste as shown in 

Figure 2-13 (b). Then, a hydrogel micro-strip is placed on top of cement slurry and 

remained there for 3 to 5 minutes (Figure 2-13) (c). As shown in Figure 2-13 (d), the micro-

strip starts to swell and wrinkle since it is constrained to the cement slurry. In the next step, 

micro-strip is removed from the cement paste with two tweezers, stretched to de-wrinkle 

and put back on top of the cement paste as it is shown in Figure 2-13 (e). At the end the 

rest of the tube is filled with cement paste and sealed Figure 2-13 (f). All the procedure is 

done in a bucket with high and constant relative humidity and no air flow. This procedure 

helps to avoid any wrinkling during the experiment.  

 

 

Figure 2-13 (a) Tubes before and after cutting (b) half-filled tube with cement paste (c) 
microsrtip hydrogel is placed on the cement paste (d) hydrogel wrinkling after 2-5 

minutes (e) de-wrinkle microstrip with tweezers (f) Fill the tube fully.  

  

(a) (b) (c) 

(d) (e) (f) 
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2.2.9 SAP absorption 

It is known that the water absorption capacity of ionic SAPs, which include the SAPs 

used here, is dependent on the chemical composition, including ionic strength and pH, of 

the solution they come in contact with [42,121,122]. Pore solution in a cementitious 

mixture possesses various ions, including Na+ , K+ , Ca2+, OH-, etc., as a result of cement 

dissolution and hydration. Thus, it is expected that the presence and concentration of these 

ions strongly affect the absorption capacity and kinetics of SAPs. The absorption of SAPs 

in synthetic pore solutions and extracted pore solutions was investigated in the past 

[43,54,120]. In this paper, the absorption behavior of SAPs in a pore solution obtained 

from a cementitious mixture is examined. This provides more realistic information 

regarding the amount of water SAPs absorb in a cementitious mixture; this amount of water 

determines the available water that can be released from SAPs at a later time for internal 

curing. The pore solution is extracted from fresh cement pastes with a water to cement ratio 

of 0.4 mixed according to ASTM C305. Water and cement were mixed for 30 s at a slow 

speed and then the mixer is stopped and the paste is allowed to rest for 15 s. The final 

mixing is done at a medium speed for 60 s. A type II Portland cement is used in the 

mixtures. The fresh cement pastes are filtered through a glass microfiber filter in a filtration 

setup under a negative pressure. The filtration process starts 45 min after the initial contact 

of water and cement. The pore solution is transferred to polypropylene bottles and sealed 

after extraction to avoid carbonation at room temperature. 

In order to have better understating on the effect of cement pore solution on absorption 

capacity and the kinetics of absorption, the absorption of SAP1 particles in the pore 

solution and distilled water is measured using the teabag method [120]. Teabags were pre-
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wetted in the pore solution or distilled water and their mass is measured using an analytical 

balance with a 0.001 g resolution. Then, 0.1 g of each SAP1 in dry condition is poured into 

a teabag and immersed in the solution. The mass of the teabag is monitored every 1 min 

for 10 min, then every 5 min until 20 min, and then every 10 min until 100 min. For each 

mass measurement, the teabag containing SAPs is taken out of the solution, surface dried 

with Kimwipes to remove the excess fluid, and then its mass is measured. Teabags are 

immersed in the solution right after each mass measurement. The pore solution is sealed 

with Parafilm to prevent carbonation except for the mass measurement of teabags. 

Absorption is calculated as the ratio of measured wet mass to the dry mass of SAP. Two 

teabag tests are performed with each SAP and the average values are reported. There is 

very likely some liquid adsorbed onto the surface or trapped between particles; however, 

no pressure is applied to the teabag to avoid damage to the SAPs. The absorption of SAPs 

is also examined with microscopy and was consistent with the absorption obtained with 

the teabag method. This indicates that the amount of residual water in between SAP 

particles does not seem to be considerable to affect the results pertaining to the properties 

of the cement paste.  

Mechanical pressure resulting from the weight of cementitious materials can 

significantly affect the absorption behavior of SAPs due to boundary constraint, 

particularly before the setting occurs. To elucidate the relation between mechanical 

pressure and the absorption behavior of SAPs, a custom made setup was devised as shown 

in Figure 2-14. The setup consists of an acrylic cylinder of diameter 19 mm attached at the 

bottom to a porous ceramic. The cylinder is filled with dry SAP1 up to an overall thickness 

of 3 mm. To simulate pressure on SAP1, varied weights are placed on top of the SAP 
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particles. A disk with a diameter slightly smaller than the cylinder diameter and with a 

thickness of 10 mm is cut from the porous ceramic and placed between the SAP1 particles 

and weights to allow flow of distilled water to the SAPs. In this configuration, SAP1 

particles are assumed to be constrained in the lateral direction and subjected to a pressure 

in the vertical direction. Therefore, the swelling is permitted only in the vertical direction. 

In order to allow a uniform absorption from both the top and bottom of the SAP1, the 

cylinder is filled with distilled water and the porous ceramic base is placed in a container 

filled with distilled water. The absorption behavior of SAPs is measured by monitoring the 

change in the height of the porous disk with time. A camera is used to take images of the 

disk at various times and the height measurement is carried out by analyzing the images in 

MATLAB. The height measurement is used to estimate the change in the bulk volume of 

the SAPs. 

 

Figure 2-14 Schematic of hydrostatic pressure due to constrain and weight. (Adapted 
from [44] 
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Chapter 3: Mechanical effect on hydrogel absorption/desorption behavior 

In this chapter, in the first two sections 3.1 and 3.2, the effect of pressure on swelling 

the SAP1 in distilled water and ionic solution is investigated. At the end, the so-called 

teabag test is utilized to compare the absorption kinetics and capacity of SAP1-4 in distilled 

water and extracted pore solution. In these two sections the commercial SAPs are used in 

order to make these set of observations and comparisons.  

In Section 3.3, a synthesized hydrogel H-A is used in order to provide a mechanistic 

investigation of the desorption of hydrogels in contact with a porous cementitious 

materials. H-A swollen in sodium chloride solution is placed on top of the cement paste 

substrate to measure the kinetics and final state of desorption. Also, a fracture mechanics 

approach is utilized to investigate the thickness effect on desorption mechanisms 

(debonding). It is important to mention that the cement paste substrate is used as a porous 

ceramic and the chemistry of cement paste is not considered here, the effect of cement 

paste chemistry will be explained in detail in chapter 4. 

3.1 The effect of mechanical pressure on absorption of hydrogels  

The absorption behavior of SAP1 in distilled water under pressures of 0 kPa, 1.5 kPa, 

2.2 kPa, and 3.4 kPa is shown in Figure 3-2 (a). The absorption is plotted in vol/vol dry. 

Only the initial absorption of SAP1 corresponding to 0 kPa pressure is shown in the figure; 

the equilibrium absorption under 0 kPa is expected to be close to that shown in Figure 3-2 

(a) which is obtained using the teabag method. It is seen that the equilibrium absorption, 

as well as the absorption rate, of SAP1 decreased significantly with increasing external 

pressure. The dependence of absorption of SAP1 on the mechanical pressure due to 

constraint can be explained on the basis of the total free energy of a SAP viewed as 
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polymeric networks in a solvent. It can be shown that in a SAP’s polymeric networks, 

the total stress is balanced with stress arising from the network stretching and osmotic 

pressure due to the mixing of the polymeric networks and solvent, ionic interactions, and 

chemical potential change in the solvent [184]. When SAPs are subjected to an external 

mechanical pressure, they reach their thermodynamic equilibrium at a lower absorption 

level corresponding to a lower volumetric swelling. The results presented here signify the 

importance of mechanical pressure on SAPs’ response. SAPs can experience mechanical 

pressure in a cementitious material due to the weight of the mixture and hardening of the 

cement paste which exerts a constraint for the absorption of soft SAPs; it is expected that 

the pressure from the weight of cementitious materials would be higher than those studied 

here. In addition, SAPs can be constrained by the cementitious matrix with a varying 

stiffness, which increases rather quickly in the early hydration of the cement particles. In 

order to couple the mechanical pressure and ionic effect, the absorption behavior of SAP1 

in distilled water under pressures of 0 kPa, 1.5 kPa, 2.2 kPa, and 3.4 kPa for different ionic 

solution is measured and shown in Figure 3-2 (b-d). Therefore, it is critical to account for 

the complex chemical and mechanical interactions occurring in a cementitious-SAP system 

in order to obtain a better understanding of SAPs behavior for internal curing applications. 

In Figure 3-2 (e), it is illustrated that the final absorption capacity of SAP1 is almost 

the same for different ionic solution under high pressure. This can show that the effect of 

pressure can be more dominant for SAP1. Since the pressure in cement paste is expected 

to be higher, the chemo-mechanical coupling has an important role in absorption capacity. 

Also, in Figure 3-2 (b-d) the difference between 1.5, 2.2 and 3.4 kPa is negligible, 
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especially by increasing the pressure this difference becomes less dominant. This is 

evidence for low sensitivity of SAP1 to higher pressure in high concentration of ions.   

  

 

Expected to reach an absorption of 
275 Vol/Vol dry 

(a) 

(b) 
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Figure 3-1 Absorption behavior of SAP1 under pressures of 0 kPa, 1.5 kPa, 2.2 kPa, and 

3.4 kPa in (a) distilled water (Adapted from [44]), (b) [Na+] = 0.025 (c) [Na+] = 0.1 (d) 

[Ca+] = 0.025 (e) absorption of SAP1 in distilled water, [Na+] = 0.025, [Na+] = 0.1, [Ca+] 

= 0.025 under pressure of 3.4 kPa. 

 

3.2 Comparison of absorption in distilled water and in extracted pore solution  

The absorption behavior of SAP1-SAP4 in distilled water and the cement pore solution 

is shown in Figure 3-2 (a) and (b), respectively. There are evident differences observed in 

the behavior of SAPs in the two different environments, as seen in the figures. It is seen 

from Figure 3-2(a) that all SAPs show a large absorption in the range of 275–475 (g/ g dry) 

in distilled water. All SAPs reach their equilibrium absorption in distilled water during the 

measurement time. SAP3 exhibits the highest absorption and the highest absorption rate 

among all the SAPs. The high absorption of SAP3 can be attributed to its molecular 

(e) 
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structure, as well as morphology, providing a large surface area in this SAP. SAP1 and 

SAP4 show a similar equilibrium absorption in spite of a different absorption behavior in 

the beginning. The behavior of SAPs in the pore solution reveal contrasting features from 

that in distilled water. All SAPs show desorption with time after a steep initial absorption. 

It is seen that the SAPs reach their absorption in the pore solution to be about 19 (g/g dry) 

and 27 (g/g dry) for SAP1 and SAP2, respectively, and about 6–9 (g/g dry) for SAP3 and 

SAP4. Interestingly, SAP2 exhibits the highest absorption and SAP3 reaches a modest 

absorption in the pore solution which can be due to ionic strength of the extracted pore 

solution. In fact, in next chapter by examining the varied chemical compositions of 

hydrogels, it reveals that Acrylic acid based hydrogels are more sensitive to ionic strength. 

The desorption of SAPs in the pore solution is related to the migration of ions from the 

pore solution into the SAPs, resulting in a screening effect, which reduces the electrostatic 

repulsion in the polymeric networks of the SAPs [121]. The initial steep increases in the 

absorption of SAPs in the pore solution could be due to a faster diffusion of water 

molecules than ions into the SAPs. This is supported by the observation from Figure 3-2 

(a) and (b), where SAP3 show the highest absorption in the distilled water and the highest 

initial absorption in the pore solution. The large desorption of SAP3 and SAP4 in the pore 

solution can be attributed to a high composition of anionic acrylic acid monomers in these 

SAPs compared to SAP1 and SAP2. This behavior is in agreement with the observation by 

Schröfl et al. 2012 [120], where the relation between SAPs molecular structure and their 

absorption was studied. The results obtained from the absorption measurement indicate the 

strong dependence of SAPs behavior on the SAPs type, size distribution, and the 
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environment. These factors must be closely examined in the design of cementitious 

materials containing SAPs. 

 

 

Figure 3-2 Absorption of SAPs in (a) distilled water and (b) an extracted cement pore 

solution. (Adapted from [44]) 

(a) 

(b) 
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3.3 The effect of capillary forces on desorption of hydrogels in contact with porous 

ceramic (cement paste) 

In the previous sections the importance of pressure and mechanical constraint was 

mentioned. Here in these sections, the mechanical effect related to the capillary forces, is 

explained in detail. As an initial observation a set of experimental tests are performed to 

obtain insight into plausible processes affecting the desorption of hydrogels in contact with 

cementitious matrix. In these set of experiments, cement paste substrates are considered as 

a porous ceramic with a very wide range of pore size distribution from nano to micro and 

macro scale. For comparison purposes, a micro-porous ceramic is also considered as a 

substrate.  

The results of desorption of fully swollen block of hydrogels with contact with porous 

substrates are presented. The images showing the desorption of hydrogel blocks at various 

times are shown in Figure 3-3 (a). The images corresponding to the desorption of a 

hydrogel block without contact with a porous substrate is also included for comparison (the 

hydrogel sample is placed on top of a plastic mesh which is covered with a small amount 

of silicon oil in order to avoid any planar constraint). The variation of desorption with time 

is plotted in Figure 3-3 (b). It is interesting to note the significant difference in desorption 

between the hydrogel block with contact with the cementitious substrate and that with 

contact with microporous ceramic or without any contact. The change in the morphology 

of hydrogel block during desorption reveals interesting features. It is noted that the 

desorption of hydrogel block with contact with cementitious substrate occurs mainly in the 

thickness direction and the other dimensions of the block do not experience notable 

changes. On the other hand, the hydrogel block without contact and only exposed to air 
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undergoes changes in all three dimensions as a free deswelling situation. The hydrogel 

block with contact with cementitious substrate is subjected to the capillary forces at the 

interface and these forces provide adhesion between the hydrogel block and the substrate, 

thereby constraining the deformation in the planar dimension normal to the thickness 

direction. The significantly higher desorption rate of the hydrogel block with contact with 

the cementitious substrate compared to that without contact is attributed to the capillary 

effect. This can be evidence that the Laplace pressure developed on the hydrogel at the 

interface accelerates the desorption of the hydrogel block. Since the capillary force 

decreases with increasing pore size, higher capillary forces are expected to develop in 

cementitious substrate with nanoscale pores than in the ceramic substrate with microscale 

pores. Also, it is seen from Figure 3-3 (a) that the hydrogel block with contact with the 

microporous ceramic exhibits some changes in the planar dimension. This indicates a 

smaller adhesion at the interface due to smaller capillary forces as discussed previously. 

The hydrogel which is used in these tests is H-A which is fully swollen in distilled water. 

Substrates (both ceramic and cement paste) are polished using SiC sand papers with 

varying grit sizes of 80, 180, 320, 600, and 1200 and the experiments are carried out in a 

drybox with fixed RH-value and no air flow. Duplicated samples are used which are in a 

great agreement. 

As observed from these sets of experiments, the effect of interfacial bonding and 

boundary constraint can be very critical in regard to desorption behavior of hydrogels in 

cementitious materials. In order to gain an in-depth understanding of the desorption 

behavior of hydrogels in cementitious materials further investigations were performed 

which are explained in detail in the next sections [185].  
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Figure 3-3 (a) Images showing the desorption with time of hydrogel blocks with contact 
with a cementitious substrate (left), a microscale porous ceramic (middle), and without 
contact with a porous substrate (right). (b) Desorption of hydrogel blocks indicating the 

effect of capillary forces. (Adapted from [185]) 

 

(b) 

(a) 
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3.3.1 Desorption of hydrogel layers 

The height profiles of H-O, H-0.25, H-0.45, and H-0.65 along a line bisecting the 

hydrogel layers, corresponding to the initial and final desorption in the 95% relative 

humidity level, are shown in Figure 3-4 (a-d). The hydrogel used in this section is H-A and 

in order to simplify name designation, they are referred to their substrate i.e. H-0.25 

referred to H-A placed on top of the cement paste substrate with water to cement ratio of 

0.25 (H-O is referred to H-A placed on top of the plastic mesh). A 3D reconstruction of H-

0.65 at the initial time is shown in Figure 3-4 (e). The line used in extracting the height 

profiles is marked with a dashed line in Figure 3-4 (e). It is noted from Figure 3-4 (a-d) 

that desorption in H-O occurred uniformly in all dimensions, while H-0.25, H-0.45, and H-

0.65 remains adhered to the substrate in all relative humidity levels and the desorption is 

primarily in the thickness direction. The desorption - volume change normalized with 

respect to the initial absorbed volume - of the hydrogel layers as a function of time 

measured using optical profilometry is given in Figure 3-5 (a-c). It is seen from Figure 3-5 

(a-c) that desorption is fast in the beginning and then reaches a final value after which no 

significant changes are observed. The final desorption of H-O is lower than that of H-0.25, 

H-0.45, and H-0.65 in all relative humidity levels. As mentioned earlier, desorption in H-

O occurred only from one side (the top surface) via evaporation and the bottom surface is 

insulated as a result of contact with the Teflon substrate. This difference in boundary 

conditions is expected to affect only desorption rate in the early stage. However, the final 

equilibrium desorption of H-O is not expected to be affected by this. The difference 

observed in the final desorption between the hydrogel layers with contact and without 

contact with a cementitious material has an important implication in the design of 
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hydrogels as internal curing agents. This is particularly important as desorption of 

hydrogels is usually characterized in controlled relative humidity conditions [186,187]; 

however, in applications where hydrogels are embedded in a porous cementitious matrix, 

this can lead to inaccuracies in the characterization of the desorption behavior of hydrogels. 

The adhesion between the hydrogel layers and cementitious material substrates is 

mainly attributed to the capillary suction at the interface between the hydrogel layers and 

the porous substrates. In the hydrogels with contact with the cementitious material 

substrates, the capillary suction is large enough to produce an adhesion force preventing 

changes in the in-plane dimensions of the hydrogel layers. It should be noted that other 

physical or chemical bonds between the hydrogel layers and the solid portion of the 

cementitious material substrate can exist. As discussed later, an increase in the adhesion 

force with increasing capillary pores and concomitant decreasing solid portion of the 

cementitious substrate is observed, indicating the dominant role of the capillary adhesion 

compared to other types of bonds.  

The effect of the in-plane constraint, as a result of capillary adhesion, on the desorption 

of hydrogel layers can be discussed using a mechanistic analysis of the desorption of free 

and constrained hydrogel layers. A detailed analysis comparing the swelling of free and 

constrained hydrogel layers was discussed in [188] and is not repeated here. Adapting their 

analysis to a case where deswelling rather than swelling occurs, the ratio of equilibrium 

volumetric desorption in constrained condition to that in free condition can be estimated 

from the following equation: 

Constrained Desorption/Free Desorption = (1 + υ) / [3(1 - υ)]                                 (5) 
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where υ is the Poisson’s ratio of the hydrogel. It is seen from the above equation that the 

ratio of constrained to free desorption is about 2/3 assuming a typical value of 1/3 for the 

Poisson’s ratio of the hydrogels. It is realized from this ratio that the desorption of a 

constrained hydrogel layer is lower than that of a free hydrogel layer. Thus, in light of this 

result, it is expected that the hydrogel layers in contact with the cementitious material 

substrate undergo a lower desorption than the hydrogel layers without contact at 

equilibrium. However, as noted previously, the experimental results presented in 

Figure 3-5 (a-c) indicate an opposite trend and show a higher desorption of the hydrogel 

layers with contact with the cementitious material substrates.    

Now, we try to explain the increase in the desorption of the hydrogel layers with contact 

with the cement paste substrates. The final desorption value of the hydrogel layers is 

determined by the thermodynamics of equilibrium of hydrogels interacting with the 

surrounding medium. We propose the capillary adhesion as the reason for the increased 

final desorption of H-0.25, H-0.45, and H-0.65, compared to H-O. Due to the Laplace 

pressure PLap in the pore fluid as a result of a meniscus formation, a contact pressure is 

developed between the hydrogel and the solid skeleton of the porous cementitious substrate 

squeezing the hydrogel. A schematic showing the Laplace pressure and contact pressure 

developed at the interface between the hydrogel layer and the cementitious material 

substrate is depicted in Figure 3-6. Since the hydrogels consist of polymeric networks and 

water, the Laplace pressure in the meniscus acts inside the hydrogel attempting to pull 

water out of the hydrogel. This means that in the presence of the Laplace pressure the 

equilibrium osmotic pressure occurs at a lower concentration of the fluid in the hydrogel 

than when there is no Laplace pressure. This mechanism is proposed to be the driving force 
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for the increased desorption of the hydrogel layers with contact with the cement paste 

substrate. Our attempt to detach similar hydrogel layers from the substrates resulted in 

fracture in the bulk of the hydrogel layers indicating strong adhesion at the interface. The 

influence of the capillary forces on the adhesion of a hydrogel sphere to a solid substrate 

and resulting desorption due to the Laplace pressure is theoretically studied recently [189].  

It is noted that the ionic composition of the pore solution plays an important role in the 

absorption/desorption behavior of hydrogels, as demonstrated in the previous studies 

[34,42,43,120,122,132]. However, the main focus here is to examine, in detail, the effect 

of the capillary forces on the desorption of hydrogels and highlight the mechanisms 

involved at the interface between the hydrogel and a porous cementitious material. The 

general observations regarding the role of the capillary forces on accelerating the 

desorption, the final desorption value, and the adhesion at the interface can be applied to 

general hydrogels in contact with a cementitious porous substrate. Of course, the 

magnitude of the influence of the capillary forces on desorption is affected by the water 

content of hydrogels, the chemical composition of hydrogels, the ionic composition and 

pH of the solution, and other factors. In addition, our desorption results of hydrogels 

swollen in cement pore solutions (not shown here) indicates a similar accelerating effect 

of the capillary forces on the desorption of hydrogels as shown in Figure 3-5 (a-c).  

It should be mentioned that in addition to its effect on the thermodynamic equilibrium 

of the hydrogel desorption, the Laplace pressure may also affect the diffusion rate of the 

fluid in the hydrogels near the interface during desorption. The effect of mechanical stress 

on the diffusion process in hydrogels and other material systems has been investigated in 

the past [190].  
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Figure 3-4 Initial (light colored) and final (dark colored) profiles of (a) H-O, (b) H-0.25, 
(c) H-0.45, and (d) H-0.65 during desorption in the relative humidity level of 95% 

obtained using optical profilometry. (e) 3D reconstruction of H-0.65 at the initial stage. 
(Adapted from [191]) 

 

(a) (b) 

(c) (d) 

(e) 
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Figure 3-5 Variation of water loss with time of the hydrogel layers in the (a) 75%, (b) 
85%, and (c) 95% relative humidity levels. The error bars represent standard errors. 

(Adapted from [191]) 

(a) 

(b) 

(c) 
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Figure 3-6 Schematic showing the development of the capillary adhesion at the interface 
between the hydrogel layer and substrate. The Laplace pressure pulls the hydrogel and 

provides the adhesion force at the interface. (Adapted from [191]) 

 

In Figure 3-7 (a-c), the effect of relative humidity is illustrated. The results that is 

measured and indicated in Figure 3-5 (a-c) are rearranged to elucidate the effect of relative 

humidity. As it is expected, the desorption of hydrogel on each specific cement paste 

substrate (CM-0.25, CM-0.45 and CM-0.65) is affected by relative humidity as another 

motivation. By increasing the relative humidity the both kinetics and final thermodynamic 

equilibrated state of desorption is decreased. It is interesting that by increasing the cement 

paste substrate water to cement ratio from 0.25 to 0.65, the difference between varied 

relative humidity are getting less. In other word, by increasing the water to cement ratio as 

a motivation force (capillary forces), the effect of relative humidity as another motivation 

get less pronounced. This evidence can show the importance of capillary pressure as a 

motivation for desorption. 
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Figure 3-7 Variation of water loss with time of the hydrogel layers on the (a) CM-0.65, 
(b) CM-0.45, and (c) CM-0.25 for different RH. The error bars represent standard errors. 

 

(c) 

(b) 

(a) 
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3.3.2 Effect of microstructure and relative humidity 

The effect of the microstructure and relative humidity of cementitious materials on the 

desorption of hydrogels is discussed here. A reduction in the final desorption with 

increasing relative humidity level is evident from Figure 3-5 (a-c) and Figure 3-7 (a-c). It 

appears from Figure 3-5 (a-c) and Figure 3-7 (a-c) that the difference between the 

desorption of H-0.25, H-0.45, and H-0.65 decreases with decreasing relative humidity 

level.  

The Laplace equation for a circular cylindrical pore with a radius of r is written as σ = 

2γ/r. It can be seen from this equation that the Laplace pressure drops with increasing pore 

size. Pore size distribution can be used to relate the dependence of capillary forces on the 

microstructure of the cementitious materials with varied water to cement ratios. The bulk 

porosity of the cementitious substrates with a water to cement ratio of 0.65, 0.45, and 0.25 

is measured to be 38%, 33%, and 18%, respectively, using MIP. The results indicate that 

the density of the capillary pores in the range of 100-300 nm reduces with decreasing water 

to cement ratio of the substrates. Thus, at a constant relative humidity level, the number of 

capillary pores that can exert the capillary suction is expected to increase with increasing 

water to cement ratio resulting in higher desorption in H-0.65 than in H-0.45 and H-0.25. 

This is in agreement with the observations made from Figure 3-5 (a-c).  

With a reduction in relative humidity, finer pores are gradually emptied and contribute 

to the capillary suction on the hydrogels, and as a result increase the desorption of 

hydrogels. An increase in desorption with decreasing relative humidity levels can be 

realized from the results shown in Figure 3-5 (a-c).  
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It is important to note that the rate of water transport through the porous substrates is 

much faster than the hydrogel desorption rates shown in Figure 3-5 (a-c). A water reservoir 

of the same dimensions as the hydrogel layers is measured to desorb and disappear in the 

substrates in about five minutes. Therefore, the difference in the desorption rate of the 

hydrogel layers in contact with different substrates is controlled by the capillary suction at 

the interface rather than the water transport rate through the substrates. The results of MIP 

experiments is illustrated in Figure 3-8. 

 

Figure 3-8 Normalized volume vs pore diameter for CM-0.25, CM-0.45 and CM-0.65 

 

The results corresponding to the desorption of the hydrogel layers in contact with 

cementitious material substrates with SRA, as described before, in 75% relative humidity 

indicated a reduction in both final desorption value and desorption rate compared to the 

substrates without SRA. The reduction in desorption was 6 ± 1%, 12 ± 1.2%, and 13 ± 

1.5% corresponding to H-0.25, H-0.45, and H-0.65, respectively. The reduction increased 

with increasing water to cement ratio. The reduction in the desorption of the hydrogel 

layers in the presence of SRA is attributed to a decrease in the surface tension of the pore 
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fluid. It should be noted that the concentration and ionic strength of the pore solution could 

affect the capillary forces [14,192]; however, these effects are not investigated in this study. 

  

 

 

Figure 3-9 Variation of water loss with time of the hydrogel layers on the (a) CM-0.25, 
(b) CM-0.45, and (c) CM-0.65 for water and SRA substrate samples. 

 

(c) 

(b) 

(a) 
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3.3.3 Effect of thickness 

In this section, the effect of thickness on the desorption of the hydrogel layers is 

discussed. The desorption behavior of the hydrogel layers with a 3 mm thickness (in 

swollen state) in contact with CM-0.25 and CM-0.65, as well as without contact with the 

cementitious material substrate is shown in Figure 3-10. The results correspond to a relative 

humidity level of 95%. The desorption results of the thin hydrogel layers with a thickness 

of 0.7 mm are also included in this figure for comparison. Only the desorption results 

during the first 26 h are presented in Figure 3-10 since the thick hydrogel layers required a 

long time to reach the final equilibrium desorption. It can be seen that the rate of desorption 

exhibits a noticeable reduction after about 3 h in the case of the thick hydrogel layers with 

contact with cementitious material substrates (3mm-H-0.25 and 3mm-H-0.65), and about 

8 h in the case without contact with a cementitious material substrate (3mm-H-O).  

The difference in the desorption of the hydrogel layers with different thicknesses is 

evident from this figure. The desorption rate of thick hydrogel layers (3mm) is lower than 

that of the thin hydrogel layers (0.7mm). This is to be expected from the size dependence 

of bulk diffusion in the hydrogel layers. The desorption of the hydrogel layers without 

contact with a cementitious material substrate can be used to infer the effect of size on the 

diffusion of fluid in the hydrogel layers during desorption. The final equilibrium desorption 

of both 0.7mm-H-O and 3mm-H-O was close about 0.63 (Vol/Volintial). The former 

reached this equilibrium desorption after about 26 h and the latter after 360 h. The hydrogel 

layers with contact with the cementitious material substrates reveal interesting differences 

in the behavior of these hydrogel layers besides the effect of size on bulk diffusion. It is 

observed that the difference between the desorption of thin and thick layers appeared to be 
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larger in the case of CM-0.25 than CM-0.65. This observation can be attributed to the larger 

number of capillary pores that can exert suction at the interface in the case of the hydrogel 

layers with contact with CM-0.65 than that with contact with CM-0.25, thereby resulting 

in higher desorption. More interestingly, debonding is observed to occur in the thick layer 

with contact with CM-0.25, as shown in Figure 3-10. A noticeable change in the desorption 

rate of this hydrogel layer is noticed when the debonding initiated. The onset of debonding 

is marked in the figure. This reduction in the desorption rate can be realized in view of the 

fact that the Laplace pressure no longer contributed to the desorption of the debonded 

portion of the hydrogel layer. It is noted that after the initiation of debonding the desorption 

rate of 3mm-H-0.25 and 3mm-H-O appeared to be parallel indicating a similar desorption 

rate after the debonding. No debonding is observed in the thin or thick hydrogel layers with 

contact with CM-0.65, due most likely to stronger capillary adhesion at the interface.  

The observed debonding of the thick hydrogel layer and its influence on desorption 

highlight the importance of size effect and interfacial bonding in the desorption of 

hydrogels and this can have implications in the design of superabsorbent hydrogels for 

internal curing. The effect of size and interfacial bonding can be explained by fracture 

mechanics. The energy release rate Gd associated with a debonding crack at the interface 

of a hydrogel layer bonded to a rigid substrate is given by 

E
hG xx

d 2
)1( 22 συ−

=                                                                                                                       (6) 

where σxx is the biaxial stress in the layer, h is the layer thickness, and E and υ are the 

Young’s modulus and Poisson’s ratio of the layer, respectively. It is seen from this equation 

that debonding occurs if Gd > Γ, where Γ is the interfacial toughness at the interface. The 

size dependence of Gd can be realized from this equation as Gd increases with increasing 



69 
 

 
 

thickness of the hydrogel layer. Therefore, it is expected that at the same desorption state, 

and therefore the same stress level, a thick hydrogel layer has a higher propensity to 

debonding than a thin hydrogel layer. This result provides an explanation for the debonding 

of the thick hydrogel layer as observed in the experiment and shown in Figure 3-10.  

The thick hydrogel layer in contact with CM-0.65 remains adhered to the substrate and 

does not experience debonding at the interface. However, in the case of the thick hydrogel 

layer in contact with CM-0.25 debonding is observed after about 3 h from the start of 

desorption. Therefore, it can be inferred that the interfacial strength is higher in the case of 

the thick hydrogel layer with contact with CM-0.65 than the thick hydrogel layer with 

contact with CM-0.25. Since the interfacial toughness is directly related to the capillary 

adhesion at the interface, the above observation indicates stronger capillary adhesion in the 

case of the hydrogel layers with contact with CM-0.65 than the hydrogel layers with contact 

with CM-0.25. Thin hydrogel layers with contact with CM-0.25 and CM-0.65 remains 

adhered to the substrate. Thus, it is expected that the energy release rate is lower than 

interfacial toughness in thin layers with contact with substrates in both CM-0.25 and CM-

0.65. This is conceivable due to the small thickness of the hydrogel layers. In addition to 

the size effect, the influence of mechanical properties e.g., E and ν, can also be appreciated 

from the above equation. The experimental observations coupled with the fracture 

mechanics analysis presented above highlight the potential effect of size on the desorption 

of hydrogels beyond the known size dependent diffusion behavior of hydrogels.  

It should be noted that the shape of hydrogels can affect the analysis presented above; 

however, the size dependent fracture argument can be generalized to different geometries. 
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The emphasis here is to demonstrate, from a mechanics point of view, how the interplay 

between size and interfacial bonding strength could influence the desorption of hydrogels. 

 

 

Figure 3-10 Effect of size on the desorption of the hydrogel layers with contact with 
cementitious material substrates. Debonding at the interface between the thick hydrogel 

layer (3mm-H-0.25) and the substrate is illustrated. (Adapted from [191]) 

 

3.3.4 Desorption of embedded hydrogels in cementitious materials 

The SEM examination of hydrogel particles in a cementitious material matrix reveals 

interesting features worth noting. The majority of the desorbed hydrogel particles exhibits 

a shell-like morphology where the desorbed hydrogel particles appeared to remain bonded 

to the cementitious matrix while reducing size during desorption. A SEM image showing 
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a desorbed hydrogel particle in the cementitious matrix is presented in Figure 3-11 (a). The 

shell-like morphology is also observed in the SEM images of several other regions in the 

microstructure to obtain a realistic representation of the microstructure. This morphology 

of desorbed hydrogel particles in the cementitious matrix is in contrast with that of initially 

dry hydrogel particles possessing a solid morphology. The size of the voids surrounding 

hydrogel particles in the cementitious matrix can be used to infer the maximum absorption 

of the hydrogel particles in the cementitious matrix during hydration and before setting. It 

appears from the SEM image that the reduction in size as a result of desorption occurs 

through formation of a fracture (cavity formation) in the hydrogel particle and 

subsequently, reduction in volume continued while the particle remained mostly bonded to 

the cementitious matrix. Tensile stress developed during the reduction in size of the 

hydrogel particle bonded to the cementitious matrix is most likely responsible for the 

observed fracture. A schematic showing the observed desorption of hydrogel particles in a 

cementitious matrix is shown in Figure 3-11 (b) (top row). The morphology of the desorbed 

hydrogel particles would be different if the hydrogel particles become debonded at the 

interface with the cementitious matrix and an isotropic reduction in the size of the hydrogel 

particles would be expected (see Figure 3-11 (b), bottom row). In this case, the desorbed 

hydrogel particles would be expected to return to a size similar to their initial size before 

fluid absorption and desorbed hydrogel particles would not take a shell-like morphology 

and rather have a solid morphology. It should be noted that the initial shape of solid 

hydrogel particles before absorption is expected to influence the morphology of desorbed 

hydrogel particles. In addition, the view orientation of hydrogel particles in SEM images 

could affect the appearance of desorbed hydrogel particles and this should be taken with 
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care in the interpretation of images. In this study, a large number of desorbed hydrogel 

particles (more than 30) are imaged to account for this variability in the discussion 

presented above. 

The SEM micrographs showing the cross section of the two hydrogel micro-strip, 

namely Hydrogel A and Hydrogel B, are shown in Figure 3-12 (a) and (b), respectively. 

SEM examination is conducted on six replicates for each hydrogel and similar features are 

observed. These images correspond to near desorbed state of hydrogels. The following 

observations are made: 

• It is interesting to note the sharp contrast in the morphology of the two 

hydrogels. The cross section of Hydrogel A shows a solid morphology with a 

relatively uniform reduction in size in both directions. On the other hand, 

Hydrogel B shows a thin shell-like morphology. The cross section of Hydrogels 

A and B is delimited with a dashed red line to aid in visual examination. The 

thickness of the shell-like hydrogel B is about 50 µm. The morphology of 

Hydrogels A and B resembles the two desorption modes illustrated in the top 

and bottom rows, respectively, of Figure 3-11 (b). It is observed that debonding 

occurred between Hydrogel A and the cementitious matrix and the desorption 

continued with a relatively uniform reduction in size. On the other hand, 

Hydrogel B appears to have maintained bonding, over a portion of its surface, 

to the matrix.  

• As shown previously in Figure 3-5 and Figure 3-10, the contact between 

hydrogels and a cementitious matrix plays an important role in the desorption 

of the hydrogels. Thus, it is expected that the different desorption modes and 
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interaction at the interface between the hydrogels and cementitious matrix 

influence their desorption behavior. To ensure that the shell-like morphology 

of Hydrogel B is due to interaction with the cementitious matrix, the two 

hydrogels are first swollen in a synthetic pore solution with a pH of 13.7 and 

compositions of [Na+]=400 mM, [K+]=400 mM, [Ca2+]=1 mM. Then the 

hydrogels are dried in 55% relative humidity for two days and then in an oven 

at 40 ̊C until no change in mass was realized. Both hydrogels show a similar 

solid morphology and no indication of a shell-like morphology is observed.  

• The reason for the observed debonding in Hydrogel A and bonding in Hydrogel 

B is expected to be attributed to the difference in the chemical composition of 

the two hydrogels. A potential reason for the observed debonding in Hydrogel 

A could be early desorption due to the interaction between the hydrogel and the 

pore solutions before the onset of setting and loss of relative humidity in the 

matrix. The dependence of hydrogels’ chemical composition on the interaction 

between hydrogels and a pore solution has been examined in the previous 

studies [34,42,43,120,122,132]. It is shown that hydrogels with a higher relative 

concentration of acrylic acid to acrylamide tend to show a rapid release in a 

pore solution. In a recent study [164], the desorption of two hydrogels with 

different chemical compositions is studied using neutron radiography. Their 

results indicated an early desorption of the hydrogel with only acrylic acid as 

the main monomers and retention of water in the hydrogel with both acrylic 

acid and acrylamide monomers up to the percolation threshold of the 

cementitious matrix. Similar desorption behaviors of the same two hydrogel 



74 
 

 
 

types are realized using rheological measurements [28]. However, the 

dependence of bonding between the hydrogels and a cementitious matrix on 

chemical composition is not addressed in the previous studies.  

• These investigations indicate a tendency to bond between the hydrogel and a 

cementitious matrix with increasing relative concentration of acrylamide in the 

hydrogels. A systematic study on the relation between the chemical 

composition of hydrogels and their desorption in a cementitious matrix is 

explained in the next chapter and will be presented in details. The different 

mechanisms of desorption highlighted above can certainly have important 

implications in the behavior of hydrogel particles as internal curing agents. As 

mentioned previously, desorption of hydrogels is typically investigated in air 

under controlled relative humidity levels. The results presented in this section 

clearly emphasize the potential errors that can arise from neglecting the effect 

of interfacial bonding between hydrogels and a cementitious matrix. Therefore, 

a coupled chemo-mechanical model is needed in order to predict the behavior 

of hydrogel in cementitious material.   
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Figure 3-11 (a) SEM image of a desorbed hydrogel particle showing a shell-like 
morphology in the microstructure of a cementitious material. (b) Schematic depicting the 

desorption of a hydrogel particle with bonding to a cementitious matrix resulting in a 
shell-like morphology (top row) and a hydrogel particle without bonding to a 

cementitious matrix (bottom row). In latter case, the desorbed hydrogel particle will 
return to a solid morphology similar to before absorption. (Adapted from [191]) 

 

 

Figure 3-12 SEM images showing the cross section of (a) Hydrogel A and (b) Hydrogel 
B. A relatively uniform reduction in size in Hydrogel A and a shell-like morphology in 
Hydrogel B are evident. The morphology of hydrogels is delimited with a red dash line. 

(Adapted from [191])
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Chapter 4: The effect of cement paste chemistry on absorption/desorption behavior 
of hydrogels with varied chemical compositions 

 

The hydrogels used in cementitious materials are typically polyelectrolytes, and as a 

result, are sensitive to the pH and ionic composition of the environment [21,42,43,133]. 

The hydrogels used in the cementitious materials are primarily composed of poly(acrylate-

co-acrylamide) copolymers [5,28,42,43,193]. When they are exposed to distilled water, the 

repulsion between the anionic groups on the polymer backbones results in a large 

absorption of water in the hydrogel increasing its volume [30,42,54]. In the presence of 

cations, a reduction in the absorption of hydrogels occurs due to the screening effect of 

cations and also complexation between cations and anionic groups of the polymeric 

networks [7,29,42,54]. An increase in pH promotes deprotonation of acidic groups of the 

polymer as well as hydrolysis of certain groups and crosslinks in the polymer networks, 

thereby affecting the repulsive forces within the polymer networks as well as the structural 

stiffness of the polymer networks [133].  

The thermodynamics and kinetics of hydrogels are directly dependent on the molecular 

composition of the polymeric networks; thus, the absorption capacity and rate of 

absorption/desorption of hydrogels can be tuned to adapt to the chemistry of the 

cementitious materials to achieve desired characteristics. The free energy of hydrogels 

comprises contributions from the polymer networks stretching, mixing of the networks and 

solvent, and the ionic effects [194].  

Understanding the behavior of hydrogels in cementitious materials is necessary for the 

optimum design of internal curing. The hydrogel absorption/desorption and the associated 

kinetics are important factors affecting the performance and microstructure of cementitious 
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materials. The amount of retained water in hydrogels governs the size of macrovoids in the 

microstructure and, thus, plays an important role in mechanical properties. In addition, the 

rate of water release from hydrogels is a critical parameter governing the effect of 

hydrogels on the autogenous shrinkage and other properties of cementitious materials 

[7,21].  

Before the initiation of setting and the formation of a solid skeleton in cementitious 

materials, the behavior of hydrogels is primarily governed by the chemistry of the pore 

solution. In the initial stage of hydration, the microstructure is saturated with water and 

capillary forces are not yet developed. With continued hydration, the water continues to be 

consumed and replaced by vapor-filled pores resulting in a reduction in relative humidity. 

As a result of meniscus formation between the fluid and vapor phase, capillary forces are 

gradually increased in the microstructure [14]. With decreasing relative humidity and 

increasing the capillary forces, the role of capillary forces on the desorption of hydrogel is 

expected to become more dominant [191]. In the previous chapter, the role of capillary 

force on the desorption of hydrogel in contact with a porous ceramic (cement paste 

substrate) was investigated. It should be noted that the behavior of hydrogels can still be 

affected by the evolving chemistry of the pore solution even after the start of the self-

desiccation and development of capillary forces in the microstructure; however, the 

influence of the pore solution is more pronounced in the initial stage of the hydration.  

The relation between the chemical composition of hydrogels, chemistry of the 

environment and the absorption behavior of hydrogels have been extensively investigated 

in the past [21,42,43,122,133]. Most of these studies were limited to the behavior of 

hydrogels in an extracted pore solution or synthetic pore solution. There have been few 
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studies aimed at in-situ examination of the behavior of hydrogels in cementitious materials 

[163,164,195].   

The morphology of two SAP particles with a size of about 2.3-2.5 mm at the swollen 

state in a cement paste was investigated using  neutron tomography [163]. The authors 

examined partial debonding of one of the SAP particles from the cement paste and the 

formation of a cavity in the other one. Recently, neutron radiography [164] was utilized to 

investigate the desorption behavior of two hydrogels with different chemical compositions. 

An early desorption was observed in the hydrogel composed mainly of acrylic acid, while 

the hydrogel with both acrylic acid and acrylamide showed higher water retention until the 

percolation threshold of the matrix. Rheological studies of the same two hydrogels 

indicated a similar desorption behavior [28].  

In spite of a large body of prior studies on the influence of chemical environment on 

the absorption behavior of hydrogels [21,42,43,122,133], the desorption of hydrogels due 

to the capillary action has not received attention and is currently not fully understood. 

Recently, few papers examined the desorption of hydrogels in pore solutions or in air with 

controlled relative humidity [34,196]; however, the role of the capillary forces at the 

interface between the hydrogels and cementitious materials was not studied. More 

importantly, the coupling effect of cement slurry chemistry, hydrostatic pressure due to 

boundary constraint and capillary forces was not investigated in the past. 

Thus, this chapter is aimed at elucidating the interactions between hydrogels and a 

cementitious matrix with a focus on the mechanisms affecting the desorption of hydrogels 

in a porous cementitious matrix. In order to reveal the relation between the desorption 

behavior and the chemical composition of hydrogels, hydrogels with varied compositions 
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are synthesized and used in this study. The effect of cement mixture chemistry on the 

absorption and mechanical response of hydrogels is investigated. Fourier transform 

infrared spectroscopy (FTIR) is utilized to examine the possible alterations in the chemical 

structure of the hydrogels as a result of interaction with the cement mixture. After 

investigating the effect of the cement mixture chemistry on different types of hydrogels’ 

absorption/desorption behavior, all the mechanical (capillary forces and hydrostatic 

pressure) and chemical effects are coupled back together in order to make a model for the 

behavior of hydrogel in cementitious based materials. The desorption of different 

synthesized hydrogels under the effect of capillary action is studied and compared to that 

without the effect of the capillary action. Due to the importance of the hydrogel surface 

characteristics on the interactions between the hydrogels and the cementitious matrix, the 

surface characteristics including roughness, elastic stiffness and adhesion force of the 

hydrogels are studied. Scanning electron microscopy (SEM) and the freeze drying 

technique are employed to monitor the evolution of the hydrogels’ size and morphology in 

a hydrating cementitious matrix during early stage of hydration as an in situ experiments. 

At the end of this chapter, main parameters which can effect on the absorption/desorption 

behavior of hydrogels in cement mixture are identified, analyzed and coupled together in 

order to predict the behavior of hydrogels in cement paste as a model. This model allows 

us to have an optimized and effective mixed design for internal curing agents [53]. 

4.1 Hydrogel absorption  

In order to have better understanding of the effect of the pore solution chemistry on the 

absorption capacity and kinetics, in the first step, ionic solution with varied chemical 

compositions in two different pH level (below 9.5 and above 11.5) are prepared, as it is 
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shown in Table 3. Absorption of two extreme types of hydrogel in terms of AA to AM ratio 

is examined in all the solutions which is illustrated in Figure 4-1. As expected, by 

increasing the acrylamide (AM) concentration the hydrogel sensitivity to ionic strength 

especially Ca2+ is decreased, which is critical for internal curing mixed design. Due to 

higher concentration of anionic group in H-1 which is related to AA concentration, we 

observe higher swelling capacity, as expected [42,197]. Anionic carboxylic groups in the 

polymer network (COO-) increases the absorption capacity of hydrogel by electrostatic 

repulsion force. The existence of Na+ and K+ in the solutions can be the reason for decrease 

on this repulsion. In general the absorption capacity in both hydrogels increase by 

increasing pH-value, but it is more dominant in H-1 compared with H-3 which shows that 

increasing in pH-value prevent monovalent alkaline cations to effect on anionic carboxylic 

groups [133]. The existence of Ca2+ ions in some of the ionic solutions (number 2, 4, 5 and 

6) causes complexation with carboxylate groups which is the reason for sharp decrease in 

absorption capacity [122,164,198]. A potential ionic crosslink formation with Ca2+ ions is 

observed which hinders absorption capacity, the possibility of ionic crosslink formation 

will be examined in section 4.2. This complexation effect most likely the anionic part 

(corresponding to AA monomer), therefore the dramatic decrease in absorption capacity is 

observed in H-1 compared with H-3.  

After free swelling of hydrogels in diluted cement mixture, drastic change in 

morphology, color and absorption capacity of hydrogels especially H-1 is observed 

compared with free swelling in ionic solutions or extracted pore solution as shown in 

Figure 4-2 (b) and (c). This can be due to the physical and chemical effect of hydrating 

cement particles on hydrogels.  The absorption results of the hydrogels with different 
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compositions swollen in the diluted cement mixture are shown in Figure 4-2 (a). Images of 

these hydrogels are shown in Figure 4-2 (b). All hydrogels demonstrated the formation of 

a skin with a distinct color and texture compared to the bulk interior hydrogels. A cross 

sectional view of H-2 showing the contrast between the skin and the interior bulk of the 

hydrogels is also illustrated in Figure 4-2 (b). The skin on H-1 is clearly more pronounced 

compared to H-2 and H-3 and seemed to be notably stiff. The mass of the skin in H-1 

contributed to the absorption measurement presented in Figure 4-2 (a) and the actual water 

content is expected to be less than that shown in this figure. It is noted that H-3 shows a 

different behavior from H-2 and H-1. The absorption of H-3 increases rapidly in the first 

hour with a slower increase after this time. H-2 and H-1 show a rapid increase in the first 

½ h followed by a reduction. H-2 shows a slightly higher absorption compared to H-1 at 

12 h. The final absorption of H-1, H-2 and H-3 in distilled water was measured to be 400, 

315, and 165, respectively. Such a reduction in absorption is due to the screening effect of 

the positively charged cations as well as complexation between anionic groups of the 

hydrogels and divalent ion Ca2+ in the pore solution [28,30,44,133]. The reduction in the 

absorption of H-1 and H-2, which contains a higher concentration of acrylic acid (AA), is 

attributed to a more pronounced effect of ion screening and complexation between the 

anionic groups of AA and the positively charged cations on the absorption of these 

hydrogels. The formation of a relatively thick skin on H-1 with the highest concentration 

of AA (90%) is an evidence of such complexation. The physical and chemical interactions 

between the hydrogel and the hydrating cement particles can also contribute to the changes 

in the surface characteristics of the hydrogels. More information about the chemical 

structure of the skin is provided from the FTIR analysis in section 4.3. 
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Figure 4-1 Absorption capacity of H-1 and H-3 in seven ionic solution and extracted pore 
solution with water to cement ratio of 0.3 

 

Table 3 Ionic solution chemical composition at two pH levels 

Ionic 

Solution  

NaCl KCl CaCl2 Low  

pH-level  

High  

pH-level  

I.S.1 400 0 0 8.32 11.58 

I.S.2 0 0 400 9.54 11.66 

I.S.3 0 400 0 7.54 11.86 

I.S.4 0 400 400 9.60 11.52 

I.S.5 400 400 0 7.13 11.90 

I.S.6 400 0 400 9.72 11.88 

I.S.7 400 400 400 9.51 12.33 
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Figure 4-2 (a) Absorption of different hydrogels in a diluted cement mixture. (b) Images 
showing the swollen state of the hydrogels highlighting formation of a skin and different 
surface characteristics of the hydrogels in diluted cement mixture (c) Hydrogels swollen 

in extracted pore solution. (Adapted from [191]) 

 

 

(c) H-1 H-2 H-3 
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4.2 Elastic shear modulus 

The nominal stress vs nominal strain curves of the hydrogels are shown in Figure 4-3. 

The elastic shear modulus of H-1, H-2, and H-3 is 20 kPa, 6 kPa, and 1 kPa, respectively. 

The notably higher elastic shear modulus of H-1 compared to H-2 and H-3 is in part due to 

the formation of a relatively stiff skin on the surface of this hydrogel. Comparing the curves 

of H-2 and H-3 indicates a lower stiffness in H-3, which can be related to a higher water 

content in H-3. The elastic shear modulus of hydrogels is affected by the primary covalent 

crosslink density and the ionic crosslink density of the polymeric networks [121,125,199–

201]. Thus, the elastic stiffness of hydrogels is intimately dependent on the water 

absorption of hydrogels as the number of crosslinks per unit volume of hydrogels decreases 

with increasing water content. Since the concentration of crosslinking agent MBA is the 

same in H-2 and H-3, an increase in water content results in a reduction in the density of 

the crosslinks as a result of increased volume of the hydrogel. However, according to 

theory of rubber elasticity, the elastic modulus is given by 3/1
0ϕGG = where νRTAG =0 is 

a constant and referred to as un-swollen state of rubber (hydrogel), R is the gas constant, T 

is the absolute temperature, A is a constant of the order of unity, ν is the concentration of 

network chain and φ is the volume fraction of polymer [135]. We calculated G0 from 

experimental results and observed that G0 of H-2 is approximately 3.5 times larger than 

that of H-3. This can imply that the number of crosslinks in H-2 is higher than in H-3, in 

spite of the same concentration of MBA in the synthesis of H-2 and H-3. Creation of ionic 

crosslinks as a result of complexation between anionic carboxylate groups of hydrogels 

and positively charged ions could also contribute to the increased stiffness of H-2, 



85 
 

 
 

compared to H-3. However, a more comprehensive study is necessary to systematically 

investigate this hypothesis. 

 

Figure 4-3 Nominal stress-Nominal strain curves of the hydrogels. (Adapted from [53]) 

 

4.3 FTIR analysis 

The FTIR spectra of H-1, H-2, and H-3 swollen in diluted cement mixture are 

illustrated in Figure 4-4. The spectra of the interior bulk of H-1, H-2, and H-3 generally 

show similar features [202]. The peak at 1638 cm-1 is related to the presence of amide group 

[203]. The characteristic band at 1560 cm-1 can be attributed to asymmetric stretching of 

carboxylate groups (–COO–) and the peak at 1408 cm-1 is due to symmetric stretching of 

carboxylate groups; the band at 1560 cm-1 can be attributed to hydrolysis of amide groups 

and conversion of them to carboxylate groups [34,133,197]. 
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However, there are noticeable differences between the skin and bulk FTIR spectra. The 

high possibility of calcium carbonate formation on the skin was observed, which was more 

pronounced in H-1 compared with H-3 probably due the higher ratio of AA/AM. The 

spectrum of H-2 seems to show features in between that of H-1 and H-3. The major peaks 

observed on skins were illustrated in Table 4. The peak at 874 cm-1 is related to out-of-

plane bending of CO3
-2 [204]. The next major difference on skin is the peak at 1110 cm-1 

which is related to symmetric stretching of CO3
-2 and attributed to vaterite or/and aragonite, 

two polymorphs of calcium carbonate [141,205]. The peak around 1413 cm-1 observed on 

the H-1 and H-2 skins corresponds to asymmetric stretch of CO3
-2 [34,141]. Finally, the 

increase in the peaks at 2920 cm-1 and 2850 cm-1 can be attributed to C-H stretching, which 

is more intense at H-1 and H-2 on the skin; this may confirm the existence of strong 

chemical bonds between calcium carbonate formed on the hydrogel surface and hydrogel 

[204]. 

Table 4 Characteristic signals of FTIR of the swollen hydrogels (skin & interior bulk) in 
diluted cement mixture. (Adapted from [53]) 

 

H-1 H-2 H-3 
 

Wavenumber 
(cm-1) Skin Bulk Skin Bulk Skin Bulk 

2920 + - + - - - 
2850 + - + - - - 
1638 + + + + + + 

1530-1560 + + + + - + 
1413 + - + - - - 
1408 + + + + + + 
1110 + - + - + - 
874 + - + - + - 
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Figure 4-4 FTIR spectra of different hydrogels (skin & interior bulk) swollen in diluted 
cement mixture. (Adapted from [53]) 

 

4.4 Desorption of hydrogels in contact with cementitious substrates 

The desorption behavior of hydrogel disks H-1, H-2 and H-3 with and without contact 

with cementitious substrates is depicted in Figure 4-5 (a). It is seen from Figure 4-5 (a) that 

the desorption rate of the hydrogels with contact with cementitious substrates is higher than 

hydrogels without contact. The increase in the desorption rate when in contact with the 

cementitious substrate is due to the capillary effect at the interface between the hydrogels 

and the cementitious substrate. At the interface, the Laplace pressure developed in the 

capillary pore liquid pulls the hydrogel against the rigid cementitious substrate squeezing 

a thin layer of the hydrogel near the interface. The Laplace pressure decreases the osmotic 
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pressure of the hydrogel near the interface resulting in an increase in desorption in the 

hydrogel near the interface. The effect of the capillary forces on accelerating the desorption 

of hydrogels is also investigated and shown in our prior study [191]. In addition, the rate 

of water transport due to capillary sorption in the cementitious substrate is expected to be 

higher than the rate of evaporation from the surface of the hydrogels. Thus, the two 

mechanisms proposed above provide an explanation for the increased desorption rate of 

hydrogels in contact than without contact with cementitious substrates. In a recent study, 

Sokoloff [189] gave an analytical treatment of desorption of a hydrogel sphere compressed 

against a rigid surface due to the capillary forces. The effect of mechanical stress on the 

behavior of hydrogels has also been studied by [44,206]. It is seen that H-2 and H-3 shows 

a noticeable difference in desorption and desorption rate in the first 8 h with H-3 

demonstrating faster desorption. This is interesting in view of a relatively similar 

desorption behavior in the first 8 h of H-2 and H-3 without contact with a cementitious 

substrate. The similar desorption behavior of the two hydrogels, H-2 and H-3, without 

contact with a cementitious substrate indicates the similar bulk diffusivity of the two 

hydrogels. The results of the hydrogels without contact allow us to decouple the effect of 

the interactions occurring at the interface between the hydrogel and the cementitious 

substrate from the effect of the bulk of hydrogels on desorption. It is realized from these 

results that measuring hydrogel desorption in air can lead to significant errors and does not 

provide a realistic desorption behavior of hydrogels.  

H-1 shows a similar desorption in both with and without contact with the substrate. 

Thus, only the desorption curve corresponding to without contact with cementitious 

substrate is included in the figure. The similar desorption behavior of H-1 with and without  
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Figure 4-5 (a) Desorption of different hydrogels with and without contact with a 
cementitious substrate. Note that the results of H-1 with and without contact with a 
cementitious substrate were similar; thus, only the results corresponding to without 

contact are shown here. (b) Images showing the debonding of H-2 from and bonding of 
H-3 to the cementitious substrate. (c) Images showing the debonding of H-2 from the top 
block and bonding of H-3 to both top and bottom blocks. The scale markings are 1 mm in 
each image. Cavities are seen in the interior of H-3 as a result of tensile stress generated 
due to bonding to the top and bottom blocks during volume reduction of H-3. (Adapted 

from [53]) 

 

(b) 

Cavity 
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contact with cementitious blocks is attributed to the surface characteristics and lack of 

contact between the hydrogel and the substrate. As shown previously in Figure 4-2 (b), H-

1 exhibits a thick skin with large deformity. This stiff skin prevents contact between the 

hydrogel and the cementitious substrate and as a result, the effect of the capillary forces is 

significantly reduced. 

In order to investigate the reason for the observed difference in the desorption of H-2 

and H-3 with contact with cementitious substrate in spite of a small difference between the 

desorption of the two hydrogels when not in contact with cementitious substrate, the 

interaction between these two hydrogels and the cementitious substrate is examined. 

 

4.5 Surface roughness and contact adhesion measurement 

The roughness of two interacting surfaces influences the contact mechanics between 

the two surfaces and has been studied in the past [207]. An increase in surface roughness 

can potentially decrease the contact surface between the hydrogel and a porous 

cementitious matrix thereby decreasing the desorption rate. Roughness (Ra) of the surface 

of H-2 and H-3 measured over an area of 2 × 2 mm2 is 3.34 µm and 5.32 µm, respectively. 

It is noted that both hydrogels exhibit a somewhat similar roughness on their surface. Thus, 

surface roughness is not expected to significantly contribute to the difference in the 

desorption behavior of the two hydrogels in contact with a cementitious substrate as shown 

in Figure 4-5 (a). The 3D topography of diluted H-3 surface is illustrated in Figure 4-6. 

In order to further investigate the effect of the hydrogel surface characteristics on their 

desorption behavior; AFM-based contact adhesion measurement is carried out. The 

average Young’s modulus of the skin of H-2 and H-3 swollen in the diluted cement mixture 
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is measured to be 1.89 ± 0.15 MPa and 1.79 ± 0.27 MPa, respectively. Comparing the 

Young’s modulus of the skin obtained from AFM measurement and those shown in 

Figure 4-3, clearly indicates a higher elastic stiffness in the skin. Prior studies [208] on the 

capillary adhesion between a soft elastic solid and a rigid substrate with asperities indicated 

a reduction in the capillary adhesion with an increase in the elastic modulus of the soft 

elastic solid. The mechanical behavior of hydrogels is commonly modelled as that of a soft 

elastic solid [121,135]; thus, it seems logical to expect that with a reduction in the Young’s 

modulus of hydrogels, hydrogels are more easily deformed and pulled into the capillary 

pores increasing the real contact area at the interface. This increase in contact area can 

potentially improve the desorption of hydrogels. However, the difference in the Young’s 

modulus of the skin of H-2 and H-3 is not significant; therefore, the different surface 

stiffness is not likely to result in the increased desorption of H-3 compared to H-2, as 

observed from Figure 4-5 (a).  

 

 

Figure 4-6 3D topography of diluted H-3 surface 

 

On the other hand, the adhesion forces are measured to be 74.1 ± 16.7 nN and 156.07 

± 28.03 nN for H-2 and H-3, respectively. It is interesting to see the notably higher adhesion 
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force in the case of H-3 than H-2. The nature of the adhesion force in the contact adhesion 

measurement can be chemical and physical bonds between the hydrogel surface and the 

glass microsphere. The details of these bonds and the relative contribution of each to the 

total adhesion force measured in the experiments are currently not known. It should be 

noted that the microsphere surface characteristics are different from those of hydrating 

cement particles. Thus, caution should be exercised in the interpretation of the results. 

Nonetheless, the results of the adhesion measurements are used here to aid in understanding 

the potential mechanisms underlying the interaction between hydrogels and cementitious 

materials. An accurate adhesion force measurement requires the use of a hydrating cement 

particle with a geometry and surface characteristics similar to the glass microsphere used 

in this study. Due to the highly heterogeneous surface characteristics and irregular shape 

of hydrating cement particles, a microsphere is instead used in the adhesion measurement. 

The higher adhesion force between the hydrogels and cementitious matrix can have 

important implications in the desorption of hydrogels. The higher desorption of H-3 than 

H-2 in contact with the cementitious substrate as shown in Figure 4-5 (a) can be attributed 

to stronger bonding in the case of H-3 than H-2. It seems probable that stronger bonding 

enhances the effect of the capillary forces on the desorption of hydrogels. 

 

4.6 Effect of adhesion on desorption and macro-scale observation 

An observation is made of the bonding between the hydrogels and the cementitious 

substrate near the end of the desorption test. As seen in Figure 4-5 (b), it is observed that 

H-2 could be easily detached from the surface of the cementitious block, while a strong 

bonding existed between the H-3 and the substrate so that a blade has to be used to detach 
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H-3 from the surface of the block. This points to a stronger bonding between H-3 and the 

substrate and this bonding remains until the end of desorption. Since improved bonding 

promotes the capillary-driven transport of water at the interface, this provides an 

explanation for the increased desorption of H-3 compared to H-2. 

The desorption of H-2 and H-3 in contact with two cementitious blocks with a constant 

distance between the blocks is also examined. The main reason for this test is to simulate 

the behavior of the hydrogels surrounded by a macrovoid in a cementitious material. This 

situation qualitatively resembles the desorption of hydrogels and their interaction with the 

macrovoid created in the cementitious matrix as a result of hydrogel initial absorption. 

Figure 4-5 (c) shows the images of H-2 and H-3 and the cementitious blocks with a gap 

width equal to the initial thickness of the hydrogels at the swollen state. The top and bottom 

images are the side view and top view of the hydrogels, respectively. It is seen that H-2 

seems to have debonded from the top block; on the other hand, H-3 remains bonded to both 

top and bottom cementitious blocks as seen from the figure. In order to investigate the 

interior of H-3, the top block was removed using a plyer, as the bonding force is relatively 

large. Cavities are observed in the bulk of H-3 as indicated in Figure 4-5 (c). The debonding 

of H-2 from the top block could be a result of a low adhesion force. Once debonded from 

the top block, the hydrogel is allowed to simply sit on the bottom block and it is only in 

contact with the bottom block. This is a direct consequence of the experimental setup used 

in this study; if the entire setup is such that the blocks and the hydrogel are parallel to the 

gravitational force, then the debonding from two blocks can result in a total loss of contact 

from both sides. A different mechanism is observed to occur during the desorption of H-3. 

It is shown that H-3 maintains bonding to the top and bottom blocks; in this scenario, the 
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reduction in size during desorption develops tensile stress in the hydrogel, which ultimately 

results in cavity formation in the interior of H-3. The different mechanics involved in the 

desorption of the two hydrogels can have important implications in the desorption rate of 

the two hydrogels. In the case of H-3, the continued bonding between the hydrogel and 

blocks most likely results in an enhanced desorption rate compared to the case where 

debonding occurs. In addition, the formation of fractures and cavities reduces the relevant 

diffusion length of the hydrogel during desorption. The two mechanisms discussed above, 

are proposed to have important influences on the desorption of hydrogels in a cementitious 

matrix. The quantitative measurement of desorption is not possible due to a lack of visual 

access to the dimensional change of the hydrogels during desorption. 

The above observations related to the interactions between hydrogels and a 

cementitious material in the setup studied here can vary from that in a real situation due to 

the assumption made in the experiments. The evolution in the morphology and chemical 

characteristics of the phases produced during hydration in the early age can affect the 

interaction between the hydrogel and the surrounding cementitious matrix. It has been 

shown that hydration products, primarily consisting of Ca(OH)2, can intrude into the 

macrovoids surrounding SAP [209]. Nonetheless, the main focus here is to shed light, for 

the first time, on the processes affecting the desorption of hydrogels in an unsaturated 

porous solid, which can contribute to our understanding of the behavior of hydrogels in 

cementitious materials. 

 



95 
 

 
 

4.7 Morphology evolution of embedded hydrogels in a hydrating cementitious matrix 

as an index for in situ absorption/desorption behavior of hydrogel 

The results of the hydrogel absorption and desorption in a hydrating cementitious 

matrix at early age are discussed in this section. The desorption of H-1, H-2, and H-3 at 

various times is shown in Figure 4-7. Six replicates for each hydrogel type and at each time 

are used to account for the statistical variability. Images showing the cross section of the 

hydrogels at different times are demonstrated in Figure 4-8. The hydrogels are delimited 

with a yellow dashed line to aid in visual identification of hydrogels.  

The desorption measurement of the hydrogels in the cement paste is started 4 h after 

mixing since the cement paste before 4 h is too fragile and crumbled so that imaging is not 

possible before this time. It is seen that H-1 has desorbed a large amount at even 4 h. The 

desorption of H-1 continues at a low rate until 16 h at which point the hydrogel seems to 

reach its final desorption. H-3 exhibits a small desorption at 4 h as seen from Figure 4-7, 

followed by a steep increase in desorption between 8 h and 12 h. After 12 h, the desorption 

of H-3 continues at a lower rate. H-2 shows a different desorption behavior from that of H-

1 and H-3. At 4 h, H-2 experienced a desorption more than H-3 but significantly smaller 

than H-1 at this time. Compared to H-1 and H-3, the desorption of H-2 seems to be more 

uniform and does not show any steep changes.  

A close examination of the different desorption observations of hydrogels highlights 

the role of different mechanisms governing the desorption of hydrogels. At early age before 

the start of depercolation of the pores in the microstructure, the chemical interaction 

between the hydrogels and the pore solution and the hydrating cement particles is 

responsible for the possible desorption. The effect of chemical interaction can also be 
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recognized from the desorption of H-1 in the diluted cement slurry as shown in Figure 1. 

With continued hydration and a reduction in relative humidity, the capillary forces are 

developed and provide the primary driving force for desorption. This can be noted from an 

increased rate of desorption in H-3, at about 8 h, which more likely corresponds to the 

beginning of the setting in the cement paste. The observed behavior can be explained in 

view of the role of contact between the hydrogel and the cementitious matrix. In case of 

H-1, the hydrogel gives back most of the retained water at early age and consequently 

reduced in size, inevitably decreasing its contact surface with the surrounding cementitious 

matrix. This can be seen from the SEM images in Figure 4-8. On the other hand, H-3 does 

not desorb much and maintains a larger contact area with the cementitious matrix at the 

early age. The bonding between the hydrogel and the cementitious matrix is expected to 

increase the desorption rate of the hydrogel and drive the hydrogel to take a shell-like 

morphology as seen from Figure 4-8 (H-3, 12 h). The shell-like morphology is the direct 

influence of the adhesion during desorption of hydrogels; the shell-like morphology of H-

3 is in a stark contrast with the solid-like morphology of H-1, which suggests a relatively 

uniform reduction in size during the desorption of H-1 indicating a smaller contact surface 

with the cementitious matrix. A schematic in Figure 4-8 (b) shows the two different 

mechanisms of morphology changes during the desorption of H-1 and H-3. In case of H-

2, the effect of capillary forces on desorption is smaller than in H-3 due to a slightly higher 

desorption before 8 h, due to chemical interactions, and consequently smaller contact area 

with the cementitious matrix at the start of the Laplace pressure development in the matrix. 

In addition, as discussed previously and shown in Figure 4-5 (b) and (c), the bonding 

between H-3 and the cementitious block is shown to be stronger than that between H-2 and 
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the block. Thus, it is plausible that H-3 had stronger bonding to the cementitious matrix 

than H-2; consequently, the influence of the capillary suction is anticipated to be more 

effective in H-3 than in H-2. The main observation here is the competition between the 

chemical interaction and the capillary forces on the desorption kinetics of hydrogels in 

cementitious materials. This competition between these two factors are strongly dependent 

on the chemical composition of the hydrogels and possibly on the mix design of the 

cementitious matrix. As demonstrated in Figure 4-5 (a), when there is a contact between 

the hydrogel and the cementitious matrix, the capillary forces can accelerate the desorption 

of the hydrogels compared to hydrogels without contact. This is evident from a comparison 

of the rate of desorption of H-1 and H-3 in the time interval of 8 h-12 h, as demonstrated 

in Figure 4-7. Therefore, the chemical interactions between the hydrogels and a 

cementitious matrix and how they affect bonding at the interface are important factors 

determining the desorption behavior of hydrogels in cementitious materials.  

It is worthwhile to compare the desorption behavior of H-2 and H-3 in the cement paste, 

Figure 4-7, and absorption behavior of diluted cement mixture, Figure 4-2 (a). It is seen 

that while H-3 demonstrates a higher water retention than H-2 in the diluted cement 

mixture early on, it desorbs at a higher rate than H-2 in the cement paste after the start of 

setting and development of the capillary forces in the cementitious material. The water 

retention behavior of hydrogels is usually studied in an extracted pore solution. The SEM 

observation shown above clearly illustrates the inability of measurement in an extracted 

pore solution to accurately predict the behavior of hydrogels in cementitious materials. 
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Figure 4-7 Desorption behavior (water loss) of hydrogels embedded in cement pastes. 

 

 

Figure 4-8 (a) SEM images showing the morphology changes during the desorption of H-
1, H-2 and H-3, at 8 h (top row) and 12 h (bottom row). The cross section of the hydrogel 

microstrip is delimited with a dashed yellow line. (b) Schematic showing the different 
morphology evolutions of H-1 and H-3. (Adapted from [53]) 
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Chapter 5: The effect of supplementary cementitious materials (SCMs) on the 
desorption of superabsorbent hydrogels and the effect of hydrogels on 
microstructure of cement matrix 

 

It is well recognized that the use of supplementary cementitious materials (SCM), such 

as silica fume (SF), slag and fly ash (FA), are necessary in order to enhance the durability 

of HPC [210,211]. Since many mineral admixtures are by-products of other industries, 

these waste by-products can be used to reduce the amount of cement, thus reducing 

greenhouse gas emissions generated as a result of cement production [212–220].  

In this chapter, the main focus is to investigate the effect of SCMs on the desorption 

behavior of hydrogels in cementitious materials. In order to achieve this goal, five different 

SCMs (Slag, silica fume, Fly ash, Glass powder CS400 and Glass powder VCAS) are used 

as a replacement of cement.   

5.1 Pore solution chemistry of blended cement paste with SCM 

The chemistry of supplementary cementitious materials is generally characterized by 

lower calcium content than Portland cement as it is mentioned in Table 5. Thus there are 

differences in the hydrates formed during hydration, which influence strength and 

durability. Also, the understanding of the reaction kinetics in blended systems is 

complicated by the fact that the hydration of the cement and SCMs may interact and 

measuring their individual effects on the reaction rate is difficult [215]. The partial 

replacement of cement with SCMs influences hydration kinetics, pore solution pH level 

and chemistry, released heat, microstructure, RH drop rate, etc [130,215,221]. These 

parameters can have significant impacts on the absorption/desorption behavior of hydrogel 

in blended cement containing SCMs. In this chapter, some of general factors which may 
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influence the interaction between hydrogel and blended cement mixture are reported from 

literatures which are useful to interpret the hydrogel behavior in blended cement paste. Of 

course, the main focus of this investigation is on the very early age pore solution chemistry, 

since this period of time is more effective on absorption behavior of hydrogel; for the 

desorption behavior of hydrogel other parameters in addition to pore solution chemistry 

should be considered as well.  

The effect of different types of SCMs on the pore solution chemistry has been studied 

intensively in the past [216,221–227]. Common trends are summarized as follows: 

• Alkali concentrations (such as potassium and sodium) generally decrease with 

increasing replacement of Portland cement (PC) by SCMs. Alkali 

concentrations in the pore solution depend strongly on the total alkali content 

of the PC. Partial replacement by SCMs thus reduces alkali concentrations as 

the alkalis from the cement are released faster than the alkalis in the SCMs. In 

general, silica fume is more effective in decreasing the alkali concentration of 

the pore solution. This reduction of alkali concentration is more pronounced in 

the very early age (before 6 hours) which is more important for hydrogel and 

blended cement interaction.  

• The decreased alkali concentrations in the pore solution lead to reduced OH- 

concentrations. In the case of slag negatively charged sulfur species such as 

sulfide or thiosulfate can additionally decrease the OH- concentrations of the 

pore solution. The reduction of OH- concentration can affect the 

absorption/desorption behavior of hydrogel in cementitious materials. But, it 

should be noted that at very early age (before 4 hours) there is not a major 
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difference in pH level which can affect the hydrogels properties. However, after 

4 hours up to 3 days this reduction is more pronounced.  

• Sulfate concentrations are not significantly affected by slag or fly ash. Calcium 

concentrations tend to decrease at very high fly ash and slag replacement levels.  

• Reported measured silicon and aluminum concentrations are few. Because 

of the low concentrations, the precise concentrations are difficult to detect. 

Therefore some of the very low measurements given in literature may not be 

reliable. The available data do not show changes in the silicon and aluminum 

concentrations of slag and silica fume blends compared to pure PC pastes; 

however, for fly ash blends the aluminum concentration tends to increase over 

time and with an increasing replacement ratio which can be effective on the 

desorption behavior of hydrogels with higher acrylic acid concentration.   

Table 5 Composition of Cement, Fly Ash, GP1, GP2 and SF 1 [228,229] 

Composition(% by mass) Cement FA GP2 GP1 SF 
Silica (SiO2) 20.6 54 57.5 63.3 85-95 
Alumina (Al2O3) 4.8 28 12.7 6.4 0.5-1.7 
Iron oxide (Fe2O3) 3.5 7 0.06 0.31  
Calcium oxide (CaO) 64 1.4 22.7 17.1 0.1-0.9 
Magnesium oxide (MgO) 0.9 1 3.6 4.5  
Sodium oxide (Na2O) 0.1 0.3 0.62 6.1 0.15-0.2 
Potassium oxide (K2O) 0.3 2.4 0.06 0.07 0.15-1 
Sulfur trioxide (SO3) 3.4 0.1 0.22 0.19  
Titanium dioxide (TiO2) 0.3  0.98 0.44  
Boron trioxide (B2O3)     0-6 0-5  
Loss on ignition (%) 2.75 3.4 0.5 1 1.5-2.5 
Specific gravity   2.31 2.6 2.5 2.21 
Passing sieve #325 (%)  81 98 >99  
Median particle size (μm)   13.1 8.4 8.4  

                                                 
1 SF composition is obtained from literature reviews 
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In general, there is a lack of investigations for the precise measurement of very low 

concentration elements in pore solution at very early age. This low concentrations can be 

effective based on the types of the elements and hydrogels. 

5.2 Hydrogel absorption/desorption behavior in blended cements containing SCMs 

and diluted slurry 

The absorptions of H-2 and H-3 are investigated in hydrating cement paste and in 

diluted slurry which are illustrated in Figure 5-2 and Figure 5-3, respectively. The 

absorption in hydrating cement paste was calculated by Q = (Dmacrovoid/Dinitial) ^3, where 

Dmacrovoid is the thickness of macrovoid as the maximum absorption capacity of hydrogel 

and Dinitial is the thickness of dried hydrogel before embedding in blended cement paste. 

The absorption kinetics of H-2 and H-3 in diluted slurry are shown in Figure 5-3 and it is 

calculated by dividing the hydrogel mass at each time by initial dry mass of hydrogel. The 

main reason for these set of experiments is to show the effect of hydrostatic constraint on 

the absorption capacity. As it is illustrated the hydrogels’ absorption capacities in different 

blended cement pastes are closer together compared with in the diluted slurry. Since in 

diluted slurry the concentration of some ions are less, this absorption should have more 

tolerance compared with hydrating cement paste.  

The modified freeze drying technique which is explained in detail in section 2.2.8 is 

utilized to examine the absorption/desorption behavior of hydrogels in situ. Also, 

absorption/desorption kinetics of H-2 and H-3 in diluted slurry is investigated and 

compared with in situ results. This comparison indicates the effect of constraint and pore 

chemistry on absorption capacity simultaneously. The desorption results of the hydrogels 
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in various cement pastes are shown in Figure 5-4 (a) and (b). SEM images of the hydrogels 

in cement pastes are depicted in Figure 5-5.  

The results cover the first 24 hours of the desorption from the time of mixing. It is 

observed that all hydrogels show a desorption value of about 0.15-0.25 as seen from 

Figure 5-4 (a) and (b). The H-2 in the control paste showed a relatively uniform desorption 

rate until 12h after which time the hydrogel appeared to reach its final desorption value. H-

2-GP1 and H-2-S2 also show a similar behavior with their final desorption occurring being 

delayed until 16 h. H-2-SF, H-2-FA and H-2-GP2 showed a relatively sharp rate of 

desorption regime in part of their desorption history. This increased desorption rate 

initiated at 4 h for H-2-SF leading to a faster desorption compared to other samples. In H-

2-FA and H-2-GP2, the initiation of the fast desorption is shifted to a later time at 8 h. It is 

seen that after 16 h no significant change in desorption of all hydrogels can be observed.  

The desorption behavior of hydrogel H-3 also revealed a regime of fast desorption in 

the pastes and this regime is also more pronounced in H-3-Ctrl, H-3-GP1 and H-3-S 

compared to H-2 in the respective pastes. Once again, it is noted the hydrogel in paste with 

SF (H-3-SF) exhibited a higher desorption rate compared to other pastes and the hydrogel 

in paste with FA (H-3-FA) showed the lowest desorption compared to other pastes. It is 

seen that all hydrogels except H-3-GP2 reached their final desorption at about 16 h.  

The desorption of hydrogels is influenced by the capillary forces exerted by the 

surrounding porous matrix as well as chemical interactions between the hydrogels and pore 

solutions and between the hydrogels and the surrounding matrix. The effect of capillary 

forces on desorption of hydrogels in contact with cementitious materials was studied in our 

                                                 
2 In order to simplify writing, GP1 and GP2 are referred to GP CS400 and GP VCAS, respectively. Also, 

S, SF, FA and Ctrl are referred to Slag, Silica fume, Fly ash and Control, respectively. 
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prior studies [53,185,191]. Our prior examination indicated that the effect of chemical 

interactions on desorption is more dominant in hydrogels with high acrylic acid (AA) 

concentrations. In this study, H-2 and H-3 were used so that the desorption behavior of the 

hydrogels is not dominated by chemical interactions and the effect of capillary forces is 

expected to play a major role.  

The increase in the desorption rate of the hydrogels in cement paste with SF is attributed 

to the evolution of the microstructure surrounding the hydrogel. The presence of SF 

enhances the hydration rate and formation of a solid skeleton in the matrix. The effect of 

SF on the hydration and microstructure of cementitious materials has been examined in 

[230]. In addition, SF can serve as a fine filler filling the space between the hydration 

products resulting in creation of larger number of fine pores that are effective in providing 

capillary pressure. The delay in the desorption of hydrogel in the paste with FA can also 

be explained in light of delay in hydration as a result of replacement of cement with FA. 

Prior investigations have documented the retarding effect of FA on hydration of cement 

pastes at early in room temperature [231]. Thus, it is expected that in the paste with FA, 

the formation of solid skeleton and percolation threshold take place later compared to other 

cement pastes. Therefore, hydrogels in paste with FA are subjected to the capillary forces 

of the matrix at a later time. However, once capillary forces start to develop, the desorption 

of hydrogels accelerates as seen in Figure 5-4 (a) and (b). Narmluk  and Nawa [231] 

showed that FA retards the very early age hydration rate up to 10 hours, but after 10 hours 

it accelerates the hydration of cement paste, which is in a good agreement with our results. 

SEM images of the control paste and the paste with SF and FA are shown in Figure 5-1 (a-

c).   
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Figure 5-1 Microstructure analysis: hydration degree and porosity; (a) H-1-Ctrl (b) H-1-
SF (c) H-1-FA, all at 8 hours. 



106 
 

 
 

The SEM images reveal a more densified pore structure in the cement paste with SF 

and the cement paste with FA appears to be the least densified. A reduction in the 

desorption of H-3 in cement paste with S, GP1 and GP2 compared to the control cement 

paste in the time interval of 8-12 h can be observed; however, this reduction was less 

pronounced in the case of H-2 compared to H-3.  

One reason for greater reduction in desorption rate of hydrogels in paste with FA 

compared to cement pastes with other SCMs can be attributed to more pronounced delay 

in early hydration of cement in cement paste with FA compared to other SCMs used here. 

Prior studies [231] regarding the effect of FA and other SCMs have shown such an effect 

on the early hydration of cement. In addition, since the particle size of S, GP1 and GP2 is 

smaller than that of FA, it is possible that these fine particles occupy the space within the 

solid skeleton of the hydration product more effectively than FA resulting in a larger 

number of fine capillary pores. Therefore, the hydrogels in paste with S, GP1 and GP2 see 

a larger influence of the capillary forces compared to the hydrogel in paste with FA. 

It is worthwhile to discuss how the chemistry of hydrogel affects the desorption in 

various cement pastes. In the control paste and the pastes with GP1 and S, H-2 showed an 

initially higher desorption rate; however, at about 8 h, H-3 demonstrated a higher rate of 

desorption. The two hydrogels in the pastes with SF and GP2 showed a similar behavior. 

The initial increase in desorption of H-2 compared to H-3 could be due to chemical effect 

resulting from the interaction between ions and polymeric networks of the hydrogels. Since 

H-2 contains more acrylic acid monomers compared to H-3, it is logical to expect a greater 

reduction in retained water in H-2 than H-3 in the first few hours before the onset of 

solidification of the surrounding microstructure [53,185,191]. When solidification of the 
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microstructure and pore percolation starts, the capillary pressure is developed and the 

influence of capillary forces becomes more important. It has been shown in our prior work 

that the interfacial bond between the hydrogel and the cementitious matrix increases with 

increasing concentration of acrylamide in the hydrogels. The stronger bond between the 

hydrogel and the cementitious matrix allows for a more effective influence of the capillary 

forces on the hydrogels resulting in an increased desorption rate of the hydrogels. This 

explanation provides a rationale for higher desorption rate of H-3 compared to H-2 as seen 

in the control paste and the paste with GP1 and S.   

An opposite observation was made of the behavior of H-2 and H-3 in the paste with 

FA. It is seen that H-3 initially desorbed faster but later H-2 exhibited a faster desorption 

as seen from Figure 5-4 (a) and (b). 
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Figure 5-2 Absorption of H-2 and H-3 in different blended cement  

 

 

Figure 5-3 Absorption of Hydrogel in diluted slurry (a) H-2 (b) H-3  

(a) 

(b) 
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Figure 5-4 the desorption results of the hydrogels in various blended cement pastes (a) H-
2 and (b) H-3 

 

(a) 

(b) 
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5.3 Hydrogel morphology investigation  

Investigation on morphology evolution of hydrogel in cement paste is important in 

elucidating the processes affecting the desorption of hydrogels. Such an investigation 

shows the release mechanisms and reveals the possible chemical and physical interaction 

between hydrogel and cement paste. As expected, H-3 generally has more tendency to 

create shell like morphology. This morphology difference is due to higher adhesion 

between solid skeleton and H-3 compared with H-2 which has higher acrylic acid 

concentration. This increased adhesion is shown in 12 hours SEM images in Figure 5-5. 

The change in the morphology of desorbing hydrogel or sticking to more than one side of 

the macrovoid show the higher adhesion between H-3 and cement skeleton in general. In 

contrast, H-2 generally shows lower adhesion and the cross section morphology has less 

deformation and change compared to initial cross section morphology. This can indicate 

different mechanisms of desorption and show the lower effect of capillary forces on H-2 

due to less adhesion. However, partially adhered H-2 samples are observed in the cases for 

FA, GP1 and Ctrl; which can be due to chemical effect on the hydrogel skin, drop in RH, 

pore microstructure or hydration rate.   

An interesting mechanism is observed in the morphology studying for the H-3-FA 

samples which are illustrated in Figure 5-6. In these samples, H-3 shows a tendency to 

adhere to all sides of the macrovoid. Due to this boundary condition (hydrogel is fixed on 

all sides) and the change in the surrounding chemical potential which leads to water release 

from hydrogel and consequent shrinkage a form of cavity nucleated. This is a very 

interesting phenomenon which is observed in all the H-3-FA samples. These samples either 
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form a cavity in the middle portion or get ruptured from a corner, which is due to very high 

adhesion. The fundamental reasons for this high adhesion is not fully known yet. 

  

  

  

  

  

  
 

Figure 5-5 Hydrogel morphology evolution in different blended cement paste: Rows (a-f) 

are: Ctrl, SF, S, FA, GP1 and GP2, respectively. From left to right: 1th and 2nd columns 

are H-2 at 8 and 12 h, respectively; 3rd and 4th columns are H-3 at 8 and 12 h, 

respectively. 

 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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Figure 5-6 (a) H-3-FA at 12 h, two samples with cavity and two are ruptured, (b) H-3-FA 

at 16 h, three sample, ruptured and shell like morphology with high magnification. 

 

(a) 

(b) 
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5.4 FTIR analysis 

The FTIR experiments and analysis are performed in order to clarify the possible 

chemical effect of SCMs on the chemical structure of hydrogels. In the previous chapter, a 

difference between skin and interior bulk of hydrogels was observed, which has a major 

effect on the interfacial interaction between hydrogels and matrix. The FTIR spectra of H-

2 and H-3 in six different diluted mixtures are shown in Figure 5-7.  

H-2 and H-3 generally show similar features in the spectra of the interior bulk [53,202]. 

The peak at 1638 cm-1 is related to the presence of amide group [203]. The characteristic 

band at 1560 cm-1 can be referred to asymmetric stretching of carboxylate groups (–COO–) 

and the peak at 1408 cm-1 is due to symmetric stretching of carboxylate groups; the band 

at 1560 cm-1 can be attributed to hydrolysis of amide groups and conversion of them to 

carboxylate groups [34,133,197]. These observations show no specific differences between 

different blended cement mixtures. 

However, like in the cement paste and hydrogels in previous chapter, there are 

noticeable differences between the skin and bulk FTIR spectra in all the blended cement 

mixture. The evidence of calcium carbonate formation on the skin was observed. The peak 

at 874 cm-1 is related to out-of-plane bending of CO3
-2 [204]. The next major difference on 

skin is the peak at 1110 cm-1 which is related to symmetric stretching of CO3
-2 and 

attributed to vaterite or/and aragonite, two polymorphs of calcium carbonate [141,205]. 

The peak around 1413 cm-1 which was observed in previous chapter related to the H-1 and 

H-2 skins corresponds to asymmetric stretch of CO3
-2 [34,141] and is not pronounced here. 

Finally, the increases in the peaks at 2920 cm-1 and 2850 cm-1 are observed to be more 

noticeable on the skin compared with bulk for H-2, however they are only observed on skin 
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for H-3, which can be attributed to C-H stretching; this may confirm the existence of strong 

chemical bonds between calcium carbonate formed on the hydrogel surface and hydrogel 

[204]. No significant effect from SCMs on the hydrogel skin is observed, which can be the 

cause for high adhesion mentioned in previous section, specifically for fly ash mixture.  

 

Figure 5-7 FTIR analysis on the H-2 and H-3, bulk and skin. 
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5.5 Microstructure investigation 

In this section, the back scatter SEM imaging is used to study the microstructure of the 

surrounding matrix and regions far away from hydrogel. The hydration degree of cement 

paste adjacent to hydrogel and far away at different time can be different which is also 

investigated. It is necessary to note that the SEM imaging does not give us enough 

resolution for nano-scale analysis, hydration degree and porosity at the micro-scale is the 

main focus. 

The backscatter SEM images of matrix adjacent to hydrogel and far away at the age of 

8 h are illustrated in Figure 5-8 (a) and (b). As shown in the images the cement paste degree 

of hydration next to hydrogel is higher compared with far away from hydrogel, since there 

are less unhydrated particles in Figure 5-8 (a) compared with Figure 5-8 (b). This can be 

explained by existence of extra water in the region close to hydrogel which can be effective 

on increasing the rate of hydration. It is also noticed that the number of large capillary 

pores are increased close to hydrogel. 
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Figure 5-8 Backscatter SEM imaging of cement paste samples freeze dried at 8 h;  

(a) H-2-Ctrl adjacent to hydrogel (b) H-2-Ctrl far away from hydrogel 

(b) 

Capillary 
pores 

Unhydrated 
particles 

Capillary 
pores 

Unhydrated 
particles 
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Chapter 6: Conclusion and future work 
 

6.1 Conclusion 

This study is performed to obtain a fundamental understanding of the interaction 

between cementitious materials and superabsorbent hydrogels. For the past two decades, 

efforts have been focused primarily on the effect of hydrogels on the performance 

characteristics of cementitious materials. This study presented a systematic and 

fundamental experimental study on the absorption/desorption behavior of hydrogels in 

cementitious materials. A significant aspect of this study is the fact that the hydrogel 

synthesis was performed in house, which allows us to control the chemical and physical 

properties of the hydrogels and to establish the link between the molecular structure of 

hydrogels and their behavior in cementitious materials. In this investigation, chemical and 

mechanical interactions between hydrogels and cementitious material are considered. 

These interactions were decoupled in order to have better insight into the desorption 

behavior of hydrogels.  

In this research, the effect of capillary pressure on the desorption behavior of hydrogels 

in contact with porous ceramics was discussed and presented for the very first time. Also, 

the investigation of hydrogels in cement paste revealed the importance of the interfacial 

bonding between hydrogels and cement matrix on the desorption behavior of hydrogels. A 

brief summary of the main findings of this investigation is listed as follows: 

• The effect of mechanical pressure on the absorption of SAP hydrogels was 

evaluated and shown to notably influence the absorption behavior; this indicates 
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the importance of considering the constraint effect of the cementitious matrix 

on SAPs’ behavior during initial mixing. 

• The desorption of hydrogels under the action of capillary forces was 

investigated and related to the microstructure and internal relative humidity in 

pores. The capillary adhesion developed at the interface between hydrogels and 

cementitious materials was shown to increase the desorption of hydrogels.  

• The effect of hydrogel size and interfacial bonding strength on the desorption 

of hydrogels interacting with a cementitious matrix was elucidated and 

explained on the basis of fracture mechanics. It was proposed that with 

increasing size of hydrogels and decreasing interfacial bonding strength, the 

tendency to interface debonding increases resulting in a decrease of desorption 

due to the loss of the Laplace pressure at the interface. 

• SEM microscopy of two hydrogels with different chemical compositions 

embedded in cement paste indicated a significant contrast in their desorption 

morphology. It was shown that the hydrogel with a higher concentration of 

acrylamide showed a tendency to bond to the cementitious matrix. The results 

from this study provide new insight into the underlying mechanisms 

determining the desorption of hydrogels in cementitious materials and help in 

the development of design guidelines for the internal curing applications. These 

results showed the influence of chemical structure of hydrogels on interfacial 

bonding between hydrogels and cement paste, which can effect on the 

desorption mechanisms. 
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• The desorption of hydrogels with different chemical compositions was 

systematically investigated under the effect of the capillary forces. The 

chemical interactions between the hydrogels and pore solutions and hydrating 

cement particles were studied. The influence of chemical interactions on 

hydrogels’ surface characteristics and how the surface characteristics affect 

desorption due to the capillary forces are highlighted. 

• The desorption test of swollen hydrogels in contact with cementitious materials 

indicated a larger effect of the capillary forces on the desorption rate of 

hydrogels with lower concentration of acrylic acid. This behavior was 

explained in light of the changes in the surface characteristics of the hydrogels. 

In the hydrogel with a very high concentration of acrylic acid (H-1), a relatively 

thick and stiff skin was formed, which prevents a close contact between the 

hydrogel and the cementitious substrate at the interface thereby reducing the 

effect of capillary forces on the hydrogel. It was shown that with an increase in 

the concentration of acrylamide the hydrogel showed a stronger adhesion to the 

cementitious material, which accelerated the desorption of the hydrogel due to 

the capillary suction. 

• The freeze drying technique was used for the first time to investigate the 

absorption/desorption behavior of hydrogels in a hydrating cement mixture. 

This technique compared to other techniques such as neutron radiography and 

tomography is very cost effective and can provide better understanding of the 

behavior of hydrogel in a hydrating cement mixture. In addition, the evolution 

of the cement mixture microstructure can be tracked at the same time. 
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• The scanning electron microscopic examination of hydrogel microstrip in a 

hydrating cementitious material (using freeze drying technique) highlighted an 

interesting contrast in the morphology evolution of hydrogels during 

desorption. It was observed that the hydrogel with a low concentration of acrylic 

acid (H-3) showed a shell-like morphology while a solid morphology was 

examined in the hydrogel with a high concentration of acrylic acid (H-1 and H-

2). The distinct contrast in the desorption morphology was attributed to the 

difference in the interface bonding of the two hydrogels. The interface bonding 

with the cementitious matrix is expected to influence the desorption rate of 

hydrogels. The results from this study help elucidate the fundamental processes 

affecting the desorption behavior of hydrogels in cementitious materials. 

• Examination of the effect of SCMs on the desorption of hydrogels revealed the 

dependence of desorption kinetics on the rate of hydration and microstructure 

percolation. It was found that the cement paste with SF showed the fastest 

desorption among all the samples. On the other hand, the cement paste with FA 

was shown to start desorption later than the other cement pastes. Such 

desorption behavior can be explained in light of the effect of hydration and 

microstructure formation of the cementitious matrix.  

 

6.2 Future work 

The main focus in this research was to understand the absorption/desorption behavior 

of hydrogel in cementitious material in order to design the best internal curing agent and a 

suitable mixture design for HPC. Of course this research cannot answer all the questions 
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in regard to use of superabsorbent hydrogels as an admixture. To make hydrogel a practical 

internal curing agent, many investigations are needed to be performed; here are some of 

author’s suggestions for future works: 

• The hydrogels that are used in this study consist of two types of monomers: 

acrylic acid and acrylamide. It is important to mention that even though these 

hydrogels show completely different desorption behavior in cementitious 

material, it is still highly important to explore different types of monomers (such 

as Alginate) which can give us more alternatives.  

• One of the main flaws of hydrogel is the reduction in compressive strength 

which is due to increasing the voids in concrete. Hydrogel encapsulated with 

bacteria can be effective to fill the macro-void created with hydrogel. There is 

a lack of knowledge for encapsulation and release mechanism of bacteria in and 

out of hydrogel. 

• Mass transport phenomenon in porous media is highly complex. The effect of 

hydrogel on mass transport and the mechanisms of self-sealing need to be 

investigated. This can lead to major improvement in durability and 

sustainability of concrete. 

• Hydrogel create macro-void which can be effective on freeze-thaw resistance. 

This can be an alternative for traditional air-entrainment technique to prevent 

damages caused by freeze-thaw. But, there is a lack of fundamental research in 

this area. 
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• Mixture design, type, shape and size of hydrogel are parameters which can 

effect on freeze-thaw, mass transport, change in relative humidity, self-healing 

and self-sealing aspects. 

• All the effort that has been done in this study is on the interaction between 

hydrogel and cement, but these understandings need to be applied on concrete. 

The effect of hydrogel on concrete is vital which is not fully known. 

• Geopolymers are considered as an alternative for cement. Internal curing is 

indeed an important component in the future of geopolymers. There is not 

enough knowledge in regard to hydrogel behavior in geopolymers. The 

interaction between hydrogel and geopolymer solution and microstructure is 

highly important which is poorly known.
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