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Abstract 

Mixes with lower water to cement (w/c) ratio and supplementary cementing materials 

produce strong and durable concrete. The consequence of lowering w/c is an increase in 

autogenous shrinkage (AS), which contributes to concrete cracking. Internal curing (IC) is 

shown to mitigate AS, however improper dosing of IC material can negatively affect the 

concrete properties. The effectiveness of IC material, such as superabsorbent polymer 

(SAP), depends on the 1) amount of water stored, 2) particle distribution, and 3) ability to 

deliver water. The objective of this research is to quantify the in-situ efficiency of SAP by 

investigating its effect on the cement chemical reaction using non-destructive testing 

methods, specifically isothermal calorimetry and nuclear magnetic resonance (NMR).  

 

IC was tested with varying quantities of SAP in plain cement paste using white Portland 

cement and three w/c (0.30, 0.32, 0.35). Overdosing of the SAP material was found to 

significantly affect the hydration reaction and reduce the efficiency of the material. The 

initial porosity of the paste influences the ability of IC to provide water. However, the extra 

porosity provided by SAP needs to be considered when calculating the degree of hydration. 

Particle agglomeration occurs when the mass of SAP to IC water is greater than 5% and is 

the main factor causing loss of efficiency. A new geometric model was developed to 

estimate the SAP distribution within the cement paste. The model employs the SAP 

absorption determined by NMR and assumes that the SAP particles are spherical, of equal 

diameter, and individual particles absorb the same amount of pore solution. The results 

reveal that particle spacing increases with agglomeration and reduces the IC efficiency. 

 

A hybrid 1-D finite element transient flow model was developed to reverse engineer the 

effective diffusion coefficient from the NMR water distribution. The gel solid volume 

fraction and its impedance to water transfer were accounted for through the cement degree 

of hydration and tortuosity factor, respectively. Model results reveal that the effective water 

diffusion coefficient depends on w/c, gel volume fraction, and tortuosity once the cement 
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gel fractions start to connect, i.e., after 20% cement degree of hydration. The diffusion 

length quantifies the distance water can transfer from the SAP to the cement paste. 
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1 Thesis Summary  

 

1.1 Introduction 

Owing to its strength, versatility, and durability, concrete is the most used construction 

material. Mehta and Monteiro [1] define durability as the “service life of a material under 

given environmental conditions” meaning that durable concrete must resist chemical 

attack, weathering, abrasion, cracking, and other forms of damage. Concerns for the 

durability of concrete structures have increased over the last two decades as the cost of 

maintenance and repair of existing structures during their lifetime now requires an 

additional investment of 40% of the total construction budget in developed countries [1]. 

Additionally, growing awareness of the environmental impact of mining natural resources 

and producing Portland cement for new concrete requires the production of durable 

concrete [1]. Since the 1970s, increased durability of concrete was achieved by the 

reduction of the water to cement ratio (w/c), development of chemical admixtures, and use 

of supplementary cementing materials (SCM) leading to the production of concrete with 

high strength and low permeability [1]. 

 

The unforeseen consequence of reducing the w/c, to increase strength and decrease 

porosity, resulted in concrete with the potential for autogenous shrinkage and associated 

cracking, which severely impairs the performance and longevity of the concrete [2–5]. 

Internal curing (IC) is the method with the greatest potential to reduce and/or prevent 

autogenous shrinkage; by providing water to the hydrating cement paste so that it does not 

experience self-desiccation [6–8]. For IC to achieve its full potential, the amount of water 

that can be stored and delivered by the IC material must be quantified and incorporated 

into the concrete in such a way that its efficiency can be measured.  

 

This chapter outlines the impetus for the research and the objective of the thesis, followed 

by a brief description of the background information necessary for understanding this topic, 

focusing on the mechanism for autogenous shrinkage and internal curing, and the methods 
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to gauge the efficacy of the IC material. Additionally, the key contributions of each 

published paper are summarized, the main findings from this research study are highlighted 

and suggestions for future research are provided. 

 

1.2 Impetus of Research 

Internal curing is the most effective method in preventing early-age cracking of concrete 

caused by autogenous shrinkage [6–8]; however improper dosing of IC materials can have 

negative consequences on concrete’s mechanical and durability properties [9,10]. 

Furthermore, when superabsorbent polymers (SAP) are used for IC, it is imperative that 

their absorption properties are determined for the specific conditions in which they will be 

used. The pore solution of hydrating cement paste has a variable concentration of ions in 

the first 48 h, which makes quantifying SAP absorption difficult [11]. The effectiveness of 

IC depends on three factors: the amount of water available [12–14], the distribution of IC 

material [15,16], and the ability of water to move from the IC material to the hydrating 

cement paste [16–18]. Additionally, agglomeration of SAP particles greatly reduces their 

ability to provide IC water, but it has not been establish to what extent [15,16]. Water 

desorption and water transport distance from SAP have not been fully quantified, both 

because of the difficulty in testing concrete at early stages of hydration and the SAP’s 

sensitivity to the environment into which it is embedded [19]. A method to quantify the 

amount of water absorbed by SAP and its ability to release the water to the hydrating 

cement paste would allow more effective design of internally cured concrete. Furthermore, 

the water effective diffusion coefficient for early age cement paste with SAP and the 

corresponding average diffusion length can provide an estimate for how well IC material 

will perform. 

 

1.3 Objective and Scope of Research 

The primary goal of this research is to develop a method to quantify the in-situ efficiency 

of the IC of concrete through non-destructive testing methods. The efficiency of IC is 

quantified based on two primary factors: 1) effect of the internal curing on the hydration 
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reaction kinetics, and 2) the distance water can be transported from the internal curing 

material to the hydrating cement paste. Furthermore, the in-situ absorption and desorption 

properties of the SAP is used to quantify the appropriate dosage of the IC material. SAP 

particles tend to agglomerate which needs to be addressed to gauge the true efficiency of 

the material.  

 

This research is limited to internal curing with one type of polyacrylate SAP in plain 

cement paste using white Portland cement and three total w/c ratios (0.30, 0.32, 0.35). 

Isothermal calorimetry and nuclear magnetic resonance (NMR) are employed as non-

destructive test methods. 

 

1.4 Background 

1.4.1 Evolution of Concrete  

The main factor for the development of concrete strength and durability is the w/c as it 

controls the porosity of the cement paste [1]. According to Powers’ [20,21], full hydration 

of cement is obtained at w/c of 0.42. However, in traditional concrete excess water is 

needed to provide adequate workability of the concrete. In the 1970s, the development of 

the first generation of superplasticizer allowed for the reduction in the w/c closer to 0.42, 

which increased the strength of the concrete. At that time, any concrete with a compressive 

strength over 40 MPa was considered high strength concrete [1]. Since then, the production 

of more effective superplasticizer, the use of finer and more reactive cements, and the 

introduction of SCMs, especially silica fume, have allowed modern concretes to be 

produced with w/c as low as 0.25 and compressive strength greater than 100 MPa [22]. 

Concrete with a w/c of 0.45 can achieve a 28-day compressive strength of 38 MPa, while 

a concrete with a water to cementing material ratio (w/cm) of 0.31 and 10% silica fume 

can achieve a compressive strength of 83 MPa at 28-days [22]. Furthermore, porosity can 

be considered the controlling factor for durability, as it controls the ingress of water, 

aggressive ions, and carbon dioxide, which result in damage to the concrete from effects 

such as corrosion of reinforcement, sulfate attack, and carbonation [1]. By reducing the 
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w/c from 0.50 to 0.30 at 50% hydration, the capillary porosity decreases from 0.41 to 0.26 

[1]. The production of high strength concrete (HSC), high performance concrete (HPC), 

and ultra-high-performance concrete (UHPC) has allowed for the construction of taller 

concrete structures, longer span concrete bridges, thinner structural elements, and better 

performance of structures in aggressive environments.  

 

The consequence of reducing the w/c below 0.42 is that the pores of the cement paste are 

no longer saturated and quickly become disconnected, leading to self-desiccation. Self-

desiccation manifests externally as autogenous shrinkage [5,23]. In traditional concrete 

very little autogenous shrinkage is observed, 40-60 micro-strain [24], whereas for HPC the 

autogenous shrinkage can be up to 1000 micro-strain for a w/c of 0.30 within the first 24 h 

of set [2]. Any restraint on the concrete can produce early age cracking, which leads to 

impaired mechanical properties, ingress of aggressive ions, and an unsightly appearance 

[25]. Restrained shrinkage stress showed that HPC with a w/cm of 0.33 experienced tensile 

stress up to 3 MPa, resulting in cracking after 6 days due to autogenous shrinkage [26].  

 

1.4.2 Autogenous Shrinkage 

The American Concrete Institute (ACI) defines autogenous shrinkage as the “change in 

volume due to the chemical process of hydration of cement, exclusive of effects of applied 

load and change in either thermal condition or moisture content” [27]. The chemical 

reaction between Portland cement and water is referred to as a hydration reaction that 

results in products with a smaller volume than the reactants. Chemical shrinkage produces 

the pore structure of the cement paste. When the w/c is less than 0.40, there is not enough 

free water to maintain saturation of the pore structure. When the saturation decreases below 

100% a liquid-vapour meniscus under tension form in the pores and causes compression 

on the surrounding solid skeleton of the cement paste [28,29]. As the water is consumed 

by hydration, the internal capillary tension increases [28–30] and according to the Young-

Laplace equation the capillary tension is calculated as 
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𝑃௖ =

−2γcos (θ)

𝑟
 (1.1) 

in which Pc, γ, θ, and r are the capillary water pressure (Pa), the surface tension of pore 

fluid (N/m), the liquid–solid contact angle (radians), and the meniscus radius of curvature 

(m), respectively. The curvature of the meniscus is assumed to be equal to the radius of the 

largest saturated pore. As the hydration reaction proceeds, subsequently smaller pores are 

emptied which causes an increase in pressure [4,30]. Furthermore, Kelvin’s equation 

relates the internal equilibrium relative humidity (RH) to the capillary pressure by 

 
𝑃௖   =

ln(𝑅𝐻) 𝑅𝑇

𝑉௠
 (1.2) 

in which R, T and Vm are respectively, the universal gas constant (8.314 J/mol K), the 

temperature (oK), and the molar volume of pore solution (~18x10-6 m3/mol). Under sealed 

conditions the RH in low w/c concrete ranges from 85 to 90% [31] and the hydration 

reaction stops as the RH reaches approximately 80% [32]. Assuming circular pores, 

Mackenzie’s equation correlates the capillary pressure to autogenous shrinkage (𝜀) in 

cement paste, where 

 
𝜀 =  

𝑆∆𝑃

3
൬

1

𝐾
−

1

𝐾௦
൰ (1.3) 

in which S, K, and Ks are the cement paste degree of saturation, the paste bulk modulus 

(Pa) and the bulk modulus of the solid skeleton of the cement paste (Pa), respectively [4].  

 

The factors that affect the mechanism of autogenous shrinkage include pore size, pore 

connectivity, RH, degree of hydration, and self-stress [28]. Based on Eq. (1.1) and (1.3), 

the autogenous shrinkage is inversely proportional to the pore size, therefore smaller pores 

cause higher shrinkage. As the saturation of the pores decreases the RH decreases and, 

according to Eq. (1.2) and (1.3), because autogenous shrinkage is proportional to ln(RH), 

it also increases [4,33–35].  
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Wu et al. [28] identified w/c, cement composition and fineness, SCM content, aggregates, 

chemical admixtures, and curing to be the main factors determining the extent of 

autogenous shrinkage. The most significant factor that affects autogenous shrinkage is the 

w/c. While any concrete with a w/c less than 0.40 may experience autogenous shrinkage, 

further reduction in w/c increases the shrinkage significantly due to the lack of available 

free water [5,21].  Cement with higher fineness results in higher autogenous shrinkage 

caused by the increase in rate of hydration which rapidly decreases the RH [2] and refines 

the pore microstructure [36]. SCMs, especially silica fume, significantly increase 

autogenous shrinkage [37–40], by refining of the pores and consuming portlandite (CH) 

[28].  

 

1.4.3 Internal Curing 

Capillary suction pressure develops when subsequently smaller pores are emptied as water 

is consumed by hydration; this pressure increase provides the driving force required to pull 

water out of the internal curing reservoirs. Capillary pressure empties pores of water from 

largest to smallest [4,30,41], according to Richard’s equation [42], and simultaneously the 

pores size becomes smaller as hydration product forms within the pores [43,44]. Therefore, 

the large pores of the IC material empty first and maintain a high saturation in the cement 

paste minimizing capillary pressure [4]. 

 

To determine the amount of water that can be provided by internal curing, Powers’ model 

was extended. The entrained water, (w/c)IC, that is needed to achieve maximum hydration 

is: [21]  

 (w/c)୍େ = 0.18(w/c)            for w/c < 0.36 (1.4) 

 (w/c)୍େ = 0.42 − (w/c)         for 0.36 < 𝑤/𝑐 < 0.42 (1.5) 

The theoretical maximum degree of hydration (αmax), when (w/c)IC is provided, can be 

estimated according to:  

 
α୫ୟ୶ =

(w/c)

0.36
            for 𝑤/𝑐 < 0.36 (1.6) 
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 α୫ୟ୶ = 1        for 0.36 < 𝑤/𝑐 < 0.42 (1.7) 

If the w/c is less than 0.36, complete hydration cannot be achieved because there is not 

enough space for more hydration product to form. The total w/c of internally cured cement 

paste is the original w/c plus (w/c)IC. However, the mechanical properties should be based 

on the original w/c, since it determines the porosity of the paste [21]. 

 

The dosage of IC material is critical to its success as a water entraining agent. Improper 

dosing of the IC material may have the following consequences: loss of workability [45–

47], insignificant mitigation of autogenous shrinkage [9,10], reduction in compressive 

strength and other mechanical properties [9,48,49], as well as difficulty in predicting the 

behaviour of concrete [50]. 

 

1.4.4 Internal Curing Materials 

The two prevalent internal curing materials are lightweight aggregates (LWA) and 

superabsorbent polymers (SAP) since both materials can absorb large quantities of water 

and release it to the hydrating cement paste.  

 

1.4.4.1 Lightweight aggregate 

LWA are a class of aggregate with a high porosity, such as pumice. LWA are added pre-

saturated to the concrete mixture and dosed according to the equation developed by Bentz 

and Snyder [51]: 

 
𝑀௅ௐ஺ =  

𝑐 ∙ 𝐶𝑆 ∙ 𝛼௠௔௫

𝜑௅ௐ஺  ∙  𝑆
 (1.8) 

where c is cement content (kg/m3), CS is the chemical shrinkage of cement (ratio of the 

mass of water to the mass of cement), αmax is the expected maximum degree of hydration, 

φLWA is the amount of water absorbed by the LWA (ratio of the mass of water to the mass 

of dry aggregate), and S is the degree of saturation of the aggregate.  
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The efficiency of LWA for IC depends on the pore structure, particle size, water absorption, 

and paste-aggregate proximity. For these reasons, fine LWA has generally been more 

successful in internal curing than coarse LWA [51,52]. However, it was found that the 

finest LWA were not very efficient, because the pores were also smaller making it more 

difficult for the water to be removed. LWA with a particle size of 2 to 4 mm was found to 

be optimal [3,52]. One of the problems with using LWA for internal curing is that it is 

difficult to achieve saturated conditions. After 5 days immersion at room temperature, only 

9 to 14% saturation of pumice was observed [8].  

 

When LWA was added, the compressive strength of concrete decreased with the increase 

in IC content and/or size of LWA. In some cases, it was found that while the 7-day 

compressive strength was lower with LWA, the 28 day compressive strength was 

comparable to the concrete mix without LWA [8,23,53]. 

 

1.4.4.2 Superabsorbent polymers  

Superabsorbent polymers (SAP) are a special class of hydrophilic polymer that can absorb 

and retain large quantities of water within their structure [54]. The most common SAPs are 

covalently cross-linked polyacrylates and copolymerized polyacrylamides/polyacrylates 

[54] in the size range 50 to 250 µm [55]. Osmotic pressure is the driving force for SAP 

absorption, so absorption is highly dependent on the ionic concentration of a solution [54]. 

As the ionic concentration increases the ability for SAP to absorb the solution decreases 

[54]. In particular for cement pore solution, SAP is sensitive to the presence of calcium 

ions [19,56]. The concentration of anionic functional groups and the density of the covalent 

crosslinks in the SAP structural matrix determine its ability to imbibe water [57]. For SAP, 

the internal curing dosage is determined by: 

 𝑤
𝑐⁄ = (𝑤

𝑐⁄ )௣ + (𝑤
𝑐⁄ )ூ஼ = (𝑤

𝑐⁄ )௣ + 𝐾൫𝑆𝐴𝑃
𝑐ൗ ൯ (1.9) 

Where K is the average absorption of SAP and the total amount of water for the reaction 

consist of the initial water in the paste with IC, (𝑤
𝑐⁄ )௣, and the entrained water in the SAP, 

(𝑤
𝑐⁄ )ூ஼ [13,46]. 
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Due to their fast absorption capability, SAP are generally added dry to the concrete 

mixture, so that they absorb part of the mixing water [46,58]. The amount of water that can 

be absorbed during mixing is often difficult to quantify and current standards for natural 

aggregates do not apply [59]. It is difficult to estimate the absorption capacity of SAP in 

concrete owing to their sensitivity to ions and the high and variable ion concentration of 

cement pore solution. Incorrect dosage can result in the misinterpretation of the results. 

Overestimation of the amount of water absorbed from the mix water results in a higher w/c 

ratio of the concrete leading to lower strength. Underestimation results in too much water 

being absorbed from the concrete mixture, thereby reducing the workability [59]. 

 

The complete elimination of autogenous shrinkage was observed with a SAP addition of 

0.6% by weight of cement for a w/c of 0.30 [58,60]. For concrete with w/c of 0.34 and 

silica fume the demand for IC increased to 0.5 and 0.7% SAP by weight of cement; 

however shrinkage was still observed because of silica fume, which makes the paste denser 

[61]. Monnig and Lura [62] found no difference in compressive strength with 0.4% SAP, 

however the tensile strength decreased as much as 20%. At a SAP content of 0.7% the 

compressive strength was 12% lower than for the concrete without SAP. Jones and Weiss 

[63] found comparable strength between the reference and the SAP concrete, although the 

SAP concrete had a slightly lower strength. From these results it can be concluded that 

with SAP replacement values greater than 0.4% by weight of cement there will be some 

reduction in the strength of concrete. 

 

Some problems that have been identified with SAP are: segregation [58], agglomeration 

when SAP is added pre-wetted [46], an increased need for superplasticizer [62], and 

decrease in strength, especially tensile strength. Moreover, it is difficult to quantify the 

amount of water that is absorbed by SAP [59]. 
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1.4.5 Nuclear Magnetic Resonance 

NMR has shown potential as a non-destructive method to analyze water distribution in 

cement paste [64–66]. For testing cement paste the hydrogen atom is excited and the spin-

spin relaxation time, T2, and its corresponding intensity are recorded. T2 measurements 

allow for the classification of different water phases in the cement paste, where chemically 

and physically bound water have shorter relaxation time than capillary water [11]. For 

Portland cement, NMR signal is differentiated for four types of water: capillary water with 

T2  0.9 ms, gel water with T2  0.25 ms, interlayer water with T2  0.09 ms, and CSH 

solid with T2  0.015 ms [67]. When IC is added to the mixture, an additional signal was 

observed for the SAP water with T2 ranging from 100 to 1000 ms [68]. NMR relaxometry 

tests on IC with SAP have shown that the release of water from the IC material correlates 

with an increase in the cement hydration over 2 days [11,69]. Another study found that, for 

the first 30 min, SAP absorbs water from the cement paste then begins to release water 5 h 

later [70]. Of particular interest is the possibility of using NMR to analyse the water 

transport of IC water. Preliminary work by  Friedemann et al. [11] found that the self-

diffusion coefficient of cement paste with 0.3 w/c was 5x10-10 m2/s after 10 h and they 

estimate an average diffusion length of 5 mm. 

 

1.4.6 Efficiency of SAP as Internal Curing 

Internal curing is considered effective if it mitigates autogenous shrinkage [49], however 

there is no consensus about how much SAP IC material produces the best concrete. While 

an IC material may be able to eliminate autogenous shrinkage, it may have unintended 

consequences such as reduced compressive strength and  loss of workability [46,58]. 

Therefore, efficient dosage of SAP must eliminate autogenous shrinkage without 

compromising the mechanical properties of cement while minimizing the amount of IC 

material needed. Three factors have been identified to determine the efficiency of SAP IC: 

1) the amount of water it can provide, 2) its ability to release water, and 3) its distribution 

throughout the paste [71]. Absorption is determined based on the SAP material properties, 

specifically the concentration of covalent crosslinking density and concentration of anionic 
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functional groups [57], which determine the SAPs ability to swell and sensitivity to ions in 

the pore solution. Testing the absorption is difficult because of variable concentration of 

ions in the cement pore solution and interstitial water between SAP particles, however 

methods exist to determine the absorption in simulated pore solution [72,73]. The 

desorption of SAP is both a property of the SAP anion concentration [56] and pore size 

and connectivity of capillary pores in the cement paste [19]. The desorption is more 

difficult to effectively quantify as it must be observed continuously and because it depends 

on the behaviour of the cement paste and the nature of the SAP [11,57]. Some work with 

NMR has shown how SAP water content varies with time [11]. The distribution of SAP 

and the water transport from the SAP has not been quantified, but would provide a good 

measure of how well SAP is able to provide water to all locations in the hydrating cement 

paste [11,71]. 

 

1.5 Summary of Papers 

Paper I: Quantification of Internal Curing Efficiency – A Critical Review 

(To be submitted for publication) 

In this paper the factors affecting the autogenous shrinkage are related to the properties that 

determine effective internal curing of HPC. The mechanism of autogenous shrinkage can 

be quantified based on the theory of capillary tension [28,29]. It is governed by pore size, 

pore connectivity, RH, degree of hydration, and self-stress [28]. The properties of the 

concrete mix design which influence the amount of autogenous shrinkage potential have 

been identified as w/c, cement composition and fineness, SCM content, aggregates, 

chemical admixtures, and curing [28]. Internal curing is the main method used to limit or 

eliminate autogenous shrinkage. IC works on the basis that the first pores to empty are 

large pores, so the pores that are emptied are in the IC material. By ensuring a higher degree 

of saturation in the pores of the cement paste the capillary tension is limited [4,30,41]. 

Three key factors to effective IC are: 1) the amount of water available in the IC material 

[12–14], 2) the distribution of IC material [15,16], and 3) the ability of water to move from 

the IC material to the hydrating cement paste [16–18]. The first factor depends on the 
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absorption kinetics of the IC material and, especially, in the case of SAP may be difficult 

to quantify. The second factor is highly dependent on the agglomeration of SAP particles, 

which can be significant for SAP, especially if they are added pre-saturated to the concrete 

mixture. Agglomeration of SAP leads to uneven distribution of IC water [15,16]. While 

agglomeration is of great concern there is little information in the literature about how to 

prevent or quantify it. The third factor is the most critical, yet it is not fully quantified due 

to the difficulty of continuously testing the hydrating cement paste [19]. Non-destructive 

testing, such as NMR, appears promising in increasing the knowledge about water 

movement through cement pastes. 

 

Paper II: Characterizing the effect of superabsorbent polymer content on internal 

curing process of cement paste using calorimetry and nuclear magnetic resonance 

methods 

(Published in Journal of Thermal Analysis and Calorimetry, May 2020) 

In this paper the effect of IC with SAP on the kinetics of the cement hydration reaction are 

characterized using isothermal calorimetry. Furthermore, the amount of water SAP can 

provide for IC, which has been an ongoing area of research, is quantified by comparing the 

behaviour of cements with and without SAP using isothermal calorimetry and NMR. 

Extensive statistical analysis was performed to determine the effect of SAP dosage on the 

kinetics of the hydration reaction. Improper dosage of SAP is of critical concern. 

Overdosing results in a significant decrease in the heat of hydration (HOH) of the reaction, 

which is directly proportional to the degree of hydration of the cement and the strength 

development of the paste. Providing more SAP at the same water content does not provide 

more efficient internal curing. The total w/c of IC pastes is determined by 𝑤 𝑐⁄ = (𝑤
𝑐⁄ )௣ +

(𝑤
𝑐⁄ )ூ஼ = (𝑤

𝑐⁄ )௣ + 𝐾൫𝑆𝐴𝑃
𝑐ൗ ൯. Where the w/c of the paste, (𝑤

𝑐⁄ )௣, is critical for 

determining the kinetics to the hydration reaction. There was no statistically significant 

correlation between the HOH and w/c. A strong linear relationship exists between HOH 

and initial porosity, which is a function of (𝑤
𝑐⁄ )௣. The rate of the reaction is linearly 

related to the total w/c since the reaction is dependent on the total amount of water available 
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from both the paste and SAP. The amount of entrained water was found to be proportional 

to the resulting HOH and the initial porosity of the paste. The efficiency of the SAP IC was 

calculated based on idealized spacing and w/c of the paste. No improvement to the reaction 

was observed with more SAP particles, which suggests that there is agglomeration of SAP 

thereby increasing the spacing between the particles. The amount and behaviour of 

agglomerated particles is not readily available in the literature and is identified as a critical 

factor that needs further study.  

 

Paper III: Efficiency measure of SAP as internal curing for cement using NMR & 

MRI 

(Published in Construction and Building Materials, April 2021) 

In this paper NMR with magnetic resonance imaging (MRI) was used to quantify the 

absorbed and desorbed water by SAP and the efficiency of SAP as internal curing. NMR 

T2 time was used to characterize the water within the cement paste into three phases: gel 

water, capillary water, and IC water within the SAP. NMR water signal intensity was 

related to isothermal calorimetry data to provide a method to quantify the degree of 

hydration. It was determined that as SAP releases water and shrinks it provides extra 

porosity for the formation of hydration product. The extra porosity needs to be considered 

when calculating the degree of hydration of cement paste internally cured with SAP. From 

this study, a geometric model was developed to estimate the efficiency of SAP as IC in 

cement paste. The model assumes that the SAP particles are spherical, of equal diameter, 

and that all particles absorb the same amount of pore solution. The distribution of SAP 

particles was determined based on the signal intensity of the SAP water. The amount of 

SAP was then used to determine the efficiency of the IC based on the spacing and potential 

for SAP particle agglomeration. Theoretically, as the distance between the SAP decreases, 

the degree of hydration should increase because cement particles have a shorter access 

distance to the IC water. SAP particle agglomeration results in an increase in the spacing, 

consequently reducing the efficiency of the IC material. Therefore, increasing the dosage 



Ph.D. Thesis – S.N. Mihaljevic  McMaster University – Civil Engineering 

14 
 

can result in a decrease in the efficiency of SAP as an IC material when the amount of 

entrained water is kept constant. 

 

Paper IV: Effective free water diffusion coefficient of cement paste internally cured 

with superabsorbent polymers 

(Submitted for publication in Journal of Building Engineering, May 2021) 

The ability of SAP to act as an effective IC material depends on the distribution of the SAP 

and amount of the cement paste that has access to the IC water. To determine the distance 

IC water can travel from the IC material a model, comprised of analytical and 

phenomenological components, was developed to estimate the free water diffusion 

coefficient. The diffusion coefficient was then used to calculate an average diffusion 

length. The hybrid model employs a 1-D finite element transient flow model using the 

temporal and spatial distribution of water from NMR-MRI experiments to reverse engineer 

the effective diffusion coefficient of the paste. The model inputs are the free and chemically 

bound water content. It is assumed that SAP particles are spherical, water transport is 

diffusion controlled, transport is spherically symmetric perfect contact between the SAP 

and the cement paste, boundary halfway between SAP particles does not allow water 

transfer, and water movement is impeded by cement gel hydrate formation. A tortuosity 

factor accounts for the impedance to water mobility created by the formation of hydration 

products. It is a function of the solid volume fraction, which is a function of degree of 

hydration and w/c. As the gel structure begins to connect, at approximately 20% degree of 

hydration, the ability of the water to move through the cement paste is hindered. The 

effective diffusion coefficient is a function of the paste w/c. The paste with a lower w/c has 

a lower diffusion coefficient. The effective diffusion coefficient is equal to the free water 

diffusion coefficient multiplied by the tortuosity factor. The diffusion length, 𝑙ௗ = ඥ𝐷௪
௘ 𝑡, 

is an effective way to determine the distance IC water can be transferred to the cement 

paste. The diffusion length shows that the paste with the higher w/c can provide water to a 

larger amount of the cement paste. It agrees with Powers’ model stating that there is a limit 

to the amount of curing that can be provided based on the porosity of the paste. As noted 
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in paper II and III, agglomeration is critical in determining the efficiency of SAP as an IC 

material. This paper considered agglomeration by comparing the diffusion length and the 

spacing between particle with and without agglomeration.  

 

1.6 Conclusions 

Paper I characterizes the factors that affect autogenous shrinkage and internal curing. A 

critical review of the parameters influencing the efficiency of internal curing revealed the 

following: 

1. The amount of autogenous shrinkage concrete will experience depends on the pore 

size, pore connectivity, RH, degree of hydration, and self-stress. These factors are 

a direct consequence of the concrete mix design (w/c, cement composition and 

fineness, SCM content, aggregates, and chemical admixtures). 

2. Effective IC depends on 1) the amount of water in the IC material, 2) the 

distribution of IC material, and 3) the ability of water to move from the IC material. 

3. The amount of IC water in SAP depends on the water absorption kinetics and 

efficiency. The absorption of SAP depends on the SAP’s covalent crosslinking 

density and concentration of anionic functional groups as well as the concentration 

of ions in the pore solution of the cement paste.  

4. SAP particles are susceptible to agglomeration which greatly reduces their 

efficiency. Agglomeration has not been quantified in the literature. 

5.  SAP water desorption is a function of the anion concentration in the SAP, the size 

and interconnectivity of the cement paste pores, and the interface between the SAP 

and cement paste.  

6. The water desorption and distance water can travel from IC material has not been 

fully quantified. 

Paper II compares cement pastes internally cured with varying doses of SAP. The 

following conclusions can be drawn: 

7. The higher the amount of IC the more susceptible the cement paste became to SAP 

overdosing, which is characterized by a decrease in the total heat of hydration.  
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8. The HOH of the cement paste with IC was not equal to that of the reference paste 

even if the ideal SAP dosage was used. 

9. The HOH is linearly related to the w/c for the reference pastes. There is no 

correlation between the total w/c and the HOH of the IC pastes. 

10. The HOH is related to the w/c of the paste with IC. The initial porosity of the paste 

significantly influences the ability of IC to provide water. 

11. A significant loss of IC efficiency is observed when the SAP is overdosed, and it is 

especially detrimental at higher levels of IC. This highlights the critical need to 

accurately estimate SAP water absorption. 

12. SAP particle agglomeration occurs when the mass of SAP to that of entrained water 

is greater than 5%. Agglomeration is a key factor that needs to be addressed when 

evaluating the efficiency of IC with SAP. 

Paper III compares the efficiency of SAP IC using NMR-MRI. The study revealed the 

following: 

13. At constant w/c, the desorption rate decreases with increasing SAP content.  

14. Water desorption and desorption rate for SAP were quantified using 𝑒ூೄಲು = 𝐶𝑡஺ 

and 𝐼ௌ̇஺௉ = 𝐴 𝑡⁄ , respectively. 

15. The well-known cement hydration rate equation fits the rate of gel formation for 

cement paste with SAP IC: 𝐼௚௘௟ = 𝐼௚௘௟௨
𝑒𝑥𝑝ൣ−(𝜏 𝑡⁄ )ఉ൧. 

16. After 48 h of casting, the capillary pore structure of mixes with SAP was 

statistically different than for mixes without SAP, which confirms that SAP content 

affects the pore structure. 

17. Increasing the amount of SAP, while keeping the total w/c constant, prolongs the 

availability of SAP water, however the distribution and quantity are substantially 

inconsistent along the height of the sample. 

18. The postulated geometric model affords the quantification of: 

a. Number of particles: 𝑁௜ =
ூೄಲು௏ೢ ೔௏೗ೌ೤೐ೝ

ഏ

ల
ఝೞೌ೟

య
,  

b. Particle spacing: 𝑠௜ = ට
௏೗ೌ೤೐ೝ

ே೔

య
, 
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c. Efficiency of SAP as IC: 𝜂ூ஼ =  
ఈ೔

ே೔
ൗ

ఈ೔೏೐ೌ೗
ே೔೏೐ೌ೗

ൗ
, 

d. Efficiency of SAP with particle agglomeration: 𝜂௔௚௚ =  
ே೔೐೑೑೐೎೟೔ೡ೐

ே೔
 

Paper IV A hybrid model was developed to quantify the effective diffusion coefficient 

of cement pastes with SAP internal curing by way of NMR-MRI measurements. 

Accordingly, the following conclusions are drawn for this study: 

19. The free water diffusion coefficient, 𝐷௢, depends on the w/c once the cement gel 

fractions start to connect, i.e., after 20% cement degree of hydration.  

20. The effective water diffusion coefficient, 𝐷௪
௘ , depends on the w/c, cement gel 

volume fraction, and tortuosity once the cement gel fractions start to connect, i.e., 

after 20% cement degree of hydration.  

21. The equation developed for SAP is given by 𝐷௪
௘ = 𝑓ఛ𝐷௢ =

[3(1 − 𝑉௦)ଶ (3 − 𝑉௦)⁄ ]𝐷௢. 

22. Values of 𝐷௪
௘   confirm that water’s ability to flow from the SAP particles to the 

cement paste depends on the porosity and tortuosity of the paste. 

23. The SAP water diffusion length, 𝑙ௗ = ඥ𝐷௪
௘ 𝑡, provides a useful method to quantify 

the ability of IC to provide water in cement paste. 

24. The results support Powers’ model that the amount of water available for internal 

curing is limited by the porosity of the paste. 

25. The effect of agglomeration is characterized by the amount of cement paste with 

access to IC water. The paste volume with accessible SAP water was severely 

reduced with SAP particle agglomeration.  

The work of this research project shows that the porosity, as a function of the paste w/c, is 

a critical factor for water transfer from the SAP to the hydrating cement paste. Furthermore, 

this work provides a tool to determine the efficiency of SAP based on its effect on the 

degree of hydration, heat of hydration, and/or the water diffusion length. Agglomeration 

has been determined to be a key factor in the efficacy of SAP to provide IC water and it is 

a factor that will need to be addressed in practice when this material is used. It must be 
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emphasized that the experimental data and conclusions are specific to the type and size of 

SAP, as well to the cement paste mix composition. 

 

1.7 Suggestions for Future Work 

 This study employed one type and size of SAP particle; further research is needed 

into the efficiency of different SAP types as the properties of different SAP types 

can vary greatly.  

 The models could be expanded to account for varying sizes and amount of water 

absorbed per SAP particle.  

 SCMs reduce the porosity of the cement paste and are an important constituent of 

HPC. Therefore, a study on the effect of SCM on the efficiency of IC is needed 

using the water diffusion length. 

 Agglomeration has been shown to significantly affect the efficiency of IC, however 

further study is needed to determine methods to prevent or reduce agglomeration 

of SAP in cement paste. 

 The porosity of the paste is a significant factor in the ability of water to transfer 

through the cement paste. Experimental analysis using MIP to determine the pore 

size distribution would greatly enhance the predictive capacity of the diffusive 

length model.  

 The NMR-MRI technique is a very promising approach to quantify the distance 

water distributes from an internal curing source. Refinement of the technique would 

reduce the variability observed in the results. Improvement of the technique would 

require shorter time intervals between data collection and thinner paste layers. 

Furthermore, resolving the image into two dimensions would allow for a more 

accurate representation of the SAP distribution. 

 A study of the techniques presented here needs to be combined with measurements 

of autogenous shrinkage and other imaging techniques to fully quantify the efficacy 

of the IC material. 
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 A comprehensive study of the internal curing in concrete is needed to assess the 

added tortuosity instilled by the addition of fine and coarse aggregate. 
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2 Quantification of Internal Curing Efficiency – A Critical Review 

 

Abstract 

The development of concrete with lower water to cement ratio (w/c) has led to high 

autogenous shrinkage. Autogenous shrinkage is affected by the pore size, degree of 

hydration, and internal relative humidity of concrete, all of which are functions of the mix 

design. Of all the factors affecting autogenous shrinkage w/c is the most influential. Below 

0.40 there is a strong linear relationship between autogenous shrinkage and w/c. Internal 

curing (IC) is the most effective method to mitigate autogenous shrinkage. To provide 

effective IC, material must absorb and store water, then release it as cement paste hydrates. 

Furthermore, the IC material must be distributed throughout so that all regions of concrete 

have access to water. Lightweight aggregate (LWA) in the size range of 2-4 mm and fine 

aggregate replacement less than 20% provides adequate IC. Superabsorbent polymers 

(SAP) are effective IC at 0.3-0.5% by cement weight, in the size range of 100 to 150 µm. 

Providing (w/c)IC is in the range of 0.05 to 0.075 is optimal to mitigate autogenous 

shrinkage and maintain adequate compressive strength. 

 

Keywords: Autogenous shrinkage, internal curing, self-desiccation, lightweight aggregate, 

superabsorbent polymers 

 

2.1 Introduction 

Advances in concrete materials, such as the production of finer cement, the increased use 

of supplementary cementing materials (SCM), and the development of superplasticizers, 

have allowed for the production of high-strength concrete (HSC), high-performance 

concrete (HPC) and ultra-high performance concrete (UHPC) [1–4]. These types of 

concrete have very high strength and low porosity compared to conventional concrete. The 

benefits instilled by reducing the water to cement ratio (w/c) and using SCMs may be 

compromised by the increased susceptibility of this type of concrete to autogenous 
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shrinkage [5–8]. Autogenous shrinkage can produce early age cracking, which severely 

impairs the performance and longevity of the concrete [7,9]. 

 

The American Concrete Institute (ACI) defines autogenous shrinkage as the “change in 

volume due to the chemical process of hydration of cement, exclusive of effects of applied 

load and change in either thermal condition or moisture content” [10]. Autogenous 

shrinkage occurs consequently to the chemical reaction of cement which results in a 

product with a lower volume than the reactants. When the amount of water is insufficient 

to maintain complete saturation of the pores, that is a w/c less than 0.42, self-desiccation 

occurs. In normal concrete (w/c>0.42) the self-desiccation occurs in large capillaries so the 

stress in the meniscus of the pore fluid is low resulting in very little shrinkage (40-60 

µm/m) [11]. In concrete with w/c less than 0.42 the self-desiccation occurs in much finer 

pores resulting in higher shrinkage [8,12]. For a w/c of 0.30 the autogenous shrinkage can 

be as high as 1000 µm/m within 24h after set [5]. This type of shrinkage is of particular 

concern because it occurs in very young concrete which has not developed the strength to 

endure this strain and consequently may crack within the first 12 h to 24 h of casting 

[11,13]. 

 

Self-desiccation can be prevented by maintaining high saturation of the pores through 

internal curing (IC) [14–17]. First identified by Philleo [18], IC provides a distributed 

source of water within the concrete, ideally producing concrete with all the strength and 

durability benefits of low w/c concrete without the adverse effect of autogenous shrinkage 

[12]. Materials that have the ability of store large amounts of water within their structure 

then release it as the cement hydration reaction consumes water are required for IC. 

Lightweight aggregate (LWA) [6,19–22] and superabsorbent polymers (SAP) [12,23–28] 

are most commonly used materials for IC. Other IC material include: rise husk ash [29,30], 

cenospheres [31,32], recycled concrete aggregate [33–35], and porous ceramic waste 

[36,37]. 
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Autogenous shrinkage and mitigation methods have been a research subject for almost 

thirty years, yet the problem of high early-age shrinkage and associated cracking persists. 

This paper addresses pertinent research findings required to quantify the efficiency of 

internal curing. For completeness, the mechanisms of autogenous shrinkage and internal 

curing and their effects on the properties of concrete are presented. The experimental 

findings from the literature are analysed to determine the effect of IC water on the 

autogenous shrinkage of concrete and the corresponding mechanical properties. 

 

2.2 Autogenous shrinkage  

2.2.1 Mechanism 

Autogenous shrinkage may be considered analogous to drying shrinkage. Simplistically, it 

is internal self-drying instead of drying caused by external environmental action. Lack of 

free water in the capillary pore structure produces a liquid-vapour meniscus. Capillary 

tension is generally accepted as the driving force for autogenous shrinkage [13,38]. The 

fluid which is under tension from capillary depression, causes compression on the 

surrounding solid structure of the pores [39]. As water is consumed by hydration, the 

internal pressure within cement paste pores increases [13,38,40] and according to the 

Young-Laplace equation the capillary tension is calculated as 

 
𝑃௖ =

−2γcos (θ)

𝑟
 (2.1) 

in which Pc, Pv, γ, θ, and r are the capillary water pressure (Pa), the water vapour pressure 

(Pa), the surface tension of pore fluid (N/m), the liquid–solid contact angle (radians), and 

the meniscus radius of curvature (m), respectively. The curvature of the meniscus is 

assumed to be equal to the radius of the largest saturated pore. As the hydration reaction 

proceeds, subsequently smaller pores are emptied which causes an increase in pressure 

[7,40,41]. Furthermore, Kelvin’s equation relates the internal equilibrium relative humidity 

(RH) to the capillary pressure by 

 
𝑃௖   =

ln(𝑅𝐻) 𝑅𝑇

𝑉௠
 (2.2) 



Ph.D. Thesis – S.N. Mihaljevic  McMaster University – Civil Engineering 

30 
 

in which R, T and Vm are respectively, the universal gas constant (8.314 J/mol K), the 

temperature (oK) and the molar volume of pore solution (~18x10-6 m3/mol). Assuming 

circular pores, Mackenzie’s equation correlates the capillary pressure to autogenous 

shrinkage (𝜀) in cement paste, where 

 
𝜀 =  

𝑆∆𝑃

3
൬

1

𝐾
−

1

𝐾௦
൰ (2.3) 

in which S, K, and Ks are the cement paste degree of saturation, the paste bulk modulus 

(Pa) and the bulk modulus of the solid skeleton of the cement paste (Pa), respectively [7].  

 

Zhang et al. [42] proposed a micro-mechanical model for shrinkage strain in concrete 

accounting for both drying and self-desiccation of the concrete. They expanded Eq. (2.3) 

to include multiple pores of various radii through a pore influence factor, vp,  

 
𝜀௔௦  = − 

𝑆𝑣௣𝜌௪𝑅𝑇

3𝑀
൬

1

𝐾
−

1

𝐾௦
൰ ln (𝑅𝐻) (2.4) 

 𝑣௣ = 1 − exp (𝑘଴𝛽𝑟) (2.5) 

Where k0 is a constant and β relates the pore volume to the degree of hydration. Since 

autogenous shrinkage does not occur unless the RH is less than 100%, the following 

formula was proposed to account for any shrinkage that occurs prior to the RH reduction.  

 
𝜀 = ቐ

𝜂 ቂ1 − ඥ1 − (𝑉௖௛ − 𝑉௖௛଴)
య

ቃ                         𝑓𝑜𝑟 𝑅𝐻 = 1

𝜂 ቂ1 − ඥ1 − (𝑉௖௛ − 𝑉௖௛଴)
య

ቃ + 𝜀௔௦             𝑓𝑜𝑟 𝑅𝐻 < 1
 (2.6) 

Where the initial strain is related to the chemical shrinkage, Vch, and a stiffness influence 

factor, η [42]. 

 

2.2.2 Factors Influencing Autogenous Shrinkage 

Wu et al. [13] identified w/c, cement composition and fineness, SCM content, aggregates, 

chemical admixtures, and curing to be the main factors determining the extent of 

autogenous shrinkage. The most significant factor that affects autogenous shrinkage is the 

w/c. While any concrete with a w/c less than 0.40 may experience autogenous shrinkage, 
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further reduction in w/c increases the shrinkage significantly due to the lack of available 

free water [8,12]. Decreasing the w/c from 0.35 to 0.30 increased the 7-day autogenous 

shrinkage from 42 µm/m to 90 µm/m [43]. Fig. 2.1 presents the relation of autogenous 

shrinkage to w/c compiled from the data presented in Appendix A. The results show that 

there is a strong linear relationship (R2 of 90% at 7 days) between w/c and autogenous 

shrinkage.  

 

 

Fig. 2.1 The effect of w/c on the autogenous deformation 

 

Cement with higher fineness results in higher autogenous shrinkage due to the increase in 

rate of hydration, which rapidly decreases the RH [5] and refines the pore microstructure 

[44]. Under sealed conditions the RH in low w/c concrete ranges from 85 to 90% [45] and 

the hydration reaction stops as the RH reaches approximately 80% [46]. As the saturation 
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the RH decreases and the w/c of the concrete is govern how the RH decreases [7,42,47,48]. 

This especially evident in the first 14 days of hydration.  

 

SCMs, especially silica fume, significantly increase autogenous shrinkage [43,49–51], by 

refining the pores, consuming portlandite (CH), and increasing the rate of hydration [13]. 

For concrete with w/c of 0.35, the autogenous shrinkage strain was 42 µm/m. However, by 

replacing 10% of the cement with silica fume the strain increased to 110 µm/m. While the 

plain Portland cement concrete shrinkage only increased slightly after 7 days (shrinkage of 

45 µm/m at 28 days), the silica fume concrete continued to experience autogenous 

shrinkage ever after 28 days (195 µm/m) [43]. However, when fly ash is used as SCM it 

slows the rate of hydration, therefore resulting in less autogenous shrinkage [49,52]. 

Snoeck et al. [53] found that both fly ash and blast furnace slag cement replacement 

resulted in less early-age autogenous shrinkage than the w/c 0.30 Portland cement concrete. 

However, they found that the rate of autogenous shrinkage with SCMs increased after 7 

days compared to the reference concrete [53].  

 

The presence of aggregates increases the cracking tendency from autogenous shrinkage as 

it provides restraint to the cement paste matrix [5,54]. Restrained HPC with a w/cm of 0.33 

has developed tensile stresses of 3 MPa from autogenous shrinkage and cracked withing 6 

days of casting [55]. However, steel or synthetic fibers can suppress shrinkage in HPC by 

restraining shrinkage [56]. Chemical admixture, such as expansive admixtures and 

shrinkage-reducing admixtures (SRA), have had limited success in reducing autogenous 

shrinkage and a loss of early strength [57]. External curing has a limited effect on 

autogenous shrinkage, because of the fine and disconnected pores characteristic of HPC. 

Internal curing has proven to be a more effective curing alternative.  

 

2.3 Internal curing 

External curing is effective in preventing the formation of a liquid vapour meniscus in the 

pores if the capillaries are interconnected. However, with HPC the dense microstructure 
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does not allow water penetration from an external source [8]. This has led to the 

development of IC as the method for curing HPC. This section discusses the mechanism 

of IC and the two most prevalent internal curing materials, i.e. lightweight aggregates 

(LWA) and superabsorbent polymers (SAP).  

 

2.3.1 Mechanism 

Capillary suction pressure develops when subsequently smaller pores are emptied as water 

is consumed by hydration. The pressure increase provides the driving force required to pull 

water out of the internal curing reservoirs, from largest to smallest pore [7,40,41]. 

Therefore, the large pores of the IC material empty first and maintain a high saturation in 

the small cement paste pores minimizing capillary pressure [7]. 

 

To determine the amount of water that can be provided by internal curing, Powers’ model 

was extended. The entrained water, (w/c)IC, that is needed to achieve maximum hydration 

is: [12]  

 (w/c)୍େ = 0.18(𝑤
𝑐⁄ )௣            for (𝑤

𝑐⁄ )௣  < 0.36 (2.7) 

 (w/c)୍େ = 0.42 − (𝑤
𝑐⁄ )௣         for 0.36 < (𝑤

𝑐⁄ )௣  < 0.42 (2.8) 

The theoretical maximum degree of hydration (αmax), when (w/c)IC is provided, can be 

estimated according to:  

 
α୫ୟ୶ =

(𝑤
𝑐⁄ )௣

0.36
            for (𝑤

𝑐⁄ )௣  < 0.36 (2.9) 

 α୫ୟ୶ = 1        for 0.36 < (𝑤
𝑐⁄ )௣  < 0.42 (2.10) 

If the w/c is less than 0.36, complete hydration cannot be achieved because there is not 

enough space for more hydration product to form. The total w/c of internally cured cement 

paste is the original w/c plus (w/c)IC. Since the w/c of the paste determines the porosity of 

the paste, the mechanical properties should depend on the original w/c [12]. 
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Research has shown that, in addition to reduction in autogenous shrinkage, IC increases 

the degree of hydration [58], refines the interfacial transition zone [59] and produces 

adequate freeze-thaw resistance [34,60]. The dosage of IC material is critical to its success 

as a water entraining agent. Improper dosing of the IC material may have the following 

consequences: loss of workability [26,61,62], insignificant mitigation of autogenous 

shrinkage [63,64], reduction in compressive strength and other mechanical properties 

[63,65,66], as well as difficulty in predicting the behaviour of concrete [67]. 

 

2.3.2 Lightweight aggregate 

The most used internal curing material is saturated lightweight aggregate (LWA). The IC 

water in LWA is physically bound in the porous microstructure of the LWA. For effective 

IC, LWA must have open, coarse pores, and a high porosity [16].  Examples of LWA 

include pumice [16], perlite, Leca (expanded clay) [68], and expanded shale [69]. The 

LWA is saturated by spraying it with water [6], leaving it submerged in water [7], or by 

vacuum saturation [16,20]. 

 

Bentz and Snyder [70] developed the following equation for the dosage of LWA: 

 
𝑀௅ௐ஺ =  

𝑐 ∙ 𝐶𝑆 ∙ 𝛼௠௔௫

𝜑௅ௐ஺  ∙  𝑆
 (2.11) 

where c is cement content (kg/m3), CS is the chemical shrinkage of cement (ratio of the 

mass of water to the mass of cement), αmax is the expected maximum degree of hydration, 

φLWA is the amount of water absorbed by the LWA (ratio of the mass of water to the mass 

of dry aggregate), and S is the degree of saturation of the aggregate. It has been noted that 

not all the water in the LWA is available for IC due to the pores being too fine to release 

water and the spacing between LWA being too large [71]. The difference between the 

estimated water and the actual water needed can be compensated by an efficiency factor 

determined by trial and error [71]. Furthermore, one of the problems with using LWA for 

internal curing is that it is difficult to achieve saturated conditions. After 5 days of 

immersion at room temperature, only 9 to 14% saturation of pumice was observed [16]. 
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The efficiency of LWA for IC depends on the pore structure, particle size, water absorption, 

and paste-aggregate proximity. For these reasons, fine LWA has generally been more 

successful in internal curing than coarse LWA [70,72]. However, it was found that the 

finest LWA were not very efficient, because the pores were also smaller making it more 

difficult for the water to be removed. In the literature, good IC had been obtained with 

LWA with particles in the range of 2 to 4 mm [72], 3.13 mm [6], and 0.59 to 4.76 mm [73]. 

For most LWA the optimum particle size is 2 to 4 mm. 

 

The goal of the IC is to eliminate the autogenous shrinkage. However, often it is more 

important to control this shrinkage to an acceptable limit, especially for very low w/c ratios. 

For example, a 67% reduction in autogenous shrinkage was obtained for a 20% saturated 

LWA substitution of normal weight fine aggregate at a w/c of 0.20 [73]. A concrete with 

silica fume and w/cm of 0.33 has been observed to experience over 200 µm/m strain from 

autogenous shrinkage, while the same concrete with 25% LWA experienced only 

expansion [55]. Fig. 2.2 summaries the data compiled in Table A.1 and shows the relation 

between LWA aggregate content and autogenous deformation. LWA aggregate, as fine 

aggregate replacement in the range of 15 to 20%, provides adequate reduction in 

autogenous shrinkage. LWA content greater than 20% does not provide any additional 

benefit and may reduce compressive strength.  
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Fig. 2.2 Autogenous deformation versus LWA content 

 

When LWA was added, the compressive strength of concrete decreased with the increase 

in IC content and/or size of LWA. In some cases, it was found that while the 7-day 

compressive strength was lower with LWA, the 28-day compressive strength was 

comparable to the concrete mix without LWA [16,20,74]. When large quantities are 

required to reduce autogenous shrinkage the effect of LWA on compressive strength is 

significant [73]. At a w/c of 0.33 the compressive strength was not affected by IC with 

LWA, but at w/c of 0.25 and 0.21 it was reduced by 10 and 4%, respectively [17]. A blanket 

statement about the effect of LWA on compressive strength is not possible since the result 

depends specifically on the type of LWA used and the properties of the mix design. Fig. 

2.3 summaries the data compiled in Table A.1 and shows the relation between LWA 

content and compressive strength. From the available data, no statistically significant effect 

on the compressive strength was observed as the LWA content increased. While LWA is 

the weakest portion of the concrete, it does not necessarily negatively impact the 

compressive strength below 30% LWA content, possibly because of improved hydration 

from IC [12]. 
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Fig. 2.3 Compressive strength versus LWA content  

 

2.3.3 Superabsorbent polymer 

Superabsorbent polymers (SAP) are a special class of hydrophilic polymer that can absorb 

and retain large quantities of water within their structure [75]. The most common SAPs are 

covalently cross-linked polyacrylates and copolymerized polyacrylamides/polyacrylates 
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Where K is the average absorption of SAP and the total amount of water for the reaction 

consist of the initial water in the paste with IC, (𝑤
𝑐⁄ )௣, and the entrained water in the SAP, 

(𝑤
𝑐⁄ )ூ஼ [28,61]. 

 

The complete elimination of autogenous shrinkage was observed with a SAP addition of 

0.6% by weight of cement for a w/c of 0.30 [80,81]. For concrete with w/c of 0.34 and 

silica fume the demand for IC increased to 0.5 and 0.7% SAP by weight of cement; 

however, shrinkage was still observed because of silica fume [82]. Fig. 2.4 summaries the 

data compiled in Table A.2 and shows the relation between SAP content and autogenous 

deformation. SAP content in the range of 0.2 to 0.4% showed improvement in the 

autogenous shrinkage. One distinct type of SAP performed poorly at 0.25%, Fig. 2.4, which 

shows that not all types of SAP are suitable for IC [83]. Furthermore, testing on various 

types of SAP at the same IC water content showed 7-day autogenous shrinkage of 130.2 ± 

343.2 µm/m, which shows the variable nature of SAP material [83]. 

 

 

Fig. 2.4 Autogenous deformation versus SAP content  
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Mönnig and Lura [84] found no difference in compressive strength with 0.4% SAP; 

however, the tensile strength decreased as much as 20%. At SAP content of 0.7%, the 

compressive strength was 12% lower than the concrete without SAP. Jones and Weiss [60] 

found comparable strength between the reference and the SAP concrete, although the SAP 

concrete had a slightly lower strength. From these results it can be concluded that with SAP 

replacement values greater than 0.4% by weight of cement there will be some reduction in 

the strength of concrete. As shown in Fig. 2.5, from the data in Table A.2, there is no 

significant difference in compressive strength between 0.2 and 0.5 % SAP content, 

although there is a decrease in compressive strength compared to the control concrete for 

the 7-day compressive strength. 

 

 

Fig. 2.5 Compressive strength versus SAP content 
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[85], revealed that SAP in concrete does not provide adequate freeze-thaw protection 

without air entrainment. The air content due to SAP was in the range of 4% which is 

considerably less than the 6 to 8% required to provide freeze-thaw protection. The potential 

of SAP particles to prevent the ingress of water by re-swelling and sealing cracks showed 

promising results by Lee et al. [86].   

 

Some problems that have been identified with SAP are: segregation [80], agglomeration 

when SAP is added pre-wetted [61], an increased need for superplasticizer [84], and 

decrease in strength, especially tensile strength. Moreover, it is difficult to quantify the 

amount of water that is absorbed by SAP [87].   

 

2.4 Efficiency of Internal Curing 

Internal curing is considered effective if it mitigates autogenous shrinkage [66]. However, 

there is no consensus about how much IC material produces the best concrete. In addition 

to reducing autogenous shrinkage, IC much maintain adequate workability and mechanical 

properties of the concrete [61,80]. Therefore, efficient dosage of IC must eliminate 

autogenous shrinkage without compromising the mechanical properties of cement while 

minimizing the amount of IC material needed. Three factors have been identified to 

determine the efficiency of IC: 1) amount of water absorbed and available for IC, 2) the 

ability to release water, and 3) distribution of the IC material through the paste [88]. 

Furthermore, with SAP there is also a potential for agglomeration, which affects the 

distribution. 

 

2.4.1 Absorption of IC water 

Both LWA and SAP provide unique challenges for determining the absorption capacity of 

the material. For LWA, achieving full saturation of the material is difficult and time 

consuming [16], while with SAP it is difficult to quantify the amount of water absorbed 

[89,90]. 
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After 5 days immersion at room temperature resulted in only 9 to 14% saturation of pumice 

[16]. Vacuum saturation or immersion in boiling water was more effective, yet more 

difficult for practical applications [16]. Furthermore, vacuum saturation saturates pores 

they would not be emptied by the capillary forces generated in concrete [20]. Golias et al. 

[20] found some success by adding dry LWA to concrete to absorb mixing water. The 

oven-dry LWA was able to absorb approximately 55% of amount absorbed by pre-

saturated LWA. This approach has the potential to make dosing LWA easier in practice. 

 

SAP are generally added dry to the concrete mixture, so that they absorb part of the mixing 

water [61,80]. SAP absorption depends on the concentration of covalent crosslinking 

density and concentration of anionic functional groups [79], which determine the SAPs 

ability to swell and sensitivity to ions in the pore solution. Testing eight different SAP 

types of varying crosslink density and anionic functional groups, Zhong et al. [83] found 

that the absorption capacity after 3 min varied between 11.51 and 27.89 g/g in cement 

filtrate. The average absorption was 20.2 g/g with a standard deviation of 6.9 g/g. This 

shows that the properties of every SAP material must be tested prior to use, since the 

absorption capacity can vary significantly. Testing the absorption is difficult because of 

variable concentration of ions in the cement pore solution and interstitial water between 

SAP particles [89,90]. Incorrect dosage can result in misinterpretation of the results. 

Overestimation of the amount of water absorbed from the mix water results in a higher w/c 

ratio of the concrete leading to lower strength. Underestimation results in too much water 

being absorbed from the concrete mixture, thereby reducing the workability [87].  

 

Standards for natural aggregates do not apply for SAP, thus a new method for testing 

absorption is needed [87]. Several techniques for determining the pore solution absorption 

have been presented. Johansen, et al. [87] compared the heat of hydration of cement pastes 

with SAP and reference pastes of varying w/c using isothermal calorimetry to find the 

amount of water absorbed. Other studies have measured the absorption based on the 

amount of synthetic pore solution absorbed [80]. However, this may induce errors because 
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of the variable nature of the pore solution in the first hours after the start of hydration.  

Absorption capacity may be determined gravimetrically by the “tea-bag” method, which 

does not distinguish between absorbed water and interstitial water. The rate of absorption 

and quantity absorbed varies based on particle size. Test have shown that SAP can be fully 

saturated in less than 7 min of submersion in synthetic pore solution. This would indicate 

that several minutes of mixing are sufficient to achieve fully saturation of the SAP [91]. 

Mönnig [92] determined the water absorbed by comparing the slump flow of concrete 

mixtures with SAP and reference mixtures with different w/c ratios. Using this equivalent 

flow methodology, Sun et al. [93] found that for w/c of 0.30 and (w/c)IC of 0.054, 0.5% 

SAP produced optimal results for workability and IC.  

 

2.4.2 Desorption of IC water 

For LWA, the main factor determining water desorption is the size of the LWA pores 

[72,94]. With LWA, most of the IC water is released in the RH range of 92 to 96% [7,94]. 

If the pores of the LWA are too fine and vacuum saturated, they will not release their stored 

water to the cement paste [20]. Pores finer than 100 nm can be saturated with water by 

vacuum saturation, yet they do not provide any IC benefit as the pressure required to empty 

them is too great [95]. Furthermore, the entry diameter is the most important to determine 

the LWA’s ability to release water. It was found that smaller LWA lost more water (80%) 

at an RH of 85% compared to some larger LWA (50%) with more porosity, because the 

larger LWA had a more closed pore structure [16].  

 

In the case of SAP, desorption is highly dependent on the SAP structure and composition 

[96]. Some types of SAP, based on the crosslink density and anionic concentration, do not 

retain water in a synthetic pore solution or within cement paste [96]. Using isothermal 

calorimetry to study the kinetics of the hydration reaction with IC, showed that the addition 

of SAP IC significantly impacts the hydration reaction initially by delaying the hydration 

reaction peak.  Although the reaction starts sooner in plain concrete it proceeds at a slower 

rate [25].  
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2.4.3 Distribution of IC water 

The effectiveness of an internal curing method can be assessed by tracking the water 

movement from the internal curing reservoirs. This allows for better dosing of the curing 

agents as well as determining the most appropriate particle size. However, experimental 

knowledge is lacking in this area [19,88,97].  

 

Henkensiefken et al. [19] used X-ray absorption to determine the distance water traveled 

from saturated lightweight aggregate to the hydrating cement paste. With time, the cement 

paste was shown to become denser with the ingress of water. From 24 to 75 h, water 

travelled as far as 1.8 mm from the LWA into the paste [19]. From X-ray microtomography, 

water was found to easily travel 2 mm or more because the paste is highly permeable [98]. 

From image analysis, the distance that water can transfer from LWA found to be in the 

range of 1 to 2 mm [6,15]. Neutron radiography found that water movement can be up to 

8 mm within 21 h [99], which is significantly large than found in similar studied where the 

transfer distance was about 3 mm [100].  

 

As a non-destructive method nuclear magnetic resonance (NMR) can be employed to 

observe the movement of water from the internal curing reservoir to the hydrating cement 

paste. The NMR studies showed the ability of SAP particles to release water at the onset 

of the acceleration period of cement hydration. Water diffused 10 mm from the source from 

NMR studies of cement paste containing one SAP particle [97]. For cement paste with w/c 

of 0.3 and using pulsed field gradient NMR, the average diffusion length of 5 mm after 10 

h was determine [97]. Using an optical microscope and cement paste with 0.5 w/c, the 

water transport distance was reported to range between 0.05 and 0.06 mm from the surface 

of SAP [101]. 

 

Pre-saturating SAP was found to cause particle agglomeration during mixing, which has 

the potential to lower the efficacy SAP IC and lower the compressive strength 
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[76,77,101,102]. Scanning electron microscopy (SEM) showed that large voids, 

approximately 300 µm, were observed in mortars containing SAP IC as a result of particle 

agglomeration [103]. Furthermore, testing IC with SAP in a large scale production plant 

showed that SAP tended to agglomerate [104]. In the mixes where agglomeration was 

observed, the shrinkage reduction was 36% lower than in concrete without agglomeration. 

Testing the air void system found that the pore sizes were significantly larger than in 

concrete with agglomeration (peak void size of 4000 µm) potentially compromising the 

compressive strength. It was found that the timing of SAP addition was critical in 

preventing agglomeration and that SAP should be added to the dry material [104]. 

However, another study found agglomeration when SAP was added dry, but no 

agglomeration SAP was dispersed within the mixing water [105]. Further study is needed 

in this area to properly assess the effect of agglomeration on the efficiency of IC with SAP. 

 

2.4.4 Effect of w/c on IC 

The w/c is the most important factor in determining the potential for concrete to experience 

autogenous shrinkage and is important in determining how well IC performs. The data for 

LWA and SAP IC, provided in Table A.1 and Table A.2, respectively, was analysed to 

determine the effect of the internal curing w/c, (w/c)IC, and total w/c, (w/c)t, on the 

autogenous shrinkage and compressive strength of concrete.  

 

From the data available, as shown in Fig. 2.6, there is a weak relationship between (w/c)IC 

and autogenous deformation. There is evidence (R2 of 57%) that there is an optimum 

amount of water that can be entrained in the range of 0.05 to 0.075 that effectively mitigates 

autogenous shrinkage without requiring a large amount of IC material. IC curing outside 

this range does not effectively mitigate autogenous shrinkage. From Fig. 2.7, as the total 

w/c approaches 0.40, the less autogenous shrinkage is observed. Fig. 2.8 shows that there 

is no statistically significant relationship between (w/c)IC and compressive strength and IC 

below (w/c)IC 0.15 results in adequate strength concrete. However, Fig. 2.9 shows that 
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compressive strength is related to the total w/c (R2 of 73%) and that lower total w/c 

achieves higher strength. 

 

 

Fig. 2.6 Autogenous deformation versus w/c provided by IC  
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Fig. 2.7 Autogenous deformation versus total w/c 

 

 

Fig. 2.8 Compressive strength versus w/c provided by IC  
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Fig. 2.9 Compressive strength versus total w/c 

 

2.5 Conclusions  
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1. Autogenous shrinkage is a function of the pore size, pore connectivity, RH, degree 

of hydration, and self-stress.  

2. The w/c, cement composition and fineness, SCM content, aggregates, fibers, and 

chemical admixtures in the mix design influence the autogenous shrinkage. 

3. Effective IC depends on 1) the amount of water in the IC material, 2) the 

distribution of IC material, and 3) the ability of water to move from the IC material. 

4. LWA in the size range of 2 to 4 mm is an effective material for internal curing when 

it replaces no more than 20% of regular fine aggregate.  

5. SAP is effective for internal curing when used at 0.3 to 0.5% by weight of cement, 

yet the compressive strength decreases by about 10% compared to the control. 

6. The amount of IC water in SAP depends on the water absorption kinetics and 

efficiency. The absorption of SAP depends on the SAP’s covalent crosslinking 
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density and concentration of anionic functional groups as well as the concentration 

of ions in the pore solution of the cement paste.  

7. SAP water desorption is a function of the anion concentration in the SAP, the size 

and interconnectivity of the cement paste pores, and the interface between the SAP 

and cement paste.  

8. The water desorption and distance water can travel from IC material has not been 

fully quantified. 

9. SAP particles are susceptible to agglomeration which greatly reduces their 

efficiency. Agglomeration has not been quantified in the literature. 
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Appendix A Experimental Data from the Literature  

 

Table A.1 Internal Curing with LWA 

    

Autogenous Deformation 
(µm/m) 

Compressive Strength 
(MPa) 

Reference 
LWA 
(%) (w/c)IC (w/c)t 3 day 7 day 28 day 3 day 7 day 28 day 

Henkensiefken 
et al. [7] 

0.0 0.00 0.30 -186.1 -257.3 -393.5    
7.3 0.02 0.32 -155.1 -229.9 -360.0    

11.0 0.02 0.32 93.1 -133.2 -294.4    
14.3 0.03 0.33 138.7 133.2 56.1    
18.3 0.04 0.34 215.3 209.9 137.5    
23.7 0.05 0.35 239.1 251.8 272.0    
29.3 0.07 0.37 266.4 304.7 316.2    
33.0 0.07 0.37 239.1 275.5 307.4    

Golias et 
al.[20] 

0.0 0.00 0.30 -284.0 -349.1  52.5 57.1 63.6 
28.0 0.06 0.36 212.2 232.4  56.9 64.9 74.1 
15.0 0.06 0.36 223.7 267.0  56.9 64.0 73.2 
12.0 0.06 0.36 43.7 77.8    68.9 
15.0 0.03 0.33 80.6 64.5  56.1 60.1 68.2 
8.5 0.03 0.33 -44.7 -75.2  58.6 62.8 73.5 

Zutovsky & 
Kovler [106] 

0.0 0.00 0.21 -435.9    87.2 92.2 
0.0 0.00 0.25 -335.9    77.8 84.7 
0.0 0.00 0.33 -93.7    66.6 69.9 

13.6 0.06 0.27 10.9    70.3 84.2 
11.1 0.06 0.31 21.9    77.8 77.6 
8.8 0.06 0.39 34.4    59.8 66.2 

Zhao et al. 
[107] 

0.0 0.00 0.35 -56.6 -96.7 -121.7  49.1 62.3 
7.9 0.03 0.38 -3.4 -25.8 -51.7  50.1 65.6 

12.0 0.04 0.39 35.8 22.5 -1.7  51.1 70.1 

Han et al. 
[108] 

 0.00 0.33 -328.6 -377.8 -458.7   93.1 

 0.08 0.39 -237.5 -248.4 -280.0   97.2 

 0.12 0.39 -207.8 -207.8 -209.7   93.5 
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Table A.2 Internal Curing with SAP 

    

Autogenous Deformation 
(um/m) 

Compressive Strength 
(MPa) 

 
Sap 
(%) (w/c)IC (w/c)t 3 day 7 day 28 day 3 day 7 day 28 day 

Zhong et 
al. [83] 

0.00 0.00 0.30 -824.6 -1122.8  67.5 75.5  
0.00 0.00 0.35 -386.0 -649.1  57.7 65.0  
0.42 0.05 0.35 -68.0 109.9  54.8 66.5  
0.19 0.05 0.35 193.0 254.4  59.2 66.0  
0.20 0.05 0.35 228.1 307.0  54.0 61.3  
0.19 0.05 0.35 394.7 535.1  57.5 62.4  
0.30 0.05 0.35 387.0 517.4  53.3 59.3  
0.25 0.05 0.35 -245.6 -456.1  60.8 66.4  
0.47 0.05 0.35 -38.9 -134.9  62.5 66.8  
0.38 0.05 0.35 -47.8 -91.3  60.1 63.2  

Justs et 
al. [26] 

0.00 0.00 0.15  -609.8 -668.3  155.7 184.3 
0.00 0.00 0.20  -543.9 -651.2  153.2 184.3 
0.50 0.10 0.25  -51.2 -136.6  124.6 151.6 

Kong et 
al. [109] 

 0.00 0.29 -123.4 -178.5  61.8 68.9 83.5 

 0.05 0.34 -87.9 -125.2  51.2 63.2 79.1 

 0.10 0.39 -60.7 -104.7  46.4 55.0 66.1 

 0.00 0.34 -5.6 -11.2  29.1 31.8 48.8 

 0.00 0.39 3.7 3.7  42.2 51.6 62.7 

Shen et 
al. [64] 

0.00 0.00 0.33 -129.0 -216.0 -257.0    
0.05 0.01 0.34 -81.0 -168.0 -303.0    
0.16 0.03 0.36 -45.0 -126.0 -209.0    
0.26 0.05 0.38 0.0 -61.0 -157.0    

Sun et 
al. [93] 

0.00 0.00 0.30    55.2 76.7  
0.25 0.01 0.31    50.3 69.5  
0.50 0.02 0.32    43.9 62.3  
0.75 0.03 0.33    35.9 56.2  
1.00 0.04 0.34    26.8 44.1  
0.00 0.00 0.30    52.9 59.5  
1.15 0.04 0.34    49.4 58.1  
2.30 0.07 0.37    41.0 49.2  
4.60 0.19 0.49    29.0 38.0  
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3 Characterizing the effect of superabsorbent polymer content on internal curing 

process of cement paste using calorimetry and nuclear magnetic resonance 

methods 

 

Chidiac, S.E., Mihaljevic, S.N., Krachkovskiy, S.A., & Goward, G.R. (2020). 

Characterizing the effect of superabsorbent polymer content on internal curing process of 

cement paste using calorimetry and nuclear magnetic resonance methods, Journal of 

Thermal Analysis and Calorimetry, 145(2), 437-449, doi:10.1007/s10973-020-09754-0. 

 

Abstract 

Internal curing (IC) is used to mitigate autogenous shrinkage in low water to cement ratio 

(w/c) concrete. Although, superabsorbent polymers (SAP) have been shown to work well 

for IC, their effects on the kinetics of the cement chemical reaction and the amount of water 

they provide have not been fully quantified. An experimental program was performed using 

isothermal calorimetry and nuclear magnetic resonance (NMR) to study the behaviour of 

cement paste with various level of IC using SAP. The results revealed that the higher the 

amount of IC the more susceptible the cement paste became to SAP overdosing resulting 

a significant decrease in the heat of hydration (HOH) and therefore loss of IC efficiency. 

The mass of SAP to entrained water greater than 5% led to particles agglomeration and a 

65% decrease in its IC efficiency. The HOH is observed to be linearly proportional to the 

entrained w/c, and that its development is limited by the initial porosity of the paste which 

controls the water diffusion from the SAP.  The NMR signal corresponding to IC water 

showed that the SAP absorbs 4 to 7% more mixing water than initially estimated, and that 

prewetted SAP has larger amount of entrained water in comparison to dry SAP.  

 

Keywords: internal curing; superabsorbent polymer; heat of hydration; gel water; 

agglomeration; diffusion coefficient; IC efficiency  
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3.1 Introduction 

Concrete, comprised of low water to cement ratio (w/c) and supplementary cementing 

materials, achieves a dense microstructure and a high risk of developing autogenous 

shrinkage [1–5].  Internal curing (IC) has been proposed as an effective method to mitigate 

autogenous shrinkage [5,6].  The initial research focussed on lightweight aggregates 

(LWA) as water saturated inclusions for IC [7] given the high porosity of LWA. However, 

the variable nature of LWA, combined with the time needed to fully water saturate the 

particles and the negative implications on the mechanical properties of concrete, have 

inhibited its application [8–10]. Superabsorbent polymers (SAP), which are covalently 

crosslinked polyacrylates and copolymerized polyacrylamides/polyacrylates [11–13], have 

emerged as an alternative IC material due to their ability to retain a large quantity of water. 

Although SAP as an IC agent has many advantages due to its size, shape and water 

absorption, quantifying the amount of absorbed water in a highly ionic cement paste 

environment is challenging [14,15]. Traditional methods of determining aggregate water 

absorption do not apply for SAP, since they cannot distinguish between absorbed water, 

adsorbed water on the SAP surface, and interstitial water between particles.  Interstitial 

water tends to cause the particles to agglomerate if SAP is added pre-saturated [16], as 

such, SAP is mixed with the dry material and allowed to absorb a portion of the mixing 

water.  This practice requires proper dosage of the SAP that accounts for water it can absorb 

during mixing.  If the absorbed water is underestimated, the w/c of the paste is higher than 

the design value, and vice versa, both of which have consequences on the behaviour of the 

mortar or concrete. These consequences include: loss of workability and an increase 

dependence on superplasticizer [16–18], inadequate IC so autogenous shrinkage is not fully 

mitigated [4,10], lower strength due to more voids in the concrete [10,19,20], and difficulty 

in interpreting/predicting the behaviour of concrete [8].   

 

Recognizing the ionic nature of cement paste and its adverse effect on SAP absorption, 

Johansen et al. [15] used isothermal calorimetry to study the relationship between cement 

paste with different amounts of absorbent fiber.  The absorption of the material is then 
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estimated based on the heat evolution of plain paste. It is assumed that the IC material 

absorbs the mixing water, that the absorbed water is available for further curing, and that 

the IC water does not affect the global rate of the hydration reaction.  Also, Castro et al. 

[8] used isothermal calorimetry to determine the water absorption of LWA, however they 

used the total heat of hydration (HOH) for their comparison.  The rational for using heat of 

hydration, as opposed to the heat evolution, is that at later age the effect of admixtures is 

negligible. The procedure assumes that the additional heat produced is the same due to IC 

with dry aggregate and with pre-wetted aggregate, which is valid if the water demand of 

hydration is less than the total water stored in LWA pores. If the HOH was the same for 

the initially dry LWA and the fully saturated LWA, the dry aggregate absorbed the desired 

amount of mixing water.  

 

Justs et al. [21] studied the influence of SAP on the hydration process of ultra high 

performance concrete (UHPC) using isothermal calorimetry. They studied cement paste 

with w/c of 0.20 to 0.30 and paste with SAP providing 0.033 to 0.100 w/c of internal curing 

to a 0.20 w/c reference paste. They found that the addition of SAP significantly impacts 

the initial kinetics of the hydration reaction. Initially there was a delay in the occurrence of 

the hydration peak compared to the reference cement paste. Compared to the cement paste 

with equivalent total w/c and no SAP, the cement paste with SAP initiated hydration 

sooner, but at a slower rate. All the cement pastes with SAP reached a higher HOH than 

the reference paste after 24 h, and after 3 days the HOH was similar to the plain paste 

without SAP with an equivalent total w/c. Additionally, the degree of hydration increased 

with SAP similarly to the increase achieved by a corresponding increase in w/c. Further 

study suggests that SAP provides additional space for hydration product so the IC pastes 

are able to achieve higher degree of hydration [17]. 

 

The goals of this paper are threefold: to quantify the effectiveness of SAP as an IC material, 

to determine the initial w/c of the paste based on the amount of mixing water absorbed by 

SAP and to investigate the interplay between SAP content, particle spacing, and 
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effectiveness of SAP as IC.  Towards these goals an experimental program and an 

analytical study were carried out. 

 

3.2 Experimental Program 

3.2.1 Materials and Cement Paste Mix Design 

White Portland cement CSA type GU-A3001 [22], SAP, superplasticizer and water were 

the material used for this study.  Low iron cement manufactured by Federal White Cement 

Ltd. was used to be compatible with parallel studies carried out using nuclear magnetic 

resonance (NMR).  The cement oxide composition is listed in Table 3.1 along with the 

corresponding phases calculated according to the Bogue equations [23]. The SAP, 

manufactured by BASF Germany, has an average particle size 126.5 µm ± 3.0 µm, as 

determined by laser diffraction following the procedure presented by Esteves [14] using 

ethanol as the dispersion liquid and assuming spherical particles.  SAP cement pore 

solution absorption was estimated to be 25 g g-1 SAP using a modified filter method 

[24,25].  MasterGlenium 7700 superplasticizer from BASF was used at 400 mL per 100 

kg of cement to achieve the desired workability.  
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Table 3.1 Oxide composition of white cement 

Oxide % Mass 
CaO 65.10 

SiO2 21.39 

Al2O3 6.32 

Fe2O3 0.01 

MgO 0.25 

SO3 3.25 

Finesse/m2 kg-1 400 

Phase % Mass 

C3S 59.93 

C2S 16.13 

C3A 16.73 

C4AF 0.03 
 

The mix proportions presented in Table 3.2, include 3 reference pastes with w/c of 0.30, 

0.32 and 0.35, designated as Ref30, Ref32 and Ref35, respectively, and 2 levels of IC, 0.02 

and 0.05. Based on the estimated absorption of 25 g g-1 SAP, the dosage for a 0.30+0.02 

water entrained paste and a 0.30+0.05 water entrained paste corresponds to SAP08 and 

SAP20, respectively.  Two additional mixes were added to evaluate the adequacy of 25 g 

g-1 SAP and effects of SAP dosage on the IC efficiency. Moreover, the addition method of 

the SAP was evaluated by using dry and pre-saturated SAP.  The label “W” was added to 

the end of the mix designation for the mixes using pre-saturated SAP.   
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Table 3.2 Cement paste mix proportions 

  
Mix Designation Cement/g Water/g 

SAP/g kg-1 
cement 

w/c (estimated) 

1 Ref30 50 15.0 0 0.30 
2 Ref32 50 16.0 0 0.32 
3 Ref35 50 17.5 0 0.35 
4 SAP04 50 16.0 0.4 0.30+0.02 
5 SAP08 50 16.0 0.8 0.30+0.02 
6 SAP12 50 16.0 1.2 0.30+0.02 
7 SAP10 50 17.5 1.0 0.30+0.05 
8 SAP20 50 17.5 2.0 0.30+0.05 
9 SAP40 50 17.5 4.0 0.30+0.05 

 

3.2.2 Mixing and Testing Procedure 

The materials were proportioned according to the mix design and stored in the laboratory 

at 21±2°C for 24 h. The mixing was performed by hand as per the calorimeter manufacturer 

recommendations while ensuring uniform mixing of the material. The mixing procedure 

for dry SAP was as follow: 1) Mix SAP and cement for 10 s; 2) Add water with 

superplasticizer to the mixture; 3) Mix for 1 min.  For pre-saturated SAP, the mixing 

procedure was: 1) Add entraining water to the SAP; 2) Wait for 10 min; 3) Mix cement 

and water for 1 min; 4) Add the saturated SAP and mix for 30 s. Immediately after mixing, 

the specimen was placed in the calorimeter which was set to 20.1oC.  Measurements were 

taken every minute for the first 24 h and then every 10 min for 66 h using isothermal 

calorimeter I-Cal 8000 HPC and according to ASTM C1679 [26].  Three repeats were 

carried out per mix. 

 

An exploratory NMR experiment was also performed on 3 pastes: Ref30, Ref32, and 

SAP08. A Bruker Avance 300 MHz wide-bore spectrometer NMR was used, with a Diff50 

gradient probe and 8 mm 1H RF insert. Carr-Purcell-Meiboom-Gill (CPMG) pulse 

sequence [27] was used for transverse NMR relaxation time (T2) determination of bulk 

sample. Up to 50 echoes were collected with the echo-time progressively decreased from 

150 µs to 60 µs as the sample dried out; the 90° pulse length was 7.1 µs; and the relaxation 
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delay of 1.5 s. Obtained spectra were processed using Bruker TopSpin 3.5 software.  The 

samples were mixed in a small mixer on high speed for 2 min, then 1 min of rest followed 

by an additional minute of mixing. For the mixes with SAP, the SAP was added after the 

cement paste was mixed then everything was mixed for an additional minute.  The samples 

were then poured into small vials to form samples with height of approximately 10 mm 

and diameter of approximately 6 mm. 

 

3.3 Results  

The average exothermic HOH and heat flow results with corresponding one standard 

deviation are presented in Fig. 3.1 and Fig. 3.2, respectively, for the reference pastes. Up 

to 36 h there is no statistically significant difference between the HOH of the reference 

pastes, with a P-value of 0.13 at a 95% confidence level [28]. After 55 h, a significant 

statistical difference between the HOHs of the reference pastes was observed with a P-

value of 0.02. The paste with w/c of 0.35, Ref35, has the highest heat of hydration while 

Ref30 has the lowest total heat of hydration at 90 h.  Pastes with higher w/c will produce a 

higher HOH since there is more water available for the reaction to proceed, while the 

reaction will slow down sooner in the pastes with lower w/c as water becomes limited 

[17,21,29].  From the heat flow peaks of the plain pastes, Fig. 3.2, it is observed that the 

peak value occurs earlier in the pastes with lower w/c, which is expected as pastes with 

lower water content reach the critical concentration of alkalis earlier initiating the start of 

hydration [17,30,31].  
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Fig. 3.1 Average heat of hydration for reference mixes with one standard deviation 

 

 

Fig. 3.2 Average heat flow of reference mixes for the first 24 h with standard deviation 

 

The average results and standard deviation of 3 tests for the pastes mixed using dry SAP 

are presented in Fig. 3.3 to Fig. 3.6. For the pastes with w/c of 0.30+0.02 and three dosage 

levels, SAP04, SAP08 and SAP10, statistically there is no significant difference between 

their HOH values at 90 h with P-value equals to 0.41.  These results indicate that for a low 

amount of IC, the hydration process is not sensitive to the range of SAP dosage tested. Fig. 
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3.4 shows a short delay in the development of SAP12 heat flow, however the delay does 

not appear to affect the overall hydration process. For the pastes with w/c of 0.30+0.05, 

referring to SAP10, SAP20 and SAP40, there is a visible difference in the HOH with the 

addition of more SAP.  Statistically, the P-value is equal to 0.0002.  These results reveal 

that the addition of excess SAP yields a significant decrease in the heat of hydration.  This 

implies that the higher dosage of SAP is potentially causing agglomeration and thus 

limiting the accessibility of the IC water to the paste. Fig. 3.6 shows a significant depression 

of the hydration peak with SAP40.  It is postulated that as the SAP content increases the 

likelihood of particle agglomeration increases, resulting in greater spacing between the 

SAP particles.  Accordingly, the SAP absorbed water becomes less accessible with the 

reduced porosity of the cement paste. 

 

 

Fig. 3.3 Average heat of hydration of pastes with w/c=0.30+0.02 
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Fig. 3.4 Average heat flow of pastes with w/c=0.30+0.02 

 

 

Fig. 3.5 Average heat of hydration of pastes with w/c=0.30+0.05 where SAP is added to 

the dry material 

 

0

1

2

3

4

5

6

7

3 8 13 18 23

H
e

at
 F

lo
w

 /
m

W
 g

-1

Time /h

SAP04

SAP08

SAP12

0

50

100

150

200

250

300

0 50 100

H
e

at
 o

f 
H

yd
ra

tio
n 

/J
 g

-1

Time /h

SAP10

SAP20

SAP40



210

220

230

240

250

260

270

280

290

300

60 70 80 90 100

H
e

at
 o

f 
H

yd
ra

tio
n 

/J
 g

-1

Time /h

SAP10

SAP20

SAP40



Ph.D. Thesis – S.N. Mihaljevic  McMaster University – Civil Engineering 

73 
 

 

Fig. 3.6 Average heat flow of pastes with w/c=0.30+0.05 

 

Fig. 3.7 compares the heat of hydration at 90 h based on SAP addition method. The percent 

difference between reference paste and addition method is given in Table 3.3.  The results 

show that the w/c of 0.30+0.02 mixes were not affected by the addition method of SAP, 

however the 0.30+0.05 mixes showed a clear increase in the HOH when the SAP was added 

pre-saturated. It would suggest that the addition of SAP pre-saturated did not cause any 

significant agglomeration of the particles as previously reported [16], since no negative 

effects were observed. It has been hypothesized that the SAP particles absorb part of the 

alkalis from the cement paste pore solution, diluting the alkali content, thereby delaying 

the onset of cement hydration [21], so when the SAP is added wet (i.e. mostly saturated 

with pure water) it does not have time to absorb alkalis and no delay in the onset of 

hydration is observed resulting in a slightly higher HOH when the SAP is pre-wetted. When 

the SAP was tested with filtered pore solution it absorbed approximately 25 g g-1 SAP, but 

in distilled water it absorbed approximately 120 g g-1 SAP, which shows the significant 

effect the ionic concentration of the absorbed liquid has on the absorption capacity of the 

SAP. These results indicate that the difference in behaviour between the 0.30+0.02 and 
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0.35+0.05 is mostly caused by the ions present in water.  It is postulated that at lower 

dosage, the uptake of water is balanced with the availability of water surrounding the SAP 

and with increased dosage the concentration of ions in the water surrounding the SAP 

increases which reduces the water uptake of the SAP.  This indicates that the state of SAP 

added to the mix is influenced by agglomeration and the ionic concentration of surrounding 

water. 

 

 

Fig. 3.7 Effect of SAP addition method of 90 h HOH 
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Table 3.3 Percent difference between paste with SAP and corresponding reference paste  

 % Difference of 90 h HOH 

 Dry SAP addition Wet SAP addition 
SAP04 -0.2 0.3 
SAP08 -1.0 -3.0 
SAP12 -2.1 -1.8 
SAP10 -5.7 0.6 
SAP20 -3.8 -0.3 
SAP40 -13.6 -5.3 

 

From the NMR analysis, three distinct types of water can be observed for pastes with SAP. 

While the 1H NMR spectrum of the bulk sample consists of the single peak (Fig. 3.8a), the 

information regarding water content in the paste was extracted by the transverse 

magnetization decay measurement (T2 relaxation). As shown on Fig. 3.8b, the best fit is 

achieved by triple exponential decay, with well-distinct transverse relaxation times 

corresponding to gel, capillary and free water or water in the SAP. The greater the 

interaction between water and a solid structure (i.e. the finer the pore size) the shorter the 

T2. Notably SAP water has relaxation time initially of about 65 ms which is much longer 

than the paste water but shorter than pure water (T2>100 ms). Water, which is classified as 

gel water with a pore size ranging from 2.5 to 10 nm, correspond to T2 values of 0.07 to 

0.33 m. Capillary water with a pore size of 10 to 50 nm correspond to T2 values of 1.34 to 

6.7 ms [32,33].The normalized intensity of the three water phases for the pastes tested are 

presented in Fig. 3.8c. The signal intensity of the SAP begins to decrease as soon as the 

hydration reaction begins, corresponding to a decrease in the capillary water and increase 

in gel water. For SAP08, the SAP water signal decreases to an almost negligible amount at 

about 40 h, which would suggest that most of this type of water is used up by this time.  

From the intensity results, the initial amount of water in SAP was estimated to be 10-14% 

of the total water. The 0.30+0.02 paste is proportioned so that 0.02 of the water is contained 

within the SAP which is 6.25% of the total water. Clearly the larger SAP water signal from 

the NMR shows that it absorbed more water than intended.  This confirms the postulation 
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that initially the concentration of ions in water surrounding the SAP is negligible resulting 

in a higher uptake than the approximated value of 25 g g-1 SAP. 

 

 

Fig. 3.8 (a) Example of 1H NMR spectrum collected for Ref30 sample; (b) T2 fit with 

single, double and triple exponential decay of the signal shown in panel (a); (c) relative 

distribution of water in the samples calculated based on NMR data 
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Fig. 3.9 shows the normalized NMR gel water intensity and the heat of hydration 

corresponding to SAP08 pastes. It is notable that the NMR water intensities begin to change 

at approximately the same time as the heat generation begins. Up to about 17 h, the 

measured reaction rate is the same for both NMR and calorimetry however, the calorimetry 

results thereafter indicate a decrease in the HOH rate whereas the NMR results maintain 

the same rate up to about 30 h after which the captured rate plateaus. The difference in the 

results, albeit not significant, is attributed to the resolution of the NMR ability to capture 

the water phases at these low concentrations [34]. 

 

 

Fig. 3.9 Comparing normalized NMR intensities with normalized heat of hydration of 

SAP08 
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0.30+0.02 pastes, namely SAP04, SAP08 and SAP10, and Ref32 paste are not statistically 

significant, and the difference between Ref35 paste and all the 0.30+0.05 pastes, namely 

SAP10, SAP20 and SAP40, are statistically different.  Moreover, the difference between 

SAP40 paste and SAP10 and SAP20 is statistically significant.  In brief, these results 

indicate that the chemical reaction of pastes with IC is not equivalent to a paste with the 

same total w/c.  

 

Table 3.4 Post hoc analysis of ANOVA, statistically significant difference according to 

LSD are underlined 

  Ref32 Ref35 SAP04 SAP08 SAP12 SAP10 SAP20 SAP40 
Ref30 8.1 19.1 7.6 5.5 2.5 2.8 8.2 19.7 
Ref32  11.0 0.5 5.6 5.6    
Ref35      16.3 10.9 38.8 
SAP04    2.2 5.2    
SAP08     3.0 2.7   
SAP10       5.4 22.5 
SAP20               27.9 

 

For understanding the effects of IC on the cement reaction, the HOH for each mix was 

fitted using two straight lines corresponding to the initial rate of cement hydration between 

2.4 and 15 h and the later rate of cement hydration between 36 to 90 h. Fig. 3.10 illustrates 

the fitting protocol using Ref30 paste as an example. The results, given in Table 3.5, show 

that the linear estimate is adequate with the coefficient of determination (R2) greater than 

95% for all the mixes.  Statistically, the three reference pastes are found to have the same 

initial reaction rate and that the rate is comparatively higher after 36 h for the pastes with 

higher w/c.  These results, which are expected according to the literature, give confidence 

to the approach followed for analyzing the effects of IC on the reaction rate.  When 

comparing the results of w/c 0.30+0.02 pastes, no significant difference is observed 

between their initial rate of reaction and that of the reference paste.  However, the initial 

reaction rate of w/c 0.30+0.05 pastes are found to be slower that the reference rate.  The 

difference in the reaction rates is likely due to the water not being freely available when it 

is contained within the SAP.  Accordingly, the assumption that the paste with internal 
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curing behaves just like a paste made with free water equivalent to the internal curing water 

plus free water [8] depends on the dosage of the SAP.  The reaction rates at later time of 

the 0.30+0.02 pastes and 0.30+0.05 are found to correspond to Ref0.32 and Ref0.35 pastes, 

respectively. These results reveal that entrained water was available for the hydration 

reaction between 36 and 90 h.  For mitigating autogenous shrinkage, the initial reaction 

rate is critical as the cement hardens in the first 12 h, see Fig. 3.2, Fig. 3.4 and Fig. 3.6. 

 

 

Fig. 3.10 Characterization of the HOH curve, Ref30 sample 1 for example 

 

Table 3.5 Fitted data for HOH rate 

  2.4 to 15 h 36 to 90 h 

  
Heat Flow 
/mW g-1 

Standard 
deviation R2 

Heat Flow 
/mW g-1 

Standard 
deviation R2 

Ref30 4.05 0.11 0.97 0.147 0.003 0.96 
Ref32 4.01 0.03 0.97 0.172 0.006 0.96 
Ref35 4.00 0.07 0.96 0.206 0.006 0.96 
SAP04 4.00 0.12 0.97 0.167 0.006 0.96 
SAP08 3.96 0.08 0.97 0.169 0.006 0.96 
SAP12 3.76 0.11 0.96 0.172 0.011 0.95 
SAP10 3.54 0.06 0.96 0.208 0.003 0.97 
SAP20 3.82 0.06 0.97 0.214 0.003 0.97 
SAP40 3.19 0.25 0.96 0.194 0.003 0.97 
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Assuming the average absorption of SAP (K) in cement paste is 25 g g-1 SAP and knowing 

that the total amount of water for the reaction consist of the initial water in the paste with 

IC, (𝑤
𝑐⁄ )௣, and the entrained water in the SAP, (𝑤

𝑐⁄ )ூ஼, the corresponding w/c ratios are 

calculated according to [16,35]:  

 𝑤
𝑐⁄ = (𝑤

𝑐⁄ )௣ + (𝑤
𝑐⁄ )ூ஼ = (𝑤

𝑐⁄ )௣ + 𝐾൫𝑆𝐴𝑃
𝑐ൗ ൯ (3.1) 

The results, given in Table 3.6, show that the initial water decreases with increasing SAP 

content and supporting the computed initial cement reaction rate of Table 3.5. By plotting 

the HOH versus the w/c, Fig. 3.11, the results clearly show that the reference pastes are in 

the range tested and that the corresponding HOH is linearly related to the w/c (R2=0.999). 

For the IC pastes, however, although there is no correlation between the HOH and their 

total w/c, results of Fig. 3.12 show a strong linear relationship between the HOH rate and 

the total w/c (R2=0.92).  

 

Table 3.6 Paste w/c and IC w/c based on Eq. (3.1) 

  (w/c) paste (w/c) IC 
Ref30 0.30 0.00 
Ref32 0.32 0.00 
Ref35 0.35 0.00 
SAP04 0.31 0.01 
SAP08 0.30 0.02 
SAP12 0.29 0.03 
SAP10 0.33 0.03 
SAP20 0.30 0.05 
SAP40 0.25 0.10 

 



Ph.D. Thesis – S.N. Mihaljevic  McMaster University – Civil Engineering 

81 
 

 

Fig. 3.11 Total w/c versus HOH at 90 h 

 

 

Fig. 3.12 Total and paste w/c versus HOH rate between 36 and 90 h 
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Using Powers’ model [36], porosity of the paste, p௣ is related to the (𝑤
𝑐⁄ )௣ not the total 

w/c according to [35]: 

 
𝑝௣ =

(𝑤
𝑐⁄ )௣

(𝑤
𝑐⁄ )௣ +

𝜌௪
𝜌௖

ൗ
 (3.2) 

The relationship between porosity and HOH is linear with R2 equal to 0.84 as shown in 

Fig. 3.13. Given that the HOH is directly related to degree of hydration, then degree of 

hydration is also linearly proportional to p௣ when IC is used.  

 

 

Fig. 3.13 Effect of paste porosity on HOH at 90 h 
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the same in both cases and the SAP spacing is spaced in a square lattice, then the diameter 

around each SAP particle that has efficient access to water, d, is equal for both paste (b) 

and paste (c) in Fig. 3.14 (i.e. d0.02 = d0.05). The difference between the w/c of 0.30+0.02 

paste and the 0.30+0.05 paste is then just the spacing between the particles. The spacing 

between the 0.30+0.02 paste SAP, S0.02, would be higher than the spacing of the 0.30+0.05 

paste, S0.05. Theoretically, the HOH of the 0.30+0.05 paste should be higher than the 

0.30+0.02 paste because a larger volume of the paste should have easier access to water. 

Since there is no statistically significant difference between the SAP08 and SAP10, Table 

3.4, this would suggest that the SAP particles are not ideally spaced, possible due to 

agglomeration, thereby increasing S0.05. 

 

 

Fig. 3.14 Equal spacing of different percentage of SAP added to cement paste 

 

The results show that the HOH of the reaction is directly dependent on the initial paste 

porosity, Fig. 3.13, and that providing additional water in IC does not increase the total 

HOH at 90 h, but the rate of the reaction increases with more IC water, Fig. 3.12. Looking 

at the diffusion potential from the IC material in the various pastes, the governing factor is 

the diffusion coefficient. In young cement paste, the diffusion coefficient is a function of 

the relative humidity, degree of hydration and porosity of the paste [9,37,38]. The lower 
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the porosity, which is a function of the degree of hydration, the shorter the distance water 

diffuses. From Bažant and Najjar [37] and Kim and Lee [38], the moisture diffusion 

coefficient can be estimated by 

 

𝐷(ℎ) = 𝐷ଵ ൮𝑚 +
1 − 𝑚

1 + ቀ
1 − ℎ
1 + ℎ௖

ቁ
௡൲ (3.3) 

in which m and n are coefficients approximately equal to 0.05 and 15, respectively, h is the 

relative humidity, hc is the RH when the diffusion coefficient is 50% of the initial value 

approximately equal to 0.80. D1, which is the maximum D(h) when the RH is 100%, is 

approximated by 

 
𝐷ଵ =

𝐷ଵଵ

𝐴ଵ exp(−𝐴ଶ𝜑)
 (3.4) 

in which φ is the capillary porosity of binder, D11 is 3.9×10-6 m2 h-1, and A1 and A2 are 

equal to 14.5 and 4.66, respectively [9]. The capillary porosity given in Eq (3.5) was 

modified from Wang and Park [9], which was based on the work of van Breugel [39], by 

incorporated the effect of IC on the porosity by means of Eq. (3.2), 

 
𝜑 =

(𝑤
𝑐⁄ )௣ − 0.3375𝛼

(𝑤
𝑐⁄ )௣ +

𝜌௪
𝜌௖

ൗ
 (3.5) 

In which α is the degree of hydration, which was calculated directly using the measured 

HOH [40].  Accordingly, the diffusion coefficients for the pastes, calculated using Eq. (3.3) 

to (3.5), are plotted in Fig 3.15 and the results are summarized in Table 3.7.  As shown in 

Fig. 3.16, good agreement is observed between HOH and the diffusion coefficient where 

the value of the diffusion coefficient is found to increase as the HOH increases. The results 

reveal that the HOH at 90 h is linearly dependent on the ability of the water to diffuse 

through the paste. 
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Fig 3.15 Diffusion coefficient of the reference pastes 
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Fig. 3.16 Relation between HOH and diffusion coefficient 

 

Modifying the spacing calculations presented by Mihaljevic et al. [35], the ideal spacing to 

the pastes may be determined using Eq. (3.6) and (3.7), 

 
𝑁௜ =

𝑉ௌ஺௉𝑉௣௔௦௧௘

𝜋
6

𝜑௦௔௧
ଷ

=
(𝑤

𝑐⁄ )ூ஼

𝑤
𝑐⁄ +

𝜌௪
𝜌௖

ൗ

𝑉௣௔௦௧௘

ቀ
𝜋
6

𝜑௦௔௧
ଷቁ

 (3.6) 

 
𝑠௜ = ඨ

𝑉௣௔௦௧௘

𝑁௜

య

 (3.7) 

in which Ni is the ideal spacing, Vpaste is the volume of the paste, 𝜑௦௔௧ is the saturated 

diameter of the SAP and 𝑠௜ is the ideal spacing. The spacings are presented in Fig. 3.17 

versus the HOH. Since a smaller spacing did not produce a larger amount of HOH, this 

means that the particles agglomerated and did not adequately provide IC water to all 

regions of the paste. 
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Fig. 3.17 Ideal SAP spacing versus degree of hydration 

 

Defining the efficiency of the internal curing according to Eq. (3.8): 

 

𝜂ூ஼ =  

𝐻𝑂𝐻௜
𝑁௜

ൗ

𝐻𝑂𝐻௥௘௙
𝑁௥௘௙

൘
 (3.8) 

Fig. 3.18 shows the efficiency of each of the IC mixes. It should be noted that Nref 

represents the number of SAP needed to provide the exact amount of IC at ideal spacing. 

There is a significant loss of efficiency when the amount of SAP added exceeds the 

necessary amount to absorb 25 g g-1 SAP. For example, the efficiency of SAP12 and SAP40 

is 63% and 45%, respectively, and the efficiency of SAP04 and SAP10 is almost equal to 

SAP08 and SAP20, respectively. Therefore, the higher dosages of SAP, which are resulting 

in the agglomeration of the SAP particles, are negatively affecting the efficiency.  Closer 

analysis of the data reveals that particle agglomeration is occurring when the mass of SAP 

to that of entrained water is greater than 5%.   
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Fig. 3.18 Efficiency of IC mixes 

 

3.5 Conclusions 

From the results of isothermal calorimetry testing, the following conclusions can be drawn: 

1. The higher the amount of IC the more susceptible the cement paste became to SAP 

overdosing.  

2. Difference in the HOH between the 0.30+0.02 pastes was not statistically 

significant. 

3. Difference in the HOH between the 0.30+0.05 pastes was statistically significant. 

4. Adding pre-wetted SAP in 0.30+0.05 pastes had a higher HOH in comparison to 

dry SAP. NMR results confirm a larger amount of entrained water uptake when the 

SAP was prewetted. 

5. SAP absorbs 4 to 7% more mixing water than the value estimated from of 25 g g-1 

SAP. 

6. The HOH of the cement paste with IC was not equal to that of the reference paste 

even if the ideal SAP dosage was used. 

7. The HOH is linearly related to the w/c of the reference pastes. There is no 

correlation between the total w/c and the HOH of the IC pastes. 

8. The HOH is related to the w/c of the paste with IC. The initial porosity of the paste 

significantly influences the ability of IC to provide water. 
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9. The HOH at 90 h is linearly dependent on the diffusion coefficient of the paste. 

10. A significant loss of IC efficiency is observed when the SAP is overdosed. The 

efficiency dropped to 63% for SAP12 and 45% for SAP40. 

11. SAP particles agglomeration occurred when the mass of SAP to that of entrained 

water is greater than 5%. 
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4 Efficiency measure of SAP as internal curing for cement using NMR & MRI 

 

Chidiac, S.E. , Mihaljevic, S.N., Krachkovskiy, S.A., & Goward, G.R. (2021). Efficiency 

measure of SAP as internal curing for cement using NMR & MRI, Construction and 

Building Materials, 278 122365, doi:10.1016/j.conbuildmat.2021.122365. 

 

Abstract  

Nuclear magnetic resonance and imaging was used to quantify the absorbed and desorbed 

water by superabsorbent polymers (SAP) and the efficiency of SAP as internal curing. SAP 

pore solution absorption and desorption are found, respectively, 25 g/g SAP, and inversely 

proportional to time and SAP content. Cement hydration rate of mixes without SAP is 

statistically equal to mixes with 0.2% SAP and different for 0.3% SAP. Estimated SAP 

spacing for mixes with 0.2% and 0.3% SAP is 0.78±0.03 and 0.67±0.05 mm, respectively. 

The corresponding SAP efficiency drops from 98±14% and 71±14% to 84% and 41% when 

accounting for particles agglomeration. 

 

Keywords: internal curing; water movement; water absorption; water desorption; 

superabsorbent polymers; NMR- MRI; cement degree of hydration  

 

4.1 Introduction 

Concrete strength and durability, the two important design properties, increase by lowering 

the water to cement ratio (w/c) [1–3], but so does the occurrence of autogenous shrinkage 

due to self-desiccation [4–6]. For concrete mixtures with low w/c, a continuous supply of 

water is necessary to prevent self-desiccation. Internal curing (IC), using materials such as 

lightweight aggregate (LWA) [7–9] and superabsorbent polymers (SAP) [10–12], is the 

only viable option since external curing is ineffective because of densification of the 

concrete microstructure.   
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Self-desiccation which produces capillary tension is the basic mechanism driving 

autogenous shrinkage. The pores’ internal pressure increases as the water in the capillary 

pores is consumed by the hydration reaction [13–15]. The corresponding capillary tension 

can be calculated using Young-Laplace equation, where 

 
𝑃௖ =

−2γcos (θ)

𝑟
 (4.1) 

in which Pc, Pv, γ, θ, and r are the capillary water pressure (Pa), the water vapour pressure 

(Pa), the surface tension of pore fluid (N/m), the liquid–solid contact angle (radians), and 

the meniscus radius of curvature (m), respectively. Alternatively, the capillary pressure is 

related to the internal equilibrium relative humidity (RH) represented by Kelvin’s equation, 

where 

 
𝑃௖   =

ln(𝑅𝐻) 𝑅𝑇

𝑉௠
 (4.2) 

in which R, T and Vm are respectively, the universal gas constant (8.314 J/mol K), the 

temperature (oK) and the molar volume of pore solution (~18x10-6 m3/mol). The capillary 

pressure and corresponding autogenous shrinkage (𝜀) are correlated when assuming 

circular shape pores and applying Mackenzie’s equation, where 

 
𝜀 =  

𝑆∆𝑃

3
൬

1

𝐾
−

1

𝐾௦
൰ (4.3) 

in which S, K, and Ks are the cement paste degree of saturation, the paste bulk modulus 

(Pa) and the bulk modulus of the solid skeleton of the cement paste (Pa), respectively [6]. 

Accordingly, autogenous shrinkage is inversely proportional to the pore size and directly 

proportional to ln(RH) [14]. Based on Richard’s equation [16], the first pores to empty of 

water are the large ones [6,13,17], meanwhile pores are simultaneously becoming smaller 

as they are filled with hydration products and the RH decreases as the water in the pores is 

consumed by hydration [18,19]. Moreover, the cement degree of hydration, which is 

influenced by the cement content and type, temperature, and w/c, provides a measure of 
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the pore size, degree of saturation, and RH [14,15]. The presented technical brief, although 

well documented in the literature, is reproduced in this paper to highlight the correlation 

between autogenous shrinkage and pore size.  

 

Internal curing mitigates autogenous shrinkage by supplying additional water to maintain 

a high RH in the paste [20] and to ensure that small pores remain saturated [6] as the degree 

of hydration increases [10,21]. According to Jensen and Hansen [10], theoretically a paste 

with w/c of 0.35 and w/c 0.30 plus an additional 0.05 of IC water should be identical in 

terms of degree of hydration, but are found to have a different microstructure. They 

attributed the discrepancy to the distribution of IC water [22,23].  This indicates that both 

the availability and distribution of IC water are important for developing a homogeneous 

dense concrete microstructure, and that the latter is a determining factor for the 

effectiveness of IC.   

 
1H NMR relaxometry is a non-destructive and non-invasive test method [24–26] that has 

been used to monitor the amount and movement of water in Portland cement paste [27,28].  

The spin-spin relaxation time (T2) provides a measure of the water phases and the 

corresponding signal intensity provides a measure of the amount of water [27].  For 

Portland cement, NMR signal is differentiated into four types of water: capillary water with 

T2  0.9 ms, gel water with T2  0.25 ms, interlayer water with T2  0.09 ms, and CSH 

solid with T2  0.015 ms [29]. When IC is added to the mixture, an additional signal was 

observed for the SAP water with T2 ranging from 100 to 1000 ms [30].  Moreover, the 

magnetic resonance imaging (MRI) [31] is another test method that has been used to render 

the T2 spatially dependent thus permitting the plotting of the water’s spatial distribution 

with time [32].   

 

Spatial and temporal monitoring of water movements in cement by means of NMR and 

MRI test methods have been well documented in the literature and this brief is to highlight 

relevant findings [30,33–37].  NMR relaxometry test results show a strong correlation 
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between the IC water released from the SAP and cement hydration and the IC water 

consumed within a period of approximately 2 days [27,33]. Another NMR study carried 

out on a large porous inclusion embedded in cement paste revealed that the inclusion 

absorbs water from the paste in the first 30 minutes after casting and desorbs water 5 hours 

later [34].  The effects of SAP addition methods on the SAP water absorption and 

desorption were investigated using NMR [30,35].  The results showed that pre-saturated 

SAP is the least effective addition method and that the dissolution of calcium ions in 0.5 

w/c mixtures inhibits SAP ability to absorb water [30]. Another study using T2 NMR found 

SAP absorbed more water than expected due to the low ion concentration initially in 

mixing water [38]. Analytically, the SAP water release kinetic was found to correlate with 

Powers’ model [39], however the free water did not follow Powers’ straight line [35].   

 

The objectives of this study are fourfold: 1) to quantify the amount of water absorbed and 

desorbed by SAP; 2) to monitor the interaction of SAP water and added water and quantify 

their effect on the cement degree of hydration; 3) to analyze SAP spatial distribution and 

quantify the effects of percent SAP added on IC; and 4) to develop analytical models for 

determining the cement degree of hydration with and without SAP, and the efficiency of 

SAP.  Accordingly, an experimental program was carried out to monitor the temporal and 

spatial distributions of water through cement paste with and without SAP using NMR and 

MRI.  Thereafter, analytical models were derived. 

 

4.2 Experimental program 

The experimental program presents the materials, the protocol adopted for mixing, 

preparing, and testing the samples.  The selection of cementitious material, and mixture 

design and proportions are first presented.  The procedure set for mixing, sample 

preparation, and testing are then presented.  This is followed by the test results. 
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4.2.1 Materials 

White Portland cement CSA type GU-A3001 [40], SAP, and water were the materials used 

in this study.  The low iron cement, manufactured by Federal White Cement Ltd., has a 

fineness of 400 m2/kg and oxide composition listed in Table 4.1.  The corresponding phases 

were calculated according to the Bogue equations [41]. The dry polyacrylate SAP, supplied 

by BASF Germany, has an average diameter of 126.5 µm ± 3.0 µm [42].  The SAP pore 

solution absorption of 25 g/g SAP was estimated using the simulated filtered cement slurry 

with a w/c of 10 and RILEM TC 260-RSC filtration method [43–45].  For reference, SAP 

absorption of distilled water was 120 g/g SAP.  

 

Table 4.1 Oxide composition of Federal White Cement  

Oxide % Mass 
CaO 65.10 

SiO2 21.39 

Al2O3 6.32 

Fe2O3 0.01 

MgO 0.25 

SO3 3.25 

Phase % Mass 

C3S 59.93 

C2S 16.13 

C3A 16.73 

C4AF 0.03 
 

Three cement paste mixes were developed for this study as given in Table 4.2. The amount 

of SAP as IC material for mixes SAP2 and SAP3 was determined using the cement slurry 

absorption of 25 g/g SAP.  The addition of SAP content will provide the opportunity to 

investigate the effects of pore solution absorption and concentration of SAP on the amount 

of water and water distribution. 
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Table 4.2 Cement paste proportions 

  Cement (g) Water (g) SAP (g/kg cement) w/c 
SAP0 750 262.5 0.0 0.35+0.00 
SAP2 750 262.5 2.0 0.30+0.05 
SAP3 750 262.5 3.0 0.27+0.08 

 

4.2.2 Mixing and Testing Procedures 

The materials were first proportioned according to the mix design and stored in the 

laboratory at 24±2°C for 24 h.  The mixing was carried out using a Globe SP05 5-quart 

planetary mixer with the following sequences: For SAP0, 1) Mix water and cement for 3 

min at 120 rpm; 2) Rest for 1 min; 3) Mix for 2 min at 120 rpm; For SAP2 and SAP3, 1) 

Mix the cement with 50% of the water for 1 min at 120 rpm; 2) Add SAP and mix for 1 

min at 145 rpm; 3) Add remaining 50% of water and mix for 2 min at 145 rpm; 4) Rest for 

1 min; 5) Mix for 1 min at 120 rpm.  The edge of the bowl was scrapped at every “Rest” 

stage to minimize the loss of material.  Immediately after mixing, the cement paste was 

placed in a glass vial that is 40 mm high and 13 mm inside diameter, sealed with parafilm 

tape to prevent water evaporation, then placed in the spectrometer. No segregation or 

bleeding was observed in the cement paste. 

 

NMR experiments were carried out at 25°C using a Bruker Avance 300 NMR spectrometer 

equipped with a MicWB40 Probe in combination with the Micro2.5 Gradient System. A 

standard Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was used to measure the 

transverse relaxation time (T2) of the bulk sample [46]. The excitation was achieved with 

a 44 μs 90-degree RF-pulse at 120 W. Up to 32 echos with echo delay of 300 μs were 

produced with signal intensities recorded after each echo. Eight scans were conducted each 

time with an inbetween relaxation delay of 2.5 s. CPMG pulse sequense was combined 

with phase encoding magnetic field gradient as described by Vashaee et al. [47] in order to 

map T2 distribution within the sample along the vertical axis. Gradient pulses were 160 μs 

long and lineary increased in 32 steps from -7.2 to +7.2 G cm-1, providing a 6.5 cm field 

of view with 0.2 cm resolution. Application of the magnetic field gradient introduces the 
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spatial variation of the spins Larmour frequency and allows to encode nucleus distribution 

in the sample through the phase shift of NMR signal at each pixel/slice gained during the 

gradient pulse.  The end results were the identification and quantification of the water phase 

along the height of the sample. The test duration was approximately 48 h with a spectrum 

obtained every hour for the first 24 h and every 2 h for the remainder of the time. 

 

Table 4.3 provides the limits adopted in this study for characterizing the gel water, capillary 

water, and entrained water. Accordingly, the water was classified using the T2 time, which 

relates the interaction between the water molecules and the solid structure through the fast 

relaxation method [48]. The NMR data was then fitted using the three distinct relaxation 

times corresponding to three forms of water in the sample.  

 

Table 4.3 Characterization of water phases and corresponding relaxation time 

Water Phase Diameter (nm) [36,49] T2 (ms) 
Free water/SAP > 50.0 > 6.700 
Capillary Pores 50.0 to 10.0 6.700 to 1.340 
Gel Pore 10.0 to 2.5 0.335 to 0.067 
Micropores  < 2.5 undetectable by spectrometer 

 

Isothermal calorimetry tests were performed on the cement paste mixes using an I-Cal 8000 

HPC according to ASTM C1679 [50]. The mixes were tested at 20.1oC for 90 h.  Isothermal 

calorimetry tests were carried out to validate the NMR results [38]. 
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4.2.3 Results 

NMR results are first presented in the form of temporal average along the sample height 

with the corresponding standard deviation of the measured T2 values and normalized signal 

intensity of the relative population of the corresponding types of water. Data points that 

deviated more than 3 standard deviations from the average were considered outliers and 

removed from the data set.  Subsequently, the results were presented in the form of spatial 

average and standard deviation for each layer by means of the MRI technique.  It should 

be noted that the monitored sample was 20 mm in height and that the sample was divided 

into 10 layers of equal thickness. 

 

For SAP0, two distinct water signals corresponding to the capillary and gel waters were 

monitored. Fig. 4.1 displays the temporal variation of the average values and corresponding 

standard deviation for T2 and corresponding normalized signal intensities along the sample 

height. The observed trend is as expected with the capillary water being consumed with 

time while the gel water shows an increase with time.  These evidential observations are 

deduced from the decrease in the total signal intensity of capillary water due to its reaction 

with the cement particles to form the solid structure and from T2 becoming shorter 

confirming the cement hydration and movement of capillary water to smaller pores.  

Furthermore, the low variability of the normalized signal intensity of the capillary and gel 

waters in the first 48 h indicates that the waters are statistically equally distributed across 

the sample height and that access to the capillary water have not yet been impacted by the 

hydration products reflected by the observed increase in the results variability thereafter. 
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Fig. 4.1 Temporal distribution of capillary and gel waters in SAP0 by means of T2 and 

normalized signal intensity 

 

For SAP2 and SAP3, three distinct water signals were observed corresponding to the 

capillary, gel and SAP entrained water.  Fig. 4.2 and Fig. 4.3 display the T2 and normalized 

signal intensity for SAP2 and SAP3, respectively.  SAP2 and SAP3’s T2 values show that 

the addition of SAP led to higher gel and capillary water values as reproduced in Table 4.4. 

Statistical analysis of the mean values to the 95% confidence level, given in Table 4.5, 

reveals that there is no statistical difference in the T2 capillary water values after 2h of 

casting. T2 values of SAP0 thereafter are statistically different from SAP2 and SAP3, and 

that the values for SAP2 and SAP3 become statistically different after 48h.  This indicates 

that the capillary pore structure is statistically the same for all 3 mixes after 2h of casting 

and differs thereafter between mixes with and without SAP with the increase in cement 

hydration.  After 48 h of casting, the capillary pore structure of SAP2 and SAP3 are also 

statistically different.  From the gel water, the T2 values show statistical difference when 

SAP is added even after 2h of casting and that the amount of SAP added, being 0.2% or 

0.3% of cement content, is not statistically altering the gel pore structure up to the last 

measured time of 48h.  These results concur with previously reported finding that the 

addition of SAP produces a different gel pore structure [10].  Statistical analysis of the 
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entrained water in the SAP reveals no statistical difference between SAP2 and SAP3 up to 

48h after casting. 

 

Capillary water results in Table 4.4 show a noticeable increase in the variation of T2 when 

SAP is added to the mixture, which is indicative of varying number of SAP particles along 

the height of the sample.  Of significance is the variation observed for T2 corresponding to 

the gel water.  The results show that the mixes containing SAP particles have higher 

variances in the first 24h after casting and lower variances at 48h when compared to SAP0.  

This signifies that the gel pores of the SAP mixes become more uniform across the height 

of the sample as more hydration products are formed.  Another significant observation is 

the magnitude of T2 gel water at 48h.  These results indicate that SAP2 and SAP3 gel water 

is occupying larger size pores in comparison to SAP0 which is beneficial in reducing 

autogenous shrinkage [6].   

 

Table 4.4 Comparison of T2 values (ms) 

  Gel Water Capillary Water 
  2h 24h 48h 2h 24h 48h 
SAP0 0.51±0.03 0.31±0.02 0.29±0.06 2.40±0.12 0.94±0.02 0.75±0.03 
SAP2 0.76±0.12 0.42±0.05 0.39±0.04 2.69±0.44 1.33±0.28 1.35±0.25 
SAP3 0.84±0.18 0.46±0.08 0.42±0.05 2.73±0.59 1.58±0.32 1.65±0.30 
 

Table 4.5 T2 P-values with 95% confidence level 

  Time (h) SAP0 to SAP2 SAP0 to SAP3 SAP2 to SAP3 

Capillary Water 
2 6.6E-02 0.16 0.87 

24 1.9E-03 3.7E-04 0.09 
48 3.7E-05 1.9E-05 0.03 

Gel Water 
2 7.9E-05 6.1E-04 0.25 

24 5.8E-05 1.6E-04 0.16 
48 1.2E-04 6.7E-05 0.27 

SAP Water 
2   0.57 

24   0.25 
48   0.35 
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Fig. 4.2 Temporal distribution of gel, capillary, and SAP water in SAP2 by means of T2 

and normalized signal intensity  

 

  

Fig. 4.3 Temporal distribution of gel, capillary, and SAP water in SAP3 by means of T2 

and normalized signal intensity  
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SAP water signal, observed in Fig. 4.2 and Fig. 4.3, reveals an increase when more SAP 

particles are added to the mix. Accordingly, 2h after casting the SAP water is found to 

account for 14.5% and 23.0% of the signal for SAP2 and SAP3, respectively.  Therefore, 

the addition of 0.2% and 0.3% SAP has resulted respectively, 0.05 and 0.08 entrained water 

to cement content. These results confirm that 25 g/g SAP is a good estimate for the SAP 

water absorption in pore solution. 

 

The effects of SAP on the rate of cement hydration, which controls concrete compressive 

strength development, were investigated by means of cement pore gel formation. 

Recognizing that cement hydration is best described mathematically by [51,52], 

 
𝛼 = 𝛼௨𝑒𝑥𝑝 ቈ− ቀ

𝜏

𝑡
ቁ

ఉ

቉ (4.4) 

in which 𝛼௨, 𝜏, and 𝛽 are the ultimate degree of hydration, the hydration time parameter 

(h), and the hydration shape parameter, respectively. And, 𝛼௨ can be quantified using the 

following relationship [51,53]  

 
𝛼௨ =

1.031 𝑤/𝑐

0.194 + 𝑤/𝑐
 (4.5) 

Given that cement pore gel formation, 𝐼௚௘௟, and cement degree of hydration are mutually 

dependent, Eq. (4.4) was adapted for this study as follows, 

 
𝐼௚௘௟ = 𝐼௚௘௟௨

𝑒𝑥𝑝 ቈ− ቀ
𝜏

𝑡
ቁ

ఉ

቉ (4.6) 

The fitted parameters 𝜏 and 𝛽 were determined by regression analysis. The corresponding 

results presented in Fig. 4.4, yield a very good fit for 𝐼௚௘௟ with an R2 value of 94%, 79%, 

and 68% for SAP0, SAP2, and SAP3, respectively.  By analogy, the results reveal that the 

mixes with the highest amount of SAP has the highest , and the hydration shape factor 

decreases with increasing amount of SAP.  The former suggests that the addition of SAP 

affords the cement access to water for a longer period and the latter implies that the mixes 

with no entrained water have a faster cement reaction rate as visually displayed by Fig. 4.5.  

Statistical analysis by means of a t-test revealed that a significant difference between the 
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regression coefficients except the hydration shape factor of SAP0 and SAP2 with a P-value 

of 0.40.  This implies that the cement hydration rate for SAP0 and SAP2 are statistically 

equal. 

 

 

 

Fig. 4.4 Temporal distribution of measured and mathematically fitted gel water 
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Fig. 4.5 Temporal rate distribution of mathematically fitted gel water 

 

The desorption of SAP water was investigated to uncover any association between SAP 

content and the release of SAP water.  Recognizing that water desorption in porous media 

obeys two mass transport phenomena, sorption and diffusion with the former occurring 

first and for a short period, whereas the latter is the most dominant and on-going process.  

Accordingly, the first 4 h data points are not considered as they are found to follow a 

different water movement pattern in comparison to the rest of the data.  The natural 

logarithmic function given below is found to capture well the water content in SAP, 𝐼ௌ஺௉, 

and time relationship as shown in Fig. 4.6.  

 𝐼ௌ஺௉ = 𝐴 ln(𝑡) + 𝐵 (4.7) 

The corresponding coefficient of determination is 85% and 47% for SAP2 and SAP3.  The 

kinetic relationship, which rewritten as  

 𝑒ூೄಲು = 𝑒஻𝑡஺ = 𝐶𝑡஺ (4.8) 

reveals that the water desorption decreases with increasing SAP content. The water 

desorption rate, shown in Fig. 4.7, reveals that SAP2 has a slightly higher rate of 
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desorption. Statistically, there is a significant difference between the regression 

coefficients of SAP2 and SAP3. The rate of SAP desorption given by  

 
𝐼ௌ̇஺௉ =

𝐴

𝑡
 (4.9) 

Statistically, there is a significant difference between SAP2 and SAP3 rate of desorption. 

 

 

Fig. 4.6 Temporal distribution of measured and mathematically fitted SAP water 

desorption  
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Fig. 4.7 Temporal rate distribution of mathematically fitted SAP water desorption  

 

The water spatial distribution corresponding to the sample 10 vertical layers shown in Fig. 
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cement hydration on average decrease by a factor of 3 and 2 for SAP2 and SAP3, 

respectively.  This implies that the increase of SAP dosage can prolong the availability of 

SAP water but recognizing that its distribution and quantity are substantially inconsistent 

per layer and along the height of the sample.  Accordingly, SAP water release rate depends 

not only on the SAP chemical composition but also on its dosage [33,35].   

 

  

Fig. 4.8 MRI temporal and spatial water distribution of SAP0 paste 
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Fig. 4.9 MRI temporal and spatial water distribution of SAP2 paste  
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Fig. 4.10 MRI temporal and spatial water distribution of SAP3 paste  
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by hydration or drying the water filled pores empty from largest to smallest. Previous work 

has shown that the pores in a cement paste can be estimated by NMR by applying the fast 

exchange model of relaxation as described by Valori et al. [24] and Halperin et al. [48]. An 

estimate of the average temporal pore size distribution of the water filled pores for the three 

cement pastes was then calculated while recognizing that the adsorbed water depends on 

the surface area (S) of the pores and the capillary water depends on the volume (V) of the 

pore. Assuming planar pores, the relaxation time can be related to the characteristic pore 

size (a) by the ratio of S/V and pore surface relaxivity (λ2) using the following relationship 

[48] 

 1

𝑇ଶ
= 𝜆ଶ

𝑆

𝑉
=

𝜆ଶ

𝑎
 (4.10) 

in which λ2 equals to 3.73x10-3 nm/µs [55].  Moreover, the fast relaxation method 

applicability condition of 6𝐷𝑇ଶ ≫ 𝑎ଶ in which D≈2x10-9 m2/s for water is met in this study 

[24].  Accordingly, the average capillary pores, shown in Fig. 4.11, reveal that the addition 

of SAP to the mixture has led to a slower decrease in the size of water saturated capillary 

pores.  After 48h, the characteristic size of the pores was approximately 5.6 ± 0.2, 10.1 ± 

1.9 and 11.8 ± 1.6 nm for SAP0, SAP2 and SAP3, respectively. This shows that the water 

released from the SAP led to a larger saturated capillary pore size as well as larger pore 

size variance.  By recognizing that the pressure in the capillary pores is inversely 

proportional to the largest water filled pore size, as shown by Eq. (4.1), and directly 

proportional to autogenous shrinkage, as shown by Eq. (4.2), these results show that the 

addition of SAP as IC reduces the effects of autogenous shrinkage as documented in the 

literature [6,20].  
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Fig. 4.11 Average characteristic capillary pore size  

 

4.3 Data Analysis & Model development 

The cement degree of hydration (α) can be determined from the NMR results with the use 

of Powers’ model [10,39].  Accordingly, the initial porosity (p), capillary water (𝑉௖௪) and 

gel water (𝑉௚௪) are calculated using Eqs. (4.11), (4.12) and (4.13), respectively. 

 
𝑝 =

𝑤
𝑐⁄

𝑤
𝑐⁄ +

𝜌௪
𝜌௖

ൗ
 (4.11) 

 𝑉௖௪ = 𝑝 − 1.32(1 − 𝑝)𝛼 (4.12) 

 𝑉௚௪ = 0.60(1 − 𝑝)𝛼 (4.13) 

By equating the signal intensity from the normalized water signal to Powers’ model 

normalized water volume, the gel water signal (𝐼௚௪) can be defined as follows, 

 
𝐼௚௪ =

𝑉௚௪

𝑉௚௪ + 𝑉௖௪
 (4.14) 

Substituting Eqs. (4.12) and (4.13) into Eq. (4.14) and rearranging the terms, the cement 

degree of hydration is derived, where 
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 𝛼 =
𝑝

൬0.60
𝐼௚௪

ൗ + 0.72൰ (1 − 𝑝)
 

(4.15) 

 

To validate the adequacy of Eq. (4.9), the corresponding results were compared to the 

equivalent cement degree of hydration measured using isothermal calorimetry technique 

[56]. Since the NMR experiments were performed at 25.0oC and the calorimetry 

experiments at 20.1oC, the NMR times were converted to an equivalent calorimetry time 

as follows [57], 

 
𝑡௘ = ෍ ൬𝑒

ି
ா
ோ

ቀ
ଵ

ೝ்
ି

ଵ
்

ቁ
൰

௧

଴

∆𝑡 (4.16) 

in which E, R, T and Tr are the activation energy (J/mol), the Universal gas constant, the 

curing temperature, the reference temperature of 239.15 K, respectively. SAP0 cement 

degree of hydration, shown in Fig. 4.12, shows excellent agreement between the two 

results.  After about 40 h, the results begin to visually diverge slightly, with the calorimetry 

data predicting a slightly higher degree of hydration.  However, statistically the results are 

found to be equal to the 95% confidence level. 
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Fig. 4.12 Temporal distribution of SAP0 calorimetry and NMR cement degree of hydration 

 

For the cement pastes containing SAP, the initial porosity model given in Eq. (4.6) was 

modified to account for the presence of SAP. Although we adopted Mönnig general 

methodology [58], the initial porosity of cement containing SAP was postulated to be 

additive consisting of the SAP porosity (pSAP) and paste porosity (pp) in comparison to a 

pooled porosity of the total paste proposed by Mönnig [58]. Accordingly, the w/c of the 

cement paste with SAP as IC, is calculated according to 

 𝑤
𝑐⁄ = (𝑤

𝑐⁄ )௣ + (𝑤
𝑐⁄ )ூ஼ (4.17) 

in which (𝑤
𝑐⁄ )௣ and (𝑤

𝑐⁄ )ூ஼ is the w/c components corresponding to the paste and IC, 

respectively. The porosity of the cement paste is first determined as follows, 

 
𝑝௣ =

(𝑤
𝑐⁄ )௣

(𝑤
𝑐⁄ )௣ +

𝜌௪
𝜌௖

ൗ
 (4.18) 
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The extra porosity from the space previously occupied by the IC material is accounted for 

as a space for the hydration product. The release of water from SAP results in shrinkage 

that leads to pSAP porosity given by 

 
𝑝ௌ஺௉ =

𝑉ௌ஺௉ି௦௔௧

𝑉
 (4.19) 

In which 𝑉ௌ஺௉ି௦௔௧ and 𝑉  are, respectively, the volume of the saturated SAP and the cement 

paste total volume. Using Eq. (4.14), the normalized gel water signal (𝐼௚௪) was then 

modified to account for the SAP content, where 

 
𝐼௚௪ =

𝑉௚௪

𝑉௚௪ + 𝑉௖௪ + 𝑝ௌ஺௉
 (4.20) 

Similarly, by substituting Equation (4.12) and (4.13) into (4.20) and rearranging the terms, 

a revised cement degree of hydration is obtained for a paste containing SAP, where  

 
𝛼 =

𝑝௣ + 𝑝ௌ஺௉

൬0.60
𝐼௚௪

ൗ + 0.72൰ (1 − 𝑝௣)
 (4.21) 

 

Fig. 4.13 and Fig. 4.14 display the cement degree of hydration for SAP2 and SAP3, 

respectively.  The plotted results correspond to Eqs. (4.9) and (4.16) and corresponding 

calorimetry.  For the first 24 h, Eq. (4.9) appears to yield better estimates for SAP2 cement 

degree of hydration, although still slightly higher than the calorimetry.  Subsequently, 

results of Eq. (4.16) are found to provide the better estimate although still slightly higher.  

Eq. (4.9) results are found to underestimate the degree of hydration.  Similar trend is 

observed for SAP3.  The initial estimate of 𝑉ௌ஺௉ି௦௔௧ is most likely causing the higher 

predictions of , and that the effect of the error diminishes with time.  Statistically, Eq. 

(4.16) results are found equal to those obtained from calorimetry to the 95% confidence 

level at 24 and 48h. Whereas the results from Eq. (4.9) are not statistically equal to the 

calorimetry at 24h and 48h.  For reference, Mönnig [58] suggestion of pooling pSAP and pp 

yields results that significantly underestimate the cement degree of hydration after 24 h. 
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Fig. 4.13 Temporal distribution of SAP2 calorimetry, NMR, and SAP corrected NMR 

cement degree of hydration 

 

 

Fig. 4.14 Temporal distribution of SAP3 calorimetry, NMR, and SAP corrected NMR 

cement degree of hydration 
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For this study, a geometric model is developed to estimate the efficiency of SAP as IC in 

cement paste. The model assumes that the SAP particles are spherical, of equal diameter, 

and that every particle absorbs the same amount of solution in the cement paste 

environment. A dry SAP diameter, 𝜑ௗ௥௬, of 126.5 ± 3.0 µm was measured using the laser 

diffraction technique [42]. By acknowledging that the SAP absorption, K, is 25 g water/g 

SAP, and that the saturated SAP density can be estimated to be 1015 kg/m3, the 

corresponding saturated SAP diameter, 𝜑௦௔௧, can be calculated using 

 

𝜑௦௔௧ = ൭
𝜌ௌ஺௉

𝜌ௌ஺௉ି௦௔௧

(1 + 𝐾)൱

ଵ
ଷൗ

𝜑ௗ௥௬ (4.22) 

 

Accordingly, a SAP particle is expected to swell to an average diameter of 416 µm which 

is a reasonable value when compared to the fully saturated diameter in distilled water of 

655±20 µm measured using the laser diffraction technique.  From the SAP saturated size 

and the SAP signal intensity (ISAP), the number of particles for each layer (Ni) was 

estimated using 

 
𝑁௜ =

𝐼ௌ஺௉𝑉௪௜
𝑉௟௔௬௘௥

𝜋
6

𝜑௦௔௧
ଷ

 (4.23) 

in which Vlayer and Vwi are the volume of the layer and the initial volume of water in layer 

i, respectively. Knowing the total number of SAP per layer, an estimate for the particle 

spacing was then calculated by assuming that the particles are spaced at an equal distance 

(si) in each direction and in a cubic lattice structure, where 

 
𝑠௜ = ඨ

𝑉௟௔௬௘௥

𝑁௜

య

 (4.24) 

 

Fig. 4.15 displays the distribution of the SAP along the sample height based on the initial 

signal measurement for SAP. For the ideal condition, a (𝑤
𝑐⁄ )ூ஼ of 0.05 would be absorbed 
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by 536 SAP per layer at an equivalent spacing of 0.79 mm. For (𝑤
𝑐⁄ )ூ஼ of 0.02 and 0.08, 

225 and 820 particles per layer are needed at an equivalent spacing of 1.08 and 0.69 mm, 

respectively.  Results plotted in Fig. 4.15 show that SAP2 has an average number of 563 

particles with a standard deviation of 65 particles and SAP3 has 851±180 particles.  The 

corresponding particles spacing for SAP2 and SAP3 are 0.78±0.03 mm and 0.67±0.05 mm.  

These results confirm that increasing the SAP dosage results in a significantly larger 

variance in the number of SAP and particles spacing in the paste. 

 

 

Fig. 4.15 Predicted SAP particles distribution 

 

The calculated spacing for the SAP in each layer versus the predicted degree of hydration 

is presented in Fig. 4.16. Theoretically, as the distance between the SAP decreases, the 

degree of hydration increases as the cement particles will have a shorter access distance to 

the IC water. Results in Fig. 4.16 show the opposite for SAP3 where the layers with lower 

estimated SAP spacing have a lower degree of hydration. These results indicate that the 

SAPs were not equidistant and that some SAPs most likely agglomerated.  Particles 

agglomeration results an increase in the spacing and consequently a reduction in the 

efficiency of the IC material. If the particles in SAP2 are equidistant and do not 
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agglomerate, they can provide water to a radial distance of 0.18 ± 0.02 mm as per assumed 

swollen radius of 87%.   

 

 

Fig. 4.16 Degree of hydration at 48 h versus SAP particle spacing 

 

It is theorized that a paste with IC should have the same degree of hydration as a plain paste 

with the same total w/c [10]. Using this premise, the efficiency of the SAP as an IC 

material, 𝜂ூ஼, was calculated using  

 
𝜂ூ஼ =  

𝛼௜
𝑁௜

ൗ

𝛼௜ௗ௘௔௟
𝑁௜ௗ௘௔௟

ൗ
 (4.25) 

 

The ideal number of SAP (𝑁௜ௗ௘௔௟) is calculated by assuming that (𝑤
𝑐⁄ )ூ஼ of exactly 0.05 

corresponds to 536 SAP particles per layer.  The ideal degree of hydration (𝛼௜ௗ௘௔௟) is taken 

equal to the degree of hydration of SAP0. The term 𝛼௜
𝑁௜

ൗ  compares the degree of hydration 

of each layer to the number of SAP in the layer.  The results, which are reproduced in Fig. 

4.17, show that SAP2 and SAP3 have an efficiency of 98±14% and 71±14%, respectively. 

Statistical analysis reveals that the efficiency of SAP2 and SAP3 are not equal.  Therefore, 

increasing the dosage can result in a decrease in the efficiency of SAP as an IC material 

when the amount of entrained water is kept constant. 
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Fig. 4.17 SAP efficiency as IC based on cement degree of hydration 

 

By comparing the mixes degree of hydration to an equivalent mix with ideal SAP spacing, 

the effective number of SAP, 𝑁௜௘௙௙௘௖௧௜௩௘
, can be estimated. When the degree of hydration 

is less than the equivalent mix, the spacing of the SAP is assumed to increase due to 

particles agglomeration as the effective number of SAP particles providing IC is reduced. 

Accordingly, a measure of agglomeration on the efficiency of SAP (ηagg) is proposed, 

where 

 
𝜂௔௚௚ =  

𝑁௜௘௙௙௘௖௧௜௩௘

𝑁௜
 (4.26) 

The results, shown in Fig. 4.18, reveal a significant loss of efficiency with the increase of 

SAP content from 0.2% to 0.3%, highlighting the need to re-examine the amount SAP and 

entrained water. The average efficiency of SAP in SAP2 and SAP3 is 84% and 41%, 

respectively. By increasing the SAP content from 0.2 to 0.3%, the probability of particles 

agglomeration is found to increase.  Therefore, a limit of 0.2% on the SAP content and 

corresponding entrained water of 0.05 may need to be set for the type and size of SAP used 

in this study to prevent the loss of SAP efficiency as IC due to particles agglomeration.  It 
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should be noted that the limit on SAP content is specific to the mixture content and 

proportion, to the mixing protocol and equipment, and the type and size of SAP particles. 

 

 

Fig. 4.18 Effect of particles agglomeration of the SAP efficiency as IC  

 

4.4 Conclusions  

From the NMR-MRI imaging of cement paste without and with SAP as IC, the following 

conclusions are drawn: 

1. SAP used in this study have an approximated pore absorption of 25 g/g SAP, and a 

statistically decreasing desorption rate with increasing SAP content at constant w/c. 

2. The rate of gel formation fits the well-known cement hydration rate equation. 

3. Mixes with the highest amount of SAP have the highest cement degree of hydration 

whereas the hydration shape factor decreases with increasing amount of SAP. 

4. After 48 h of casting, the capillary pore structure of mixes with SAP content are 

statistically different which confirms that SAP content affects the pore structure. 

5. Gel pores of mixes with SAP become more uniform along the height of the sample as 

more hydration products are formed. 
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6. Increasing the amount of SAP while keeping the total w/c constant prolongs the 

availability of SAP water, however the distribution and quantity are substantially 

inconsistent per layer and along the height of the sample. 

7. After 48 h, the characteristic pore size of the capillary pores of SAP0, SAP2, and SAP3 

are 5.6 ± 0.2, 10.1 ± 1.9 and 11.8 ± 1.6 nm, respectively. This concludes that larger 

pores remained saturated with the addition of SAP. 

8. The number of SAP and corresponding particles spacing for SAP2 and SAP3 are 

respectively, 0.78±0.03 mm and 0.67±0.05 mm, and 563±65 and 851±180 particles per 

layer. 

9. Average efficiency of SAP2 and SAP3 as IC is 98±14% and 71±14%, respectively, and 

84% and 41% when accounting for particle agglomeration. 

The conclusions and observations made in this paper are specific to the type and size of 

SAP used in this study. 
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5  Effective free water diffusion coefficient of cement paste internally cured with 

superabsorbent polymers 

 

Mihaljevic, S.N., & Chidiac, S.E. (2021). Effective free water diffusion coefficient of 

cement paste internally cured with superabsorbent polymers. Submitted to Journal of 

Building Engineering, Manuscript Number: JBE-D-21-02428   

 

Abstract 

A hybrid model, comprised of analytical and phenomenological models, was developed to 

quantify the effective free water diffusion coefficient of cement hydration with 

superabsorbent polymers (SAP) as internal curing. NMR/MRI measurements were used to 

estimate the water types and distribution, and the cement degree of hydration. Employing 

reverse engineering, the estimated temporal free water distribution in cement hydration 

with SAP was reproduced using 1-D finite element transient flow model and a tortuosity 

model. The computed free water diffusion coefficient and effective diffusion length of 

cement paste with 0.2% and 0.3% SAP is 5.48x10-12 m2/s and 4.46x10-12 m2/s, and 0.25 

mm and 0.19 mm, respectively. The computed efficacy of SAP dropped by 8% and 27%, 

for 0.2% and 0.3% SAP content respectively, when accounting for particles agglomeration. 

 

Keywords: Cement; Diffusion coefficient; Finite element model; Internal curing; 

NMR/MRI; Superabsorbent polymers  

 

5.1 Introduction 

Autogenous shrinkage due to self-desiccation is a primary cause of early-age cracking in 

high-strength, high-performance and ultra-high performance concrete [1–3]. Internal 

curing (IC), which is the supplier of water during cement hydration to mitigate self-

desiccation [4–7], consists of adding water filled inclusions to the concrete constituents. 

As such, IC has afforded all the strength and durability benefits of low water to cement 

ratio (w/c) concrete without the adverse effect of autogenous shrinkage [8]. Not only does 



Ph.D. Thesis – S.N. Mihaljevic  McMaster University – Civil Engineering 

131 
 

IC design need to provide an adequate amount of water to compensate for autogenous 

shrinkage, but it also needs the IC water to be evenly and abundantly distributed over the 

whole paste [5,9,10]. Lightweight aggregate (LWA) [11–15] and superabsorbent polymers 

(SAP) [8,16–21] have been widely researched as IC materials because they have the 

capacity to store a large amount of water and to release the water as cement hydrates. 

 

The effectiveness of IC depends on three factors: the amount of water available [21–23], 

the distribution of IC material [17,24], and the ability of water to move from the IC material 

to the hydrating cement paste [17,25,26]. The amount of IC water in SAP depends on the 

water absorption kinetics and efficiency, with the former depending on the SAP covalent 

crosslinking density and concentration of anionic functional groups [27], and the cement 

paste pore solution, especially the calcium ionic concentration, [28,29], and the latter on 

the SAP particle size [28,30,31]. Additionally, agglomeration of SAP particles greatly 

reduces the efficacy [17,24]. SAP water desorption is a function of the SAP anion 

concentration [29], the size and interconnectivity of the cement paste pore structure, and 

the interface between the SAP and cement paste [28]. Water desorption and water transport 

distance from SAP have not been fully quantified due to the challenge with continuously 

testing cement paste at early-age of cement hydration, which is the time when autogenous 

shrinkage is most damaging to concrete and IC is most essential [28]. 

 

Nuclear magnetic resonance (NMR), which is a nondestructive and noninvasive tool, has 

been employed to track type, amount, and movement of water in hydrating cement paste 

with IC [17,21,26,32–37]. The spin-spin relaxation time (T2) of the H1 atom is used to 

classify the phase of the water in the hydrating cement paste, and the signal intensity of T2 

times relates to the relative amount of water type [32]. When combining the NMR with 

magnetic resonance imaging technique (NMR-MRI), the temporal and spatial distribution 

of water can be estimated [17,38]. Moreover, NMR relaxometry has been used to study the 

effects of IC on cement degree of hydration [17,26,33], the uptake of water into the IC 

material [21,34], and the amount of water desorption from IC [17,26,32,33]. Chidiac et al. 
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[17] used NMR-MRI to determine the distribution of gel water, capillary water, and water 

inside SAP particles along a height of 20 mm for a period of 48 h. They developed an 

equation that relates the NMR intensity to the cement degree of hydration that considers 

the additional porosity due to SAP. The results showed that the efficiency of SAP as IC 

material, for a cement paste with 0.30 w/c and 0.05 IC water, drops from 98% to 71% when 

accounting for agglomeration. The adverse effect of agglomeration on the efficiency of 

SAP was reported to be more significant for the cement paste with 0.27 w/c and 0.08 IC 

water, where the efficiency dropped from 71% to 41% [17].  

 

The distance that SAP water can transport, which has been estimated in a couple of studies, 

provides a measure of the IC effectiveness. Using an optical microscope and cement paste 

with 0.5 w/c, the water transport distance was reported to range between 0.05 and 0.06 mm 

from the surface of SAP [24]. Using Pulsed field gradient NMR, Friedemann et al. [32] 

found that the self-diffusion coefficient of cement paste with 0.3 w/c to be in the range of 

1.25x10-10 to 1.5x10-10 m2/s initially then decrease to 5x10-10 m2/s after 10 h, which 

corresponds to an average diffusion length of 5 mm. They also reported that there was a 

small decrease in the self-diffusion coefficient as the w/c decreased. These studies reveal 

the significant discrepancy and challenge in measuring and predicting the water diffusion 

length. As such, this study aims to quantify the water effective diffusion coefficient for 

early age cement paste with SAP and the corresponding average diffusion length. Reverse 

engineering process, finite element modelling, and NMR-MRI experimental data were 

used to achieve the objectives. 

 

This paper presents a hybrid diffusivity model developed for quantifying the water 

effective diffusion coefficient of hydrating cement paste containing SAP. The 1-D transient 

finite element model was re-arranged so that the model inputs are the free and chemically 

bound water content, and the output is the diffusion coefficient. The evolving cement gel 

is accounted for in the model through a tortuosity factor. The derivation of the hybrid model 

is first presented. NMR-MRI data reported in the literature is used to demonstrate the model 
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prediction of cement paste water diffusion coefficient. The effectiveness of SAP as IC 

material, specifically the effects of particle agglomeration, is then evaluated using average 

diffusion length measurements. 

 

5.2 Mass Transport Model 

The water transport model of a single SAP particle in cement paste is developed with the 

following assumptions: 

1. SAP particle forms a perfect sphere. 

2. Transport of water in the porous media is diffusion controlled. 

3. Water diffusion from the SAP particle and across the cement paste is spherically 

symmetric. 

4. Contact between the SAP particle and the cement paste is perfect. 

5. Boundary mid-distance between the SAP particles is symmetric, i.e. no water 

moves across the boundary. 

6. Water movement in the cement paste is being hindered by the ongoing formation 

of cement gel.  

Accordingly, the differential equation that governs the 1-D mass transport, referred to as 

Fick’s 2nd Law of diffusion, in spherical coordinates is given by, 

 
𝐷௪ ൭

1

𝑟ଶ

𝜕

𝜕𝑟
൬𝑟ଶ

𝜕𝑐௪

𝜕𝑟
൰൱ − 𝑊 =

𝜕𝑐௪

𝜕𝑡
 (5.1) 

in which 𝐷௪, 𝑐௪, and 𝑊 are respectively, the water diffusion coefficient, the concentration 

of free water, and the applied source or sink, and r and t are the space and time coordinates. 

Using the principle of virtual work and finite element discretization method [39], Eq. (5.1) 

can be written in matrix form as  

 [𝐻]{�̇�௪} + [𝐾]{𝑐௪} = {𝐹} (5.2) 

where [𝐻], [𝐾], and {𝐹} represent the storage matrix, conduction matrix, and load vector, 

respectively. The time derivatives in Eq. (5.2) are discretized according to Crank-Nicolson 

method [39], where 

 {𝑐௪}௧ା∆௧ = {𝑐௪}௧ + [(1 − 𝜃){�̇�௪}௧ + 𝜃{�̇�௪}௧ା∆௧]∆𝑡 (5.3) 
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where the unconditionally stable Crank-Nicolson method of 𝜃 = 0.5 is used in this study.  

From Eqs. (5.2) and (5.3), the solution in time becomes  

 ([𝐻] + 𝜃∆𝑡[𝐾]){𝑐௪}௧ା∆௧

= ([𝐻] − (1 − 𝜃)∆𝑡[𝐾]){𝑐௪}௧ + (1 − 𝜃)∆𝑡{𝐹}௧ + 𝜃∆𝑡{𝐹}௧ା∆௧ 
(5.4) 

Given {𝑐௪}௧ା∆௧, {𝑐௪}௧, {𝐹}௧ା∆௧, and {𝐹}௧ are known, the corresponding diffusion 

coefficient is calculated by re-arranging the terms in Eq. (5.4),  

 
[𝐾] =

[𝐻]({𝑐௪}௧ − {𝑐௪}௧ା∆௧) + (1 − 𝜃)∆𝑡{𝐹}௧ + 𝜃∆𝑡{𝐹}௧ା∆௧

∆𝑡൫(1 − 𝜃){�̇�௪}௧ + 𝜃{�̇�௪}௧ା∆௧൯
 (5.5) 

The corresponding element conduction matrix is given by 

 
[𝐾௘] = 𝐷௪ න [𝐵]்[𝐵]𝑑𝑉

௏೐

 (5.6) 

in which [𝐵] is the matrix for water concentration gradients interpolation. 

 

With cement hydration, cement gel forms with time and the medium changes from an 

aqueous to solid state. That change, which results in an increase in the solid volume 

fraction, leads to a decrease in the porosity of the cement paste and an increase in the water 

path. Cement degree of hydration, 𝛼, defined as the fraction of Portland cement that has 

fully reacted with water, is used to quantify the formed solid volume fraction, 𝑉௦, by way 

of the model proposed in [40]: 

 
𝑉௦ =

0.63𝛼

0.31𝛼 + 𝑤/𝑐
 (5.7) 

The model, shown in Fig. 5.1, postulates that a 0.32 w/c results in a 100% cement 

hydration.  

 

With the formation of cement gel, the tortuosity of the cement paste will increase and 

impede the water flow [41–43]. The increase in the diffusion length due to restrictions in 

the flow path is modelled according to Chidiac and Shafikhani [42]. Accordingly, the 

tortuosity factor, 𝑓ఛ, is a function of 𝑉௦, where  
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𝑓ఛ =

3(1 − 𝑉௦)ଶ

3 − 𝑉௦
 (5.8) 

The model, shown in Fig. 5.1, postulates that 𝑓ఛ is equal to 1 when 𝑉௦ is zero representing 

no obstruction to the flow and 𝑓ఛ is equal to zero when 𝑉௦ is equal to 1 representing complete 

obstruction. Fig. 5.2 shows the increase in the length of the water path as the tortuosity 

increases with the degree of hydration. It is further postulated that the effective diffusion 

coefficient, 𝐷௪
௘ , can be computed using the following relationship, 

 
𝐷௪

௘ =
3(1 − 𝑉௦)ଶ

3 − 𝑉௦
𝐷௢ = 𝑓ఛ𝐷௢ (5.9) 

in which 𝐷௢ is the free-water diffusion coefficient. 

 

 

Fig. 5.1 Solid volume fraction and tortuosity factor versus degree of hydration. 
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Fig. 5.2 Schematic illustration of tortuosity factor versus degree of hydration; (a) α << 

20%, (b) α ≈ 20-25% - gel structure begins to connect, and (c) α > 40%. 

 

5.3 NMR-MRI Experimental Program 

The experimental program, presented in Chidiac et al. [17], is used in this study to quantify 

the effective water diffusion coefficient during cement hydration. As such, the details of 

the experimental program can be found in Chidiac et al. [17], and only the relevant 

information and experimental data are reproduced. The material consist of white Portland 

cement CSA type GU-A3001 [44], SAP, and water. The polyacrylate SAP has an average 

dry diameter of 126.5 µm ± 3.0 µm [45], and an average swollen diameter of 416 µm [17]. 

The program included three cement paste mixes as reproduced in Table 5.1.  

 

Table 5.1 Cement paste proportions [17] 

  Cement (g) Water (g) SAP (g/kg cement) w/c 

SAP0 750 262.5 0.0 0.35+0.00 

SAP2 750 262.5 2.0 0.30+0.05 

SAP3 750 262.5 3.0 0.27+0.08 
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The cement paste was mixed and molded into 40 mm high vials with inside diameter of 13 

mm. The vials were immediately sealed, and within 30 min were placed in a Bruker Avance 

300 NMR spectrometer equipped with a MicWB40 Probe in combination with the 

Micro2.5 Gradient System. Testing was performed for 48 h with measurments taken evey 

hour for the first 24 h then every 2 h for the rest of the test. Three distinct water relaxation 

times were obtained for the samples corresponding to gel, capillary, and SAP water. The 

relevant results, corresponding to the spatial and temporal distribution of the capillary, gel, 

and SAP water, are reproduced in Fig. 5.3, Fig. 5.4, and Fig. 5.5 for SAP0, SAP2, and 

SAP3, respectively. The water distribution is for a 20 mm long section corresponding to 

the middle section of the sample. The results were further refined by dividing the 20 mm 

sample into 10 equal size layers with layer 1 corresponding to the bottom of the sample 

and layer 10 to the top. Results of Fig. 5.3 show an almost uniform water distribution along 

the sample height for SAP0. As the SAP content increases, results of Fig. 5.4 and Fig. 5.5 

reveal that the water distribution has more variation along the sample height, and that the 

variation is not influenced by the sample orientation.  

 

 

Fig. 5.3 MRI temporal and spatial water distribution along the sample height for SAP0 [17] 
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Fig. 5.4 MRI temporal and spatial water distribution along the sample height for SAP2 [17] 

 

 

Fig. 5.5 MRI temporal and spatial water distribution along the sample height for SAP3 [17] 
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The cement degree of hydration, 𝛼, of mixes containing SAP was estimated using NMR 

results. The model proposed by Chidiac et al. [17] and validated via isothermal calorimetry, 

is as follows 

 
𝛼 =

𝑝௣ + 𝑝ௌ஺௉

൬0.60
𝐼௚௪

ൗ + 0.72൰ (1 − 𝑝௣)
 (5.10) 

where 𝐼௚௪ is the normalized signal intensity of the gel water, 𝑝௣ is the porosity of the paste, 

and 𝑝ௌ஺௉ is the additional porosity provided by the SAP. Fig. 5.6 reproduces the calculated 

degree of hydration for the three cement pastes.  

 

Fig. 5.6 Calculated degree of hydration [17] 

 

By using the SAP saturated size and intensity of the SAP water signal, the SAP particle 

distribution per layer was determined as shown in Fig. 5.7. And, by assuming that the SAP 

particles form a cubic lattice structure with no particle agglomeration, the average SAP 

particle spacing was calculated, as reproduced in Fig. 5.7. The average number of particles 

for SAP2 is 563±65 spaced at 0.78±0.03 mm, and for SAP3 is 851±180 particles spaced at 
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Fig. 5.7 Predicted SAP particles distribution and spacing [17] 

 

5.4 Effective Water Diffusion Coefficient Model Validation 

Water transport from the SAP particles to the cement paste is governed by the water 

concentration gradient between the SAP reservoir and the cement paste. To employ the 

NMR-MRI experimental results, the relative intensities of the water phases are converted 

to intensity concentrations. Accordingly, the governing equation, noted in Eq. (5.1), 

becomes 

 
𝐷௪

௘ ൭
1

𝑟ଶ

𝜕

𝜕𝑟
൬𝑟ଶ

𝜕𝐼௪

𝜕𝑟
൰൱ − 𝐼௚௘௟ =

𝜕𝐼௪

𝜕𝑡
 (5.11) 

where 𝐷௪
௘  is the effective diffusion coefficient of water from SAP to cement paste, 𝐼௪ is 

the concentration of the water signal, r is the radial distance from the surface of the SAP 

particle, and 𝐼௚௘௟ is the rate of water consumption by cement hydration. According to [17], 

𝐼௚௘௟ was mathematically fitted to the following function  

 
𝐼௚௘௟ = 𝐼௚௘௟௨

𝑒𝑥𝑝 ቈ− ቀ
𝜏

𝑡
ቁ

ఉ

቉ (5.12) 

in which 𝜏 and  𝛽 were fitting parameters. 
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Using the proposed diffusion model and the NMR-MRI experimental data, the free water 

diffusion coefficients were calculated, and the values are displayed in Fig. 5.8.  The results 

show a common initial plateau for SAP2 and SAP3 in the diffusion coefficient up to about 

20% degree of hydration, which corresponds to the time cement gel fractions start to 

connect [46]. From 20 to 60% degree of hydration, the average free water diffusion 

coefficient is 5.48x10-12 m2/s and 4.46x10-12 m2/s for SAP2 and SAP3, respectively. SAP3 

diffusion coefficient is expected to be smaller than that of SAP2 since SAP3 mix has a 

lower w/c [32]. 

 

 

Fig. 5.8 Free water diffusion coefficient 
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hydration, two distinct patterns can be observed for SAP2 and SAP3. As anticipated, SAP3, 

having a lower w/c, has a smaller effective diffusion coefficient than that of SAP2. The 

ability of water to flow from the SAP particles to the hydrating cement paste depends on 

the porosity and tortuosity of the paste. The predicted trends for the effective water 

diffusion coefficients, shown in Fig. 5.9 by the trend lines, are mathematically represented 

by Eq. (5.9), where 𝐷௪
௘  is equal to the free water diffusion coefficient multiplied by the 

tortuosity factor. The results show a good agreement between the two results with an R2 

value of 73% and 74% for SAP2 and SAP3, respectively. These results support the 

postulation that porosity and tortuosity of the paste are pivotal in quantifying the effective 

water diffusion coefficient of cement paste. 

 

 

Fig. 5.9 Effective diffusion coefficient  
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The efficacy of the internal curing to provide water to the paste was calculated using the 

effective diffusion length, 𝑙ௗ, that was put forward by Friedemann et al. [32], where 

 𝑙ௗ = ඥ𝐷௪
௘ 𝑡 (5.13) 

where t corresponds to the time from the beginning of the experiment. The results, 

displayed in Fig. 5.10, reveal that the average effective diffusion length is 0.252 mm and 

0.193 mm for SAP2 and SAP3, respectively, after about 8 h which corresponds to about 

20% degree of hydration. These values are in the same range of the 0.5 mm protected paste 

distance observed for LWA [47,48]. The result shows that the SAP2 is more effective in 

providing water to the cement paste in comparison to SAP3, even though SAP2 has fewer 

SAP particles. This finding supports Powers’ model that there is limit on the amount of 

water available for internal curing and that limit is governed by the porosity of the paste 

[8,49].  

 

 

Fig. 5.10 Effective diffusion length  
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diffusion of water from SAP was evaluated. Accordingly, SAP2 had an average spacing of 

0.78 mm without agglomeration and 0.89 mm when accounting for agglomeration. For 

SAP3, the average particle spacing was estimated to increase from 0.69 mm to 1.27 mm 

when accounting for agglomeration.  Using the concept of effective diffusion length and 

the average spacing of the particles without agglomeration, the SAP in mixes SAP2 and 

SAP3 can provide water to 64% and 58% of the paste around an individual SAP particle, 

respectively. When accounting for particles agglomeration, the paste volume accessible to 

SAP water decreases to 57% and 32% for SAP2 and SAP3. The effect of agglomeration is 

found to be much more significant in the paste with a higher SAP content and lower w/c, 

where the efficacy of SAP2 is found to decrease by 8% whereas the efficacy of SAP3 

decreases by 27%.  

 

5.5 Conclusions 

A hybrid model was developed to quantify the effective diffusion coefficient of cement 

pastes with SAP internal curing by way of NMR-MRI measurements. Accordingly, the 

following conclusions are drawn for this study: 

1. The free water diffusion coefficient, 𝐷௢, depends on the w/c once the cement gel 

fractions start to connect, i.e., after 20% cement degree of hydration.  

2. The calculated average 𝐷௢ for SAP2 and SAP3 is 5.48x10-12 m2/s and 4.46x10-12 m2/s, 

respectively. 

3. The effective water diffusion coefficient, 𝐷௪
௘ , depends on the w/c, cement gel volume 

fraction, and tortuosity once the cement gel fractions start to connect, i.e., after 20% 

cement degree of hydration.  

4. The equation developed for SAP is given by 𝐷௪
௘ = 𝑓ఛ𝐷௢ = [3(1 − 𝑉௦)ଶ (3 − 𝑉௦)⁄ ]𝐷௢. 

5. Values of 𝐷௪
௘   confirm that the water ability to flow from the SAP particles to the 

cement paste depends on the porosity and tortuosity of the paste. 

6. The SAP water diffusion length can be calculated from 𝐷௪
௘ . The average diffusion 

length of IC water for SAP2 and SAP3 was 0.252 mm and 0.193 mm, respectively. 
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7. SAP2 is more effective in providing IC water to the cement paste which supports 

Powers’ model that the amount of water available for internal curing is limited by the 

porosity of the paste. 

8. Particle agglomeration decreased the paste volume accessible to SAP water from 64% 

to 57% for SAP2 and from 58% to 32% for SAP3.  

It should be noted that the experimental data and conclusions are specific to the type and 

size of SAP, as well to the cement paste mix composition. 
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