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ABSTRACT 

Phase change materials (PCMs) are combined sensible-and-latent thermal energy storage 

materials that can be used to store and dissipate energy in the form of heat. PCMs 

incorporated into wall-element systems have been well-studied with respect to energy 

efficiency of building envelopes. New applications of PCMs in infrastructural concrete, 

e.g., for mitigating early-age cracking and freeze-and-thaw induced damage, have also 

been proposed. Hence, the focus of this dissertation is to develop a detailed understanding 

of the physic-chemical and thermo-mechanical characteristics of cementitious systems and 

novel coating systems for wall-elements containing PCM. The initial phase of this work 

assesses the influence of interface properties and inter-inclusion interactions between 

microencapsulated PCM, macroencapsulated PCM, and the cementitious matrix. The fact 

that these inclusions within the composites are by themselves heterogeneous, and contain 

multiple components necessitate careful application of models to predict the thermal 

properties. The next phase observes the influence of PCM inclusions on the fracture and 

fatigue behavior of PCM-cementitious composites. The compliant nature of the inclusion 

creates less variability in the fatigue life for these composites subjected to cyclic loading. 

The incorporation of small amounts of PCM is found to slightly improve the fracture 

properties compared to PCM free cementitious composites. Inelastic deformations at the 

crack-tip in the direction of crack opening are influenced by the microscale PCM 

inclusions. After initial laboratory characterization of the microstructure and evaluation of 

the thermo-mechanical performance of these systems, field scale applicability and 

performance were evaluated. Wireless temperature and strain sensors for smart monitoring 
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were embedded within a conventional portland cement concrete pavement (PCCP) and a 

thermal control smart concrete pavement (TCSCP) containing PCM. The TCSCP exhibited 

enhanced thermal performance over multiple heating and cooling cycles. PCCP showed 

significant shrinkage behavior as a result of compressive strains in the reinforcement that 

were twice that of the TCSCP. For building applications, novel PCM-composites coatings 

were developed to improve and extend the thermal efficiency. These coatings demonstrated 

a delay in temperature by up to four hours and were found to be more cost-effective than 

traditional building insulating materials. 

The results of this work prove the feasibility of PCMs as a temperature-regulating 

technology. Not only do PCMs reduce and control the temperature within cementitious 

systems without affecting the rate of early property development but they can also be used 

as an auto-adaptive technology capable of improving the thermal performance of building 

envelopes.  
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1.0 INTRODUCTION 

1.1 General 

Among the multitude of methods to enhance the energy efficiency of building materials and indoor 

thermal comfort, one method that has gained prominence is the use of thermal energy storage 

(TES) materials. Phase change materials (PCMs) are combined sensible-and-latent thermal energy 

storage materials that can be used to store and dissipate energy in the form of heat (Cao, Su, Tang, 

Fang, & Tang, 2015; Demirbas, 2006; Hembade, Rajan, & Neithalath, 2012; Khudhair & Farid, 

2004; Kong, Lu, Li, Huang, & Liu, 2014). A large number of recent studies have focused on the 

use of PCMs in building materials to achieve this objective (L. F. Cabeza, Castell, Barreneche, de 

Gracia, & Fernández, 2011; F. Kuznik, Johannes, & David, 2015; Frédéric Kuznik, David, 

Johannes, & Roux, 2011; T.-C. Ling & Poon, 2013a; Memon, Cui, Lo, & Li, 2015). Since concrete 

is the most widely used building material, several methods have been forwarded to incorporate 

PCMs in concrete, including direct incorporation and encapsulation (Memon, 2014; W. Su, 

Darkwa, & Kokogiannakis, 2015; V. V. Tyagi, Kaushik, Tyagi, & Akiyama, 2011). Among them, 

the use of microencapsulated PCMs, that are commercially available in powder form, and which 

can be directly added during the mixing process of concrete, is the easiest and most efficient means. 

This approach has been implemented in many studies (Eddhahak-Ouni, Drissi, Colin, Neji, & 

Care, 2014; Fernandes et al., 2014; Hunger, Entrop, Mandilaras, Brouwers, & Founti, 2009; 

Lecompte, Le Bideau, Glouannec, Nortershauser, & Le Masson, 2015; X. Shi, Memon, Tang, Cui, 

& Xing, 2014). The other common approach is to employ macro encapsulation, which refers to 

the impregnation of PCMs in liquid form into the pores of lightweight aggregates, which are then 

used as inclusions in concrete (Dale P. Bentz & Turpin, 2007a; Memon, Cui, Zhang, & Xing, 

2015; B. Sharma, 2014).   
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Introducing PCM within concrete requires the final composite to demonstrate similar or improved 

thermo-mechanical properties over a long period of time compared to traditional concrete systems. 

In general, incorporation of compliant “soft” inclusions such as PCMs (either in the micro- or 

macro-encapsulated forms) decreases the mechanical properties of the composite including its 

strength and stiffness (Fernandes et al., 2014a; Hunger et al., 2009). The property reductions are 

substantial in the case of cement paste systems; however, the presence of stiffer phases such as 

aggregates reduce the severity of property loss in concretes. It is also possible to mitigate some of 

the property loss through appropriate material design including matrix strengthening methods 

(Fernandes et al., 2014a; Shilpa, 2011). Previous studies also have noted the degradation of the 

microcapsules while they are being mixed into the cementitious systems (Hunger et al., 2009; 

Shilpa, 2011). Capsule breakage and the release of the PCM into the cementitious matrix may also 

potentially contribute to strength reductions. The ability to store and release heat also depends on 

the pore volume, sizes, and their distribution, which could be impacted by the incorporation of 

PCMs (Lucas, Ferreira, & Aguiar, 2013), as well as the size and dispersion of PCM particles. 

These necessitate a fundamental characterization and understanding of PCMs and their effects on 

cementitious systems in order to design: (i) performance-equivalent systems containing adequate 

amounts of PCMs needed to satisfy the thermal requirements, and/or (ii) micro- and macro-

encapsulated PCMs capable of enduring the mechanical stresses during mixing, placing, and 

service life of concrete, and chemical stresses within the high pH cementitious environment.  

While TES using PCMs to enhance the energy efficiency building envelopes remains a very active 

field of investigation, a few studies have also outlined other advantages that PCMs can offer to 

structural concrete by virtue of its capacity to store and release thermal energy. Properly selected 

PCMs of the right enthalpy and phase transition temperature may: (i) limit temperature rise and 
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the associated deformations in concrete at early ages to reduce the risk of early-age thermal 

cracking, (ii) restrict the magnitude of daily-or-seasonal temperature variations and deformations 

of restrained concrete elements over long time scales to limit damage due to thermal fatigue, and 

(iii) help limit the number and/or intensity of freeze-thaw cycles experienced by exposed concrete 

structures (Dale P. Bentz & Turpin, 2007; Sakulich & Bentz, 2012). Sustainability of concrete 

infrastructure (e.g. bridges, pavements, buildings) depends to a large extent on the ability of the 

structure to perform at a desired level for a long period of time with minimal maintenance. PCM 

shows promise in serving as a suitable strategy to extend the service life of concrete, making it 

more sustainable.  

Design and development of PCM-cementitious composites require a proper understanding of the 

influence of PCMs on the cementitious matrix. The first part of this research examines in detail 

the physico-chemical and thermo-mechanical properties of the microstructure of these composites 

when using microencapsulated PCM and macro-encapsulation of liquid PCM. Observing these 

properties provides an indication of: PCM compatibility within the cementitious microstructure, 

development of microstructure with embedded PCM during cement hydration, thermal influence 

of PCM, and susceptibility of deterioration under temperature sensitive conditions. The next part 

deals with how these PCM-composites perform under cyclic mechanical loading otherwise known 

as fatigue. Observing the behavior under these different loading conditions provides an indication 

how they would perform as part of concrete infrastructure. The final part of the research is to take 

the knowledge and understanding from the previous parts and improve on current concrete 

infrastructure applications. This work establishes a foundation for the careful selection and 

consideration in material design of PCMs within infrastructural concrete and buildings as a means 

of providing increased performance.  
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1.2 Research Objectives 

The primary objectives of this research are presented below.  The primary objective of the research 

is to establish a fundamental foundation for using PCMs to enhance the thermal damage resistance 

of concrete infrastructure and energy efficiency of buildings.  The objectives are as follows:    

• To quantify the influence of PCM type and dosage on the thermo-mechanical properties of 

a cementitious system. 

• To develop suitable delivery strategies for liquid PCMs and to evaluate the influence of 

PCM impregnation in porous media on the overall thermal performance. 

• To understand the influence of small volumes of microscale inclusions on the energy 

dissipation processes at the tip of an advancing crack.  

• To gain insight into the flexural fatigue performance in terms of reliability and fatigue life 

of concrete systems containing temperature dependent compliant inclusions. 

• To observe the thermal response of a field scale temperature-controlled smart concrete 

pavement through wireless temperature and strain sensing. 

• To design novel composite coatings containing PCM to increase the thermal energy 

efficiency of building envelopes. 
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2.0 LITERATURE REVIEW 

2.1 General 

The proceeding literature review is divided into two distinct sections.  Section one is a review on 

the background and current use of phase change materials as thermal energy storage systems. 

Section two focuses on the use of phase change materials incorporated into cementitious systems, 

with particular focus on improving the thermal damage resistance of concrete infrastructure. 

2.2 Phase Change Material  

2.2.1 Overview and Background 

Thermal energy storage (TES) materials can take the form of sensible and/or latent heat.  When 

the temperature varies with the amount of energy stored, as described in Equation 2-1, this 

demonstrates the sensible heat storage (SHS) of materials. In Equation 2-1, QS is the heat absorbed, 

m is the mass of the material, Cp is the specific heat capacity, dT is the temperature change where 

Ti is the initial temperature and Tf is the final temperature.  

QS = ∫ mCpdT
Tf

Ti
         (2-1) 

Liquids (e.g. water, oil-based fluids) and solids (e.g. rocks, concrete) can be classified as sensible 

heat storage media (Hasnain, 1998). Water is one of the most attractive forms of liquid sensible 

energy storage at low temperatures due to its high specific heat capacity, low cost, and wide 

availability (Hasnain, 1998). Consequently, at higher temperatures the vapor pressure of water 

requires costly pressure and insulating containment systems. The attractiveness of solid sensible 

heat storage materials is that energy can be stored at low and high temperatures without freezing 

or boiling. Table 2-1 provides thermal properties of common SHS materials.  
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Table 2-1: Thermal properties of common sensible heat storing materials (A. Sharma, Tyagi, 

Chen, & Buddhi, 2009) 

Material Type Temperature range (°C) Density (kg/m3) Specific Heat (J/kg-K) 

Water Liquid 0-100 1000 4190 

Engine oil Liquid Up to 160 888 1880 

Ethanol Liquid Up to 78 790 2400 

Proponal Liquid Up to 97 800 2500 

Octane Liquid Up to 126 704 2400 

Butanol Liquid Up to 118 809 2400 

Rock Solid 20 2560 879 

Brick Solid 20 1600 840 

Concrete Solid 20 1900-2400 880 

 

When temperatures exceed the melting point causing the material to change phases (e.g. solid-to-

liquid), this demonstrates latent heat storage (LHS) of materials. Equation 2 shows the total heat 

absorbed (QT), before, during, and after the phase transition. Where Tm is the phase change or 

transition temperature and ΔH is the heat associated with phase transition.  
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QT = ∫ mCpdT
Tm

Ti
+ m∆H + ∫ mCpdT

Tf

Tm
       (2-2) 

What makes LHS materials most attractive is their ability to store large amounts of energy within 

a small volume (e.g. high energy storage density). As a comparison, Ghoneim (Ghoneim, 1989) 

demonstrated that to achieve the same amount of thermal energy storage, paraffin wax (LHS 

material) requires 75% less volume than rock (SHS material). To understand the effectiveness of 

latent energy storage consider water, it is 80 times more energy intensive to melt 1 kg of ice than 

to raise the temperature of 1 kg of water by 1 °C (Hasnain, 1998). 

Phase change materials (PCMs) are combined SHS and LHS materials which allow for heat to be 

stored and released at a constant temperature. The combination of sensible and latent (phase-

change based) energy storage provides PCMs with a very high energy storage density per unit 

volume as opposed to purely sensible heat storage materials which have low volumetric energy 

storage densities. Figure 2-1 illustrates the SHS and LHS of PCMs when subjected to a temperature 

range above and below their phase transition temperature. During heating, the solid PCM begins 

a solid-to-liquid phase transition maintaining or resisting change at the specified phase change 

temperature. Upon cooling, the liquid PCM undergoes a liquid-to-solid transition in which the 

material releases its stored heat while once again resisting a change in temperature until the phase 

transition has completed.  
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Figure 2-1: Illustration of the sensible and latent storage mechanisms occurring within PCMs 

(Fernandes et al., 2014) 

Abhat (Abhat, 1983) worked on heat of fusion storage materials for low temperature (0-120 °C) 

latent heat storage and established several basic requirements PCMs as TES systems should 

exhibit: 

i. heat storage material that undergoes a solid-to-liquid phase transition within the desired 

operating temperature range and wherein the bulk of the heat added is stored as the latent 

heat of fusion 

ii. a containment for the heat storage material 

iii. a heat exchanging surface for transferring heat from the heat source to the heat storage 

material and from the latter to the heat sink  

Other considerations for TES systems are the desirable thermo-physical, kinetic, and chemical 

properties. For the thermo-physical properties, a PCM should exhibit the following (A. Sharma et 

al., 2009): 
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i. Suitable phase-transition temperature 

ii. High latent heat of fusion 

iii. Good heat transfer 

iv. Favorable phase equilibrium 

v. High Density 

vi. Minimal volume change 

vii. Low vapor pressure 

The phase transition temperature for both heating and cooling should be selected based on the 

operating temperature for a specific application. The PCM selected should contain the highest 

energy storage density or highest latent heat of fusion possible to minimize the physical size while 

still maintaining phase stability during heating and cooling cycles. The containment of the PCM 

should experience minimal volume change and low vapor pressure. The heat transfer from 

containment to PCM should promote charging and discharging of the thermal energy that is being 

stored and released.  

i. The kinetic properties of the selected PCM should exhibit: 

ii. No supercooling 

iii. Sufficient crystallization rate 

Supercooling occurs when the solidification of the PCM from its liquid-to-solid phase is delayed. 

Crystallization starts after a temperature below the melting temperature is reached but the PCM in 

liquid phase does not yet solidify even after cooling below freezing temperature. Zalba (Zalba, 

Marı́n, Cabeza, & Mehling, 2003) explains that during supercooling the sensible heat is lost while 

the latent heat is released instantly causing the rate at which the PCM crystalizes to be affected. 
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Work by several researchers (Safari, Saidur, Sulaiman, Xu, & Dong, 2017; A. Sharma et al., 2009; 

X. Zhang, Fan, Tao, & Yick, 2005) has observed the effects of supercooling and crystallization 

rates.   

i. The chemical properties of the PCM should exhibit: 

ii. Long-term chemical stability 

iii. Compatibility with materials of construction 

iv. No toxicity 

v. No fire hazards 

The PCM should remain chemically stable without any degradation throughout the applications 

service life. PCMs should be compatible when used within construction materials so as not to 

directly influence the natural chemical state of the material. For safety reasons and when used in 

applications in direct contact with users, PCMs should be non-toxic and non-flammable.  

The requirements and desired properties of PCMs are established for general TES systems. The 

following section outlines the different types of PCMs that are available. 

2.2.2 Classification of PCMs  

PCMs can be classified into three main groups: organic, inorganic, and eutectic. Each of these 

classifications contain PCMs with varying physical, chemical, and thermal properties. Figure 2-2 

shows the different classification of PCMs and there sub-classes (A. Sharma et al., 2009).  
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Figure 2-2: Classification of PCMs (A. Sharma et al., 2009) 

 

2.2.2.1 Organic 

Organic PCMs can be categorized into paraffin and non-paraffin compounds. Tyagi (Vineet Veer 

Tyagi & Buddhi, 2007) describes these PCMs as most attractive because of their self-nucleation 

(e.g. sufficient crystallization with minimal or no supercooling), congruent melting (e.g. repeated 

melting and freezing cycles with no phase segregation or latent heat of fusion degradation), and 

non-corrosiveness within the container material. Although it is the most commercially used PCM, 

non-favorable characteristics of organic PCMs include low thermal conductivity, moderate 

flammability, and high cost.  
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Paraffin compounds consist of n-alkane chains (e.g. CH3-(CH2)-CH3) where the (CH3)- chain 

releases a large amount of latent heat during crystallization. An increase in the chain length causes 

an increase in the latent heat of fusion and melting point. Paraffin PCMs come in a wide array of 

temperatures with moderate latent heat of fusion as shown in Table 2-2. Below 500 °C they are 

chemically inert and stable showing minimal volume change and low vapor pressure (A. Sharma 

et al., 2009).  

Non-paraffin organic compounds have highly varied properties compared to paraffin compounds.  

This class of PCM is the largest and contains: saturated fatty acids, carboxylic acids, esters, 

alcohol’s, glycols (Pereira da Cunha & Eames, 2016; A. Sharma et al., 2009). When exposed to 

flames, oxidizing agents, or excessively high temperatures they are flammable. Table 2-2 contains 

additional information on the properties of some non-paraffin compounds.  

2.2.2.2 Inorganic 

Salt hydrates are inorganic PCMs that consist of a crystalline solid alloy which forms when water 

is absorbed by the anhydrous salt (Pereira da Cunha & Eames, 2016). The bond strength between 

the water molecule and salt determine the amount of latent heat of fusion. Issues with inorganic 

PCMs preventing their acceptance as a TES material include phase segregation (Habashy & Kolta, 

1972), corrosion when used with metals (Porisini, 1988), and supercooling affecting crystallization 

(Lane, 1992). Incongruent melting is one of the greatest drawbacks to organic PCMs and occurs 

when the anhydrous salt does not fully dissolve at the melting temperature.  Sharma (A. Sharma 

et al., 2009) suggests adding a nucleating agent to initiate crystal formation to promote congruent 

melting within inorganic PCMs. Some of the advantages of inorganic PCMs compared to others 



 

13 
 

is the small volume changes that occur during melting, high energy storage density, and relatively 

high thermal conductivity.  

Metallics is another class of inorganic PCMs which include metals with a low melting point. Some 

characteristics include high thermal conductivity, high latent heat of fusion per unit volume, and 

low latent heat of fusion per unit weight. Properties of some inorganic PCMs can be found in Table 

2-2. 

2.2.2.3 Eutectic 

Eutectic PCMs also known as ionic liquids (Bauer, Lang, & Tamme, 2011) are low melting 

compositions of two or more components that each melt and freeze congruently and without 

segregation to form a combined mixture of each components crystals. The melting and freezing of 

the crystals without segregation is what makes eutectics attractive as a PCM. However, the low 

latent heat of fusion per unit weight and lack of experimental thermo-physical data makes eutectics 

less common. Some commonly used eutectic mixtures are organic-organic, inorganic-inorganic, 

and inorganic-organic (Table 2-2).  

There are many other types of PCMs currently available in the commercial market. One of the 

most recent PCMs to gain attention are bio-based PCMs. Bio-based PCMs are organic compounds 

composed from natural sources such as animal fat and plant oils. Compared to paraffin wax, bio-

based PCMs are inflammable, non-toxic, display minimal volume change during melting and 

freezing, and provide high latent heat of fusion (Cellat et al., 2015; Kosny, Kossecka, Brzezinski, 

Tleoubaev, & Yarbrough, 2012; Muruganantham, Phelan, Horwath, Ludlam, & McDonald, 2010; 

PureTemp, 2018).  
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Table 2-2: Thermophysical properties of PCMs (Abhat, 1983; Kenisarin & Mahkamov, 2007; 

Pereira da Cunha & Eames, 2016; Pielichowska & Pielichowski, 2014; PureTemp, 2018.; Rathod 

& Banerjee, 2013; Sarier & Onder, 2012; A. Sharma et al., 2009; Vineet Veer Tyagi & Buddhi, 

2007; Zalba et al., 2003) 

Compound Classification Sub-class 

Phase change 

temp., Tm 

(°C) 

Latent 

heat 

(kJ/kg) 

Paraffin wax Organic Paraffin 0-90 150-250 

n-tridecane Organic Paraffin 4.5 231 

tricontane Organic Paraffin 65 252 

Acetic acid Organic 

Non-

paraffin 

17 192 

Stearic acid Organic 

Non-

paraffin 

54 157 

Formic acid Organic 

Non-

paraffin 

8 277 

Adipic acid Organic 

Non-

paraffin 

152 275 
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Calcium chloride hexahydrate Inorganic 

Salt 

hydrate 

30 125 

Sodium sulphate decahydrate Inorganic 

Salt 

hydrate 

32 180 

Sodium thiosulfate pentahydrate Inorganic 

Salt 

hydrate 

46 210 

Barium hydroxide octahydrate Inorganic 

Salt 

hydrate 

78 280 

Magnesium nitrate hexahydrate Inorganic 

Salt 

hydrate 

89 140 

Gallium Inorganic Metallic 30 80.3 

Cerrolow eutectic Inorganic Metallic 58 90.9 

Bi–Pb–In eutectic Inorganic Metallic 70 29 

Naphthalene + benzoic acid 

(67.1+32.9 wt.%) 

Organic Eutectic 67 123.4 

CaCl2·6H2O + CaBr2·6H2O 

(45+55 wt.%) 

Inorganic Eutectic 14.7 140 
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C14H28O2 + C10H20O2 

(34+66 wt.%) 

Inorganic Eutectic 24 147.7 

Mg(NO3)3·6H2O + Al(NO3)2·9H2O 

(53+47 wt.%) 

Inorganic Eutectic 61 148 

CH3CONH2 + C17H35COOH 

(50+50 wt.%) 

Inorganic Eutectic 65 218 

Bio-based Organic  -40-151 170-270 

 

2.2.3 PCM storage   

To be effective, bulk PCM must be contained in a vessel that provides adequate heat transfer for a 

given application. Cunha (Pereira da Cunha & Eames, 2016) divided the storage and containment 

of PCM into two separate groups, compact and encapsulated. Compact storage encloses the PCM, 

usually in a shell-and-tube configuration, within a large container housing an embedded heat 

exchanger (Agyenim, Eames, & Smyth, 2011). These TES systems can be integrated with water 

heating systems (Nakaso et al., 2008; Trp, 2005) and has a much larger PCM-to-container 

volumetric ratios than encapsulated storage. A problem with compact storage systems is the low 

rate of thermal diffusion within the PCM during charging and discharging. To increase the rate of 

heat output of compact systems complex heat exchanger configurations are required (Barba & 

Spiga, 2003). Latent heat storage compared to hot water storage was compared by Deckert 
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(Deckert, Scholz, Binder, & Hornung, 2014), who used 20-foot-long portable cargo containers. 

Using an inorganic salt hydrate PCM, the large capacity allowed the latent heat of fusion to 

discharge for 38 hours maintaining a constant thermal output.  

Encapsulated storage of PCM takes place within smaller containers or capsules. This creates higher 

heat transfer area per container (e.g. volume basis) but has lower PCM-to-container volumetric 

ratios compared to the larger compact storage systems. Although the smaller containers make this 

group of storage more versatile, encapsulation storage has a larger influence from sensible heat. 

The size, geometry, and material type are all characteristics to consider for encapsulation storage. 

There are two methods to consider for PCM encapsulation: microencapsulation (e.g. sizes of 1-

1000µm) and macroencapsulation (e.g. above 1 mm).  

2.2.3.1 Microencapsulation 

Zhao and Zhang (Zhao & Zhang, 2011) define microencapsulation as a process in which tiny PCM 

particles or droplets are surrounded by a thin film, coating, or embedded in a homogenous or 

heterogenous matrix to produce small capsules (Gharsallaoui, Roudaut, Chambin, Voilley, & 

Saurel, 2007). This type of encapsulation produces a physical barrier between the shell material 

and PCM core. Depending on the microencapsulation technique, different microcapsules can be 

produced such as: a simple sphere surrounded by a coating of uniform thickness, several distinct 

cores within the same capsule, several core particles embedded in a continuous matrix, multi-

walled, and particle containing an irregular shaped core (Figure 2-3).  
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Figure 2-3: Variations in morphology of different types of microcapsules (Gibbs, Kermasha, 

Alli, & Mulligan, 1999) 

The physico-chemical parameters to consider for microencapsulation include the particle diameter, 

shell composition, thickness of shell, durability, core-to-shell ratio, latent heat of fusion, and heat 

transfer between PCM core and shell.  

Production of microcapsules can be divided into two categories: chemical and physical. Chemical 

processes include: in situ polymerization, interfacial polymerization, suspension-like 

polymerization, and complex coacervation. Physical processes include spray drying and 

centrifugal-fluidized bed processing, both of which are incapable of producing microcapsules 

smaller than 100 µm (Zhao & Zhang, 2011). Spray drying is the more common physical process 

which involves spraying a liquid (e.g. solution, emulsion, suspension) that gets atomized in a hot 

gas current and instantaneously forms a powder (Gharsallaoui et al., 2007). Chemical processes 
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are most favorable due to their controlled properties and wide application use. Some of the more 

common methods are discussed in more detail below.  

Complex coacervation processes take place in colloidal systems where dispersed PCM cores are 

surrounded by large molecules of colloid rich coacervate droplets, forming a microcapsule shell 

wall, further solidified using additional cross-linking agents (Boh & Sumiga, 2008; Hawlader, 

Uddin, & Khin, 2003). 

Figure 2-4 shows the process of in situ polymerization of a microencapsulated PCM with a n-

octadecane PCM core and melamine-formaldehyde shell (H. Zhang & Wang, 2009). In situ 

polymerization is a process which brings together two complementary and direct-acting 

immiscible liquids (e.g. water and organic solvent) that react with each other to create a solid pre-

condensate (Sarier & Onder, 2007). The intermolecular condensation of the reactive groups forms 

condensation polymers which are then joined by inter-unit functional groups. Functional polymers 

for the shell material can include melamine-formaldehyde, urea-formaldehyde, PMMA, 

polyurethane, polyurea polyamide, or similar polymer. The in situ process produces microcapsules 

with diffusion-tight shell walls of the highest quality and controlled particle sizes ranging from 5-

100 µm (Zhao & Zhang, 2011). 
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Figure 2-4: In situ polymerization schematic of the formation of microencapsulated PCMs with a 

n-octadecane core and melamine formaldehyde shell (H. Zhang & Wang, 2009) 

Similar to in situ polymerization, interfacial polymerization consists of an aqueous phase 

containing a mixture of protective colloid stabilizers and emulsifiers and an organic phase 

containing polyfunctional monomers and/or oligomers (Bryant, 1999). The organic phase is then 

dispersed within the aqueous phase along with the PCM to be encapsulated. The process of 

interfacial polymerization can be seen in Figure 2-5 and produces microcapsules similar in size to 

the microcapsules formed during the situ polymerization process. 

 

Figure 2-5: Interfacial polymerization process for microencapsulation of PCM (Bryant, 1999) 

2.2.3.2 Macroencapsulation 

Macroencapsulation considers the storage of PCM within larger containers: tubes, panels, pouches, 

or other vessels. Unlike microencapsulation, macroencapsulation displays lower heat transfer 
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qualities (e.g. charging-discharge rates) because of the larger distance between core and container.  

Due to the higher temperatures experienced, solar power systems are one of the largest applications 

for microencapsulated PCM storage (Fukahori et al., 2016; G. Zhang et al., 2014; H. L. Zhang et 

al., 2014; Zheng et al., 2013). Fukahori (Fukahori et al., 2016) considered cylindrical-type ceramic 

containers as macroencapsulation of metallic PCMs for high-temperature thermal storage. 

Considering the corrosive nature of the PCM and volume expansion during the solid-to-liquid 

phase, the ceramic containers (e.g. diameter of 22-27 mm, length of 13-20 mm) provided excellent 

corrosive resistance and durability against thermal cycling. AISI 321 tubes filled with PCM 

(KNO3-NaNO3) was investigated by Zhang (H. L. Zhang et al., 2014) and showed that the heat 

transfer was increased between PCM and the metallic container. Also considering the volume 

expansion during melting, the metallic container proved successful in managing the high pressures 

resulting in no cracking. Zhang (G. Zhang et al., 2014) encapsulated copper spheres using a high-

quality thick chromium-nickel bilayer which were able to endure 1000 thermal cycles at a 

temperature range of 1050-1150 °C without leakage.  

Porous lightweight aggregates have also been utilized as an effective form of macroencapsulation 

to be used in low temperature building applications (Aguayo et al., 2017; Memon, Cui, Zhang, et 

al., 2015; Sakulich & Bentz, 2012). Limited by the absorption capacity of the aggregate, vacuum 

impregnation could result in absorption capacities of up to 70% of the total volume of aggregate 

(Memon, Cui, Zhang, et al., 2015). The stiff nature of the aggregate material also provides volume 

stability during melting and freezing.     
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2.2.4 PCM Applications 

There are many different applications that utilize PCM as a TES management system. While PCM 

incorporation into cementitious systems will be addressed, some of the other common applications 

are discussed.  

2.2.4.1 Buildings 

The use of PCM in buildings dates back to the 1940s when a chemical engineer by the name of 

Maria Telkes used Glauber’s Salt (Levy & Lisensky, 1978; Telkes & Raymond, 1949) to design a 

TES system. With assistance from architect Eleanor Raymond, the two developed an energy 

passive experimental house in Dover, Massachusetts. One of the greatest challenges facing 

building envelopes is that they lack thermal mass, which causes higher temperature fluctuations 

resulting in high heating and cooling demands. Currently, around 60% of the energy used in 

commercial and residential structures in the U.S. and between 20-40% total energy consumption 

globally is from heating and cooling (Pérez-Lombard, Ortiz, & Pout, 2008). Reducing the HVAC 

load requirements can lead to considerable energy savings and have a significant impact. Since 

Telkes and Raymond’s house experiment, research into PCM incorporation within building 

envelopes to improve energy efficiency has seen tremendous growth (Evers, Medina, & Fang, 

2010; Izquierdo-Barrientos, Belmonte, Rodríguez-Sánchez, Molina, & Almendros-Ibáñez, 2012; 

Jin, Zhang, Xu, & Zhang, 2014; Frédéric Kuznik et al., 2011; H. Ling et al., 2014; Memon, 2014; 

Telkes & Raymond, 1949).  

PCMs serve to promote thermal auto-adaptivity of buildings by being able to maintain the internal 

temperature at a desired value for longer periods of time. This is accomplished by the PCMs ability 

to decrease the frequency of internal air temperature swings by storing heat that is supplied from 
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the HVAC system or external solar environment and releasing that heat when the external 

environment cools. The solar energy in the form of heat that is absorbed during the sunlight hours 

by the PCM can be gradually released at night. This results in less power consumed during 

conventional peak hours and relatively more power consumed during the off-peak hours. By 

shifting the peak thermal loads to off-peak periods and maintaining a desired internal temperature, 

the energy efficiency of lightweight building envelopes can drastically improve. PCM 

incorporation within the walls, wall board, flooring, ceiling, and other building components that 

constitute the building envelope has been achieved (Evers et al., 2010; Izquierdo-Barrientos et al., 

2012; Jin et al., 2014; Frédéric Kuznik et al., 2011; H. Ling et al., 2014; Memon, 2014; Telkes & 

Raymond, 1949).  

 Evers (Evers et al., 2010) looked into improving the thermal performance of frame walls by 

incorporating two different types of PCM into cellulose insulation. The PCM concentrations were 

10 and 20% by weight into a 1.22 m x 1.22 m frame wall cavity. The results showed that the PCM-

enhanced cellulose insulation reduced the average peak heat flux by 9% and showed a 1.2% 

reduction in the average total daily heat flow. Evola (Evola, Marletta, & Sicurella, 2013) studied 

the effectiveness of PCM wallboards for summer thermal comfort in buildings. Results showed 

that the PCM incorporated wallboards only used, on average, 45% of the PCM latent heat storage. 

Another study by Diaconu (Diaconu & Cruceru, 2010) looked at three-layered wall system that 

consisted of two outer layers of PCM wallboards and a middle layer of conventional thermal 

insulation. The outer PCM wallboard layer limited the heat gain through the wall system by 

preventing excessive increases in temperature at the insulation surface. Not surprisingly, when the 

thickness of the PCM wallboard layers doubled in thickness the energy savings for air-conditioning 
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also doubled. Many researchers  have investigated and simulated incorporation of PCM within the 

roof (Alawadhi & Alqallaf, 2011; Pasupathy, Athanasius, Velraj, & Seeniraj, 2008; Pasupathy & 

Velraj, 2008; Saman, Bruno, & Halawa, 2005) and floors (Ansuini, Larghetti, Giretti, & Lemma, 

2011; J. Li, Xue, He, Ding, & Han, 2009; Mazo, Delgado, Marin, & Zalba, 2012; Nagano, Takeda, 

Mochida, Shimakura, & Nakamura, 2006) component of a building envelope for thermal 

management and improved thermal efficiency.  

2.2.4.2 Automotive 

According to Jankowski and McCluskey (Jankowski & McCluskey, 2014) typical vehicles reject 

approximately 65-75% of the fuels energy as waste heat through the exhaust or radiator depending 

on the operating conditions. PCMs have the potential for allowing cooling systems to be designed 

based on total energy rather than the peak power requirements by providing a thermal buffer. One 

of the difficulties in design is matching an appropriate PCM to the expected operating temperature 

in terms of compatibility and stability. Javani (Javani, Dincer, Naterer, & Rohrauer, 2014) used 

octadecane as the PCM to be integrated with an active refrigeration system for hybrid electric 

vehicles (HEVs). The study observed an energy and exergy analysis of a novel cooling system for 

HEVs where the liquid cooling system flows through the chiller following a conventional vapor 

compression cycle. The PCM worked in parallel with the chiller reducing the amount of power 

required by the compressor and leading to a 34.5% increase in efficiency with the new system. 

Other studies (Javani et al., 2014; K. Kim, Choi, Kim, Lee, & Lee, 2010; Shon, Kim, & Lee, 2014) 

investigate the feasibility of using PCM as a means of improving on existing cooling systems for 

automotive engines.  
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2.2.4.3 Electronic 

The importance of thermal management within the overall design of electronic devices becomes 

evident with each new generation creating more power output into a smaller package (Kandasamy, 

Wang, & Mujumdar, 2007). Due to the intermittent or transient heat dissipation of these electronics 

(e.g. computers, mobile phones, digital video cameras), the passive thermal management of PCMs 

make for an attractive means for transient cooling. During normal operations electronic 

components must always be designed to be kept below an allowable maximum temperature. 

Several studies (Fok, Shen, & Tan, 2010; Jaworski, 2012; Kandasamy, Wang, & Mujumdar, 2008; 

Z. Ling et al., 2014; Tan & Tso, 2004) have attempted to shed light on thermal management of 

electronic devices using PCM. The power level of the heat source, usage mode of the device, 

amount of PCM incorporated, and type of PCM are just a few of the parameters considered.      

2.2.4.4 Textiles 

The physical and environmental conditions around our bodies have been regulated using clothing 

and many other textile products. The primary role of clothing is to act as a layer or barrier in 

protecting the human body against unsuitable physical environments (Sarier & Onder, 2012). 

Sarier (Sarier & Onder, 2012) explains that clothing is essential to keep the human body in an 

appropriate thermal environment and to assist its own thermal balance and comfort functions under 

various combinations of environmental conditions and physical activities. Like other applications, 

PCMs can also provide a suitable thermal management system for textiles (Iqbal & Sun, 2014; 

Kazemi & Mortazavi, 2014; Mondal, 2008; Salaün et al., 2008; Sarier & Onder, 2012). Some of 

the processes of incorporating PCM into the textile matrix include melt spinning, lamination, 

coating, fiber extrusion, injection molding, and other foam techniques. Iqbal (Iqbal & Sun, 2014) 
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developed a smart monofilament fiber incorporating a microencapsulated PCM using the melt 

spinning process. The fiber showed a latent heat of 9.2 J/g with 12% PCM by weight incorporated. 

Instead of using microencapsulated PCM, Kazemi (Kazemi & Mortazavi, 2014) showed that 

silicon rubber polymer containing an inorganic PCM could be applied on a textile structure without 

having to resort to microencapsulation.     

2.3 Thermal Damage in Concrete Infrastructure 

One of the greatest concerns for concrete infrastructure is the increased occurrences of early-age 

thermal cracking in reinforced concrete elements. The second greatest concern is freeze-thaw 

related deterioration in concretes exposed to temperatures cycling around the freezing point of 

water. PCMs could function as a technologically advanced auto-adaptive solution to mitigate 

thermal cracking in structural elements. PCMs also have the potential to enhance the freeze-thaw 

resistance of concrete by reducing the number of freezing cycles and their intensity when used as 

a secondary freeze protection system along with air entrained air voids. 

When thermal and/or moisture related volume changes are prevented due to external (e.g. 

structural elements, sub-base) and/or internal (e.g. aggregate) restraint, early age cracks can 

develop (De Schutter, 2002; Fu, Wong, Tang, & Poon, 2004; Hobbs, 1971; Yang Wei, Weiss W. 

Jason, & Shah Surendra P., 2000). Typically, early-age cracks do not negatively impact the 

structural integrity, but can serve as express-travel paths for moisture and ingress of deleterious 

ionic species (Kanematsu, Maruyama, Noguchi, Iikura, & Tsuchiya, 2009; Ryu, Ko, & Noguchi, 

2011; Song & Kwon, 2007; Ye, Jin, Jin, & Fu, 2012). This leads to further increases in the 

maintenance cost and reduces the service-life of the structure (Dale P. Bentz, Snyder, Cass, & 

Peltz, 2008; Glasser, Marchand, & Samson, 2008; Liu Yajun & Shi Xianming, 2012; Y. Liu & 
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Shi, 2012; Roy, 1988). Several strategies have been implemented to mitigate moisture-related 

cracking including: internal curing (Arnon Bentur, Igarashi, & Kovler, 2001; Cusson & 

Hoogeveen, 2008; Henkensiefken, Bentz, Nantung, & Weiss, 2009; Şahmaran, Lachemi, Hossain, 

& Li, 2009), expansive cements (D. P. Bentz & Jensen, 2004; Mehta, 1973; Mo, Deng, & Wang, 

2012; Wei Sun, Chen, Luo, & Qian, 2001), and shrinkage reducing admixtures (SRAs) (D. P. 

Bentz, Geiker, & Hansen, 2001; Collepardi, Borsoi, Collepardi, Ogoumah Olagot, & Troli, 2005; 

Folliard & Berke, 1997; Maltese et al., 2005; Meddah, Suzuki, & Sato, 2011; Rongbing & Jian, 

2005; Shh, Krguller, & Sarigaphuti, 1992).  

The likelihood of thermal cracking within a concrete system is a function of the restraint on the 

element. Several factors influence the restraint including: (1) the ambient environmental 

conditions (e.g. wind-speed, temperature at placement, daily/seasonal thermal fluctuations), (2) 

the concretes mixture composition, and (3) the geometry (e.g. size, shape, aspect ratio). While 

these factors are all interrelated, critical concerns related to the risk of thermal cracking may be 

addressed if the critical peak temperatures as well as the rate of cool-down experienced during the 

cement hydration reactions can be controlled (Bofang, 2013; Springenschmid, 1998).  

A few logistical strategies to reduce thermal cracking include: scheduling placement during cooler 

times (e.g. morning, evening), place concrete in lifts, joint distribution, insulated formwork, and 

implementing pipe-based fluid cooling systems. Material-based strategies to address thermal 

cracking include cooling aids (e.g. ice or cold water) added to the mixing process and reducing the 

cement content by incorporating supplementary cementitious materials (SCMs). Each of these 

strategies impacts the heat evolved during cement reactions during placement and hardening 

(Akkaya, Ouyang, & Shah, 2007; Ballim & Graham, 2009; A. Bentur & Kovler, 2003; Branco 
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Fernando A. & Mendes Pedro A., 1993; Burke, 1999; Hadidi Rambod & Saadeghvaziri M. Ala, 

2005; Lawrence Adrian M., Tia Mang, Ferraro Christopher C., & Bergin Michael, 2012; Liu Xing-

hong, Duan Yin, Zhou Wei, & Chang Xiaolin, 2013; X. Liu et al., 2015; Wei Ya & Hansen Will, 

2013; B. Zhu, 1999). Some issues that make these strategies less attractive is the financial cost of 

implementing pipe-based cooling systems, limiting its use to mass concrete applications, and the 

delayed property development when large fractions of SCMs are incorporated. Non-mass concrete 

structural elements (e.g. bridge-decks, pavements) are constructed without thermal-crack 

mitigating solutions because of the limited availability of technologically feasible options.  

Fernandes (Fernandes et al., 2014) conducted preliminary investigations on the feasibility of using 

PCMs to mitigate thermal cracking in cementitious materials. The study observed that addition of 

PCMs did not inhibit the cement reactions taking place in the system and displayed a reduction in 

the rate of semi-adiabatic temperature rise and cool-down rate. This reduction was most prominent 

when the ambient temperature was below the PCM phase change temperature. Due to the 

compliant nature of PCMs within the context of unrestrained deformations, there was no influence 

on the deformability of the cementitious system. The altered rate of temperature change with the 

inclusion of PCMs noticeably reduced the rate of deformation and the tensile stresses.     

Even at later ages, period after initial placement, concrete is still susceptible to thermal cracking. 

Daily and/or seasonal (e.g. freeze-thaw) temperature variations can lead to differing coefficients 

of thermal expansion between the aggregates and cement paste within concrete resulting in 

deformation incompatibilities during the heating and cooling cycles (Cruz & Gillen, 1980; Hobbs, 

1971; Uygunoğlu & Topçu, 2009; Won, 2005). The type of structural element (De Schutter, 2002), 

aggregate inclusion (Fu et al., 2004) or sub-grade (Yang Wei et al., 2000) which restrain the 
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concrete system from deforming during these thermal events also promotes development of 

residual tensile stresses. Thermal cracks develop when the residual tensile stresses developed 

exceeds the strength of the system.    

The pore structure characteristics of concrete dictate the freezing point of the pore solution and the 

amount of ice that is formed within the pores (H. Cai & Liu, 1998). Air entrainment, the process 

of adding air bubbles to the cement paste, into concrete has proven to be successful towards 

improving the freeze-thaw resistance of concrete. Extensive work has been done towards 

understanding the mechanisms involved with air entrainment and the advancement towards 

increasing freeze-thaw durability (Du & Folliard, 2005; Pedersen, Jensen, Skjøth-Rasmussen, & 

Dam-Johansen, 2008; W. Sun, Zhang, Yan, & Mu, 1999; D. S. Zhang, 1996). While air 

entrainment protects against damage from expansive ice crystallization, combining this technology 

with PCM can create a two-part freezing protection system in concrete. There is considerable 

potential for concrete infrastructure that is subjected to freeze thaw related damage. Bentz (Aaron 

Sakulich & Dale Bentz, 2012; Dale P. Bentz & Turpin, 2007b; Sakulich & Bentz, 2012) 

experimented and performed simulations of concrete pavements incorporated with PCM. The 

results showed that on average, a reduction of 30% in the number of freeze-thaw cycles 

experienced could be achieved. Although locations with severe winter conditions (e.g. Cheyenne, 

WY) showed a 20% reduction in freeze-thaw when PCM was present, little to no freeze-thaw 

could potentially exist in mild climatic locations (e.g. Tampa, FL; Tucson, AZ; Fresno, CA) due 

to the external temperatures falling only slightly lower than the freezing point of water.  
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2.4 Thermal Characteristics of PCM-Cementitious Composites 

The use of PCMs to control the heat of hydration related thermal characteristics in cementitious 

systems has been explored by previous researchers (Dale P. Bentz & Turpin, 2007b; Eddhahak, 

Drissi, Colin, Caré, & Neji, 2014; Sharifi & Sakulich, 2015; Snoeck, Priem, Dubruel, & De Belie, 

2016; Verma, Varun, & Singal, 2008). The peak adiabatic temperature (Tpeak, °C) achieved in 

these PCM-cementitious systems in the first day of hydration can be calculated from Equation 2-

3. Only the first 24 hours is considered because this is typically the period in which the rate of 

cement hydration is the highest, producing a maximum internal temperature driven by exothermic 

reactions. 

TPEAK = TAMB + TAD = 23 + [
αt∆HOPCcc−cPCM∆HPCM

CPCρC
]    (2-3) 

Where TAD is the adiabatic temperature (°C) increase attributable to the cement hydration 

reactions, αt is the degree of hydration at time t, ΔHOPC is the ultimate heat released associated 

with the cement reaction, cC is the cement content in the concrete (g/cm3), CPC is the heat capacity 

of the concrete (J/g-K), ρc is the density of concrete (g/cm3), CPCM is the PCM content in the 

concrete (g/cm3) and ΔHPCM is the latent heat of the phase transition (melting or solidification) of 

the PCM. Several researchers (Eddhahak et al., 2014; Fernandes et al., 2014; Sharifi & Sakulich, 

2015; Snoeck et al., 2016) have shown a significant reduction in adiabatic conditions translates to 

an even greater reduction under semi-adiabatic conditions when considerable heat loss occurs (as 

this would reduce the contribution of the heat source term related to the cement). These results 

again suggest PCM may be used to reduce the thermal cracking sensitivity of restrained concrete 

elements and thus enhance the durability of concrete infrastructure.   
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2.5 Summary 

This chapter provided background information for PCMs as thermal energy storage systems which 

included the types of PCMs available, the different forms of encapsulation, and current PCM 

applications. Thermal damage in concrete infrastructure and methods for mitigating this durability 

issue were also discussed. Several studies have characterized PCM within cementitious composites 

and demonstrated the potential for PCMs to serve as a novel thermo-regulating technology for 

concrete infrastructure. There remains a significant gap in the literature of understanding PCMs 

within cementitious systems in terms of microstructure, alternative encapsulation methods, 

mechanical properties (e.g. fracture, fatigue), and field-scale testing.  
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3.0 ORGANIZATION OF DISSERTATION 

This dissertation is structured with ten chapters which describe the background, development, and 

implementation of phase change materials in infrastructural concrete and buildings. Each chapter 

provides additional context through careful design, characterization, analysis, and interpretation 

towards the integration of PCMs within these systems. The contents of each chapter have been 

summarized below: 

Chapter 1 : Introduces the motivation and significance of researching phase change materials 

(PCMs) in infrastructural concrete and buildings. The primary research objectives are established. 

Chapter 2 : Details the history and types of PCMs used for thermal energy storage systems, 

including processing methods, physico-chemical characteristics and current applications. 

Discusses the need for an alternative and technologically feasible option to protect against thermal 

damage in concrete.  

Chapter 3 : Briefly discusses the organization of each chapter within the dissertation.  

Chapter 4 : Investigates the microstructural characterization of PCM within cementitious 

systems. This chapter characterizes two different microencapsulated PCMs and examines their 

influence on compressive strength of cementitious composites. The shell material, core-to-shell 

ratio, and the thermal characteristics (enthalpy and phase change temperature) were different for 

both the PCMs. The PCMs were also different in morphological characteristics: PCM-M consisted 

of aggregations ranging between 10 and 300 µm which were comprised of smaller nodules less 

than 5 µm in diameter, and PCM-E consisted of discrete individual particles with a median particle 

size of 7 µm. Not surprisingly, the latter particles were found to disperse uniformly when examined 
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using X-ray Computed Microtomography (µ-CT) while the former showed breakage of capsules 

into individual smaller nodules. While the pastes containing both the PCMs showed similar total 

porosities, the critical pore sizes were lower for the pastes containing PCM-E, indicating 

microstructural refinement.  

Chapter 5 : Addresses an alternative macroencapsulation method, using porous inclusions as 

carriers for PCM in cementitious composites.  Four different lightweight aggregates (LWAs) of 

different mineralogy and pore structure features were used as the porous inclusions. The influence 

of LWA characteristics on PCM impregnation efficiencies, and the resulting thermal properties of 

cementitious mortars are reported. Mixtures were designed to ensure 5% of PCM by total volume 

could be sustained within the mortar. Thus, both PCM–impregnated and non-impregnated LWAs, 

depending on their porosity and absorption capacity, were incorporated into the composite. 

Microstructural and thermal characterization of the PCM hosts were carried out in order to 

implement predictive models for thermal properties.  

Chapter 6 : Examines the influence of compliant microscale inclusions (e.g. 

microencapsulated PCM) on the fracture response and fracture process zone (FPZ) of cementitious 

mortars. The research presented within this chapter provides a fundamental understanding of the 

energy release processes occurring at the crack tip when small volumes of microscale compliant 

inclusions are incorporated in mortars. Until a certain volume fraction of PCM replacing sand, the 

fracture toughness (KIC), critical crack tip opening displacement (CTODc) and strain energy 

release rate (GR) of the PCM-modified mortars are similar to or greater than those of the plain OPC 

mortar. This is in line with the strength of PCM modified mortars, the reasons for which have been 

elucidated using microstructural simulations. These results indicated that the incorporation of the 
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chosen softer PCM inclusions within limits at the expense of the stiffer quartz particles did not 

adversely influence the fracture resistance of mortars. This paves the way for the development of 

concretes containing such inclusions without compromising the mechanical properties.  

Chapter 7 : Characterizes the mechanical cyclic fatigue response of three different 

cementitious composites (e.g. mortar, concrete, ultra-high-performance concrete (UHPC)) 

containing PCM. The purpose of this chapter is to develop a unified fatigue curve to estimate the 

fatigue life when designing PCM modified cementitious composites.  Fatigue tests conducted at 

three different stress levels (e.g. 0.7, 0.8, 0.9), where σmax is the maximum applied fatigue stress, 

showed the fatigue life follows an analytical model for predicting fatigue life. The strain fields on 

the surface of each specimen were mapped using digital image correlation (DIC) for each 

composite. The composites containing PCM showed a more uniform distribution of strains at the 

top and bottom edges compared to the control composites. This uniform distribution of strains 

serves as multiple locations for microcrack initiation during fatigue. Weibull parameters suggest 

the composites which contained PCM demonstrate a lower variability in the fatigue life. There is 

little influence on the overall fatigue life when PCM is present at 2.5% by total volume. The fatigue 

curves serve as a guide for designing PCM-cementitious systems against cyclic mechanical 

fatigue. Finite element simulations showed fully-reversible loading as being more conservative in 

fatigue life determination that non-reversed loading.   

Chapter 8 : Evaluates the performance and field implementation of a PCM-concrete pavement 

section. The feasibility of PCM as a novel pavement application was investigated within this 

chapter. At 2% total volume fraction, PCM was included in a state department of transportation 

(DOT) approved concrete pavement mix. The thermal-mechanical performance of the temperature 
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control smart concrete pavement (TCSCP) was compared with a traditional portland cement 

concrete pavement (PCCP) using wireless strain and temperature sensing equipment. Both 

pavement sections were poured and cast during the month of April in Phoenix, Arizona where 

surface temperatures can exceed 40°C. A PCM with a phase change temperature of 35°C was 

chosen for the TCSCP. The average daily temperature shows the TCSCP as 3°C cooler during the 

day with a peak difference in temperature of 7°C. The higher temperatures within the PCCP result 

in thermal strains 2.5 times greater than TCSCP. The lower temperature and strains of the TCSCP 

prove the effectiveness of PCM within concrete and demonstrate the potential for reducing 

durability issues related to thermal-damage typically found in traditional concrete systems.  

Chapter 9 : Investigates novel applications of PCMs as coatings for building applications. 

This chapter aims to promote the use of PCMs as an effective alternative for increasing the thermal 

efficiency within buildings. Traditional base materials (e.g. paint, plaster, stucco) have been used 

as coatings for new or pre-existing buildings. Serving as a waterproof barrier or purely for 

aesthetics, these materials have never been capable of regulating the temperature. Novel coatings 

have been developed by incorporating PCMs into the traditional base materials. Rheology 

experiments have shown the coatings are physically similar to their traditional counterparts. A cost 

analysis comparison with typical insulating materials (e.g. fiberglass, spray foam, foam board) 

prove the coatings to be a more cost-effective solution to providing thermal comfort.   

Chapter 10 : Summarizes the findings and conclusions for PCM incorporated in infrastructural 

concrete and buildings. Recommendations for future work is also addressed.   
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4.0 MICROSTRUCTURAL CHARACTERIZATION OF PCM WITHIN CEMENTITIOUS 

SYSTEMS1 

4.1 Introduction 

Among the multitude of methods to enhance the energy efficiency of building materials and indoor 

thermal comfort, one method that has gained prominence is the use of thermal energy storage 

(TES) materials. Phase change materials (PCMs) are combined sensible-and-latent thermal energy 

storage materials that can be used to store and dissipate energy in the form of heat (Cao et al., 

2015; Demirbas, 2006; Hembade et al., n.d.; Khudhair & Farid, 2004; Kong et al., 2014). A large 

number of recent studies have focused on the use of PCMs in building materials to achieve this 

objective (L. F. Cabeza et al., 2011; F. Kuznik et al., 2015; Frédéric Kuznik et al., 2011; T.-C. 

Ling & Poon, 2013; Memon, Cui, Lo, et al., 2015). Several methods have been advanced to 

incorporate PCMs in concrete, including direct incorporation and in the form of microencapsulated 

particles (Memon, 2014; W. Su et al., 2015; V. V. Tyagi et al., 2011). Microencapsulated PCMs, 

that are commercially available in a powder form, can be directly added during the mixing process 

of concrete (Eddhahak-Ouni et al., 2014; Fernandes et al., 2014; Hunger et al., 2009; Lecompte et 

al., 2015; X. Shi et al., 2014). The other common approach is to employ macro encapsulation, 

which refers to the impregnation of PCMs as a liquid into the pores of lightweight aggregates, 

which are then used as inclusions in concrete (Dale P. Bentz & Turpin, 2007a; Memon, Cui, Zhang, 

et al., 2015; B. Sharma, 2013.).   

A few studies have also outlined the other advantages that PCMs can offer to structural concretes 

by virtue of their capacity to store and release heat. The influence of microencapsulated PCMs on 

                                                           
1The information presented in this chapter is published in Cement and Concrete Composites 73 (2016): 29-41. 
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semi-adiabatic temperature rise and cool-down rates in hydrating cementitious systems, the 

development of restrained thermal stresses and strains that result in thermal cracking, and on the 

fracture properties have been elucidated in a recent study (Fernandes et al., 2014). PCMs having 

suitable phase change enthalpy and phase transition temperatures can also: (i) restrict the 

magnitude of diurnal-or-seasonal temperature variations and deformations of restrained concrete 

elements over long time scales to limit damage due to thermal fatigue, and (ii) help limit the 

number and/or intensity of freeze-thaw cycles experienced by exposed concrete structures (Dale 

P. Bentz & Turpin, 2007a; Sakulich & Bentz, 2012).  

The applications described above require concretes to demonstrate adequate thermo-physical and 

mechanical properties over extended time periods. In general, incorporation of soft inclusions such 

as PCMs (either in the micro- or macro-encapsulated forms) decreases the mechanical properties 

of the composite including its strength and stiffness (Fernandes et al., 2014; Hunger et al., 2009). 

The property reductions are substantial in the case of cement pastes; however the presence of stiffer 

phases such as aggregates can reduce the severity of property loss. It is also possible to mitigate 

some of the property loss through appropriate material design including matrix strengthening 

methods (Fernandes et al., 2014; Shilpa, 2011). Previous studies also have noted the degradation 

of the microcapsules in cementitious systems (Hunger et al., 2009; Shilpa, 2011). The ability to 

store and release heat also depends on the pore volume, sizes, and their distribution, which could 

be impacted by the incorporation of PCMs (Lucas et al., 2013), as well as the size and dispersion 

of PCM particles. All of these necessitate a fundamental characterization of the PCMs and their 

effects on cementitious systems in order to design: (i) mechanical performance-equivalent systems 

containing adequate amounts of PCMs as needed to satisfy thermal requirements, and/or (ii) 



 

38 
 

microencapsulated PCMs capable of enduring mechanical and chemical stresses produced during 

mixing and placing concrete, and induced due to the high pH cementitious environment.  

This paper examines the influence of two microencapsulated PCMs having different particle sizes, 

and that are encapsulated in shells that have different physico-chemical and mechanical properties, 

on the microstructure and properties of the resultant cementitious system. A fundamental 

characterization of the microencapsulated PCMs is carried out, as are studies on microstructure 

and mechanical response of the resulting composites. Relevant insights on the influence of the 

PCM encapsulation and geometry on the resulting properties, and pointers to appropriate material 

design of PCM-cement composites are obtained through a combination of advanced experimental 

tools and finite element simulations.    

4.2 Experimental Program 

4.2.1 Materials and Mixtures 

A commercially available Type I/II ordinary portland cement (OPC) conforming to ASTM C150, 

and two different microencapsulated, paraffinic phase change materials (PCMs) referred to as 

PCM-M and PCM-E were used. The median particle size (d50) of OPC is 10 µm and that for PCM-

E is 7 µm as determined by laser diffraction. The median particle size of PCM-M was determined 

as 10 µm from laser diffraction; however this is the size of the primary particles in the 

agglomerations of PCM-M. PCM-M comprises of agglomerations 20-to-300 µm in size, which are 

composed of many small particles in the 5-10 µm range (see Figure 4-1), which break down during 

dispersion prior to particle size analysis. More details are presented in Section 4.4.  

Nine mortars and their corresponding pastes were proportioned with a volumetric water-to-powder 

ratio, (w/p)v = 1.26 (mass-based w/p ≈ 0.40). The mortar samples were proportioned with a 
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constant paste volume of 50%. In addition to the control OPC mortar/paste, the mixtures included 

PCM at four volumetric inclusion levels of 5, 10, 15, and 20% of both PCM-M and PCM-E. For 

the mechanical property tests, PCM was used as a partial replacement of the fine aggregates (sand) 

in the mortar. The mortar specimens were stored in a moist chamber (>97% RH, 23±2°C) until the 

desired age of testing. Compressive strengths were determined at 1, 3, 7, and 28 days and flexural 

strengths at 28 days of hydration. The paste samples were stored in sealed conditions at room 

temperature until being tested at 28 days of hydration.  

4.3 Experimental Methods 

4.3.1 Scanning Electron Microscopy and Infrared Spectroscopy 

The microstructure of the PCMs and the pastes incorporating PCMs was visualized using Field 

Emission Environmental scanning electron microscope (FESEM, Philips XL30). The pastes were 

crushed and small pieces from the core were mounted to the stub with epoxy resin and imaged in 

secondary electron mode. Fourier Transform Infrared (FTIR) Spectroscopy was performed to 

identify the functional groups and compounds in the two different PCMs used in this study. This 

was accomplished using a Mattson Genesis spectroscope fitted with an attenuated total reflection 

(ATR) attachment containing a diamond head, which enabled the samples to be examined directly 

without further preparation. The region of interest in the FTIR spectra of the PCMs was 3500-700 

cm-1. 

4.3.2 X-Ray Tomography  

Cement paste samples containing 10% PCM by volume of the paste were analyzed in an X-ray 

computed microtomography (µCT) system. The paste samples were machined into cylindrical 

samples 1.5 mm-to-2 mm in diameter and 5 mm high. A lab-scale µCT system designed and built 

at the 4D Materials Science Laboratory at ASU was used (J C E Mertens, 2014; Mertens & Chawla, 
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2015; Mertens, Williams, & Chawla, 2014). The test was performed with a transmission tungsten 

target microfocus X-ray source. Projections were acquired with the x-ray tube operating at an 

accelerating voltage of 80 kV and a target power of 6W. A 0.025 mm steel filter was applied 

between the x-ray source and the sample to improve the x-ray beam quality. The X-ray detector 

consisted of a CCD camera optically coupled with a 4.185x lens to a 250 µm thick LuAG:Ce 

scintillator. X-ray projections were acquired (2048 x 2048 pixels, (15µm)² square pixels) using a 

pixel binning factor of two, resulting in projections in 1024 x 1024 format. Scanning was 

conducted by acquiring x-ray projections at 0.25° rotational increments over a scan range of 210° 

with 30 s exposure per orientation resulting in 38 k background counts. The distance from the X-

ray target to the scintillator during scanning was maintained at 42.4 mm. The total system 

magnification (the product of the X-ray magnification and the lens magnification) in conjunction 

with the CCD pixel size and the acquisition binning parameter resulted in a voxel size of 

approximately 1.533 µm³ for the PCM-E sample and 1.803 µm³ for the PCM-M sample in the 

volume reconstructions.  

The volume reconstructions were performed using a MATLAB filtered back projection 

implementation of the cone-beam, FDK algorithm, with the Shepp-Logan filter applied, resulting 

in a 1024³ voxel volume (Mertens & Chawla, 2015; Mertens et al., 2014). The raw reconstructions 

were processed for noise reduction to enable particle segmentation. Filtering and segmentation 

were performed using Avizo FireTM. First, the symmetric nearest neighbor (SNN) filter was 

applied in 3D using a kernel size of 3³. Second, a Gaussian blurring operation was applied in all 

three orthogonal directions. Finally, an adaptive 2D Non-Local Means filter was applied in the 

reconstruction planes. This filtering process was established by trial and error to yield µCT data 

which was most conducive to particle segmentation.  
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4.3.3 Pore Structure  

The porosity and the critical pore diameter of the PCM modified pastes were determined using 

mercury intrusion porosimetry (MIP) at 28 days of hydration. Samples were pre-treated in an oven 

at 60oC for 2 hours. This methodology has been shown to provide consistent results for 

cementitious samples (Vance et al., 2014). The porosimeter was capable of evaluating a minimum 

pore diameter of 0.003 µm and applied a maximum pressure of 414 MPa. The contact angle and 

surface tension values used were 117o and 0.485 N/m respectively, as these values are reported in 

the literature to be typical for oven dried samples (Liabastre & Orr, 1978; D. Shi & Winslow, 

1985). The pore diameters were evaluated using the Washburn equation, based on the assumption 

that the pores are cylindrical in shape.  

4.3.4 Thermal Analysis 

The thermal properties (e.g. onset and peak temperatures, enthalpy) of the microencapsulated 

PCMs were determined using a differential scanning calorimeter. The thermal program used for 

analysis included a temperature sweep where the sample was heated from-20°C to 60°C followed 

by a ramp down cooling to -20°C in an inert nitrogen environment. A rate of temperature change 

(i.e., heating and cooling) of 5°C/min was used.  

Simultaneous thermal analysis (STA) was performed on the microencapsulated PCMs and on 

hardened cement pastes. The tests were performed in an inert N2 environment. The samples were 

heated from ambient temperature to 800oC at a heating rate of 15oC/min.  

4.3.5 Compressive and Flexural Strength Determination 

The compressive strengths of 50 mm mortar cubes were determined as per ASTM C 109 at a given 

specimen age. The flexural strengths were measured using standard center-point loading as per 

ASTM C 293/293M-10 on rectangular beams (305 mm (span) x 76 mm (depth) x 25 mm (width)).  
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4.4 Results and Discussions 

4.4.1 Characterization of the Microencapsulated PCMs 

This section presents a comprehensive characterization of the microstructural, chemical, and 

thermal characteristics of the two PCMs used in this study. The micrographs in Figure 4-1 depict 

the morphology of the PCMs used in this study (PCM-M and PCM-E). It is apparent that PCM-M 

(Figures 4-1(a)-(c)) shows an agglomerated structure composed of many individual PCM 

microcapsules. PCM-E (Figure 4-1(d)), on the other hand, shows many individual PCM 

microcapsules that are distinct and present no agglomeration. Agglomeration in PCM-M can be 

attributed to the manufacturing process and the degree of cross-linking of the polymer used to 

synthesize the shell covering the PCMs (Borreguero et al., 2011; Jyothi et al., 2010; Qiu, Li, Song, 

Chu, & Tang, 2012; Sánchez, Sánchez, Carmona, Lucas, & Rodríguez, 2008). The extent of cross 

linking also determines the mechanical properties of the polymer shell (Arima, Murata, & Hamada, 

1995; J.-F. Su, Wang, & Dong, 2012b), which influences the properties of the composite 

containing PCMs, as will be shown later in this paper.  
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Figure 4-1: Micrographs of: (a) PCM-M, (b) and (c) PCM-M Showing Smaller Capsules that are 

Agglomerated to Form the Larger Capsule, and (d) PCM-E, which is Composed of Discrete 

Particles. 

 

Thermogravimetric traces of both the PCMs are shown in Figure 4-2. Both the PCMs decompose 

almost completely by about 500oC. The derivative (DTG) curve shows two distinct peaks: a first 

(dominant) peak associated with the decomposition of the paraffin that is encapsulated within the 

shell, and a second peak associated with the decomposition of the polymer encapsulation (Giro-

Paloma et al., 2013). For PCM-M the thermal degradation of the paraffin occurs in the temperature 

range of 175 to 275°C whereas the paraffin in PCM-E decomposes in the temperature range of 

200 to 350°C; most likely a result of their differing molecular weights.  This is also manifested in 

their thermal properties (enthalpy and phase transition temperature). The second peak 

corresponding to the decomposition of the polymeric shell occurs in the 280 to 400oC range for 

PCM-M, which is similar to that reported in (W. Li et al., 2011; Qiu et al., 2012) for 

polymethylmethacrylate (PMMA) encapsulated paraffins. For PCM-E, the decomposition 
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temperature of the shell is in the range of 320 to 450oC, which corresponds to melamine 

formaldehyde (MF) which has a decomposition temperature around 300-450°C (J.-F. Su, Huang, 

& Ren, 2007; Ullah et al., 2014). It has been reported that a higher degree of cross-linking in the 

polymeric microcapsule results in its thermal degradation shifting to higher temperatures (J.-F. Su 

et al., 2007). MF shells are shown to have a compact cross-linked structure and the encapsulations 

are defect-free spheres (J.-F. Su, Wang, & Dong, 2012a)  as seen in Figure 4-1. Table 4-1 shows 

the mass loss associated with the paraffin, polymeric capsule, and the left over residue. The mass 

content of the capsule material is higher for PCM-M, which can be attributed to its structure where 

many small capsules agglomerate to form a larger capsule.  PCM-E has a much larger core-to-

shell ratio than PCM-M. The polymeric shell of PCM-E, though smaller in quantity, exhibits an 

increased thermal resistance than that of PCM-M (as observed from the higher decomposition 

temperature for the shell material in  4-2), which can be attributed to higher cross linking in MF. 

A larger core content is generally likely to result in poor formation of the shell walls and thus 

decreases the stability of the microcapsules (Palanikkumaran, Gupta, Agrawal, & Jassal, 2009). 

However, the results in the subsequent sections in this paper suggest that for PCM-E, this problem 

has been overcome, possibly through chemical modification of MF (J.-F. Su et al., 2007; J.-F. Su, 

Wang, & Dong, 2011). 
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Figure 4-2: (a) Thermogravimetric (TG), and (b) differential TG curves of PCM-M and PCM-E. 

Fourier Transform Infrared (FTIR) spectra of both the PCMs are shown in Figure 4-3(a). The 

spectral peaks in the 2950 cm-1 to 2850 cm-1 range are attributed to the aliphatic C-H stretching 

vibration, the peak at 1465 cm-1 is attributed to C-H bending, and the peak at 717 cm-1 corresponds 

to the in-plane rocking vibration of the CH2 group. These spectral vibration peaks are related to 

the paraffins in the PCM-M and PCM-E. The other spectral peaks at 1730 cm-1 and the multiple 

peaks from 1250 cm-1 to 1000 cm-1 correspond to the carbonyl group of the co-polymer and C-O 

stretching of the co-polymer respectively. The FTIR spectra shown in Figure 4-3 are similar to 

those reported for other microencapsulated PCMs (Giro-Paloma et al., 2013; Qiu et al., 2012; J.-

F. Su et al., 2011). The intensity of the peak at 1730 cm-1 corresponding to the carbonyl group is 

much higher for PCM-E as observed in Figure 4-3(a), which represents a stronger bond between 

the associated carbonyl groups. It has been reported that a stronger intensity of the peak at 1730 

cm-1 is an indication of the stability of the polymeric shell structure (Shan, Wang, Zhang, & Wang, 

2009). Thus, even with a lower shell content, the polymeric capsule of PCM-E is likely more 

structurally stable than that of PCM-M, which indicates its encapsulation efficiency.  
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Table 4-1: Chemical Composition PCM-M and PCM-E as Extracted from TG Data. 

Chemical Composition PCM-M PCM-E 

Paraffin wax (%) 69.50 90.22 

Polymeric capsule (%) 20.70 7.67 

Residue (%) 9.80 2.10 

Core-to-shell ratio (mass-

based) 

3.4 11.8 
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Figure 4-3: (a) FTIR Spectra, and (b) DSC Scans, of PCM-M and PCM-E. The DSC Scans Were 

Carried Out in the Temperature Range of -10 oC to 50 oC at a Heating Rate of 5 oC/Min. 

Figure 4-3(b) shows representative DSC curves of the microencapsulated PCMs (PCM-M and 

PCM-E). The enthalpy of phase change of the PCMs was determined as the area under the main 

heat flow curve during the phase transition. The enthalpies of phase change of the PCMs used in 

this study were found to be 100 and 159 J/g respectively for PCM-M and PCM-E. This is in 

agreement with published results for similar PCM types. For PCM-M, the onset temperature 

(Tonset) corresponding to melting is 21.1°C and the completion temperature (Tcompletion) is 26.0°C, 

with the endothermic peak (Tpeak) noted at 24.3°C. The onset, offset, and peak temperatures for 

PCM-E was 19.5, 25.0 and 23.4°C respectively.  

4.4.2 µCT Studies on the Dispersion of PCMs in Cement Pastes  

The dispersion characteristics of PCM-M and PCM-E in hardened cement paste are presented here 

through the use of µCT. CT provides valuable 3D information on the morphology and structure of 

random heterogeneous materials, which is generally unavailable otherwise. Both these systems 

were designed to contain 10% of PCM by volume. Cubic volumes of interest of sizes ranging from 

6003 µm3 to 9003 µm3 were extracted from different areas of the original 3D reconstructions, in 

order to determine the influence of the size of the representative volume element (RVE) on the 

accuracy of the extracted volume fraction and dispersion parameters of the PCMs. A transition 

point-based thresholding approach (C. Hu & Li, 2014; Provis, Myers, White, Rose, & van 

Deventer, 2012) (in the grey scale histogram), where a small increment in the threshold values 

causes a sharp change in the detected phase quantities, is employed to effectively segment PCM 

phases in the cement paste. Figures 4-4(a) and (b) show the distribution of PCM-M and PCM-E 

respectively in a cubic RVE of 900 µm edge length, where the transition point-based segmentation 



 

48 
 

algorithm has been implemented to separate the PCM phases from the cement paste. Figure 4-4(a) 

clearly shows large PCM-M capsules which are agglomerated. Careful examination also reveals 

locations where the larger capsules have disintegrated, i.e., the agglomerations are broken. On the 

contrary, a more uniform distribution of smaller particles of PCM-E in the cement paste is shown 

in Figure 4-4(b), which likely influences the mechanical behavior of these systems.  

 

Figure 4-4: Representative Cubical Volumes of Interest (9003 µm3 RVE) Extracted From the 

µCT Dataset for: (a) PCM-M and (b) PCM-E. The 3D Distribution of PCMs in the Cement 

Pastes are Shown. 

 

Figure 4-5(a) depicts the influence of the RVE size on the segmented volume fraction of PCMs in 

both the systems while Figure 4-5(b) shows the differential particle size distribution of both the 

PCM types in cement pastes. A number of RVEs of different sizes were extracted from different 

regions of the original 3D µCT image. The average segmented PCM volume fraction remains near 

invariant of the RVE size even though the variability is much larger as expected when smaller 

RVEs are used, as shown in Figure 4-5(a). The paste containing PCM-E shows a lower PCM 
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volume fraction (about 8%) than as-designed (10%), which can be attributed to the image 

resolution of 1.8 µm; in other words particles smaller than this size are not detected. For PCM-M, 

the individual particle sizes are larger than the resolution limit and thus easily identified. The PCM 

volume fraction in the paste is overestimated at smaller RVEs when PCM-M is used. The 

differential size distribution in Figure 4-5(b) shows that there are PCM-M agglomerates as large 

as 300 µm while the maximum size of the PCM-E particles is less than 50 µm. Thus for smaller 

RVEs, finite size error is an issue for pastes containing PCM-M.    

To quantify the dispersion of these two types of PCMs, the mean free spacing in 3D is determined 

based on stereological relationships obtained using the 2D slices from the 3D µCT images. The 

mean free spacing is given as (Deo & Neithalath, 2010; J. Hu, 2004): 

(1 )PCM PCM
MFS

A

d
L

  −
=

       (4-1) 

Here, PCM is area fraction of PCM obtained from planar images, and LA is the perimeter length of 

the PCMs per unit area of the image extracted from several 2D planar images obtained from 3D 

µCT. The mean free spacing of PCM-M in the cement paste is 60±8 µm for an RVE of 0.9 mm 

edge length, while that of PCM-E is 12 ± 1 µm, signifying the increased level of dispersion of 

PCM-E in the matrix. The d90 for PCM-E is 25 µm and that of PCM-M 130 µm as determined 

from µCT.  
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Figure 4-5: (a) PCM Volume Fraction Determined from µCT as a Function of the RVE Size; (b) 

Comparison of PCM Size Distribution Frequency in a Cubic RVE of 900 µm Edge Length. 

4.4.3 Microstructure and Pore Structure of Pastes Containing PCM 

The microstructures of cement pastes incorporating both the types of PCMs are shown in Figure 

4-6. Figures 4-6(a-c) depict the microstructure of pastes containing PCM-M whereas Figures 4-

6(d-f) show the same for PCM-E containing pastes. Figures 4-6(a) and (d) show how the 

microencapsulated particles are distributed in the cement paste matrix. Figure 4-6(b) shows that 

some of the individual nodules from the PCM-M particles separate when the PCMs are mixed into 

the cement paste, and the agglomerated capsule as seen in Figure 4-1 does not stay undamaged. 

The individual PCM-E particles are found to retain their shape in Figure 4-6(e) with a dense 

hydration product layer around the particle and a good particle-to-paste bond. Figure 4-6(c) shows 

the formation of hydration products on the surface of the individual broken capsules of PCM-M, 

while Figure 4-6(f) shows a continuous layer of products on the PCM-E particle. While the PCM-

E particles are seen to retain their shape and stability in the cement pastes, the PCM-M particles 

are more prone to damage as can be observed from Figure 4-6(c) that shows the deformed shape 
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(indicative of rupture) of the individual microcapsules in the aggregation. It is also noticed that the 

interface between the shell and the paste is better when PCM-E is used. These micrographs provide 

an overview of the state of the microcapsules in the cement paste system which significantly 

influences the mechanical (and thermal) properties of the composite as will be detailed in the 

forthcoming section. 

 

Figure 4-6: Microstructure of Cement Pastes Incorporating PCMs: (a) PCM-M Dispersed in 

Cement Paste, (b) Breakage of PCM-M Agglomerates into Individual Nodules in the Cement 

Paste, (c) Cement Hydration Products on Individual PCM-M Nodules, (d) PCM-E Dispersed in 

Cement Paste, (e) Intact PCM-E Microcapsule with Hydration Products Around, and (f) Dense 

Reaction Product Around a PCM-E Particle. 

 

The influence of PCMs on the cement hydration reactions and the amounts of hydration products 

formed was evaluated using thermogravimetric (TG) analysis. TG curves for the PCM-cement 
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systems showed additional mass loss signatures corresponding to the decomposition of the PCM 

and its encapsulation as was shown in an earlier section. To evaluate the influence of PCMs on 

cement hydration, the calcium hydroxide (CH) contents in these pastes, normalized by the mass of 

OPC in the paste, are reported in Figure 4-7(a) as a function of the PCM volume fraction. The 

cement pastes were hydrated for 28 days.  Note that the plain and PCM modified pastes have the 

same water-to-cement ratios (by mass) since the PCM replaced the paste fraction and not the 

cement fraction. For pastes containing both types of PCMs, the normalized CH content increases 

with PCM volume fraction, and the effect is more pronounced for the systems containing PCM-E. 

This indicates that the smaller PCM particles act as nucleation sites for the formation of CH. Since 

the fraction of smaller particles are higher for PCM-E, the increase in normalized CH content is 

also pronounced for pastes containing this PCM. The micrographs shown in Figure 4-6 indicated 

the formation of reaction products around or on the PCM particles (or the separated individual 

nodules), which corroborates this observation.  
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Figure 4-7: (a) Normalized CH Content, (b) Total Porosity, and (c) Critical Pore Size, as a 

Function of PCM Volume Fraction for Pastes Containing PCM-M or PCM-E. The Uncertainty in 

CH Measurements is Not More Than 2%, While Those for Porosity and Critical Pore Size 

Determinations Range from 2% to 5%. 

Figures 4-7(b) and (c) show the total porosity and critical pore size respectively of the pastes 

containing both the PCMs. It is interesting to note that the porosity values as determined using 

MIP is invariant of the PCM dosage or the PCM type in these systems. The mixtures were 

proportioned using a constant water-to-cement ratio, and the PCMs were incorporated as a 

replacement of the paste; thus the porosity of the paste fraction remains unchanged. The actual 

volume of mercury intruded per unit mass of the paste increases with increasing PCM content, but 

the porosity remains relatively unchanged because of the reduction in effective density that 

accompanies PCM incorporation.  Thus the overall volume of pores in the paste fraction that is 

measured by MIP is the same irrespective of the PCM type or dosage. However, observations of 

the critical pore diameter, which is an indication of percolating pore size and thus dictates the 

durability of the cementitious system, shows that there is a significant reduction in this parameter 

when PCM-E is added to the cement pastes. This is likely a result of enhanced reactivity where 

the smaller PCM-E particles provide nucleation sites, which result in an increased CH content.  
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4.4.4 Compressive Strength of Mortars Containing PCM-M and PCM-E 

The compressive strength development as a function of age for mortars containing different 

volume fractions of PCM as replacement of the fine aggregate (sand) are shown in Figures 4-8(a) 

and (b) for mortars containing PCM-M and PCM-E respectively.  

 

Figure 4-8: (a) and (b) Compressive Strengths as a Function of Time for Mortars Containing 

Different Volume Fractions of PCM-M (a), and PCM-E (b). In These Mixtures, the PCMs 

Replaced the Fine Aggregates in the Mortars. The Standard Deviation in Compressive Strengths 

Ranged Between 2 and 5 MPa Early Ages and 4 and 10 MPa at Later Ages. (c) Flexural 

Strengths at 28 Days as a Function of PCM Volume Fraction. The Standard Deviation in 

Flexural Strengths Were Less Than 0.8 MPa. 

A significant difference is noted between the compressive strength trends of mortars containing 

PCM-M and PCM-E. While there is a consistent reduction in strength when PCM-M replaces sand 

in the mortars, the strengths of mortars containing up to 15% of PCM-E by volume are higher than 

that of the plain mortar at all ages. The strength, in the latter case, is highest when 10% by volume 

of PCM replaces sand, and then further decreases with increasing PCM content in the mortar – 

while still remaining higher than that of the plain mortar. Similar trends are noticed in flexural 
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strengths, as shown in Figure 4-8(c). Previous studies have noted reductions in compressive 

strength of concrete when PCMs are added (Eddhahak-Ouni et al., 2014; Memon, Cui, Lo, et al., 

2015). The decrease in strength was a proposed to be due to the addition of significant amounts of 

a material that offers no mechanical resistance, and/or the rupture of the nodules and the resultant 

release of the organic PCM into the cementitious matrix that detrimentally interferes with cement 

hydration. In the case of PCM-M incorporated in mortars, this explanation is consistent; see also 

Figure 4-6. The agglomerated PCM-M disintegrates in the mixing phase, creating numerous weak 

zones in the matrix, thereby providing the same effect that voids have on cementitious systems.  

On the other hand, PCM-E particles are more uniformly dispersed, remain intact in the matrix and 

are coated by the cementitious reaction products (see Figure 4-6). The polymeric shell covering 

the active PCM core is also different for PCM-M and PCM-E as shown in Section 4.4.1. The 

properties of the shell, along with a denser interface in the system containing PCM-E, influences 

the stress sharing with the matrix, which results in differing responses for the systems containing 

PCM-M and PCM-E. While the compressive strengths of PCM-incorporated mortars showed 

diverging trends based on the PCM type, the strength of the paste mixtures were found to 

consistently reduce with increasing PCM volume fraction as has been observed elsewhere 

(Fernandes et al., 2014; Shilpa, 2011), irrespective of the PCM type (albeit a larger strength drop 

for pastes containing PCM-M as compared to those containing PCM-E). Thus it is also conceivable 

that the overall effects of matrix-inclusion (sand or PCM) interaction on the stresses in the volume 

of interest is influenced by the relative fractions of strong and hard quartz (sand) particles, and 

weak and soft PCM-E particles, and the mechanical properties of the interfacial region. As such, 

the forthcoming section investigates these effects using finite element simulations to better 
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understand and explain the experimental observations on the strength of mortars containing PCM-

E.  

4.4.5   Finite Element (FE) Simulations for the Strength of Mortars Containing PCM 

This section presents a microstructure-guided FE analysis of mortars in which a fraction of sand 

is replaced by PCM-E in an attempt to evaluate the matrix-inclusion interactions including the 

effects of interfaces on the compressive response of the mortar. An analysis of mortars containing 

PCM-M is not reported here since the agglomeration of nodules and their breakage render them 

analogous to voids as shown in Figure 4-8.   

4.4.5.1 Model Parameters and Material Properties 

A two-dimensional plane strain finite element (FE) model is used to characterize and compute the 

compressive properties of the mortar as shown in Figure 4-9. Using symmetry boundary 

conditions, one-quarter of the (square) model is used to include quartz particles and/or PCM 

inclusions arranged in a square lattice within a cement paste matrix. The analysis is performed 

using ABAQUSTM. The top face of the geometry is subjected to uniform compressive loading 

parallel to the Y-axis. The model considers an inclusion (PCM + quartz) volume of 50%, consistent 

with the mortars used in the experiments. The edge length of the representative element area (REA) 

for all the mortar models is taken as 114 µm to accommodate enough (36 in this case) quartz (sand) 

or PCM inclusions so as to capture inter-particle effects. The diameter of both the quartz and the 

PCM-E particles are taken as 15 µm for ease of analysis even though the median size of quartz 

particles is an order of magnitude larger than that of PCM-E. The size consideration is part of a 

detailed forthcoming study; however when the quartz size is increased to represent reality, the 

REA will have fewer large quartz particles and more PCM particles which are more dispersed in 
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the REA. This will result in stress concentrations that are more dispersed in the matrix (as will be 

shown later), and thus the case that is considered here is a more conservative one. In addition, a 

weaker interfacial transition zone (ITZ) – a region of higher porosity - exists around the hard quartz 

inclusions in mortars as has been well documented (Lee & Park, 2008; Lutz, Monteiro, & 

Zimmerman, 1997; Scrivener, Crumbie, & Laugesen, 2004; W. Zhu & Bartos, 2000). This reduces 

the mechanical properties at the quartz-paste interface, and to account for that, an interfacial layer 

is provided around the inclusions in the model (Figure 4-9). For the particle size considered in this 

model, the interface layer thickness is taken as 1 µm. If larger quartz particles are used to represent 

real cases, the weak interfacial zones around them will be thicker, leading to even larger stress 

concentrations. Thus, from this consideration too, the model shown here is conservative. For the 

case of PCM-E, micrographs shown in Figure 4-6 reveal a dense and likely stronger interface, 

which is accounted for in the model.   

The elastic properties of the components in the mortars – cement paste, quartz aggregates, the core 

and shell of PCM-E, and the quartz-cement and PCM-E-cement interfaces – are presented in Table 

4-2. These values are adopted from (Constantinides & Ulm, 2004; Daphalapurkar, Wang, Fu, Lu, 

& Komanduri, 2010; Jianfeng Hu, Chen, & Zhang, 2009; Konnerth, Gindl, & Müller, 2007; Yang, 

1998). PCM-E contains a core encapsulated by a polymeric shell. The constitutive relationships 

for cement paste and quartz are considered to be linear elastic whereas the constitutive material 

model for PCM core and shell are adopted as bilinear elasto-plastic with strain hardening. The 

stress-strain curves for the core and shell of the PCM capsules are adopted from experimental data 

for similar systems reported in (Jianfeng Hu et al., 2009; Hussain, 2009).   
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Table 4-2: Elastic Properties of the Components of the Mortar for FE Simulations 

Elastic property 

Hardened 

cement 

paste  

Quartz 

Quartz- 

Cement 

paste 

interface 

PCM-E- 

Cement 

paste 

interface 

PCM - E 

Core Shell 

Young's Modulus, E 

(GPa) 

20 70 16 24 0.0557 9 

Poisson's Ratio,   (--) 0.22 0.17 0.22 0.22 0.495 0.34 
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Figure 4-9: FE Model Showing the Boundary Conditions, Applied Compressive Loading, and a 

Magnified Representation of the Inclusions with the Zones Around Them. The Model Contains 

50% of Inclusions (Quartz + PCM) by Volume (or Area), Consistent with the Mortars Used in 

the Experiments. 

Three different mortar models are implemented in this study: (i) the first with a quartz volume 

fraction of 50%, (ii) the second where ~10% of quartz is replaced by PCM-E, and (iii) the third 

where ~50% of quartz is replaced by PCM-E. PCM-E consists of a paraffin core and a polymer 

(melamine formaldehyde – Section 3.1) shell of 1 µm thickness. The PCM-E shell is very strong 

in compression (~250 MPa (Mercadé-Prieto et al., 2012)). In addition, as mentioned earlier, a 

paste-inclusion interfacial layer of 1 µm is also used. The meshing is done by seeding the edges of 

the different surfaces in the model individually in order to obtain non-uniform meshing for 

computational efficiency. The elements in the matrix are larger whereas the possible areas of stress 

concentration such as the interfacial elements, the PCM shell, and the core of the inclusions contain 

more refined meshes as can be seen in Figure 4-9. Free quad-dominated 4-noded bilinear plane 

strain quadrilateral elements (CPE4 element implemented in ABAQUSTM) are used in the FE 

models. A mesh convergence study was carried out to establish that the required responses showed 

a converging trend. The finest mesh (10689 nodes and 11282 elements) that yielded a converged 

solution is shown in Figure 4-9 and is used in the numerical study.   

4.4.5.2 The Influence of Inclusion Characteristics on Stress Distribution in a Single-Inclusion 

System 

A single-inclusion model, with all other properties being the same as explained for the model 

shown in Figure 4-9, is adopted here to elucidate the effect of softer and harder inclusions (relative 
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to the stiffness of the matrix) on the overall stress distribution in the composite. A uniform pressure 

of 40 MPa is applied on the top face of the microstructure that contains a quartz particle (Figure 

4-10(a)) or a PCM particle (Figure 4-10(b)). A general observation of the stress distribution in 

Figure 4-10(a) suggests that the stress is mainly concentrated inside the quartz particles that have 

significantly higher strength and stiffness than the surrounding paste. This relieves the compressive 

stress in the paste. The stresses in the quartz-paste interface also increase in the process and the 

interface zone becomes critical in terms of failure since it is weaker than the bulk paste. On the 

other hand, when a PCM particle is introduced into the paste, the softer (than paste) PCM particle 

experiences negligible stresses (Figure 4-10(b)), and the stress is concentrated at the PCM-paste 

interface. Similar observations are reported for soft particles elsewhere (Gilabert, Garoz, & Van 

Paepegem, 2015). Note that the PCM shell is very strong (~250 MPa) and the interface between 

paste and PCM-E is assumed to be slightly stronger than the bulk paste (see the following section). 

Consequently, the paste phase experiences increased stresses as the PCM is only marginally 

involved in load sharing. A comparison of these figures also indicates that a zone directly above 

and below the quartz particle is highly stressed, whereas the corresponding stress is much lower 

in the PCM inclusion case. Thus, it is likely that the failure patterns would be different in both 

these cases. There is also a need to consider like and unlike particle interactions which is shown 

in the following section.   
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Figure 4-10: The Influence of: (a) Hard (Quartz) Particle, and (b) Soft (PCM-E) Particle on the 

Stress Distribution in the Composite. The Color Schemes in Both the Figures are Dissimilar and 

Hence Do Not Represent the Same Stress Level. Refer to the Individual Stress Levels Listed. 

Von Mises Stresses (in MPa) Indicated in these Figures Have Been Used to Study the 

Compressive Response of Particulate Composite Systems (Andreasen & Karihaloo, 1996; 

Proulx, 2011). 

4.4.5.3. Stress Distributions and Probable Failure Patterns in Multiple-Inclusion Systems 

The model shown in Figure 4-9 is implemented to understand the influence of inter-inclusion 

interactions and the volume fraction of PCM-E on the stress distributions and probable failure 

patterns of the mortars. This paper does not explicitly consider failure theories and thus the 

probability of failure is judged by a simple strength-of-materials approach., i.e., when the stress 

exceeds the element strength in compression. A uniform pressure of 40 MPa is applied on the top 

face. Figures 4-11 (a), (c), and (e) represent the stress distribution in plain mortar with 50% quartz 

inclusion by volume, mortar with ~10% replacement of quartz sand by PCM, and mortar with 50% 

replacement of quartz by PCM respectively.  
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In the plain mortar with 50% quartz inclusions (Figure 4-11(a)), the stresses are concentrated inside 

the quartz inclusions and at the paste-quartz interface as seen previously in the single-inclusion 

model. Since all the inclusions are of the same nature, a single-inclusion model is capable of 

adequately capturing this behavior. Note that the stresses in the microstructure are very similar for 

the single-inclusion (Figure 4-10(a)) and multiple-inclusion cases (Figure 4-11(a)).  

When 10% of quartz is replaced by the softer (than paste) PCM with a strong shell, stress 

concentrations appear in the PCM-paste interface as shown in Figure 4-11(c), but the stress levels 

(peak stress and range) are reduced as compared to the single-inclusion model shown in Figure 4-

10(b). This is because the stress is transferred partially to the quartz inclusions (note the increase 

in concentrated stress in the quartz particle farther from the PCMs as compared to that in single 

inclusion model). The quartz particles are much stronger and this stress level is unlikely cause their 

failure. Thus, inter-inclusion interactions becomes important in dictating failure. Also note that the 

quartz particles that are the nearest neighbors to the PCMs have lower stresses than those away 

from the PCM, because the stresses are transferred to the matrix in the vicinity of the PCM 

particles. Even then, the maximum stress in the paste away from any of the interfaces is only about 

10% higher than that of the case when no PCMs are present. These observations reinforce two 

important aspects from a strength viewpoint that need to be considered when particles similar to 

PCM-E are used in small volumes in cementitious systems – the need to: (i) strengthen the cement 

paste (matrix) phase, and (ii) use stronger aggregates (both fine and coarse). Figure 4-11(e) shows 

the stress distribution when 50% of quartz is replaced by the softer PCM particles. Notice the 

significant increase in paste stresses, which is more than double than that of the case in which no 

PCMs are present. In other words, the paste is likely to fail at a much lower load as compared to 

the previous two cases, when higher volume fractions of PCMs are used.  
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Figure 4-11: Von Mises Stress (MPa) Distributions (a, c, e) in the Mortars and a Representation 

of the Probable Failure Patterns (b, d, f): (a) and (b) Plain Mortar with 50% Quartz Inclusions; 

(c) and (d) Mortar with 10% PCM-E Replacing Quartz; (e) and (f) Mortar with 50% PCM-E 

Replacing Quartz. Note that the Color Schemes are Different for Figures (a), (c), and (e). 

In an attempt to discern the zones of probable failure in these three model systems, the stresses in 

Figures 4-11(a), (c), and (e) are grouped into four ranges: (i)  < 40 MPa, (ii) 40 MPa    50 

MPa, (iii) 50 MPa    60 MPa, and (iv)  > 60 MPa. This considers the compressive strength 

of the cement paste to be 50 MPa, and that of the quartz-paste and PCM-paste interfaces to be 40 

MPa and 60 MPa respectively. It must be mentioned that the chosen values of the interfacial 

strengths serve a vivid representation of the failure zones; even if only smaller differences are 

maintained between the paste and the interfacial strengths, the same behavior will be noticed. 

Figures 4-11(b), (d), and (f) depicts the failure regions in these systems.  

For the plain mortar without any PCM inclusions, Figure 4-11(b) shows that the quartz-paste 

interface stresses are greater than its strength which is taken as 40 MPa. The likely failure of the 

interface results in the stresses being transferred to the nearby interfacial elements and thus the 

most probable failure path in this system progresses around the inclusions. Similar observations 

on failure of cement mortars have been reported elsewhere (Buyukozturk & Nilson, 1971). For the 

mortar where ~10% of quartz is replaced with PCM-E, there are localized and discontinuous stress 

concentrations at the PCM-paste interface, which results in the stresses being released in the 

neighboring  quartz-matrix interfaces as well as quartz particles in the direction of applied pressure 

(Figure 4-11(d)). Since the PCM-paste interface is expected to be stronger than the bulk paste, the 

failure path will still be concentrated along the quartz-paste interfacial elements as shown in Figure 
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4-11(d). However, the probability of failure is reduced as compared to the pure quartz system 

because of reduced number of quartz-paste interfacial elements that have stress concentrations that 

exceed the failure stress, which is evident when Figures 4-11(b) and 4-11(d) are compared. This 

is reflected in the form of improved strength when low volumes of PCM-E are used as sand 

replacement in mortars, as shown in Figure 4-8.  

It is also worthwhile to extrapolate the results to account for the effects of PCM/quartz sizes and 

dispersion in realistic systems. Replacing a small volume of quartz by PCM-E results in more 

particles of PCM-E than the quartz that it replaces. Thus the already existing areas of stress 

concentrations around the PCMs shown in Figure 4-11(d) will be dispersed further, resulting in 

the stresses in the paste also being more evenly distributed. Moreover, increased number of 

stronger PCM-paste interfaces and an increase in the tortuosity of the paths connecting the stress 

concentrations, are likely to lead to an increased load carrying capacity for this system. The 

simulations presented here have not taken into account the beneficial energy dissipating effect of 

the softer particles and their contribution towards preventing crack propagation and coalescence.    

When a mortar with substantial amount of quartz particles are replaced by PCMs as shown in 

Figure 4-11(e), it is very likely that many of the PCM particles will have many other PCM particles 

as their nearest neighbors. This will lead to the paste matrix between these particles being highly 

stressed, the stresses being far greater than their failure stress, as is shown in Figure 4-11(f). Thus, 

more probable paths of failure propagate through the matrix and the material potentially fails 

through the paste at a much lower load as compared to plain mortar and the mortar with 10% PCMs 

replacing sand. This explains the strength deterioration at higher volume fractions of PCMs. The 

FE analysis presented here provides an insight into the effect of PCM inclusions on the 



 

66 
 

compressive strength of cement mortars. The analysis, which is conservative by virtue of it not 

accounting for the implications of inclusion size differences and its dispersion in the paste, is useful 

towards rational material design of PCM-cement composites by helping tailor the properties of the 

paste phase, inclusion properties, and the volume fraction of PCMs (within limits) in order to 

mitigate strength loss in these composite systems.  

4.5 Conclusions 

This chapter has characterized two different microencapsulated PCMs and examined their 

influence on compressive strength of cementitious composites. The shell material, core-to-shell 

ratio, and the thermal characteristics (enthalpy and phase change temperature) were different for 

both the PCMs. The PCMs were also different in morphological characteristics: PCM-M consisted 

of aggregations ranging between 10 and 300 µm which were comprised of smaller nodules less 

than 5 µm in diameter, and PCM-E consisted of discrete individual particles with a median particle 

size of 7 µm. Not surprisingly, the latter particles were found to disperse uniformly when examined 

using µ-CT while the former showed breakage of capsules into individual smaller nodules. While 

the pastes containing both the PCMs showed similar total porosities, the critical pore sizes were 

lower for the pastes containing PCM-E, indicating microstructural refinement.  

The mortars where quartz sand was replaced by varying volume fractions demonstrated increase 

in compressive and flexural strengths until a certain replacement level of PCM-E whereas for 

mortars containing PCM-M, the strengths continually decreased with PCM incorporation. The 

disintegration of PCM-M resulted in them acting essentially as voids in the matrix. A 2D plane 

strain finite element model was used to examine the influence of interaction between quartz, PCM-

E, and the paste matrix on stress sharing. In the plain mortar with 50% quartz inclusions, the 
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stresses were concentrated inside the quartz inclusions and at the paste-quartz interface, which was 

also confirmed by a single-inclusion model. The weaker paste-quartz interfacial elements resulted 

in the most likely failure path progressing around the inclusions. In systems where small amounts 

of quartz was replaced by PCM, localized stress concentrations were observed at the PCM-paste 

interface, but the PCMs being few and far between, the predicted failure region was still along the 

weaker paste-quartz interface. The probability of failure was reduced in this case as compared to 

the pure quartz system because of reduced number of quartz-paste interfacial elements. In realistic 

systems, this effect will be more prominent because of the relative size and dispersion of 

quartz/PCM inclusions, which will lead to more dispersed PCM-paste interfacial stress 

concentrations and increased tortuosity of the crack paths. When the system contained a substantial 

amount of PCMs, the stress concentrations at the paste-PCM interfaces grew, and the likelihood 

of paste failure increased substantially. The conservative FE analysis presented here could be 

useful towards tailoring the component phase properties and volume fraction of PCMs to mitigate 

strength loss.  

  



 

68 
 

5.0 POROUS INCLUSIONS AS CARRIERS FOR PCM IN CEMENTITIOUS COMPOSITES 2 

5.1 Introduction 

Phase change materials (PCMs) are combined sensible-and-latent thermal energy storage (TES) 

materials that can be used to store and release energy in the form of heat (Pielichowska & 

Pielichowski, 2014; Rathod & Banerjee, 2013; A. Sharma et al., 2009; Zalba et al., 2003). As the 

temperature increases, the endothermic phase change of PCMs from solid-to-liquid states absorbs 

heat, while as the temperature decreases, the exothermic liquid-to-solid transition releases heat. 

The incorporation of PCMs in walls and roofs has been extensively studied as a means to reduce 

the energy consumption in  buildings (Cao et al., 2015; Hembade et al., n.d.; Frédéric Kuznik et 

al., 2011; Memon, 2014). While several approaches have been considered to incorporate PCMs in 

cement-based materials, the most common variants include the addition of microencapsulated 

PCMs directly to the concrete (Delgado, Lázaro, Mazo, & Zalba, 2012; Joulin, Zalewski, Lassue, 

& Naji, 2014; V. V. Tyagi et al., 2011), or impregnation of liquid PCMs into porous inclusions 

that can subsequently be added as aggregates in concrete (Memon, Cui, Zhang, et al., 2015; 

Nepomuceno & Silva, 2014; Sakulich & Bentz, 2012; Sharifi & Sakulich, 2015; B. Xu & Li, 2013; 

B. Xu, Ma, Lu, & Li, 2015). In the latter case, PCM in liquid state is impregnated into the pores 

of lightweight aggregates (LWA). This overcomes one of the main disadvantages of lightweight 

structures as building envelopes, i.e., their low thermal inertia. Large temperature fluctuations in 

such buildings can be reduced through the use of PCM incorporations, in addition to providing 

increased thermal insulation. This approach can also be used in applications such as bridge-decks 

to limit the number and/or intensity of freeze-thaw cycles experienced by concrete (Dale P. Bentz 

                                                           
2 The information presented in this chapter is published in Construction and Building Materials 134 (2017): 574-

584. 
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& Turpin, 2007), and to reduce the rate of thermal deformation and stress development by 

controlling the semi-adiabatic temperature rise (Fernandes et al., 2014). 

This paper characterizes liquid-PCM impregnated porous LWA hosts, examines the thermal 

performance of cementitious composites containing PCM-impregnated LWAs, and evaluates 

composite models to predict the thermal conductivity of such multi-component composites.  

Several methods to impregnate porous aggregates with PCMs have been reported (Nomura, 

Okinaka, & Akiyama, 2009; D. Zhang, Li, Zhou, & Wu, 2004; D. Zhang, Tian, & Xiao, 2007). 

The amount of heat stored and released by PCMs contained within the pores of LWAs depends on 

the pore structure of the LWA as well as the thermal properties of the PCM (i.e., enthalpy, specific 

heat, and phase transition temperature). Thus a fundamental characterization of PCMs and LWAs 

is important in properly understanding their thermal response and the efficient design of LWA-

PCM composite mortars. This paper characterizes four different types of LWAs with respect to 

their capacity to impregnate an organic paraffin-based PCM in their material structure, and 

consequently influence the composite thermal properties. These porous inclusions are 

subsequently incorporated into cement mortars and their thermal conductivities measured using a 

guarded hot-plate method. Effective medium and mean-field homogenization models are used to 

predict the thermal conductivity of the composite mortars. Emphasis is paid to the fact that the 

saturated LWAs containing PCMs along with water and air are multi-phase composite materials 

in their own right.  The impact of phase property contrast in prediction is brought out.    
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5.2 Experimental Program 

5.2.1 Materials  

A commercially available Type I/II ordinary portland cement (OPC) conforming to ASTM C150, 

a paraffin-based liquid PCM supplied by Entropy Solutions (PureTemp 24X), and four different 

LWAs were used. The LWAs used were pumice (PU), perlite (PE), expanded shale/clay (ESC), 

and expanded slate (ES). Coarse sand (CS), having a median particle size of 600 µm was used in 

the control mortar. The particle size distributions of all the LWAs and the CS are shown in Figure 

5-1. The median particle size (d50) of OPC was 10 µm and the median particle size for the LWAs 

ranged between 800 and 1200 µm.   

 

Figure 5-1: Particle Size Distributions of the LWAs and the Coarse Sand. 

5.2.2 LWA Pretreatment and Absorption of PCM  

Since LWAs are used as PCM hosts in this study, it is important to determine their absorption 

capacity. Initially, LWAs were washed and sieved to remove any material finer than 150 µm (No. 

100 sieve), as their contribution to total absorption is deemed negligible. The use of fine material 

could result in erroneous absorption values because of the increased PCM adsorption on the 
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surfaces rather than absorption into the pores. After washing, the LWAs were placed in the oven 

at 100°C for 48 hours to remove any evaporable water and achieve an oven dry (OD) state. Drying 

beyond 48 hours resulted in negligible mass changes. The physical properties of the LWA 

including their relative densities in the oven dry and saturated surface dry (SSD) conditions were 

measured as per ASTM C128.  

The absorption of PCM into the pores of the LWA was determined by soaking a known mass of 

LWA in the liquid PCM, PureTemp 24X, for 72 hours, after which the soaked LWA was placed 

in a fine mesh to allow the excess PCM to drain. The soaking was performed at a temperature 

greater than the phase transition temperature of the PCM (in this case, 24oC) to keep it in the liquid 

state throughout. Vacuum saturation was not employed to ensure that the impregnation method 

can be easily replicated in practice. After a 24-hour drain period, the LWA was weighed again, 

and its absorption was determined. Negligible increase in absorption was observed when the 

soaking time was increased beyond 72 hours.  

5.2.3 Mixtures 

Ten mixtures (nine mortars, and one paste) were proportioned with a volumetric water-to-binder 

ratio, (w/b)v = 1.58 (mass-based w/p ≈ 0.50). Table 5-1 shows the mixture proportions and the 

corresponding nomenclature. The mortar samples were proportioned for a constant paste volume 

of 50%. For the LWA mortars, 5% PCM by overall volume of the mortar was incorporated by 

adjusting the amount of LWA impregnated by the PCM. The pumice aggregate used has a porosity 

of 39% and an absorption capacity of 21% (See Section 3.1).  In other words, 21% of the total 

volume of LWAs will contain the PCM. If all the LWA (which is 50% by volume of the mortar) 

is saturated with PCM, then the volume fraction of PCM in the mortar would be 21% of 50%, or 
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10.5%. Since the intention is to use only 5% by volume of PCM in the mortar, PCM-soaked pumice 

LWAs will need to be used along with non-PCM impregnated LWAs in this mortar. Thus, almost 

half of the total LWA used in this mortar will be non-impregnated ones. Alternatively, when perlite 

LWA with an absorption of 11.2% is considered, almost all of the LWA needs to be impregnated 

to achieve the desired PCM volume fraction of 5% (the volume fraction of PCM in the mortar is 

11.2% of 50%, which is 5.6%). Thus 5% of PCM is used for all the mortars to ensure consistency.  

Table 5-1: Mixture Proportions (Volumetric) used in this Study. 

Mixture 

OPC 

(%) 

LWA 

(%) 

CS 

(%) 

PCM 

(%) 

OPC Paste  100 - - - 

Plain Mortar 50 - 50 - 

Mortar with LWAs (PU0, 

PE0, ES0, ESC0) 
50 50 - - 

 Mortar with PCM-

impregnated LWAs (PU5, 

PE5, ES5, ESC5) 

50 45 - 5 

 

5.2.4 Test Methods 

The porosity of the different LWAs was characterized using mercury intrusion porosimetry (MIP) 

carried out on oven dried samples. The mercury porosimeter is capable of exerting a maximum 

pressure of 414 MPa. The relationship between pore diameter and intrusion pressure was 
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established using the Washburn equation, based on the assumption that the pores are cylindrical 

(Washburn, 1921). The contact angle and surface tension values were assumed as 117o and 0.485 

N/m respectively (Liabastre & Orr, 1978).  

The compressive strengths of mortars containing both the non-impregnated and PCM-impregnated 

LWAs were determined in accordance with ASTM C109 on 50 mm cubes at different ages.  

The thermal properties (e.g. onset, peak, and phase change temperatures, enthalpy, and specific 

heat capacity) of the LWAs and PCM-impregnated LWAs were determined using differential 

scanning calorimetry (DSC) in accordance with ASTM E 1269-11. Four replicates for each 

specimen type were tested using aluminum pans. A temperature sweep was carried out wherein 

the sample was heated from -10°C-to-50°C followed by cooling to -10°C in an inert nitrogen 

environment. A rate of temperature change (i.e., heating and cooling) of 5°C/min was used. Heat 

flow calibration was performed using a sapphire reference. Equation 5-1 was used to determine 

the specific heat capacity (Cp), in J/(g.K) of the LWAs prior to PCM impregnation. 

Cp(s) = Cp(st) ∙
Ds∙Wst

Dst∙Ws
              (5-1) 

Here Cp(st) is the specific heat capacity of the sapphire standard in J/(g.K), Ws is the mass of the 

specimen (mg), Wst is the mass of the sapphire standard (mg), Ds is the vertical displacement 

between the heat flow curves of the specimen holder (mW) and the specimen at a given 

temperature, and Dst is the vertical displacement between the heat flow curves of the specimen 

holder and sapphire standard (mW) at a given temperature.  

Thermal conductivity was determined in accordance with ASTM C 177 using a guarded hot plate 

apparatus (Figure 5-2(a)) wherein the applied power is measured in a centralized metered section. 

The central metered section (Figure 5-2(b)) is surrounded by thermally isolated guards (a small 
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gap separates the hot plate and guards), thus enabling 1D heat flow. Heat sinks located on the top 

and bottom of the apparatus dissipate the heat to ensure uniform temperatures at the outer surfaces 

of the specimen. Two identical (300 x 300 x 12 mm) plate specimens were used to ensure 

symmetrical heat flow. Cementitious specimens were tested after 28 days of hydration and allowed 

to dry in ambient conditions for 24 hours prior to testing. The duration of testing for each specimen 

was between 6-to-10 hours, as needed to establish a steady-state temperature gradient over the 

thickness of the specimen. Thermal conductivity (λ) was determined using Fourier’s equation as: 

λ =
qL

2A(Th−Tc)
         (5-2) 

where q is the power input to the central heater, L is the thickness of the specimen, A is the surface 

area of the central heater, Th is the temperature of the hot face, and Tc is the temperature of the 

cold face.  
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Figure 5-2: (a) Side Profile of the Guarded Hot Plate Apparatus, and (b) Aerial Profile of the 

Centralized Metered Section for Determining Thermal Conductivity. 

5.3 Characterization of LWAs, LWA-PCM Composites, and Mortars 

5.3.1 Pore Volume and PCM Absorption of LWAs 

Obtaining the appropriate physical properties and pore structure characteristics of LWA that are 

important in PCM impregnation is critical towards material design of thermally efficient 

cementitious systems. Figure 5-3 shows the relationship between pore size and volume of mercury 

intruded for the different LWAs studied. Table 5-2 shows average specific gravities (oven dry, OD 

and saturated surface dry, SSD), average pore diameters, porosities, and the PCM absorption 

capacities after 72 hours of immersion, of the four different LWAs.  

The PCM absorption capacity (Table 5-2) is an important parameter that dictates the thermal 

efficiency of the composite. The pumice and expanded shale/clay aggregates show higher PCM 

absorption capacities than perlite and expanded slate. Since the soaking of LWA by PCM was 

carried out under ambient conditions (i.e., no vacuum was applied), absorption represents the 

volume of easily accessible pores. Even though the porosity of expanded shale/clay LWA is about 
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14% higher than that of the pumice LWA, it has a PCM absorption that is about 5% less than that 

of pumice. This can be attributed to the average pore diameter of the pumice LWA being 30% 

greater than that of the expanded shale/clay. Larger pore sizes at comparable porosities ensure 

larger absorption as shown in Table 5-2. For the perlite LWA, the porosity is the lowest but the 

absorption capacity is comparable to that of expanded slate LWA because of the much larger pore 

sizes which allow the PCM to penetrate most of the available pore spaces.    

 

Figure 5-3: Pore Diameter-Pore Volume Relationships for the Four Different LWA Types. 

 

Table 5-2: Physical Properties of Lightweight Aggregates. 

LWA 

S.G. 

(OD) 

S.G. 

(SSD) 

PCM 

Absorption, 

% by vol. 

Avg. 

Pore 

Diameter 

(µm) 

Porosity 
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Pumice 1.45 1.75 21.1 516 0.39 

Perlite 1.72 1.81 11.2 580 0.15 

Exp. Shale/Clay 1.07 1.33 15.7 361 0.53 

Exp. Slate 1.77 1.99 10.6 247 0.30 

 

5.3.2 Thermal Properties of LWAs and LWA-PCM Mortars 

5.3.2.1 Enthalpy of Phase Change (Hf
0) 

DSC was used to determine the specific heat capacity of the pristine LWAs as described earlier. 

The specific heat capacities of all the LWAs were determined at a temperature of 27.5°C (beyond 

the PCM phase transition). The measured specific heat capacity, shown in Table 5-3, ranges 

between 0.62-to-0.91 J/g-K, and are very similar to those reported for these materials (Andersson 

& Dzhavadov, 1992; Sailor & Hagos, 2011; Sailor, Hutchinson, & Bokovoy, 2008; Zukowski & 

Haese, 2010).  

Figure 5-4 shows the endothermic heat flow peak for the four different LWAs impregnated with 

PCM (up to their absorption capacity, Table 5-2), after 72 hours of absorption. The endothermic 

peak represents the heat being absorbed by the PCM (latent energy storage), as a result of phase 

transition. The melting point or endothermic peak occurs at 24°C for all the LWA-PCM 

combinations, i.e., at the intrinsic PCM phase change temperature. The difference in heat flow 

curves between different LWA-PCM combinations is a result of the differences in the PCM 

absorption capacity of the LWA (Table 5-2). Unsurprisingly, the degree of PCM absorption, which 

in turn depends on the pore structure of the LWA, influences the thermal energy storage. The total 
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area under the heat flow curve in the temperature range between the onset and completion of phase 

transition, which corresponds to the enthalpy of phase change of the composite, is shown for all 

the LWA-PCM combinations in Table 5-4. The theoretical enthalpy was calculated from the 

amount of PCM (by mass) absorbed in the different LWA types and the enthalpy of phase change 

of the PCM, which in this case was 184 J/g. The calculated and measured enthalpies for all the 

combinations are similar, though the measured enthalpies are slightly higher. This is likely due to 

the presence of small amounts of PCM that adhere to the surface of the LWAs even after the 

draining process. The results presented are the average of three DSC runs for a given sample. The 

uncertainty in the measured data is on the order of 4%-to-15%.    

 

Figure 5-4: DSC Curves of LWAs Impregnated with PCM, After 72 Hours of Absorption. 

Table 5-3: Specific Heat Capacity of the LWAs. 

LWA 

Specific Heat Capacity (J/g-

K) 
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Pumice 0.91 

Perlite 0.62 

Exp. Shale/Clay 0.68 

Exp. Slate 0.88 

 

Table 5-4: Enthalpy Comparison of the LWA-Impregnated PCMs. 

LWA+PCM 

Measured 

Enthalpy (J/g) 

Calculated 

Enthalpy (J/g) 

Pumice 31.66 30.42 

Perlite 14.45 11.78 

Exp. 

Shale/Clay 

34.26 28.70 

Exp. Slate 12.24 11.40 

 

5.3.2.2 Thermal Conductivity of LWA Mortars 

The thermal conductivity of all the mortars evaluated here are shown in Figure 5-5. The accessible 

pores in the LWA that contribute to its absorption capacity (Table 5-2) are filled with water or 



 

80 
 

water and PCM. The thermal conductivity is the highest for the conventional OPC mortar because 

of the higher thermal conductivity of the dense quartz particles (K.-H. Kim, Jeon, Kim, & Yang, 

2003; Waite, deMartin, Kirby, Pinkston, & Ruppel, 2002). The reduction in thermal conductivity 

when regular sand is replaced by LWA (irrespective of the LWA type) is easily noted. PCM 

impregnated LWA mortars generally show thermal conductivities that are about 10%-to-20% 

lower than the regular LWA (water-saturated) mortars, at a total PCM content of 5% by volume 

in the mortars. This reduction in thermal conductivity can be attributed to the lower thermal 

conductivity of the PCM (0.15 W/m-K) as compared to that of water (0.6 W/m-K). In addition, 

the absorption capacity of the LWA also influences the thermal conductivity since the pores that 

are not accessible to water and/or PCM are filled with air that has a much lower thermal 

conductivity than any of the other constituents. Densification of the interface layer in LWA mortars 

(Uysal, Demirboğa, Şahin, & Gül, 2004) influences heat transfer and could result in diminishing 

some of the effects of porosity-induced thermal conductivity reduction. The porosity and surface 

characteristics of LWAs are thus also important.  The thermal conductivity data show that, in 

addition to the latent heat capacity of PCMs that help reduce energy consumption when used in 

building envelopes, the enhanced insulation provided by LWA concrete containing PCMs is also 

beneficial in energy efficient construction.  
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Figure 5-5: Thermal Conductivity Determined After 28 Days of Hydration for the Paste and 

Mortars. The First Data is for OPC Paste, and the rest are for Mortars Where the Paste Volume 

Fraction is 0.50. 

 

5.3.3 Compressive Strength of PCM-Impregnated LWA Mortars 

Previous studies suggest that the PCMs have the propensity to leak out of their LWA host, and 

interfere with cement hydration and mechanical property development of concrete (Hunger et al., 

2009; Memon, Cui, Zhang, et al., 2015). The compressive strength development as a function of 

curing time for LWA mortars without and with 5% (of the total mortar volume) of PCMs 

impregnated in the LWAs are shown in Figures 5-6(a) and (b) respectively. A comparison of these 

figures reveal that the compressive strengths remain rather invariant of both the LWA type and 

PCM incorporation in the LWAs.  These results establish that LWAs can be used as effective hosts 

for PCM without adversely influencing the strength development. It also shows that the pre-

treatment and PCM impregnation methodology described earlier can be adopted effectively 
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without any leakage of PCM from the LWAs into the matrix. In previous studies, when there was 

potential for such leakage, cement paste coating on the LWAs was found to resolve it (Kheradmand 

et al., 2015; X. Li, Sanjayan, & Wilson, 2014).   

 

Figure 5-6: Compressive Strengths as a Function of Time for: (A) Plain LWA Mortars, and (B) 

LWA Mortars Containing 5% PCM by Total Mortar Volume, Impregnated in the Pores of the 

LWAs. The Standard Deviation in Compressive Strengths Ranged Between 2 and 3 MPa at 

Early Ages and 1 and 2 MPa at Later Ages. 

5.4 Predictive Models for Thermal Conductivity of LWA-PCM Composite Mortars 

As noted earlier, LWA-containing cementitious materials, are random multi-phase media 

consisting of the solid phase, and the distributed pore phases that can contain a combination of air, 

water and/or PCM. Thus, in contrast to general multi-phase media which consists of one 

continuous matrix and multiple inclusion types, LWA mortars consist of an inclusion phase which 

by itself has two or three components, as shown in Figure 5-7. Accurately predicting the 

engineering behavior of such multi-component materials is a challenging task. For two-component 

mixtures (matrix and one type of inclusion) with an ordered microstructure, exact models exist. 
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When the microstructure is random, bounds on effective properties are usually adopted (Hashin & 

Shtrikman, 1962; Milton, 1981). Effective medium approximations (EMA) (Jayannavar & Kumar, 

1991) and generalized EMAs (W.-Z. Cai, Tu, & Gong, 2006; Jayannavar & Kumar, 1991; 

McLachlan, 1988) have been proposed and validated. When geometry information is available 

along with the volume fractions, narrower bounds can be attained. For example, mean field 

homogenization models use the aspect ratio and orientation of the inclusion phase to provide 

accurate property descriptors (Pierard, Friebel, & Doghri, 2004; Stránský, Vorel, Zeman, & 

Šejnoha, 2011).  

In this paper, a simple analytical model and a simplified mean field homogenization model are 

used to estimate the thermal conductivity of LWA-PCM mortars. Accurate prediction of thermal 

properties helps develop mixture proportions for composite mortars, including the amount and 

type of LWA and PCM needed for desired thermal performance. However, it needs to be noted 

that these models cannot take into account clustering, percolation, and size effects, which can be 

accomplished only using detailed numerical modeling schemes.  

Homogenization is executed for a two-component mixture (cement paste and LWA). Since LWA 

contains the solid phase, and pores containing water, air, or PCM, its effective thermal property is 

homogenized separately. Accurate determinations of the volume fractions of the appropriate 

components, the intrinsic thermal conductivity of solid phase in LWAs (considering that the 

thermal conductivities of water, air, and PCM are known), and the effective thermal conductivity 

of the LWA (i.e., including air, water, PCM) are needed for property prediction. It needs to be 

emphasized that the effective property of the LWA is not for an individual LWA particle, but a 

representative one for the entire quantity of LWAs present in the mortar. Realistically, some LWAs 
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in the mortar contain water and air, while others contain PCM and air. The “idealized” LWA 

particle combines both these types as shown in Figure 5-7.    

 

Figure 5-7: Idealized LWA for Effective Property Determination. Some LWAs have PCM While 

Some Others Have Water to Ensure Desired PCM Levels in the Mortars. An “Idealized” LWA is 

Also Shown, that is Representative of the LWA Phase. 

5.4.1 Volume Fractions of Component Phases  

Since all the mortars were proportioned to contain 5% of PCM by total volume, and the mortars 

contain 50% by volume of LWA, the volume of PCM as a fraction of total LWA volume (of all 

the LWAs in the mortar) is 10%. The remaining pore volume of the LWAs is filled with water and 

air. The amount of water filled pores is determined by subtracting the PCM volume from the LWA 

absorption capacity, and the remaining fraction of porosity is considered as air voids. The volume 

fraction of water filled pores in the LWA mortars without PCM is the same as its absorption 

capacity. Table 5-5 presents the individual phase volume fractions in the different LWAs.  
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Table 5-5: Fractions of Solid, Water, PCM, and Air in the LWAs in the PCM-Impregnated 

Mortars. The Water Comes from the Saturated, Non-PCM Impregnated LWAs Added to Ensure 

that the Total PCM Volume Fraction in the Mortar is 5%. 

LWA Porosity 

Solid 

fraction 

Absorption 

capacity 

PCM 

content 

Water 

content 

Air void 

content 

Pumice 0.39 0.61 0.211 0.1 0.111 0.179 

Perlite 0.15 0.85 0.112 0.1 0.012 0.038 

Exp. Slate 0.30 0.7 0.106 0.1 0.006 0.194 

Exp. 

Shale/Clay 

0.53 0.47 0.157 0.1 0.057 0.373 

 

5.4.2 Intrinsic Thermal Properties of The Components  

The thermal conductivities of water, air, and PCM (0.6, 0.15, and 0.025 W/m-K respectively) are 

known (Kadoya, Matsunaga, & Nagashima, 1985; Ramires et al., 1995). The thermal conductivity 

of the solid phase of the different LWAs was estimated by inverse analysis using the Mori-Tanaka 

approach (Böhm & Nogales, 2008; Mori & Tanaka, 1973; Stránský et al., 2011).  

Mori-Tanaka homogenization method has been used to determine the effective properties of 

cement-based materials (da Silva, Němeček, & Štemberk, 2013; Das, Yang, et al., 2015; Sorelli, 

Constantinides, Ulm, & Toutlemonde, 2008; Yang, 1997). It approximates the interaction between 
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the different components by considering that each inclusion is embedded, in turn, in an infinitely 

extended homogeneous reference medium (matrix) that is subjected to a temperature gradient. In 

other words, each inclusion behaves like an isolated inclusion in the matrix experiencing the 

average temperature gradient in the matrix as the far-field gradient. The effective thermal 

conductivity based on Mori-Tanaka model is given as (Böhm & Nogales, 2008): 

                                                            (5-3) 

Here, is the effective composite thermal conductivity; is the thermal conductivity of 

matrix;  is the thermal conductivity of inclusion, is the inclusion volume fraction and 

is the Mori-Tanaka gradient concentration tensor of the inclusion, given as (Böhm & Nogales, 

2008): 

                                                                 (5-4) 

Here, is the matrix volume fraction, i.e., , denotes the identity tensor and is 

the gradient concentration tensor of dilute inclusions with perfect interfaces, given as (Böhm & 

Nogales, 2008): 

                                                             (5-5) 

where is the resistivity tensor, given as and is the Eshelby tensor (Böhm & 

Nogales, 2008; Hiroshi & Minoru, 1986). For multiple spherical inclusions of isotropic thermal 

conductivity embedded in a uniform matrix, Equation 5-3 reduces to a scalar expression as 

(Benveniste, 1986; Stránský et al., 2011): 
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      (5-6) 

The experimentally measured thermal conductivities of the plain LWA mortars (without PCM) 

were used in a two-step inverse analysis procedure to obtain the thermal conductivity of solid 

phase in different LWAs (See Figure 5-8). In the first step, the measured thermal conductivity of 

the different LWA mortars and the known thermal conductivity of the cement paste (see Figure 5-

5) are used to back-calculate the thermal conductivity of the different LWAs. The second step 

calculates the thermal conductivity of solid phase of the LWA from the homogenized thermal 

conductivity of LWA obtained from Step-I and the known thermal conductivities of air and water. 

The solid phase thermal conductivities of pumice, perlite, expanded slate, and expanded shale/clay 

were obtained as 0.80, 0.59, 0.82 and 1.1 W/m-K respectively, reflecting the differences in the 

mineralogy of these LWAs.   
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Figure 5-8: Inverse Analysis Procedure for the Determination of Thermal Conductivity of the 

Solid Phase of LWAs. 

5.4.2.1 Predicting Effective Thermal Conductivity of PCM-Impregnated LWA Mortars  

Amongst the different EMAs available, Maxwell-Garnett model is used here since it has been used 

in the past to predict the thermal conductivity of multi-component particulate composite materials 

(McCartney & Kelly, 2008; Meshgin & Xi, 2013). Other more involved predictive approaches 

such as Felske and Hamilton-Crosser models were also used but they were found to be similar to 

Maxwell-Garnett model in their predictive capability, and thus not elaborated here. The 

homogenized thermal conductivity  can be obtained from the thermal conductivities of the 

matrix ( ) and the inclusion ( ) phases as: 

      (5-7) 

In this equation, iv the volume fraction of inclusion i and N is the number of inclusion phases.  
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The simplified mean-field homogenization scheme applies the Mori-Tanaka method (Böhm & 

Nogales, 2008; Mori & Tanaka, 1973; Stránský et al., 2011). Two different approaches are 

implemented. First, a two-step homogenization process, both involving the Mori-Tanaka scheme, 

is implemented as shown in Figure 5-9. In the first step, the water-filled voids, PCM-filled voids 

and the air voids are homogenized with the solid LWA matrix to obtain the homogenized thermal 

conductivity of LWA. The second step homogenizes the effective LWA (determined in Step-I) 

with that of the hardened cement paste matrix to determine the effective thermal conductivity of 

the PCM-impregnated LWA mortar.   

 

Figure 5-9: Two-Step Mori-Tanaka Homogenization Scheme for Determination of Thermal 

Conductivity of PCM-Impregnated LWA Mortars. 

The homogenization method described above relies on knowledge of the microstructural 

arrangements in the composite, i.e., the LWAs are dispersed in the matrix. When the 

microstructural arrangement is not known, a sequential homogenization process needs to be 

employed. This approach homogenizes a two-component medium at any given step, and uses the 

homogenized results in the following step. The order of homogenization relies less on the 
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Matrix 
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Step-II : Homogenized thermal 
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microstructural arrangement and is dictated by the property contrast between the components. 

Figure 5-10 depicts the stages in the four-stage homogenization approach, also involving the Mori-

Tanaka method. The four-stage homogenization procedure includes the following steps: (i) the 

first stage of homogenization considers the solid phase of LWAs as the matrix and the water filled 

pores as inclusions; (ii) the homogenized thermal conductivity obtained from step-I is then input 

as the matrix for the second stage with the PCM filled pores as inclusions, (iii) in the third step, 

the resultant of the second stage serves as the matrix to which the air voids are added as inclusions 

to obtain the effective thermal conductivity of LWA inclusions; and (iv) the last step homogenizes 

the LWAs into the matrix of hardened cement paste to obtain the effective thermal conductivity of 

PCM-impregnated LWA mortars. This approach minimizes the effects of thermal conductivity 

contrast of different phases on the predicted effective property.  
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Figure 5-10: Four-Step Mori-Tanaka Homogenization Scheme for Thermal Conductivity 

Determination of Mortars with PCM-Impregnated LWAs. 

The effective thermal conductivities of the PCM-impregnated LWA mortars predicted using the 

Maxwell-Garnett and Mori-Tanaka schemes are shown in Figure 5-11. It is immediately evident 

that the two-step Mori-Tanaka approach best predicts mortar thermal conductivity. The differences 

between the measured and predicted results range from 7% to 13%, with the largest difference for 

the system that has the highest amount of air voids (expanded shale/clay; Table 5-5) and the least 

difference when the volume of air voids is the least (perlite). The thermal conductivity contrast 

between air voids and other components is the largest (one-to-two orders of magnitude), and hence 

higher volume fractions of air voids result in increased divergence of the predictions from 

experimental results.  Presence of phases with high property contrasts limits accurate prediction of 
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effective properties as reported in (Das et al., 2016; Dunant et al., 2013; Idiart, Willot, Pellegrini, 

& Ponte Castañeda, 2009). 
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Figure 5-11: Experimental and Predicted Thermal Conductivity Values of PCM-Impregnated 

LWA Mortars. 

 

Figure 5-12:  Normalized Change in Thermal Conductivity as a Function of the Microstructural 

Contrast Factor. 
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To quantify the influence of the microstructural components and contrasts in their thermal 

conductivities on the predicted effective property, a microstructural contrast factor () is defined 

as:  

         (5-8) 

 is the thermal conductivity of solid phase of the LWA, is the thermal conductivity of air, 

 is the volume fraction of solid phase in LWAs and  is the volume fraction of air voids in 

LWAs. This factor accounts for both the thermal conductivities as well as the volume fractions of 

the phases with the highest property contrast. Figure 5-12 shows the relationship between the 

contrast factor and the normalized change in thermal conductivity (norm = /exp), where  is 

the absolute difference between the measured and predicted thermal conductivities and exp is the 

measured thermal conductivity. In this figure, norm is represented as the average for all the four 

different aggregates considered.  A smaller value of norm indicates better predictive efficiency of 

the model. It is shown that an increase in  results in a lower prediction accuracy, thereby 

quantifying the influence of volume fractions and properties of the contrasting components on the 

modeling results.  

5.5 Conclusions 

The influence of LWA characteristics on PCM impregnation efficiencies, and the resulting thermal 

properties of the mortars are reported within this chapter. Four different LWAs of different 

mineralogy and pore structure features were used. The mixtures were designed to ensure 5% of 

PCM by volume of the mortar. Thus, both PCM–impregnated and non-impregnated LWAs, 
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depending on their porosity and absorption capacity, were incorporated into the composite. 

Microstructural and thermal characterization of the PCM hosts were carried out in order to 

implement predictive models for thermal properties. The LWA mortars containing 5% of PCM 

showed thermal conductivities that are 10% or more lower as compared to those of the plain LWA 

mortars, which can be attributed to the lower thermal conductivity of PCM as compared to water.  

A simple effective medium theory, and a mean-field homogenization model were used to predict 

the thermal conductivity of LWA-PCM mortars. An inverse analysis procedure was established to 

determine the thermal conductivities of the solid phase of the different LWAs.  It was shown that 

the application of Mori-Tanaka mean-field homogenization method that considered the known 

microstructural arrangement of the composite (i.e., a heterogeneous inclusion in a homogeneous 

matrix) resulted in a better predictive capability than the use of sequential homogenization based 

on thermal conductivity contrast of the different components in the composite. This finding thus 

provides guidelines on analytical modeling of effective properties of hierarchical composite 

materials. The understanding that the relative volume fractions of phases with the largest property 

contrasts (in this case, the solid phase of LWA and air), and the magnitude of these property 

contrasts impact the accuracy of analytical predictive schemes led to the formulation of a 

microstructural contrast factor. This factor was well correlated to the difference in the experimental 

and predicted thermal conductivities.  
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6.0 INFLUENCE OF COMPLIANT MICROSCALE INCLUSIONS (PCMs) ON THE 

FRACTURE BEHAVIOR OF CEMENTITIOUS COMPOSITES3 

6.1 Introduction 

Phase change materials (PCMs) have long been used in thermal energy storage applications due 

to the large amount of heat being absorbed or released while undergoing the phase change. The 

use of PCMs as constituents in building elements (i.e., non-structural components such as 

insulation, and recently in load-bearing roofs and walls) to improve the indoor thermal comfort 

and building energy efficiency are being extensively researched (L. F. Cabeza et al., 2011; Cao et 

al., 2015; Khudhair & Farid, 2004; F. Kuznik et al., 2015; Frédéric Kuznik et al., 2011; T.-C. Ling 

& Poon, 2013b). Past studies have investigated the use of direct incorporation of PCMs into 

building elements or PCMs that are microencapsulated (Memon, 2014; W. Su et al., 2015; V. V. 

Tyagi et al., 2011). Experimental and numerical simulations of PCM incorporated building 

elements (Eddhahak-Ouni et al., 2014; Hembade et al., n.d.; Kong et al., 2014) have shed light into 

the energetic and economic advantages of such systems.  

In addition to the use of PCMs for indoor comfort and energy management in buildings, the 

fundamental phase change response of these materials can be advantageously employed to mitigate 

thermal cracking in concrete. Thermal cracking in restrained concrete elements (e.g., pavements, 

bridge decks, flat slabs etc.) is caused by temperature changes that are driven by hydration 

reactions and/or exposure conditions. A previous study (Fernandes et al., 2014) has presented 

experimental evidence of the beneficial influence of microencapsulated PCMs in mitigating 

                                                           
3 The information presented in this chapter is published in Cement and Concrete Composites 94 (2018): 13-23. 
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thermal cracking in cementitious systems. When softer inclusions such as PCMs are incorporated 

into structural materials like concrete, it is inevitable that the mechanical performance not be 

compromised. A recent study has investigated the influence of two different types of 

microencapsulated PCMs on the microstructure and mechanical properties of cementitious 

systems (Aguayo et al., 2016.). It was shown that the type of microencapsulation (i.e., the 

constitution and properties of the shell) and the size distribution of microencapsulated particles 

significantly influences the mechanical properties.   

This paper concerns the effect of microencapsulated PCM particles on the fracture response of 

cementitious mortars. The major objective is to evaluate if beneficial changes in fracture properties 

and crack propagation behavior are obtained through the incorporation of these inclusions, along 

with slight stiffness reduction. The fracture process zone (FPZ), the zone at the crack-tip where 

energy dissipating mechanisms are dominant, which is also influenced by the presence of 

inclusions (Akcay et al., 2012; Mihashi, Nomura, & Niiseki, 1991; Prado & van Mier, 2003; 

Surendra P. Shah, Swartz, & Ouyang, 1995; Van Mier, 1991; Yates, Zanganeh, & Tai, 2010), is 

examined through the use of digital image correlation (DIC). Tracking the FPZ provides a better 

understanding of the crack propagation behavior in the PCM mortars since the determination of 

bulk fracture parameters are likely confounded by effects other than those occurring in the 

localized region around the crack tip. Detailed characterization of FPZ in mortars containing 

different volume fractions of two types of microencapsulated PCMs and different median sizes of 

quartz (sand) particles is reported here so as to identify the influence of the size of smaller 

inclusions on crack propagation in mortars.   
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 6.2 Experimental Program 

 6.2.1 Materials and Mixtures  

Commercially available Type I/II ordinary portland cement (OPC) conforming to ASTM C 150, 

and two different microencapsulated, paraffinic phase change materials (PCMs) referred to as 

PCM-E and PCM-M were used in this study. The major difference between the two PCMs are in 

their particle sizes, morphology, and the material that forms the shell of the PCM particles 

(polymethyl methacrylate or PMMA for PCM-M, and melamine formaldehyde or MF for PCM-

E). Three different sizes of commercial grade silica sand were used for the mortars, referred to as 

fine sand (FS), medium sand (MS), and coarse sand (CS). The median particle size (d50) of OPC 

is 10 µm, PCM-E is 7 µm, FS is 250 µm, MS is 400 µm, and CS is 700 µm as determined from 

laser diffraction, and are shown in Figure 6-1 (a). PCM-E comprises of well dispersed 

microencapsulated particles whereas PCM-M is an agglomeration of fine particles. PCM-M breaks 

down during dispersion prior to particle size analysis and electron micrography revealed that the 

median particle size of the PCM-M agglomerate is 150 µm.  Scanning electron micrographs of 

both the PCMs are shown in Figures 6-1(b) and (c) respectively.  

Cementitious mortars were proportioned using medium sand and a volumetric water-to-powder 

ratio, (w/p)v = 1.26 (mass-based w/p ≈ 0.40). The mortar samples were proportioned with a 

constant paste volume of 50%. In addition to the control OPC mortar, the mixtures included PCMs 

(both PCM-E and PCM-M) at three volumetric inclusion levels of 5, 10, and 20%. PCM was used 

as a partial replacement of the medium sand in the mortars. Additionally, plain mortar specimens 

were prepared using fine and coarse sands to examine the influence of sand particle sizes on the 
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fracture process zone in the mortars. The mortar specimens were stored in a moist chamber (>97% 

RH, 23±2°C) until 28 days, after which they were tested. 

 

 

Figure 6-1: (a) Particle Size Distributions of OPC, PCMs, and Quartz Sands (FS, MS, and CS 

Representing Fine Sand, Medium Sand, and Coarse Sand Respectively); and Scanning Electron 

Micrographs for: (b) PCM-M and (c) PCM-E. 

6.2.2 Experimental Methods 

The fracture response of the mortar beams was determined using three-point bending tests on 

notched beams (330 mm x 76mm x 25 mm in size) with a central notch 19 mm deep. The three-
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point bend test was performed using a closed-loop testing machine, with the crack mouth opening 

displacement (CMOD) measured using a clip gage acting as the feedback signal. The test was 

terminated at a CMOD of 0.18 mm. The flexural strengths of un-notched mortar beams were 

determined in accordance with ASTM C 293/293M-10. Both the flexural strength and fracture 

tests were performed on four replicate beams for each mixture. 

Digital image correlation (DIC) technique was performed on the notched beams to evaluate the 

fracture parameters (critical stress intensity factor (KIC) and critical crack tip opening displacement 

(CTODC)), fracture process zone (FPZ) development, and to provide insights on the crack 

propagation behavior of mortars containing hard shell-soft core inclusions such as PCMs along 

with hard inclusions such as sand. DIC is a non-contact optical method that is used to track 

displacements through randomized speckle patterns on the surface of the specimen. Two high-

resolution (5 megapixel) monochrome cameras acquired images once every two seconds until the 

mechanical test was terminated. The cameras were placed so as to image a rectangular area of 

approximately 120 mm x 60 mm above the notch. More details on the test procedure can be found 

in (Das et al., 2014; Das, Aguayo, Sant, Mobasher, & Neithalath, 2015). The imaged areas were 

analyzed using a commercial software (VIC-3DTM). The correlations between the subsets of 

images from the deformed and undeformed states were determined in order to calculate the 

displacement fields. The corresponding mathematical formulations are described in detail 

elsewhere (Sutton, Orteu, & Schreier, 2009; Yates et al., 2010). The crack tip opening 

displacements (CTOD) and the crack extension can be extracted from horizontal displacement 

fields, and the in-plane Lagrangian strain fields provide information on the strain localization at 

the crack tip. 
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 6.3 Results and Discussions 

 6.3.1 Mechanical Response of PCM-Containing Mortars 

This section evaluates the global fracture response of PCM-modified mortars, evaluated through 

multiple loading-unloading cycles. These loading-unloading cycles are then used to obtain 

unloading compliances which serve as the basis for the crack growth resistance (R) curves 

discussed in a later section. The results for mortars containing PCM-E are described prominently 

here because of the better mechanical properties of this composite as shown in the remainder of 

this paper as well as in a recent publication by the authors (Aguayo et al., 2016). Representative 

load-CMOD responses are shown in Figure 6-2 (a) for the plain OPC mortar and the mortar 

containing 10% PCM-E by volume as sand-replacement. Figure 6-2 (b) depicts the peak load and 

residual load at a CMOD of 0.16 mm for the mortars containing 0, 5, 10 and 20% PCM-E by 

volume as sand-replacement. The influence of PCM-E volume fraction (up to 20% of PCM-E 

replacing sand) on the peak load of notched beams is rather minimal. In other words, mechanical 

property reduction, as is common in systems containing soft inclusions (such as lightweight 

aggregates or rubber particles) are not noticed here. The flexural strengths determined on un-

notched beams (Fig. 6-2 (c)) show that there is some strength enhancement when low volumes of 

PCM-E replace sand in the composite. Note that the cement paste volume fractions in all the 

mortars are identical. Finite element (FE) simulations of PCM-containing mortars are detailed 

below to shed light into this observation. 
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Figure 6-2: (a) Representative Load-CMOD Responses for the Plain Mortar and a Mortar 

Containing 10% of PCM-E by Volume, (b) Peak Load for All Mortars and the Corresponding 

Residual Loads at a CMOD of 0.16 mm, and (c) Flexural Strength as a Function of PCM 

Volume Fraction for the Mortars (PCM-E Replacing Sand). The Error Bars Represent One 

Standard Deviation of the Response Parameters Obtained from Four Replicate Specimens. 
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6.3.1.1 Finite Element (FE) Simulations for Microstructural Stress Distributions in Mortars 

Containing PCM 

Finite element analysis was performed using two-dimensional plain strain elements in order to 

better understand the mechanisms of stress distribution in the microstructure when PCM-E 

particles replaces sand, which results in the strength response observed in Figure 6-2. A 

sufficiently large (4.15 mm x 4.15 mm) representative element area (REA) is considered for 

analysis. The virtual random periodic 2D microstructures were generated using a microstructural 

stochastic packing algorithm (Lubachevsky, 1991; Lubachevsky & Stillinger, 1990; Lubachevsky, 

Stillinger, & Pinson, 1991; Meier, Kuhl, & Steinmann, 2008). This algorithm accepts the particle 

size distribution (PSD) and the volume fraction of particles as inputs and packs the circular 

inclusions with an interface layer of predefined thickness around them inside the REA. The sand 

particles are considered to have a uniform distribution within a size range of 0.5-to-0.7 mm 

whereas a size distribution corresponding to that shown in Figure 6-1(a) is adopted for PCM-E. 

The material (PCM-E, quartz, and cement paste matrix) properties are shown in Table 6-1, which 

were obtained from (Constantinides & Ulm, 2004; Daphalapurkar et al., 2010; Hagstrand & 

Oksman, 2001; Hussain, 2009; Konnerth et al., 2007; Mercadé-Prieto et al., 2012; Yang, 1998).  

Table 6-1: Elastic Properties of the Components of the Mortar for FE Simulations. 

Elastic property 

Hardened 

cement 

paste 

 

Quartz 

PCM - E 

Core Shell 

Homogenized 
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Young's Modulus, E 

(GPa) 

20 70 0.056 9.0 

4.45 

Poisson's Ratio,   (--) 0.22 0.17 0.495 0.34 0.40 

 

After the generation of the microstructure, the REA is meshed with a Python script (S. Li, 2008; 

van der Sluis, Schreurs, Brekelmans, & Meijer, 2000; Xia, Zhou, Yong, & Wang, 2006) through 

a commercial finite element analysis package (ABAQUSTM) and thus an orphan mesh file is 

obtained. Periodic boundary conditions (PBC) (S. Li, 2008; van der Sluis et al., 2000; Xia et al., 

2006) are employed in the 2D REA to eliminate the boundary effects and unrealistic stress 

concentrations associated with essential boundary conditions. PBC ensures displacement 

continuity (neighboring unit cells cannot be separated or they cannot penetrate each other) and 

traction continuity at the boundary of neighboring unit cells. PBC is implemented on the REA as 

nodal displacement constraints through a Python language program appended to the orphan mesh 

file containing the periodic microstructure information. A strain-controlled testing scenario is 

simulated using nodal displacement constraints. An axial strain of 0.12% is employed to simulate 

the compressive behavior. This is well within the linear elastic regime of cementitious materials, 

thus providing information relevant to structural design. Details on the development of the 

microstructural packing algorithm, FE analysis procedure, and post-processing are reported in a 

publication by the authors (Das et al., 2016). The constitutive response of the material in the linear 

elastic regime can be obtained using this “microstructure-guided” simulation approach.  
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Figures 6-3 (a-1) and (b-1) show the generated microstructure for a mortar with 50% sand by 

volume and mortar with a sand-PCM combination (40% sand + 10% PCM-E., i.e. 10% sand 

replacement by PCM-E) respectively. Figures 6-3 (a-2) and (b-2) show the dominant principal 

stress ( 22 in this case) distributions in the microstructures corresponding to an axial strain of 

0.12%. Magnified representation of stress distributions in both microstructures are shown in 

Figures 6-3 (a-3) and (b-3) for clarity. General trends in stress distribution suggest that, for the 

same imposed strain (in the linear elastic regime), the harder quartz particles experience higher 

stresses due to their higher stiffness whereas softer PCM particles deform due to its lower stiffness 

as compared to all other constituents in the system. This results in a stress relaxation effect in the 

microstructure when PCM particles are distributed randomly in the microstructure. This is 

reflected in the bulk response of the two mortars. The smaller size of PCM particles in relation to 

the size of sand particles it replaces also helps in better stress distribution in the microstructure. A 

slight reduction in the REA effective stress, and the improved distribution of stresses thereby 

reducing preferential paths of failure (Aguayo et al., 2016), are likely to manifest in the form of 

improved load carrying capacity of mortars where sand is replaced by PCMs (within a limit). At 

higher PCM dosages, the stress in the cement paste matrix increases significantly because of the 

presence of a large number of weaker inclusions close to each other, which governs the failure 

mechanism. A microstructure-guided FE analysis of the kind shown here is useful in choosing the 

type of PCM (based on the elastic properties of the core and the shell) and the PCM volume fraction 

to obtain desired mechanical performance. 
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Figure 6-3: Random Microstructures and FE-Based Stress Distributions for: (a-1,2,3) Cement 

Mortar with 50% Quartz Inclusions by Volume; and (b-1,2,3) Cement Mortar Containing 40% 

Quartz and 10% PCM Inclusions by Volume. 

  

(a-1) (b-1)

(a-2) (b-2)

(a-3) (b-3)
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6.3.2 Fracture Parameters (KIC and CTODC) of PCM-Containing Mortars 

The two main fracture parameters of interest for quasi-brittle cementitious materials are the critical 

stress intensity factor (KIC) and the critical crack tip opening displacement (CTODC). These 

parameters were determined at 95% of the peak load from the horizontal displacement fields 

extracted from DIC, as shown in Figure 6-4. The critical crack tip opening displacement (CTODC) 

is determined directly from the CTOD value corresponding to 95% of the peak load in the post-

peak regime, from the measured horizontal displacement field. The fracture toughness (KIC) was 

computed using Equations 6-1(a) and (b) (Gdoutos, 2006; Nunes & Reis, 2012). The KIC values 

determined based on DIC measurements of crack extension have been shown to relate reasonably 

well to those determined using conventional methods such as the two-parameter fracture model 

(TPFM) (Jenq & Shah, 1985; Mobasher, 2011; Rehder, Banh, & Neithalath, 2014; Surendra P. 

Shah et al., 1995).  

𝐾𝐼𝐶 =
𝑃𝐿

𝑏𝑑3 2⁄ 𝐹 [
𝑎𝑒𝑓𝑓

𝑑
]        (6-1a) 

𝐹 [
𝑎𝑒𝑓𝑓

𝑑
] = [2.9 (

𝑎𝑒𝑓𝑓

𝑑
)

1 2⁄

− 4.6 (
𝑎𝑒𝑓𝑓

𝑑
)

3 2⁄

+ 21.8 (
𝑎𝑒𝑓𝑓

𝑑
)

5 2⁄

− 37.6 (
𝑎𝑒𝑓𝑓

𝑑
)

7 2⁄

+ 38.7 (
𝑎𝑒𝑓𝑓

𝑑
)

9 2⁄

]

 (6-1b) 

The effective crack length aeff = a0 + Δa, where  a0 is the initial notch depth and a is the crack 

extension.  

The fracture toughness (KIC) represents the ability of the material to resist fracture whereas CTODC 

indicates the onset of unstable crack propagation. Figure 6-5 shows the fracture parameters for the 

plain and PCM-E modified mortars as a function of PCM-E volume fraction. KIC follows a similar 
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trend to that of the flexural strength and peak load response, where the PCM incorporated mortars 

perform similar to or slightly better than the plain mortar until a certain replacement level of sand 

by PCM-E. KIC is more demonstrative of the bulk response of the material and the presence of a 

small volume of well dispersed microscale soft inclusions replacing larger hard inclusions does 

not seem to influence the bulk behavior significantly. It has also been noticed that the critical pore 

sizes in cementitious systems containing smaller volume fractions of PCMs are lower than that in 

unmodified systems even though the pore volume remains rather invariant (Aguayo et al., 2016). 

Smaller pore sizes, and more distributed pores are known to beneficially impact the fracture 

toughness of cementitious systems (D’Orazio, Lenci, & Graziani, 2014; Moukwa, Lewis, Shah, & 

Ouyang, 1993). CTODC, which primarily accounts for the bridging interlock effects of the 

microstructural constituents, increases slightly as the volume of PCM-E increases.  A reduction in 

the stiffness in the vicinity of the crack (due to the incorporation of the softer, microscopic PCM 

particles) results in the material being able to undergo larger inelastic deformations in the crack-

opening direction before the formation of a macro crack, thereby increasing the CTODc. These 

results indicate that the incorporation of softer PCM inclusions within limits at the expense of the 

stiffer quartz particles does not detrimentally influence the fracture properties of the material.  
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Figure 6-4: Horizontal Displacement Field Corresponding to 95% of the Peak Load Obtained 

from DIC, used to Determine CTODc and Effective Crack Length. 

 

Figure 6-5: Fracture Toughness (KIC) and Critical Crack Tip Opening Displacement (CTODc) 

for the Plain and PCM-E Modified Mortars. 

6.3.3 Crack Growth Resistance of PCM-Containing Mortars 

The bulk fracture parameters (KIC and CTODC) discussed in the previous section do not provide 

any insights into the crack propagation mechanisms as influenced by the constitution of the 
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composite. Hence crack growth resistance (R) and fracture process zone (FPZ) are used in this 

paper to obtain a fundamental understanding of the influence of PCM inclusions on the fracture 

response of the mortars. The resistance (GR) curves are obtained using a compliance-based 

approach, which is based on the assumption that stable crack propagation leads to an increase in 

compliance of the specimen (Das et al., 2014; Mobasher, 2011; M Wecharatana, 1983). 

Contribution from both the elastic and inelastic strain energy release rates are incorporated in the 

determination of crack growth resistance (GR). The elastic component of GR is computed using the 

unloading compliance, whereas the inelastic CMOD is used to determine the inelastic component. 

The total crack growth resistance (GR) is given as (Arino & Mobasher, 1999; Chengsheng, Barzin, 

& Surendra P., 1990; Das et al., 2014; Mai & Hakeem, 1984; Mobasher, 2011; Sakai & Bradt, 

1986): 

GR =  Gelastic +  Ginelastic =  
P2

2t

∂C

∂a
+

P

2t

∂(CMODinelastic)

∂a
   (6-2) 

Here, ‘C’ is the unloading compliance, ‘P’ is the applied load, ‘t’ is the thickness of the specimen 

and ‘a’ is the crack length. The unloading compliances and the inelastic CMOD values are obtained 

from the cyclic load-CMOD responses (Figure 6-2(a)). Unloading compliance is determined as the 

slope of fit line to the linear part of unloading cycle whereas the residual CMOD upon unloading 

(unloading to approximately 10% of the capacity to ensure adequate contact between the clip gage 

and the specimen) in each cycle is quantified as the inelastic or non-recoverable CMOD.  The 

crack extensions are obtained using each of the unloading compliances from the cyclic load–

CMOD curves (Das et al., 2014; Mobasher, 2011). The unloading compliances and the inelastic 

CMOD are plotted as a function of crack extension (a), which on further differentiation yields 

the rate terms in Equation 6-2.  
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Figure 6-6: Strain Energy Release Rates for the Plain and 10% PCM Incorporated Mortars: (a) 

Overall GR, (b) Inelastic Component of GR, (c) Elastic Component Of GR, And (d) Comparison 

of GR and its Elastic and Inelastic Components as a Function of PCM Volume Fraction. The 

Values in (d) Correspond to the Plateaus in the R-Curve Response. 

Figure 6-6 (a) shows the strain energy release rates as a function of crack extension for the plain 

mortar and the mortar containing 10% PCM-E by volume. Increasing crack extension results in 

increasing strain energy release rates until the plateau region in the R-curve is reached, where there 

is no change in energy demand for crack propagation. In both the rising and the plateau regions, 

the strain energy release rate is higher for the mortar containing 10% PCM-E particles. This is 

consistent with the values of the fracture parameters (KIC and CTODC) determined earlier. Since 
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the total crack growth resistance is a combination of both elastic and inelastic contributions, these 

contributions are separated and shown in Figures 6-6 (b) and (c) respectively for the plain and 10% 

PCM-E incorporated mortars. Figure 6-6 (d) shows the total strain energy release rates 

(corresponding to the plateau) as well as its inelastic and elastic components as a function of PCM-

E inclusion levels. The total strain energy release rate as a function of PCM inclusion level follows 

a similar trend to that of the peak load sustained (Figure 6-2(b)) and fracture toughness (Figure 6-

5). The elastic component of the strain energy release rate arises from the incremental crack growth 

whereas the inelastic component has its origins in other effects including frictional loss and 

permanent deformation caused due to crack-opening (Carpinteri, 2012; Ortiz, 1985; Richard, 

Ragueneau, Cremona, & Adelaide, 2010). From these figures, it can be seen that the trends in the 

total, inelastic, and elastic components of the R-curve are similar, with the inelastic component 

being the dominant one. The dominance of the inelastic contribution for both the plain and PCM-

incorporated mortars indicates that more energy is being dissipated through inelastic deformations. 

The increase in inelastic deformations compared to the plain OPC mortar that also results in a 

higher CTODc is postulated to be a result of crack blunting and/or enhancement in crack path 

tortuosity in systems containing PCM. In addition, the smaller pore sizes in PCM-modified 

systems also likely contribute to better crack growth resistance. In the forthcoming section, the 

localized response at the crack tip is elucidated in further detail.  

6.3.4 Fracture Process Zone (FPZ) in PCM-Modified Mortars 

An understanding of the bulk fracture response of the PCM-modified mortars (strain energy release 

rates and fracture parameters) have been provided in the previous sections. It was shown that the 

microencapsulated PCM inclusions used here, beneficially influence the fracture resistance up to 
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a certain volume fraction of PCM incorporation into the composite. This section investigates the 

local processes occurring at the tip of the advancing crack through a careful evaluation of the 

fracture process zone (FPZ) in these systems, using digital image correlation (DIC). FPZ is the 

microcracked, inelastic region around the traction-free crack tip which collectively accounts for 

the inelastic toughening mechanisms including microcracking, crack deflection, increase in crack 

path tortuosity, and crack blunting. These toughening mechanisms are significantly influenced by 

the cement paste matrix characteristics (Das, Aguayo, et al., 2015) and the size of inclusions (e.g., 

aggregates) present in the mixture. Energy dissipation at the tip of the crack which results in 

toughening, increases with increase in inclusion size. Thus it is logical to consider the FPZ to be 

dependent on the inclusion size, which has been confirmed for inclusions that are at least a few 

millimeters in size (Amparano, Xi, & Roh, 2000; Nikbin et al., 2014; Otsuka & Date, 2000; Rao 

& Prasad, 2002; Trivedi, Singh, & Chattopadhyay, 2015; Wu, Rong, Zheng, Xu, & Dong, 2011). 

Minimal information exists in literature on the influences of the presence of soft(er) microscopic 

particles (of the size range of PCMs used in this study) and their dispersion on the crack 

propagation response of cementitious systems. Hence it is useful to quantify the FPZ dimensions 

to facilitate comparison of the changes in the local fracture response brought about by 

compositional changes in cementitious materials.  

It has been shown in this paper that when sand is replaced by PCM-E up to 10% by volume, the 

strain energy release rate and fracture toughness are slightly improved as compared to the plain 

OPC mortar. Results reported in this paper as well as in a previous work by the authors (Aguayo 

et al., n.d.) have also shown that the peak load (and thus the strength) slightly increases up to a 

PCM-E volume fraction of 10%. An examination of Equations 6-1a and 6-2 reveals that both the 
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fracture toughness and strain energy release rates (both elastic and inelastic) are dependent on the 

peak load. Thus, it is necessary to evaluate if the slightly enhanced resistance to crack propagation 

as evaluated using the aforementioned parameters is a by-product of an increased load carrying 

capacity (as described by the simulations and (Aguayo et al., 2016)), or if energy dissipation at the 

tip of the crack is indeed influenced by these microscopic inclusions. This is accomplished by 

characterizing strain localization at the tip of the advancing crack using the FPZ (S. P. Shah, 2012; 

Surendra P. Shah et al., 1995). The width of the FPZ (defined as the extent of strain localization 

perpendicular to the direction of crack growth) is generally fully developed when the peak load is 

reached, and unstable crack propagation starts beyond this region (Hadjab.S, Chabaat, & Thimus, 

2007; Otsuka & Date, 2000; Skarżyński, Kozicki, & Tejchman, 2013; S. Xu & Reinhardt, 1998, 

2000). FPZ width at a given distance above the notch is determined by fitting the surface strain 

profile with a normal distribution, where the standard deviation of the distribution is a 

representation of the FPZ width, as has been explained in several recent publications (Das, 

Aguayo, et al., 2015; Skarżyński et al., 2013; Skarżyński & Tejchman, 2013). Considering that a 

normal distribution curve truly represents the horizontal strain profile, the FPZ width can be 

considered to be equal to 4 since 95% of the values of the normal distribution function are within 

±2 of the mean value. The FPZ widths are highly influenced by the image resolution, where a 

higher image resolution results in a smaller FPZ width (Skarżyński et al., 2013), and thus the use 

of FPZ widths should be limited to comparison purposes.  

The FPZ corresponding to several points in the load-CMOD plot are determined, but two of them 

are shown here for illustrative purposes: the first corresponding to 95% of the peak load in the 

post-peak regime, which corresponds to CTODc, and second, at a CMOD of 0.06 mm, which is in 
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the post-peak region where the FPZ height would have substantially increased from the previous 

case, owing to unstable crack propagation. Figure 6-7 shows the representative load-CMOD 

responses for the plain OPC mortar and the mortar containing 10% PCM-E, and the corresponding 

strain fields at 95% peak load in the post-peak regime and at a CMOD of 0.06 mm. The height (or 

length) of the FPZ is taken to be the distance along the direction of crack propagation, from the tip 

of the notch to the location where the localized strain value drops to 25% of the strain at the tip 

(Das, Aguayo, et al., 2015). The FPZ height is also dependent on specimen size and geometry. A 

qualitative observation of Figure 6-7 indicates similarities in the FPZ characteristics for the plain 

and the 10% PCM-E modified mortar at a particular load or CMOD level. The FPZ lengths 

increase significantly for both the mortars beyond the peak load, but without a concomitant 

increase in width. At a CMOD of 0.06 mm, the FPZ is expected to be completely formed (as will 

be shown later). In the following sub-sections, the FPZ dimensions are quantified for different 

volume fractions of PCMs in the mixture. In addition to PCM-E, a PCM with a larger median 

particle size (PCM-M) is also investigated. Furthermore, a discussion on the effects of changing 

fine aggregate sizes on FPZ is also provided. The FPZ dimensions are related to fundamental 

material response also.  
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Figure 6-7: (a) A Representative Load-CMOD Response for the Plain OPC and 10% PCM-E 

Modified Mortar, and (b) Representative Strain Fields Obtained from DIC Corresponding to 

95% of the Peak Load in the Post-Peak Regime (b-1, b-2) and at a CMOD Of 0.06 mm for Both 

the Mortars (b-3, b-4). The Position (0,0) Corresponds to the Tip of the Notch. 

6.3.4.1 Influence of Size and Volume Fraction of PCM Inclusions on the FPZ 

In this section, the development of FPZ in mortars containing equal volumes of two different-sized 

microencapsulated PCMs, PCM-E (d50 = 7 µm) and PCM-M (d50 = 130 µm), is evaluated. Figure 

6-8 shows the dispersion of these two types of PCM particles within a cement paste matrix. PCM-

E (Figure 6-8(a)), discussed extensively so far in this study, shows a more uniform distribution 
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throughout the matrix as compared to PCM-M (Figure 6-8 (b)) because of the size of the particles. 

For a 3D visualization of the PCM distribution, and the comparative influence of these PCMs on 

the thermal and mechanical response of the composite, readers are referred to (Aguayo et al., 

2016).   

 

Figure 6-8: Microstructure of Cement Pastes Incorporating 10% by Volume of Two Different 

Size PCMs: (a) PCM-E with a Median Particle Size of 7 µm and (b) PCM-M with a Median 

Particle Size of 130 µm. 

It is believed that, if the crack propagation response is influenced by PCM particle sizes and 

volume fractions (within limits), then a careful evaluation of the FPZ widths and heights at several 

CMOD levels will reveal it. This will also provide insights into the mechanisms of energy 

dissipation in the specimen during the loading and unloading stages of the test. The FPZ widths 

and heights for mortars containing both the types of PCMs were obtained from DIC. Figures 6-

9(a) and (b) depict the average (from DIC images of multiple specimens corresponding to similar 

CMOD levels) FPZ widths and heights determined from DIC for plain mortar and the mortar where 

10% of sand is replaced by PCM (PCM-E or PCM-M).  FPZ widths are determined just above the 
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tip of the crack corresponding to crack extension limit where there is a slight jump in the in the 

horizontal displacement at the given CMOD level.  

 

Figure 6-9: (a) FPZ Width, and (b) FPZ Height as a Function of CMOD for Plain Mortar and 

10% PCM-E and PCM-M Mortars. 

It is noticed from Figure 6-9 (a) that the FPZ widths are quite similar irrespective of the PCM type, 

especially after the peak load. Also, the FPZ width plateaus after a CMOD of about 0.06 mm. 

Other researchers (Galouei & Fakhimi, 2015) have also found that the FPZ width in brittle 

materials remains rather invariant in the post-peak region. The drop in FPZ width (typically around 

95% of the peak load in the post-peak region) observed in all the mortars can be attributed to 

increased instances of microcracks coalescing into larger cracks beyond this level. The width of 

the FPZ is fully developed at this level beyond which the increase in CMOD does not result in 

significant changes in the width. The degree of variability in the FPZ widths beyond the peak load 

are found to be even more minimal for PCM-M. As seen from the micrograph in Figure 6-8(b), 
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the PCM-M particles are separated from each other by larger distances as compared to the PCM-

E particles, which reduce their statistical probability of impacting the localized response at the tip 

of the crack. Figure 6-9 (b) shows the FPZ height-CMOD relationships for the three chosen 

mortars. The FPZ heights are also not significantly influenced by the PCM type. Similar to the 

FPZ widths, the FPZ heights also plateau at a CMOD value between 0.06-0.08 mm. In other words, 

from both the width and height perspectives, the FPZ can be considered to be fully developed in 

this CMOD range. 

Figure 6-10 illustrates the influence of volume fractions of PCMs replacing sand, on the surface 

strain profiles above the notch for mortars containing both the PCM types. The FPZs 

corresponding to 95% of the peak load in the post-peak zone are shown because the FPZ widths 

would have more-or-less completely developed at this load level, as has been explained elsewhere 

(Das, Aguayo, et al., 2015).  
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Figure 6-10: Fracture Process Zone Corresponding to 95% of the Peak Load in the Post-Peak 

Regime for PCM Modified Mortars at: (a) 0%, (b) 5% PCM-E, (c) 10% PCM-E, (d) 20% PCM-

E, (e) 5% PCM-M, (f) 10% PCM-M, and (g) 20% PCM-M. 

The changes in FPZ widths and heights as a function of PCM volume fraction are highlighted in 

Figures 6-11(a) and (b) for mortars containing PCM-E, both immediately after the peak load 

(corresponding to Figure 6-10) and at a larger CMOD value (in the post-peak zone). The FPZ 

widths slightly increase with an increase in PCM volume fraction as seen from Figure 6-11(a). The 

FPZ heights show minimal difference as a function of PCM-E volume fraction, but they are much 

higher in the post-peak zone than the values at or close to the peak load, because of unstable crack 

propagation as has been shown in Figure 6-7. Figure 6-11(c) demonstrates a strong linear 

relationship between CTODc (note that the point corresponding to 95% of peak load in the post 

peak regime corresponds to CTODc) and the FPZ widths corresponding to this point in the load-

CMOD curve. This relationship shows that the inelastic deformations in the crack opening 
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direction at the tip of the crack, though subtle, are indeed influenced by the PCM particles. It needs 

to be mentioned that an increase in volume fraction of PCMs in the mortar (beyond the 20% by 

volume of sand) could result in more pronounced differences in the FPZ widths because of the 

improved dissipation of energy through inelastic deformations (including processes such as crack 

tip blunting, and crack path deflection). However, when compared to the influence of larger 

aggregates or the presence of cement replacement materials that fundamentally alter the matrix 

properties and thus the crack propagation response (Amparano et al., 2000; Das et al., 2014; Das, 

Aguayo, et al., 2015; Das, Kizilkanat, & Neithalath, 2015), the influences of microencapsulated 

PCMs (at replacement levels considered) on the FPZ and fracture properties are limited.  
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Figure 6-11: (a) FPZ Widths, and (b) FPZ Heights Corresponding to 95% of Peak Load in the 

Post Peak Regime and a CMOD of 0.06 mm, as a Function of Levels of PCM-E Incorporation 

(Replacing Sand by Volume; and (c) Relationship Between CTODc and FPZ Widths for Mortars 

Containing Different Volume Fractions of PCM-E. 
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6.3.4.2 Influence of Particle Size of Sand on the FPZ in Mortars  

The preceding section discussed the influence of the size and volume fractions of 

microencapsulated PCMs (size of the order of a few microns) on the FPZ in mortars, which 

resulted in minor changes in FPZ widths (relatable to the measured CTODc) and unchanged FPZ 

heights. In order to examine the dependence of FPZ in plain mortars (with constant paste and 

aggregate volume fractions) on the size of sand particles (which is of the order of a few hundred 

microns), three different sizes of quartz inclusions (d50 of 250, 400, and 700 µm) are used. The 

representative FPZs of mortars corresponding to 95% of the peak load in the post-peak region are 

shown in Figure 6-12 for the three different size quartz inclusions labeled as FS, MS, and CS 

respectively. Figure 6-13(a) and 6-13(b) quantifies the FPZ widths and heights for the three 

different mortars close to the peak load and in the post-peak region. FPZ widths are found to be 

practically unchanged when the sand particle sizes are increased in the chosen range. Thus, 

increase in sizes of smaller particles such as sand within a narrow range does not influence the 

FPZ widths. This was also observed in Figure 6-9(a) where two different sizes of PCMs were 

incorporated into mortars (see Figure 6-8). However, the FPZ heights are noticeably increased 

with increasing sand particle sizes as shown in Figure 6-13(b). A larger FPZ height indicates an 

increase in the elastic component of the strain energy release rate (Das, Aguayo, et al., 2015; 

Mobasher, 2011; Surendra P. Shah et al., 1995), which is directly related to the stiffness of the 

composite. The mortar with larger inclusion sizes shows a higher elastic modulus because of the 

reduction in total surface area of sand particles and a corresponding reduction in the volume 

fraction of the weaker interfacial transition zone (ITZ) around sand particles. To confirm this idea, 

Figure 6-13(c) shows the relationship between FPZ heights and the elastic modulus of the 
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corresponding mortars. The increased stiffness, resulting from the presence of larger sand particles, 

is therefore directly responsible for the higher FPZ height. Similar trends are reported in (Das, 

Kizilkanat, et al., 2015).   

While studies on FPZ of concretes containing larger aggregates (5 mm to 20 mm) have shown that 

an increase in aggregate size increases the FPZ width (Ohno, 2015; Ohtsu, 2015; Otsuka & Date, 

2000), the size ranges of PCM and sand particles considered in this study does not show such a 

definitive trend. This reinforces the idea that inelastic energy dissipation mechanisms in mortars 

are better activated through matrix modifications than the incorporation of small amounts of 

microscopic compliant inclusions or changing the particle size of sand (within limits). However, 

with respect to elastic energy release rates, methods that improve the composite stiffness are 

desired. This was also brought out in a recent paper that investigated the use of high stiffness 

inclusions in cement pastes (Das, Kizilkanat, et al., 2015). In the case of concretes, an increase in 

the size of stiffer (than the paste) coarse aggregates would dissipate more energy through crack 

blunting and increased crack tortuosity thereby widening the FPZ. The stiffening of the system 

would also lead to a longer FPZ.  
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Figure 6-12: Fracture Process Zone Corresponding to 95% of the Peak Load in the Post-Peak 

Regime for OPC Mortars Containing: (a) Fine Sand (FS), (b) Medium Sand (MS), (c) Coarse 

Sand (CS). 
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Figure 6-13: (a) FPZ Widths, and (b) FPZ Heights Corresponding to 95% of Peak Load in the 

Post Peak Regime and a CMOD of 0.06 mm, as a Function of Increasing Quartz (Sand) Size; and 

(c) FPZ Height as a Function of Young’s Modulus. 

 6.4 Conclusions 

This chapter has reported the influence of PCM inclusions on the fracture response and fracture 

process zone (FPZ) in cementitious mortars. Mortars were prepared with microencapsulated PCMs 
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of two different median particle sizes. Until a certain volume fraction of PCM-E replacing sand, 

the fracture response of the PCM modified mortars as quantified using the fracture toughness (KIC), 

critical crack tip opening displacement (CTODc) and strain energy release rate (GR) are similar to 

or greater than those of the plain OPC mortar. This is in line with the strength of PCM-E modified 

mortars, the reasons for which have been elucidated in detail using microstructural simulation. 

These results indicated that the incorporation of the chosen softer PCM inclusions within limits at 

the expense of the stiffer quartz particles did not adversely influence the fracture resistance of 

mortars.  

In order to understand the influence of microscale inclusions such as PCMs at smaller volume 

fractions in impacting the energy dissipation process at the tip of the advancing crack, digital image 

correlation (DIC) was used to identify and measure the fracture process zone (FPZ) in the plain 

and modified mortars. The FPZ widths were found to have fully developed close to the peak load 

while the FPZ heights plateaued at a CMOD level of 0.06-to-0.08 mm. The FPZ widths were 

similar throughout the load-CMOD response for both the PCM types (PCM-E of d50 = 7 µm and 

PCM-M of d50 = 130 µm), but slightly increased with the PCM volume fraction.  The FPZ widths 

close to the peak load (when they are fully developed) were well related to the CTODc in mortars, 

denoting the influence of PCM microcapsules on the inelastic deformations at the crack tip. The 

FPZ heights remained unchanged with the PCM type or volume fraction at similar load or CMOD 

levels.   Investigation of FPZs as a function of the size of quartz particles showed that the FPZ 

widths remained unchanged when median quartz particle sizes were increased from 200 µm to 700 

µm, similar to the conclusion obtained when median PCM particle sizes were increased from 7 

µm to 130 µm. However, the FPZ heights increased with particle size of sand, attributable to the 
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increase in stiffness, which impacts the elastic component of the strain energy release rate and thus 

the crack growth.   

The study presented here has provided a fundamental understanding of the energy release 

processes occurring at the crack tip when small volumes of microscale compliant inclusions are 

incorporated in mortars. 
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7.0 FATIGUE RESPONSE OF CEMENTITIOUS COMPOSITES CONTAINING PCM4 

7.1 Introduction 

Many civil concrete infrastructure (e.g. highway, railroad, and airport pavements, bridges) are 

subjected to cyclic mechanical fatigue loadings. Mechanical fatigue is defined as the change in 

properties of a material due to the repeated application of stresses or strains. To develop safe and 

reliable designs of these structures, the fatigue behavior must be adequately addressed. The fatigue 

behavior of concrete can be influenced by several factors such as material properties of both the 

cement matrix and particle/fiber inclusions, type of loading, and environmental conditions (Aas-

Jakobsen, 1970; Carpinteri & Paggi, 2009; Horii, Shin, & Pallewatta, 1992; Klcriber & Lee, 1982; 

Simon & Kishen, 2016; Vassilopoulos, 2010). Generally, under fatigue loading, failure of 

materials occurs at stress levels much lower than the yield strength of that material for a static load. 

Fatigue loads can be tensile, compressive, and fully reversed (tension and compression); where 

each type of loading promotes different mechanisms occurring within the material leading to 

failure (Horii et al., 1992). For cementitious composites, fatigue crack initiation can occur from 

(Horii et al., 1992; Kolluru Subramaniam V., O’Neil Edward F., Popovics John S., & Shah 

Surendra P., 2000) fracture (i) within the cement paste matrix, (ii) within the aggregate inclusions, 

or (iii) the matrix/aggregate interface. Although this behavior has been well studied for plain 

concrete systems, no information exists for compliant inclusions such as microencapsulated phase 

change materials (PCMs) that are used as partial replacement of the aggregate. Little information 

exists for evaluation of the fatigue performance on ultra-high performance concrete (Farhat, 

Nicolaides, Kanellopoulos, & Karihaloo, 2007; Makita & Brühwiler, 2014; Parant, Rossi, & 

                                                           
4 The information presented in this chapter is awaiting publication submittal. 
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Boulay, 2007). The purpose of the proposed work is to develop a unified fatigue curve to estimate 

the fatigue life of cementitious composites containing PCM under fully reversible loads.  

7.2 Experimental Program 

7.2.1 Materials and Mixtures 

The materials used in this study include: a commercially available Type II ordinary portland 

cement (OPC) conforming to ASTM C150, fine and coarse aggregates corresponding to ASTM 

C33, and a microencapsulated phase change material (PCM) supplied by Entropy Solutions 

(PureTemp 24X).  

A total of 120 beams were proportioned with a volumetric water-to-powder ratio, (w/p)v, of  1.26 

(mass-based w/p ≈ 0.40) for mortar (M) and normal concrete (NC). In addition to the control OPC, 

the mixtures included PCM at a volumetric inclusion levels of 2.5%, where PCM was used as a 

partial replacement of the fine aggregate in the mixtures, shown in Table 7-1. The end of this study 

will compare mortar and normal concrete beams subjected to fatigue with ultra-high performance 

concrete beams (with PCM (U2.5) and without (U0)). The ultra-high performance beams were 

proportioned with a mass-based water-to-powder ratio of 0.18 adopted from a previous study 

(Arora et al., 2018a).  All beam specimens were cast in prismatic molds (380 x 50 x 63 mm) and 

stored in a moist chamber (>97% RH, 23±2°C) for a total of 28 days.  
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Table 7-1 Mixture Proportions used in this Study for 1 m3 of Mortar or Concrete. 

Mixture 

  

Cement (kg) PCM (kg) Coarse Agg. (kg) Fine Agg. (kg) 

Conc.  Mor. Conc.  Mor. Conc.  Mor. Conc.  Mor. 

NC0|M0 411 769 0 0 912 0 912 1324 

NC2.5|M2.5 419 782 23 25 929 0 862 1279 

 

7.2.2 Determination of Strength and Fatigue Parameters 

The static flexural strength (σr) of the mortar and normal concrete were determined in accordance 

with ASTM C78. The four-point bending flexural strength tests were performed on rectangular 

beams of size 380 mm (span) x 63 mm (width) x 50 mm (depth) with experimental testing 

conducted on an MTS 810 servo hydraulic load frame in displacement control at a rate of 0.5 

mm/s. During the flexural strength tests, digital image correlation (DIC) was used to obtain the 

full-field surface strains where images were acquired once every second. The analysis region is 

shown in Figure 7-1, the analysis procedure for DIC has been adopted from previous studies (Das, 

Aguayo, et al., 2015). 
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Figure 7-1: Experimental Setup for the Four-Point Flexural Test with Analysis Region for Strain 

Field Mapping. 

The fatigue life of rectangular beams (380 x 63 x 50 mm) was determined in accordance with 

ASTM D7460 using a servo-pneumatic four-point bending apparatus (Figure 7-2(a)). The test 

specimens were subjected to four-point bending, with the loading applied at the inner two clamps 

and the reaction forces at the outer two clamps. The span and loading points for the fatigue test 

mirrored those used in the static flexural test. At the end of each loading cycle the test specimen is 

returned to its original position (zero deflection) because of the free rotation and horizontal 

translation at each of the loading and reaction points. The testing was conducted under stress-

control using a sinusoidal waveform with an applied frequency of 10 Hz. Figure 7-2(b) shows a 

graphical depiction of the fully reversible tension-compression loading condition with an applied 
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stress ratio (Rσ = σmin/σmax) of -1. The fatigue tests were conducted at three different stress levels 

(S = σmax/σr): 0.9, 0.8, and 0.7, where σmax is the maximum applied stress during fatigue.  

 

Figure 7-2: (a) Servo-Pneumatic Four-Point Bending Apparatus for Determining Fatigue Life 

and (b) the Applied Fully-Reversible Fatigue Loading History. 

7.3 Results and Discussions 

7.3.1 Stress-Strain Response 

Figure 7-3(a) depicts the representative flexural stress-strain responses from DIC for the mortar 

and normal concrete beams when subjected to four-point loading. The responses in the mortar and 

normal concrete show the strain capacity, taken as the average horizontal normal strain (εxx) at the 

bottom of the beam between the two loading supports, significantly increases after the peak stress 

has been reached. The higher stress-strain response in the normal concrete compared to the mortar 

is a result of the damage mechanisms (e.g. microcrack shielding, crack face bridging, crack 

Stress (σ)

0 Time

σmax

σmin

Test Specimen

(a) (b)
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deflection) being more pronounced and dispersed within the fracture process zone when a higher 

volume fraction of aggregates is present (Horii et al., 1992; Klcriber & Lee, 1982; Kolluru 

Subramaniam V. et al., 2000; Simon & Kishen, 2016; Torrenti, Pijaudier-Cabot, & Reynouard, 

2013). The addition of PCM as a compliant inclusion within the normal concrete and mortar may 

promote and influence crack initiation within the microstructure, reflecting in a slightly lower 

stress-strain response compared to the control specimens (Das et al., 2018).  

The 28-day static flexural strength (σr) of the mortar and normal concrete beam specimens at 

failure are shown in Figure 7-3(b), wherein failure is defined as full separation of the beam into 

two pieces. The flexural strengths will be used to determine the applied stress levels for the fatigue 

analysis. The strength range of the control mortar (3-4 MPa), and normal concrete (5-7 MPa), are 

in line with what have been reported in other studies (Goel, Singh, & Singh, 2012; Singh & 

Kaushik, 2003). When 2.5% of the total volume of the cementitious composite contains PCM there 

is a decrease in strength of about 10%. This decrease in strength is not observed in (Aguayo et al., 

2016), where replacement of fine aggregate between 5-10% by volume of PCM showed increases 

in the flexural strength. Four-point loading used to determine the flexural strength in this study 

allows the beam to experience a complex state of stress on an entire region located between the 

loading supports, whereas, a single stress concentration located beneath the center loading support 

is typical in three-point loading. To verify the difference between loading supports, an additional 

set of mortar specimens with and without PCM were tested under three-point loading and 

compared with the flexural strengths of the mortar specimens under four-point loading (Figure 7-

4). Four-point loading allows for a larger volume of composite material under bending to 

experience more of the defects or flaws that are inherent in the material and provide a more realistic 
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depiction of the material’s flexural strength behavior. For the purpose of this study, it is important 

to show how PCMs influence crack propagation and the fracture process zone which ultimately 

dictates the fatigue life of the material.  
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Figure 7-3: (a) Representative Flexural Stress-Strain Responses and (b) Static Flexural Strength 

at Failure of Mortar and Normal Concrete Containing 2.5% by Volume of PCM at 28-Days of 

Hydration. 

 

Figure 7-4: Comparison of 3-pt and 4-pt Loading of Mortar Specimens Containing 2.5% by 

Volume of PCM. 
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7.3.2 Strain Distribution 

DIC was used to evaluate the horizontal normal strain field of both the mortar (Figures 7-5(a) and 

(b)) and normal concrete (Figures 7-5(c) and (d)) with and without PCM. These strain fields reflect 

the fracture process zone where the static flexural strength (Figure 7-3(b)) was obtained for a given 

specimen. Close examination of the mortar specimens containing PCM display three locations of 

a red gradient lines formed (maximum tensile strain  250 microstrains) compared to only two for 

the plain mortar. These red gradient lines indicate strain concentrations or the likelihood of a crack 

leading to failure under four-point loading. Besides having an additional red gradient line 

compared to the plain mortar, the PCM mortar also shows a more uniform strain distribution of 

both tensile and compressive strains along the entire strain field between the loading points.  

The strain fields of the normal concrete with and without PCM show a more pronounced 

distribution of strains, where compressive strains can be seen at the top of the image and tensile 

strains at the bottom of the image. Similar to the mortar, the normal concrete containing PCM 

shows a significant amount more red gradient lines than the plain normal concrete. In both systems, 

PCM may be providing multiple locations for microcracks to nucleate leading to a more uniform 

distribution of strains. Another difference between the mortar and normal concrete specimens is 

the unique tensile and compressive strain profile at the very center of the strain field. It is more 

prominent in the plain normal concrete where it stretches across the entire depth of the beam. The 

strains within this location represent where the ideal failure plane of the beam in bending would 

occur. A study observed that PCM microcapsules can influence both elastic and inelastic 

deformations at the crack tip (Das et al., 2018).  Identifying where tensile and compressive strains 



 

138 
 

are developing within the microstructure and the influence of PCM will assist in describing the 

damage due to repetitive fatigue loading.  

 

Figure 7-5: Comparison of the Horizontal Normal Strain Field (Εxx) Between the Loading 

Supports at Specimen Failure for: Mortar ((a) M0 and (b) M2.5) and Normal Concrete ((c) NC0 

and (d) NC2.5). 

7.3.3 Fatigue-Life Distributions  

The applied maximum stress as a function of cycles to failure (S-N) curves for the mortar and 

normal concrete containing PCM are shown in Figures 7-6(a) and (b). The S-N curve for normal 

concrete without PCM closely resembles the S-N curve for normal concrete that contains PCM. 

This indicates that PCM incorporation within normal concrete limited to a total volume inclusion 

level of 2.5% does not influence the fatigue life to a noticeable degree. The fatigue life of mortar 

specimens shows only a slight decrease when PCM is present. Fatigue damage mechanisms of 

mortar and normal concrete specimens are likely to occur within the paste or paste-aggregate 

interface (Scrivener et al., 2004). Visual inspection of the fractured surfaces after failure of the 

mortar beams revealed some agglomerated PCM inclusions not properly dispersed throughout the 

paste matrix. Mortar specimens were proportioned with a 50% volume fraction of paste. It is likely 
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the PCM agglomerates, which influencing crack propagation, lead to failure. This also explains 

the lower strain increase as a function of cycles compared to the control mortar in the previous 

section. The same cannot be said with the normal concrete specimens which contain a lower 

volume fraction of paste (30%). The higher volume percentage of aggregate, both coarse and fine, 

would have provided some shearing force during mixing to disassemble any PCM agglomerates 

leading to better dispersion of these particles within the paste matrix. Also, the strain increases as 

a function of cycles in the previous section demonstrated that the damage mechanisms occurring 

within the microstructure are similar for the normal concrete with and without PCM.  

 

Figure 7-6: S-N Curves at Three Different Stress Levels for: (a) Normal Concrete and (b) Mortar 

Containing PCM. 

The equation for predicting fatigue strength of concrete proposed by Aas-Jakobsen (Aas-Jakobsen, 

1970) takes the following form:  
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S̅max =
Smax

fc
= 1 − (1 − Rσ)βlogN        (7-1) 

In Equation 7-1, fc is the static strength, Smax is the maximum stress, N is the fatigue life, β is a 

material constant, and Rσ is the stress ratio. A modified version of Jakobsen’s equation which 

accounts for the effects from loading frequency and stress reversal (R < 0) is taken as (Saucedo, 

Yu, Medeiros, Zhang, & Ruiz, 2013; B. Zhang, Phillips, & Wu, 1996): 

S̅max =
Smax

fc
= Cf[1 − (1 − R′

𝜎)βlogN]       (7-2) 

In Equation 7-2, Cf is a loading frequency coefficient and R’ is defined as: 

R′
𝜎 =

Smin

Smax
∙

fcmax

fcmin
           (7-3) 

For R’σ, fcmax is the static modulus of rupture and fcmin is the static compressive strength, the ratio 

of which is defined as the tension-compression strength ratio (B. Zhang et al., 1996). Equation 7-

2 was used to determine if the fatigue data within this study subjected to fully-reversed loading 

cycles followed Jakobsen’s analytical model or the modified model to include loading frequency 

and stress-reversal. The R’σ and Cf values were taken from (B. Zhang et al., 1996) for an R of -1 

(R < 0).  

Figure 7-7 shows the S-N curve for the normal concrete with and without PCM and the predicted 

S-N curve using Equation’s 7-1 and 7-2. The Jakobsen’s model (Equation 7-1) slightly under-

predicts the experimental fatigue life at the highest applied stress level. However, as the stress 

level decreases the model greatly underpredicts the experimental results. This model does not 

consider the damage mechanisms that occur in the fully-reversed loading condition, as well as the 

loading frequency being applied. Once formed, microcracks will open and close due to the fully-
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reversed loading condition. The opening and closing nature of the microcracks within the 

microstructure under fully reversed loading condition could delay failure, promoting a longer 

fatigue life.  Under a non-reversed loading condition, microcracks are continuously being opened 

under repetitive cycles which would cause the fatigue life to be much lower and follow Jakobsen’s 

model more closely. The revised fatigue model (Equation 7-2) which considers the stress reversal 

follows the experimental data more closely.   

 

Figure 7-7: S-N Curve of the Experimental Fatigue Results of Normal Concrete (NC0) and S-N 

Fatigue Equation (NC0-M) Considering Stress Ratio and Sustained Loading for Three Different 

Applied Stress Levels. 

Figures 7-8(a) and (b) shows the maximum strain increase for all applied stress levels as a function 

of cycles normalized by the final cycle at failure (Nf). The maximum strain was obtained at the 
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center top surface of the beam for each cycle. Similar curves typically show three distinct regions 

or phases (Saucedo et al., 2013), where the first region is the nucleation of microcracks within or 

at the surface of the specimen, second region is the growth or propagation of these microcracks 

within the microstructure, and the final region is coalescence of the microcracks into a macrocrack 

leading to failure.  At all applied stress levels for both mortar and normal concrete specimens there 

is no clear evidence of region one, inferring this region occurs instantly and that region two 

dominates early in the fatigue life. Another feature of these curves is for each applied stress level 

the same increasing trend can be seen but does not show significant differences between each 

other. The maximum strain increase remains linear for the mortar specimens (Figure 7-8(b)) 

throughout the fatigue life. The same linear trend can be seen until 70-80% of the fatigue life in 

the normal concrete after which a noticeable increase in the slope occurs (Figure 7-8(a)). The 

increase in slope could be attributed to the increased damage mechanisms (explained previously) 

promoting crack growth within the normal concrete when 70% of the total volume is aggregate 

inclusions. The slightly higher strain increase for the normal concrete containing PCM reflects 

what was observed in the strain surface profiles of these specimens, where PCM inclusions can 

serve as multiple locations for crack nucleation. For mortar specimens, once these microcracks 

begin to propagate there is more matrix dominant damage mechanisms due to the higher paste 

volume fraction. The mortar containing PCM would also promote crack nucleation but the lower 

strength causes the strain increase to be less than the control mortar. 
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Figure 7-8: Maximum Strain Increase as a Function of Cycles at Each Applied Stress Level for: 

(a) Mortar and (b) Normal Concrete Containing PCM. 
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7.3.4 Reliability Analysis 

The Weibull distribution has been successfully implemented and recognized as a useful statistical 

model for fatigue testing of concrete systems (Goel et al., 2012; Mohammadi & Kaushik, 1061; 

Oh, 1991; Saucedo et al., 2013). The parameters of the Weibull distribution were obtained via the 

graphical method for each applied stress level. From the graphical method, the Weibull probability 

density function, FN(n), is expressed as (Mohammadi & Kaushik, 1061):  

fN(n) =
α

u−n0
[

n−n0

u−n0
]

α−1

exp [− (
n−n0

u−n0
)

α

] ; n ≥ n0 ; u >  n0 ;  α > 0   (7-4) 

FN(n) = 1 − exp [− (
n−n0

u−n0
)

α

] ; n ≥ n0 ; u >  n0 ;  α > 0    (7-5) 

In Equation 7-5, n0 is the location parameter or minimum value, α is the shape parameter or 

Weibull slope, u is the characteristic extreme value, and n is the specific value of the random 

variable N for a given stress level. The value of n0 is considered zero for fatigue applications 

producing a two parameter Weibull distribution. From Equation 7-5 the reliability function LR(n) 

may be expressed as: 

LR(n) = 1 − FN(n) =  exp [− (
n

u
)

α

]       (7-6) 

Taking the logarithm twice of both side of Equation 7-6 produces: 

ln [ln (
1

LR
)] = α ln(n) − α ln(u)        (7-7) 

Equation 7-7 may also be expressed as: 
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Y = αX − B; where Y = ln [ln (
1

LR
)] ; X = ln(n) ; B = α ln(u)   (7-8) 

The linear relationship between X and Y produces a linear trend in the fatigue data. A straight-line 

fit allows the Weibull parameters to be directly obtained from this linear relationship.  

The parameter u is obtained from Equation 7-8 as: 

LR(n) = LR(u) =  
1

𝑒
= 0.368        (7-9) 

After arranging the fatigue-life data in ascending order, the empirical survivorship function (LR) 

is taken as: 

LR =
i

k+1
          (7-10) 

In Equation 7-10, k represents the number of fatigue data and i represents the failure order number. 

Figure 7-9(a) and (b) depicts the Weibull two parameter graphical analysis for mortar and normal 

concrete containing PCM at a 90% applied stress level. Using regression analysis or least squares 

fitting, a best fit straight line was drawn through the fatigue data. From the figure, the high 

statistical correlation coefficient or R-squared value for each sample indicates the line fit is valid 

for this set of data. Since the fatigue data for both cementitious systems fall along a straight line, 

the Weibull distribution is a valid assumption within this study. The shape parameter or Weibull 

modulus provides an indication of the variability within the sample set tested. The higher the shape 

parameter the less variability within the dataset. 
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Figure 7-9: Weibull Graphical Analysis at a 90% Applied Stress Level for: (a) Normal Concrete 

and (b) Mortar with and without PCM. 

Table 7-3 shows the Weibull parameters for both mortar and concrete at each applied stress level.  

A graphical depiction of the shape parameter as a function of stress level is shown in Figure 7-10. 

Normal concrete shows less variability compared to the mortar specimens reflected by the 30% 

increase in the shape parameter at every stress level. Mentioned previously, the higher paste 

volume fraction and single gradation size aggregate inclusion in mortar provides a larger number 

of areas for crack nucleation and growth, especially within the paste matrix. Normal concrete has 

a lower paste volume fraction and a higher aggregate volume fraction causing microcracking or 

damage mechanisms to occur mostly between the aggregate and paste interfaces. As the applied 

stress level increases in both systems, the slope of the line decreases with the most noticeable 

change occurring at an 80% applied stress. Referring to the stress-strain response (Figure 7-3(a)), 

the stress at 80% and below falls within the linear region whereas above this stress level the slope 

y=5.63x-12.88
R2=0.91

y=5.51x-12.23
R2=0.95

y=3.06x-7.24
R2=0.91

y=3.22x-9.08
R2=0.91

a) b)
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of the stress-strain curve begins deviating from linearity. During fully reversible fatigue loading at 

lower stress levels, the material can nucleate and grow cracks in a stable and steady manner. 

However, at higher stress levels the amount of strain applied to the material to nucleate and grow 

cracks likely occurs as strain concentrations. In turn, the variability would be less or shape 

parameter would be higher in a system where the cracks nucleate and grow in a stable and steady 

manner such as at lower applied stress levels. When PCM is introduced into the mortar and normal 

concrete the shape parameter is higher than the control. At a 70% applied stress level, the normal 

concrete containing PCM has the highest shape parameter. The strain field of the normal concrete 

containing PCM also had the most uniform distribution of strains along the top and bottom of the 

specimen. This uniform distribution of strains which are likely crack paths leading to failure 

reinforce the idea that PCM can lower the variability of normal concrete when subjected to fatigue 

loading.  

Table 7-2: Weibull Parameters of Fatigue Life at Different Stress Levels for Mortar and Normal 

Concrete with and without PCM. 

Specimen 

ID 

S = 0.9 S = 0.8 S = 0.7 

α u α u α u 

NC0 5.63 10 6.44 163 7.68 4323 

NC2.5 5.51 9 7.56 143 9.92 4188 

M0 3.22 17 3.40 264 4.16 7576 

M2.5 3.06 10 3.92 210 4.61 5587 
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Figure 7-10: Shape Parameter as a Function of Applied Stress Level for Normal Concrete and 

Mortar with and without PCM. 

7.3.5 Fatigue Life of Ultra-High Performance Concrete  

The strain distribution for ultra-high performance concrete is shown in Figure 7-11(a) and (b), and 

resembles the strain distributions found within the normal concrete with and without PCM. Even 

without PCM, the control UHPC beam clearly shows both tensile and compressive strains. Because 

of the dense packing of the aggregate within UHPC systems, these uniformly distributed strains 

can provide multiple paste/aggregate interface locations for nucleating microcracks. To further 

understand the influence of PCM on fatigue it is necessary to observe the fatigue life as a function 

of flexural strength.    
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Figure 7-11: Comparison of the Horizontal Normal Strain Field (Εxx) Between the Loading 

Supports at Specimen Failure for: (a) U0 and (b) U2.5. 

Figure 7-12 shows the fatigue life as a function of flexural strength for all three cementitious 

systems (e.g. mortar, normal concrete, ultra-high performance concrete) containing PCM. For each 

system it appears the control serves as an upper bound and the PCM containing system serves as 

a lower bound for the fatigue life at a given flexural strength. The mortar system shows the longest 

and widest range for fatigue life, provided the required strength of application is below 3 MPa. 

The normal concrete and UHPC systems have fatigue responses that decrease slightly when PCM 
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is present. It should be noted this plot is for cementitious systems subjected to the most damaging 

form of cyclic fatigue loading, the fully-reversible condition. 

 

Figure 7-12: Flexural Strength as a Function of Fatigue Life for Mortar (M0/M2.5), Normal 

Concrete (NC0/NC2.5), and Ultra-High Performance Concrete (U0/U2.5) Containing PCM. 

7.4 Conclusions 

The fatigue response of cementitious composites (e.g. mortar, normal concrete, and ultra-high 

performance concrete) containing PCM as a partial replacement of the fine aggregate and at 2.5% 

by total volume was detailed in this chapter. The flexural strength under four-point bending 

revealed a slight decrease in flexural strength for the composites containing PCM. The static 

flexural strengths were used to determine the maximum applied fatigue stress for the beams 
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subjected to stress levels of 0.9, 0.8, and 0.7. The Weibull parameters revealed the composites that 

contain PCM demonstrated less variability than the control specimens. The compliant nature of 

the PCM inclusions promote more stable crack growth throughout the matrix when subjected to 

cyclic loading. Using digital image correlation (DIC), the composites containing PCM revealed 

more uniform strain distributions on the compressive and tensile surfaces of each beam. The 

maximum strain increase as a function of cycles for each composite showed the growth of cracks 

is more linear in the mortar systems as opposed to the non-linear behavior of the normal concrete 

systems. The damage mechanisms are more pronounced in the normal concrete composite because 

of the higher volume fraction of aggregate and different particle size distribution. The denser 

matrix of the UHPC composites showed a much more uniform distribution of strains. The flexural 

strength as a function of the fatigue life provides a unifying fatigue curve to better understand how 

these composites behave under mechanical fatigue. The curve can serve as a guide for cementitious 

composites incorporating PCM subjected to mechanical fatigue loading.  
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8.0 FIELD IMPLEMENTATION AND PERFORMANCE OF A PCM-CONCRETE 

PAVEMENT5 

8.1 Introduction  

One of the greatest durability concerns for concrete infrastructure is the increased occurrences of 

early- and later-age thermal cracking in reinforced concrete elements. Thermal cracking is a result 

of tensile stresses exceeding the elements tensile strength. These tensile stresses result from 

volumetric changes experienced as external or internal restraint during cement hydration or from 

the environmental conditions (e.g. wind-speed, temperature at placement, daily/seasonal thermal 

fluctuations) (De Schutter, 2002; Fu et al., 2004; Hobbs, 1971; Yang Wei et al., 2000). Several 

strategies have been developed and implemented to reduce thermal cracking (Akkaya et al., 2007; 

Ballim & Graham, 2009; A. Bentur & Kovler, 2003; Arnon Bentur et al., 2001; Branco Fernando 

A. & Mendes Pedro A., 1993; Burke, 1999; Hadidi Rambod & Saadeghvaziri M. Ala, 2005; 

Lawrence Adrian M. et al., 2012; Liu Xing-hong et al., 2013; X. Liu et al., 2015; B. Zhu, 1999), 

however, delayed property development and increased project costs are of major concern.  Phase 

change materials (PCMs) are a technologically advanced auto-adaptive solution to address the risk 

of thermal cracking by lowering the critical peak temperatures as well as controlling the rate of 

cool-down experienced during the cement hydration reactions (Bofang, 2013; Fernandes et al., 

2014b; Springenschmid, 1998). Several studies have characterized and quantified the influence of 

PCMs within cementitious systems (Aguayo et al., 2016; Fernandes et al., 2014). When uniformly 

dispersed through the cementitious matrix, PCMs can serve as nucleation sites for cement 

hydration. In small quantities the mechanical performance of PCMs are equivalent to or even better 

                                                           
5 The information presented in this chapter is awaiting publication submittal. 
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than non-PCM counterparts (Das et al., 2018). Thermo-mechanical laboratory-scale testing has 

proven microencapsulated PCMs to be an efficient technological solution to mitigating and 

controlling the thermal related risks associated with cementitious systems. The next phase in 

introducing PCMs into real world applications is to implement and monitor a field-scale PCM-

concrete pavement.  

Arizona State University has collaborated with the Arizona Department of Transportation 

(ADOT), Connect 202 Partners, Cemex, Phase IV Engineering, and GCTS Testing Systems to 

implement a PCM-concrete pavement into one of Arizona’s largest projects in the states history. 

ADOT has partnered with Connect 202 Partners to design, build, and maintain a 22-mile long 

freeway, referred to as the Loop 202 or South Mountain Freeway. This state project will include 

22 miles of new freeway, 40 bridges, 11 miles of sound walls, 13 interchanges, and 1 double 

roundabout interchange. In early 2017, construction began at the I-10 Papago, Salt River, and 

Pecos segments.  Figure 8-1 shows a map of the South Mountain freeway connecting interstate-10 

(I-10) from Pecos to 59th avenue from the I-10. Denoted by a red star, the magnified portion of the 

Papago segment shows the location of the PCM-concrete project. The PCM project is in the 

northwest section of Jefferson street and 59th Ave, between Van Buren street and Buckeye road.  
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Figure 8-1: Loop 202 South Mountain Freeway Map in Arizona. 

The PCM-concrete project is located alongside the I-10 Papago freeway segment (Figure 8-2). The 

project consists of two Portland cement concrete pavements (PCCP), where one pavement contains 

a microencapsulated PCM by 2% total volume and the other serves as a control (without PCM). 

Both pavements utilize an ADOT approved standard concrete mix design. The mixes were 

provided by the concrete company CEMEX. The goal of this project is to develop a field prototype 

of a thermal control PCCP (TCSCP), subject the TCSCP to similar external environmental 

conditions as a control PCCP, and gain insight into the thermal and mechanical benefits a TCSCP 

can offer to agencies, engineers, and designers looking to extend the life of their concrete 

infrastructure. 
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Figure 8-2: Location of Project Pavement Sections in Relation to the I-10 Papago 202 Freeway 

Segment. 

8.2 Sensors for Smart Monitoring 

To observe the thermal differences between both pavements required innovative 

temperature/strain sensing methods that were accurate, reliable and could be embedded within 

fresh and hardened concrete. For this project, smart monitoring of both pavements was 

accomplished by incorporating wireless temperature and strain sensing technology that monitored 

and collected continuous data for the duration of the project. Two different wireless temperature 

and strain sensing systems, that could withstand excessive temperatures and applied thermal-
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mechanical stresses, were chosen for monitoring the structural performance of both pavements. 

General-purpose strain gages with a working strain range of ±5% and temperature range of -75 to 

175 °C were used in both sensing systems. The strain gages were bonded to a 30.5 cm long 

aluminum beam or steel rod using a silicon adhesive to maintain a fatigue-resistant bond. For 

additional protection from the external environmental conditions, heat-shrink tubing was placed 

over the strain gage and an RTV (room-temperature-vulcanizing) silicone sealant was applied 

along the edges to provide a watertight seal (Figure 8-3).  

 

Figure 8-3: General Purpose Strain Gage Attached to Aluminum Beam for Strain Monitoring. 

The first monitoring system was supplied from GCTS Testing Systems and measures the strain 

through the attached strain gages at the center of the 30.5 cm long aluminum beams. The aluminum 

beams were attached to 90-degree elbow supports to prevent the beams from rotating. Temperature 

probes were positioned at the same location as the strain gage and have a working temperature 

range of -75 to 175 °C (Figure 8-4).  

Heat Shrink Tubing

Strain Gage
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Figure 8-4: 90-Degree PVC Support for the Strain Gage and Temperature Probe for the GCTS 

Smart Monitoring System. 

When a signal is measured from the strain gage and temperature probe it is sent through a wired 

connection into an automatic data acquisition (DAQ) unit which records and stores the data. Prior 

to the strain measurement getting recorded the signal is sent through a conditioning box. Each 

pavement utilizes a single DAQ unit which contains a total of four channels: 2 temperature 

channels and 2 strain channels (Figure 8-5(a)). What makes this system unique for smart 

monitoring is that each (DAQ) unit is capable of transferring and communicating data to a phone 

application wirelessly by means of Bluetooth. The internal battery life of each DAQ unit is limited 

to 18 hours on a single charge. Several 25,000 mAh external power banks were connected to each 

DAQ unit to ensure the data would be continuously recorded (Figure 8-5(b)). The benefits of using 

Temperature Probe

Strain Gage

PVC Elbow Support
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the GCTS smart monitoring system for this project was the convenience of a portable DAQ unit 

and ability to obtain the data by means of Bluetooth. 

 

Figure 8-5:(a) Bluetooth DAQ Unit and (b) Bluetooth Smart Monitoring System. 

The second monitoring system was supplied from Phase IV Engineering who specialize in wireless 

sensing technologies with over 20 years of experience. Like the GCTS monitoring system, strain 

gages are positioned at the center of a 30.5 cm long steel rebar rod to measure a signal. The strain 

gage sends a measured signal to an ultra-high frequency (UHF) radio-frequency identification 

(RFID) wireless strain sensing data logger via a 0.9 m long wired tether (Figure 8-6(a)). The RFID 

logger not only serves to collect and store strain values but also records temperature values using 

an internal temperature sensor. The working temperature range for RFID logger is -75 to 175 °C. 

A ThingMagic© UHF-RFID reader (Figure 8-6(b)) is used to read and collect the data within the 

RFID logger. The RFID system uses a custom Phase IV Engineering software application to view 

and display the temperature and strain directly to a laptop via a USB-to-PC connection. The battery 
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Channels

Strain 
Channels

Signal Conditioning Boxes

External Power Banks
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within the RFID logger is rated for 5-10 years and requires no additional external power supply. 

Phase IV Engineers suggested the data logger should be placed no more than 7.5 cm below the 

concrete surface for the most responsive signal. The benefits of using the RFID smart monitoring 

system for this project include: long life, strain gage and temperature measurements are 

conveniently stored in a small sized (2.5 x 3.0 x 5 cm) RFID logger, ability to monitor in a remote 

location, constant monitoring, withstand extreme temperatures, rugged, quick and easy 

installation, and ideal to embed. 

 

Figure 8-6: RFID Smart Monitoring System: (a) Strain Gage Tethered to RFID Data Logger and 

(b) RFID Reader and Monitoring Equipment. 

The amount of data capable of being stored within each monitoring system is dependent on the 

frequency at which data is collected. The steel rebar rod and aluminum beam that house the strain 

gage were supported and attached to a PVC base by means of zip-ties. Zip-ties allow the rod and 
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RFID Reader

Signal Conditioning Box
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beam to remain suspended within the concrete without being permanently fixed, preventing and 

limiting expansion and contraction.  

Prior to field placement, laboratory testing confirmed correct strain and thermal values could be 

read and logged within the RFID and Bluetooth monitoring systems and the length of wires 

required were measured (Figure 8-7). The supports and wiring encasing, made of polyvinyl 

chloride (PVC), consisted of 3.20 cm diameter pipe and various connectors. PVC, a hard-synthetic 

plastic polymer was deemed suitable for burial underneath the subbase and submergence within 

concrete. The side-by-side location of each pavement resulted in all wiring for the DAQ units to 

extend to outer edge of one of the pavements. Figure 8-7(c) and (d) shows all wires extending from 

each support to a single outer side. All wires, connections, and channels for each DAQ unit were 

checked in the laboratory, prior to transport to the field, to ensure a proper signal could be read.     
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Figure 8-7: Laboratory Layout of the PVC Pipe for Appropriate Sensor Location ((a) and (b)) 

and Determining Required Length of Cable to Extend to Side of the Pavement Section ((c) and 

(d)) 

8.2.1 Pavement Sensor Location  

Figure 8-8 provides the sensor location layout for both concrete pavement sections. The blue 

rectangular shapes represent the RFID and Bluetooth (BT) sensors. For this project, each pavement 

section consisted of 1 – RFID logger tethered to a 30.5 cm long rebar rod with attached strain gage, 
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and 2 – 30.5 cm long aluminum beams with attached strain gages and temperature probes. A single 

DAQ unit was used for each pavement. The Bluetooth system was used to measure the strain and 

temperature at the inner edge and corner of each pavement section and embedded 7.5 cm below 

the pavement surface. The RFID sensors were located directly at the center of each pavement and 

placed 7.5 cm below the pavement surface. 

 

Figure 8-8: Sensor Locations within Both Pavement Sections. 

8.2.2 Pavement Sensor Preparation  

A day prior to the concrete pour the sensor supports and wires were adjusted, sealed, placed, and 

buried below the subbase. Figure 8-9 shows the pipe and supports being re-attached, mirroring the 

layout in the laboratory, and adjusted for the current field conditions. The wires and DAQ units 

were again tested to ensure a signal was detected. The dry weather conditions resulted in a hard 

subbase which made for a difficult excavation for the supports. To limit the amount of excavation 

required, the initial 30.5 cm height for the sensor supports were cut to a height of 5 cm.  
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Figure 8-9: Assembling and Adjustments of Pipe Layout Prior to Placement. 

Figure 8-10(a) shows the excavation and burying of the sensors into the subbase. During this time 

the aluminum beams were securely attached to the 90-degree PVC connections (Figure 8-10(b)). 

All connections were glued and sealed with pipe cement (Figure 8-10(c)) to prevent any moisture 

from entering and affecting the wires.  
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Figure 8-10: (a) Excavation for Placement of Pipe, (b) Adjusting Pipe Connections, and (c) 

Sealing Pipe Connections. 

The sensor supports and pipe, prior/after excavation and burial, can be seen in Figure 8-11(a) and 

(b). The images are facing the north direction, all wires extend to the furthest east side of the 

concrete pavement into a small section cutout of the existing pavement. The sensor location and 

identification are identical to that of the layout in Figure 8-8. 
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Figure 8-11: Pavement Section with Final Sensor Location and Pipe Layout (a) Before 

Excavation (b) After Excavation. 

The RFID supports were cut shorter than the Bluetooth supports which meant there was no 

excavation required for these. These supports were tightly secured to the subbase using steel wire 

and 20.3 cm long nails (Figure 8-12(a)). Figure 8-12(b) shows the RFID electronic securely 

attached to the top section of the support. This location of the RFID electronic should enable a 

strong connection to the RFID reader after submergence within the concrete. Figure 8-12(c) and 

(d) show the final height of the support with attached aluminum beam. The temperature probe 

(Figure 8-12(d)) were securely attached to the 90-degree PVC connection and positioned at the 

same level as the strain sensor. All exposed connections and seams around the strain sensors and 
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RFID electronic were sealed with an RTV (room-temperature-vulcanizing) adhesive silicone 

sealant for added waterproofing protection from the concrete.  

 

Figure 8-12: Final Temperature and Strain Measurement Assemblies within the Excavated 

Pavement Section for (a) and (b) RFID Smart Monitoring System; (c) and (d) Bluetooth Smart 

Monitoring System. 

All wiring that extended to the far east side of the pavement sections are shown in Figure 8-13(a), 

where they are being gathered and bundled together. Figure 8-13(b) shows additional PVC pipe 

and connections used to extend the wiring above the surface of the anticipated concrete pavement 

and towards the DAQ units.   
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Figure 8-13: (a) All Wiring for the Bluetooth Smart Monitoring System Extended to End of 

Pavement Section and (b) Final Pipe Addition/Extension for Securing and Managing Wires to 

the Insulated Box.  

To protect the DAQ units from the external ambient and environmental conditions, a 0.91 x 0.91 

x 0.61 m wooden box lined with 10.2 cm thick polyurethane insulation with matching lid was used 

(Figure 8-14(a)). The PVC pipe containing the wiring extended all the way to the interior of the 

insulated box. At this point, using the available app on a cellphone, the Bluetooth system was 

started. Figure 8-14(b) shows the RFID reader identifying and beginning the logging of the two 

RFID sensors. Both sensing systems were started 1-hour prior to the first concrete truck delivery 

to ensure all signals and channels were being measured.   
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Figure 8-14: (a) Insulated Box Containing the Bluetooth System for Protection Against the 

Ambient Environment and (b) RFID Reader Identifying and Starting Logging of the RFID 

Electronics. 

8.3 Materials and Construction 

Both pavements utilize an ADOT approved standard concrete mix design (e.g. ADOT S 4000) 

supplied by the concrete company Cemex. The concrete mix shown in Table 8-1 incorporates a 

class F fly ash, 25% by mass, and contains a high-range water reducing admixture to achieve a 

slump within a range of 12.5-19 cm. The TCSCP in this project contains microencapsulated PCM 

powder with a median particle size of 30 µm (Figure 8-15(a)). The PCM powder has a phase 

change temperature of 35°C and a latent storage heat capacity of 336 J/g. The higher temperatures 

in the Phoenix area require a PCM with a higher phase change transition temperature of 35°C for 
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maximum efficiency in temperature reduction. Figure 8-15(b) shows four heating and cooling 

cycles demonstrating the effectiveness of PCM in controlling the temperature within the TCSCP. 

The amount of thermal energy stored depends on the thermal storage capacity and amount of PCM 

incorporated into the TCSCP. However, there are certain limits beyond which the addition of PCM 

may lead to decrease in strength/other properties of the mixture – details are mentioned in a 

previous publication by the authors (Aguayo et al., 2016). For this project, PCM was incorporated 

into the TCSCP concrete mix at 2% volume fraction, replacing a proportional volume fraction of 

each constituent within the mix.  

Table 8-1: ADOT approved concrete mix design 

 PCCP TCSCP 

Cement (vol.%) 9.4 8.9 

Fly Ash (vol.%) 3.8 3.8 

1" Concrete Agg (vol.%) 25.3 25.2 

1/2" Concrete Rock (vol.%) 17.3 16.9 

Washed Sand (vol.%) 32.6 32.1 

Water (vol.%) 11.6 11.0 

PCM (vol.%) 0.0 2.1 

 



 

170 
 

 

Figure 8-15: (a) Micro-Level View of Microencapsulated PCM and (c) Illustration of the 

Temperature Control Occurring in the TCSCP. 

8.3.1 Concrete Pouring  

Two separate concrete trucks were used for each pavement section (Figure 8-16(a)). Prior to 

concrete placement the subbase was sprayed with water (Figure 8-16(b)) and the formwork was 
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inspected (Figure 8-16(c)). Additional water was added to the concrete mixes to increase the slump 

to within the appropriate workable range.  

 

Figure 8-16: (a) Concrete Mixing Truck Delivery, (b) Wetting of the Subbase, and (c) Inspection 

of Formwork. 

After ensuring a workable PCCP concrete mix, the PCCP section was poured (Figure 8-17). Like 

other concrete applications the mix was first vibrated to thoroughly disperse the mix and leveled 

to achieve a smooth surface finish. The strain and temperature sensors were carefully submerged 

by hand to prevent any damage from occurring.  
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Figure 8-17: PCCP Concrete Mix: (a) Spreading, (b) Vibrating, and (c) Leveling. 

The TCSCP pavement section was constructed in a similar manner. Similar workability between 

both mixes allowed for a seamless submergence and embedment of the sensors.  
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Figure 8-18: TCSCP Concrete Mix: (a) Spreading, (b) Vibrating, and (c) Leveling. 

8.3.2 PCM Implementation/Dispersion into TCSCP Mix 

Due to the logistics of the project in its entirety microencapsulated PCM powder was added on-

site. The addition of PCM on-site required adjustments to the speed and rotation of the concrete 

mixer (Figure 8-19(a)). 19-liter buckets were used to transport the PCM to the top of the concrete 

mixer and incorporate it into the TCSCP mix (Figure 8-19(a)). Several forward and backward 

passes with the entire concrete mix were performed to ensure uniform dispersion of the PCM.  
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Figure 8-19: (a) Adjusting Speed and Rotation of Mixer Drum to Implement PCM and (b) Aerial 

View of PCM Dispersed into the Back of the Concrete Mixing Truck. 

8.3.3 Quality Control 

Third-party quality control technicians from Connect 202 Partners performed slump tests and 

prepared 10 x 20 cm concrete cylinders for compressive strengths at 7 and 28 days of hydration 

(Figure 8-20). Cylinders were placed in a 19-liter bucket submerged in water and placed next to 

the pavements for the first 24 hours. ASU had 6 – 7.5 x 15 cm concrete cylinders cast for each 

pavement to compare against the quality control cylindrical specimens. Compressive testing for 

the 7.5 x 15 cm cylinders was performed at ASU; the 10 x 20 cm cylinders were tested at the 

contractor’s laboratory. The slump for each concrete pavement was 16.5 cm which was within 

ADOT’s specification for workable concrete mixes.  
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Figure 8-20: (a) Concrete Slump Test, (b) Measured Concrete Slump, and (c) Prepared Concrete 

Cylinders for Strength Testing. 

8.3.4 Concrete Finishing 

After the initial placement and leveling the final smoothing and finishing was performed on the 

surface of both concrete pavements (Figure 8-21).  
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Figure 8-21: (a-c) Workers Smoothing and Finishing the Surface of the Concrete Sections.  

The completed concrete pavement sections are shown in Figure 8-22. The concrete forms were 

removed 24 hours after placement and the spacing between the concrete and surrounding subbase 

was filled. 

 

Figure 8-22: (a-c) Completed PCCP and TCSCP Pavement Sections. 

8.3.5 Compressive Strength  

Figure 8-23 shows the compressive strength of the PCCP and TCSCP pavement at 7 and 28 days. 

The slight decrease between the ASU and quality control results is likely the different sized 

cylinders used in testing. The PCM replaced a fraction of each constituent within the concrete mix 
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and additional water added on site to increase the workability are the likely cause for the 25% 

decrease in compressive strength. PCM typically decreases the workability of a concrete mix and 

as a result more water was added to the TCSCP mix on site. Replacement of the fine aggregate 

produces slight decreases in strength (Aguayo et al., 2016; Das et al., 2018). The logistics of the 

project did not allow for replacement of a single mix constituent but rather each constituent as 

PCM was “added” to the entire mix.   

 

Figure 8-23: Compressive Strength at 7 and 28 days of hydration for the PCCP and TCSCP. The 

Standard Deviation for the PCCP and TCSCP was 0.5 and 0.3 MPa, Respectively. 

8.3.6 Thermal and Strain Measurements 

Figure 8-24 shows the temperature and strain data from the RFID smart monitoring system for the 

first 14 weeks. The phase change temperature for the PCM used for this project was 35°C which 

results in thermal energy being stored above this point. At just 2% by total volume, the PCM within 

PCCP TCSCP
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TCSCP shows an average 1.5°C delay in rising temperatures and 3°C peak difference compared 

to the PCCP. The strain (measured at the center of each pavement) almost mirrors the trend in 

temperature for both pavements. The negative value for microstrain is the result of the 30.5 cm 

rebar rod undergoing compression. It was assumed that the bond between the rebar rod and 

concrete for both pavement sections is similar. If the strain in the rods is an indication of the 

amount of shrinkage (e.g. thermal, drying, autogenous) occurring within the pavement then the 

TCSCP demonstrates significant resistance to shrinkage. From week 2 through week 14 the 

TCSCP maintains a consistent value of around -125 microstrains. The PCCP section shows a strain 

response that starts around -150 microstrains but increases to -225 microstrains by week 14. As 

both pavements continue to age the PCM within the TCSCP continues to control and/or alter the 

rate of temperature change.  

The temperature during week 5 from the Bluetooth monitoring system are shown in Figure 8-25. 

The temperature profile for both the heating and cooling cycles reflects the temperature that was 

observed for week 5 in the RFID monitoring system.  
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Figure 8-24: RFID Temperature and Strain Measurements for the First 14 weeks for the Center 

Sensors within the PCCP and TCSCP. 

 

 

Figure 8-25: Bluetooth Temperature Measurements for Week 5 for the Edge and Corner Sensors 

Embedded within the PCCP and TCSCP. 

8.4 Conclusions 

This chapter evaluated the thermo-mechanical performance and field implementation of a PCM-

concrete pavement (TCSCP) against a conventional pavement (PCCP). Both pavements were 

subjected to similar external environmental conditions and monitored using state-of-the-art 

wireless temperature and strain sensing technology. The smart monitoring systems allowed for 
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temperature and strain within both pavements to be observed. TCSCP consistently showed a 

decrease in the heating rate and peak temperature compared to the PCCP. The TCSCPs ability to 

control the temperature resulted in maintaining a lower strain profile for the first 14 weeks as 

compared to the PCCP. At week 14 the PCCP showed compressive strains twice that of TCSCP. 

The compressive strains are an indication of the TCSCPs ability to resist shrinkage and 

demonstrates the feasibility of an auto-adaptive thermal control technology to mitigate thermal 

cracking of restrained concrete elements.  
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9.0 COMPOSITE COATINGS CONTAINING PCM AND METHODS OF MAKING THE 

SAME6 

9.1 Introduction 

Residential and commercial building operations account for 39% of primary energy use in the 

United States, primarily to heat or cool building interiors (U.S. Energy Information 

Administration, 2018). Phase Change Materials (PCMs) are a promising solution for reducing 

building energy consumption. They store energy by changing from a solid to a liquid state when 

system temperatures rise above their melting point and releasing energy when temperatures drop 

below their melting point. The use of PCMs in gypsum board, concrete, or as part of the insulation 

materials have been shown to reduce the energy consumption and/or to shift peak loads 

(Asimakopoulou, Kolaitis, & Founti, 2015; Luisa F. Cabeza et al., 2007; Frédéric Kuznik & 

Virgone, 2009; Martyn S. McLaggan, Hadden, & Gillie, 2017; M. S. McLaggan, Hadden, & Gillie, 

2018). Microencapsulated PCMs (m-PCMs) have found widespread acceptance for use in 

insulation materials, but installation costs inhibit their widespread adoption (Kosny, Shukla, & 

Fallahi, 2013). PCMs self-regulating abilities enable auto-adaptivity in a passive building envelope 

to help manipulate and maintain a thermal environment (Baetens, Jelle, & Gustavsen, 2010; 

Demirbas, 2006; Khudhair & Farid, 2004; Frédéric Kuznik et al., 2011; Pasupathy, Velraj, & 

Seeniraj, 2008; “Phase change materials (PCM) for cooling applications in buildings,” 2016). 

Specialized manufacturers have a monopoly on PCM-enhanced envelope or insulation materials, 

resulting in added costs that stifle widespread use of energy efficient PCM materials (Alter, 2009; 

Wilson, 2009). This chapter focuses on easy-to-apply technologies that will incorporate PCMs in 

                                                           
6 The information presented in this chapter is awaiting publication submittal. 
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envelopes (walls and roof) of existing/new buildings, while integrating them with common 

building practices. These PCMs will be available as a coating constituent (e.g., in paint) or bulk 

PCMs as part of drywall texture, stucco or decorative plaster. Bringing easy-to-apply PCMs into 

the retail market will encourage many small industries to begin using 

manufacturing/microencapsulation for building projects, thereby improving energy efficiency and 

driving down the heating and cooling costs significantly.  

9.2 Experimental Program 

9.2.1 Materials  

The base materials used in this study include a commercially available portland cement-based 

plaster (stucco) conforming to ASTM C926 (“ASTM C926-18b. Standard Specification for 

Application of Portland Cement-Based Plaster,” 2018, p. 926), a commercially available joint 

compound (plaster) conforming to ASTM C475 (“ASTM C475 / C475M - 17. Standard 

Specification for Joint Compound and Joint Tape for Finishing Gypsum Board,” 2017, p. 475), 

and two commercially available acrylic latex-based paints. A commercially available 

microencapsulated phase change material (PCM) with two different phase transition temperatures 

(e.g. 24 and 35°C) supplied by Encapsys were used in combination with the base materials. The 

base materials were applied to commercially available substrates cut into 25.4 x 25.4cm square 

sections. The substrate for an interior wall application included a 1.27cm thick gypsum board 

(Figure 9-1(a)) and the substrate for an exterior wall application consisted of: 2.54cm thick 

oriented shear board (OSB), 1.27cm thick foam board, asphalt saturated building paper, and 1cm 

thick steel lath (Figure 9-1(b)).  A typical interior and exterior layered wall section incorporating 

PCM is shown in Figure 9-1(c).  
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Figure 9-1: (a) Interior Substrate – Gypsum Board, (b) Exterior Substrate – OSB/Foam 

Board/Building Paper/Steel Lath, and (c) Interior and Exterior Wall Layering Schematic with 

PCM Incorporation. 

9.2.2 Test Methods 

9.2.2.1 Thermal Analysis 

Differential scanning calorimetry (DSC) was used to measure the thermal properties (e.g. enthalpy, 

specific heat capacity) of the microencapsulated PCM and PCM-paint mixtures in accordance with 

ASTM E1269-11. Prior to testing, samples were uniformly distributed across the bottom of 

aluminum test pans with three replicates were tested per sample. The thermal program used for 

analysis included a temperature sweep where the sample was heated from 0°C to 50°C followed 
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by a ramp down cooling to 0°C in an inert nitrogen environment. A rate of temperature change 

(i.e., heating and cooling) of 5°C/min was used. Equation 9-1 was used to determine the specific 

heat capacity (Cp) of the PCM and PCM-paint samples: 

Cp = Cp(st) ∙
Ds∙Wst

Dst∙Ws
                 (9-1) 

Where Cp(st) is the specific heat capacity of the sapphire standard, Ws is the mass of the specimen, 

Wst is the mass of the sapphire standard, Ds is the vertical displacement between the specimen 

holder and specimen DSC thermal curves at a given temperature, and Dst is the vertical 

displacement between the specimen holder and sapphire standard DSC thermal curves at a given 

temperature.  

9.2.2.2 Thermal Performance  

The thermal performance was determined by using a temperature-controlled environmental 

chamber with a built-in modular wall system. The modular wall system which was designed and 

implemented by the authors at Arizona State University is capable of testing commercially 

available building wall envelopes.   The chamber provides a temperature range of -15 to 70°C and 

can maintain a set temperature within ±0.3°C. Figure 9-2(a) shows the front of the chamber with 

the interior wall envelope element facing towards the interior of the laboratory. The laboratory 

temperature is maintained at 24°C and is representative of the internal thermal comfort experienced 

within a building. The interior of the chamber (Figure 9-2(b)) simulates the desired external 

environment for a specific location and time. A data-acquisition unit (DAQ) with 26 

thermocouples is used to measure the temperature at various locations throughout the depth of the 

wall system. Two wall sections, 25.4 cm in height and width, can be simultaneously subjected to 

the same external environmental conditions. The thickness of the wall system can be adjusted to 
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include multiple layers. The reported temperature for a given cross-section in the modular unit is 

the average temperature from three-separate thermocouples located at different (x, y) coordinates 

within this area (Table 9-1). Additional thermocouples measure the interior temperature of the 

chamber and the external laboratory temperature. 

Table 9-1: Thermocouple Location for Measuring Modular Unit Layer Temperature. 

Thermocouple 

x-coordinate  

(cm) 

y-coordinate  

(cm) 

1 6.35 19.05 

2 12.7 12.7 

3 19.05 6.35 
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Figure 9-2: (a) Temperature-Controlled Environmental Chamber With Built-In Modular Wall 

System and (b) Schematic of Layered Wall-System Within the Chamber. 

9.2.2.3 Rheology 

Each base material was blended with the added water for approximately 120 seconds. Next the 

PCM powder was added and mixed for an additional 60 seconds. A final round of hand mixing 

was carried out to ensure the composite mixture was homogenous. 400 mL of sample was then 

placed into the building material cell. The rheological characteristics of the PCM-coating 

composites were determined using an Anton Paar MCR 302 rotational rheometer with a building 

material cell (BMC-90). The BMC-90 diameter and height are 74 and 95 mm, respectively, 

allowing for 400 mL of sample to be tested. The modular inset cage within the cell is designed to 

prevent wall slippage of the mix and includes a cover to prevent evaporation of water. The 

rheological procedure consisted of a ramp up and ramp down pre-shear phase from 5-to-100/s then 
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100-to-5/s. A step up and step down shear rate of 10-to-150/s and 150-to-10/s was implemented, 

similar to the procedure found in (Arora et al., 2018).  

9.2.2.4 Scanning Electron Microscopy 

Microstructural images of the PCMs and the PCM-composite coatings used in this study were 

obtained using a Philips XL30 Field Emission Environmental scanning electron microscope 

(FESEM). Representative sections (approximately 10mm x 10mm x 5mm) were cut from the 

center portion of the coating layer samples using a carbide blade saw. Epoxy impregnation was 

not implemented to preserve the natural state of the PCMs incorporated within the layer.   

9.3 Characterization of Base Materials and Design of Coating Composites 

9.3.1 Physical and Thermal Properties of PCM 

The microencapsulated PCM powder and individual microcapsules are shown in Figure 9-3(a-c). 

The median particle size (d50) of PCM24 is 20 µm and that for PCM35 is 50 µm, where PCM24 

and PCM35 refer to the 24 and 35 °C phase change transition temperature of the microencapsulated 

PCM, respectively. Both particles are spherical in shape without any apparent agglomerations. 

Agglomerated PCM particles have been shown to negatively impact the microstructure and 

properties of the PCM-composite (Aguayo et al., 2016; Giro-Paloma et al., 2013). The individual 

spherical particles of the microencapsulated PCM should allow for a uniform dispersion within 

the coating composites.  
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Figure 9-3: (a) Microencapsulated PCM Powder, (b) Micrograph of PCM24, and (c) Micrograph 

of PCM35. 

Figure 9-4(a) shows the representative DSC curves for PCM24 and PCM35. The specific heat 

capacity was obtained by using Equation 9-1 and the enthalpy was determined as the area under 

the specific heat curve during the phase transition (Figure 9-4(b)). The phase change enthalpies 

for PCM24 and PCM35 were found to be 223 and 336 J/g, respectively. The larger enthalpy of 

PCM35 is directly correlated to the larger sized particles for this PCM as shown in the previous 

micrographs. The onset, peak, and end temperatures during the phase change for both PCM types 

can be found in Table 9-2. The peak temperature for PCM24 was 23.5 °C and 37.9 °C for PCM35. 

The standard deviation in peak temperature was 1.2 and 2.1 °C, respectively, for PCM24 and 

PCM35. Fluctuations in peak temp could be a result of the higher heating and cooling rate of 

5°C/min.  

50 µm

a) b) c)

100 µm2.5 cm
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Figure 9-4: (a) DSC Temperature Curves and (b) Specific Heat and Enthalpy of PCM24 and 

PCM35. 

Table 9-2: Thermal Energy Storage and Phase Transition Temperatures of the 

Microencapsulated PCM Powder (PCM24 and PCM35). 

Sample ID 
Heat storage 

capacity (J/g) 

Onset temperature 

(°C) 

Peak temperature 

(°C) 

End temperature 

(°C) 

PCM24 223 18.0 23.5 25.4 

PCM35 336 32.8 37.9 42.2 
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The enthalpy for both PCMs was used to determine the target thermal energy storage requirements 

for the coatings developed within this study. Table 9-3 shows the targets for thermal energy storage 

in kJ per square meter. The mass amount of PCM24 and PCM35 required to reach the thermal 

energy storage targets is also shown in grams per square meter. Each coating is tailored to include 

the amount of microencapsulated PCM required to achieve the thermal energy storage target. For 

example, a PCM-paint coating with a thermal energy storage target of 284 kJ/sq.m. will either 

contain 1281 g of PCM24 or 850 g of PCM35, depending on the phase change temperature chosen. 

The amount of PCM to achieve the thermal energy storage requirements will change when 

different microencapsulated PCM or macro-PCM are used. Even microencapsulated PCM from 

the same supplier but different batches should have the enthalpies tested and confirmed to 

determine the correct amount of PCM needed for the target thermal energy storage. 

Table 9-3: Target Thermal Storage for PCM24 and PCM35 Coatings. 

Thermal Storage  

(kJ/sq.m.) 

PCM24  

(g/sq.m.) 

PCM35  

(g/sq.m.) 

284 1281 850 

568 2551 1701 

 

9.3.1.1. Thermal Performance of PCM 

The determination of energy efficiency of PCMs in relation to traditional methods requires a metric 

that can be compared with conventional technologies. Using the temperature control chamber, 
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microencapsulated PCM35 powder at two different equivalent thermal storage capacities of 284 

kJ and 568 kJ was compared to a standard 25.4 mm thick fiberglass insulation. Both amounts of 

PCM powder and fiberglass were held within separate sealed cylindrical storage containers and 

subjected to the same external temperature regimes. Each container was fitted with a thermocouple 

at the center to measure the resultant temperature response. PCM35 was chosen for comparison 

because at ambient temperatures (~25 °C) it remains in a solid phase allowing for easier control 

during heating and cooling cycles within the chamber. The heating and cooling response consisted 

of two cycles in which the temperature within the interior of the chamber, referred to as “external”, 

was heated to 45 °C until 1 hour, allowed to cool for an additional hour, and repeated. Since the 

onset, peak, and end temperatures for PCM35 are 33, 38, and 42 °C, respectively, the temperature 

range of 24 to 46 °C was chosen for cycling. This range of temperatures allows the PCM to undergo 

a solid-to-liquid and liquid-to-solid phase transition highlighting the thermal energy storage benefit 

of this material. At the peak of the heating cycle, the 2.54 cm thick fiberglass insulation measures 

a 6 °C reduction in temperature from the external environment with only a slight shift in the peak 

temperature. PCM35 at 284 and 568 kJ/sq.m. shows a reduction in temperature of 11 and 13 °C 

compared to the external temperature and a shift in the peak temperature of 30 and 50 minutes 

compared to the fiberglass insulation, respectively.  The thermal benefit of PCM within a specified 

range include: delay in rising temperatures, decrease in the peak temperature, and a shift in peak 

temperature.  
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Figure 9-5: Heating and Cooling Temperature Cycle Comparison for PCM35 at 284 and 568 

kJ/sq.m. And Fiberglass Insulation at 2.54 cm in Thickness. 

To make a comparison of PCM incorporated coatings with other insulating materials a thermal 

efficiency factor (TEF) was established:  

TEF =
R−value

unit thickness
                      (9-2) 

here, R-value (W/m2K) is defined as the resistance of conductive heat flow, a term used to describe 

the insulating capacity for insulating materials. Commercially available insulating products have 

different R-values for varying thicknesses (Barbero, Dutto, Ferrua, & Pereno, 2014; O. Kaynakli, 

2008; Omer Kaynakli, 2012; Mahlia, Taufiq, Ismail, & Masjuki, 2007; Papadopoulos, 2005; Ucar 

& Balo, 2010) and the TEF is a normalized metric for comparison of these products to a unit 

thickness.   
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Although PCM35 showed a reduction in temperature twice that of the fiberglass insulation, a 

conservative estimate of the insulating capabilities is to equate the thermal energy storage target 

of PCM at 284 kJ/sq.m. to the R-value of the 2.54 cm thick fiberglass insulation. According to the 

manufacturer (Owens Corning, 2018) the R-value for the fiberglass insulation is 3.82 per 2.54 cm 

thickness which translates to a TEF of 1.50. The coating thickness of paint, plaster, and stucco 

incorporating PCM at a target storage capacity of 284 kJ/sq.m. is 0.1, 0.8, and 1.1 cm, respectively. 

Figure 9-6 shows the TEF for the PCM-coating composites (e.g. paint, plaster, stucco) denoted by 

“-M” and other commercially available insulating materials. The TEF is the highest for Paint-M 

due to its thickness of 0.1 cm having a similar R-value to a 2.54 cm thick fiberglass insulation. 

The TEF for Stucco-M and Plaster-M are at least twice as high as the TEF for other insulating 

products.  



 

195 
 

 

Figure 9-6: Thermal Efficiency Factor for PCM-Coatings and Commercially Available 

Insulating Materials. 

9.3.2 Cost Analysis of Composite Coatings 

A cost comparison between the PCM-coating composites and insulating products that are 

commercially available is necessary for evaluating the coatings against existing technologies. For 

a novel technology such as the PCM-coating composites to become widely accepted, the cost 

should not exceed the current market value for similar products. Prices were obtained from two 

commercial building material distributers (Lowes, 2018, The Home Depot, 2018). Figure 9-7(a) 

shows the average cost for the PCM-coating composites evaluated in this study and commercially 

available insulating materials in USD per square meter. The PCM-coating composite cost includes 

the cost of microencapsulated PCM and the cost of the base materials. Not considered is the cost 

to install these products. Fiberglass and rigid foam board show the lowest cost and spray foam 

shows the highest. Paint-M and Plaster-M are similar in cost to rock wool and denim insulation at 

around $13 per square meter. Stucco-M is the highest price PCM-coating composite because the 
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base material cost is $3.87 per square meter compared to $0.65 per square meter for paint and 

$0.32 per square meter for plaster.  

Normalizing the cost by the TEF provides an accurate comparison of each product in terms of 

thermal insulating capabilities. Figure 9-7(b) shows Paint-M and Stucco-M as having the lowest 

cost of all the insulating products and Stucco-M as having a similar cost to fiberglass and rigid 

foam board when considering the TEF. This cost comparison shows how novel PCM-coating 

technologies can provide improved thermal benefits without compromising cost, space, and 

efficiency. The PCM-coating technologies are improving existing base materials by providing 

them with a thermal energy storage component.  
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Figure 9-7: (a) Cost Comparison Between Coatings and Traditional Insulating Materials, and (b) 

Cost Comparison Normalized by the Thermal Efficiency Factor. 

9.3.3 Coating Characterization 

A comprehensive characterization of the PCM-coating composites is presented in this section. To 

improve traditional base materials requires the composites to be developed in such a way so that 

the physical characteristics are identical to their predecessors. 

a)

b)
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9.3.3.1 Physical Properties of Paint Composites 

From previous sections, paint has shown the greatest benefit in terms of cost and thermal 

efficiency. Initially, the polymer solids and water mass fractions of two commercially available 

acrylic latex-based paints were evaluated. Using three replicates, 50 grams of each paint sample 

were weighed and placed into an oven at 100 °C for 24 hours. After 24 hours the samples were 

weighed, and the mass loss recorded. Table 9-4 shows the polymer solids and water mass content 

for both paints. Previous studies have shown microencapsulated PCM to be contained within a 

polymeric capsule (Aguayo et al., 2016; Borreguero et al., 2011; Qiu et al., 2012; J.-F. Su et al., 

2007). Acrylic latex-based paints were chosen because of the compatibility between the acrylic 

polymers found within the paint and polymeric microcapsules that contain PCM. The difference 

in the mass fraction of polymer solids between both commercially available paints reveals the need 

to adjust the polymer solids fraction to include microencapsulated PCM. Table 9-4 was used as a 

guideline in determining the total mass fraction of polymer solids (e.g. PCM + Acrylic Polymer) 

when developing the PCM-paint coatings.  To remain consistent with commercially available 

paint, the total polymer solids fraction for PCM-paint should fall within the range of 0.25 - 0.44.    

Table 9-4: Polymer Solids and Water Mass Fractions for Commercially Available Paint. 

Paint Type Polymer Solids Fraction Water Fraction 

Paint 1 0.41 0.59 

Paint 2 0.28 0.72 
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Table 9-5 shows the mixture proportions in determining similar workability between PCM-paint 

and traditional paint. The control paint (P) was the paint that had a polymer solids fraction of 0.41 

and water fraction of 0.59. To add microencapsulated PCM to this paint, maintaining a total 

polymer solids fraction between the range of 0.25 – 0.44, required the water fraction to increase. 

Mixtures that include additional water added to the control paint to increase the water fraction are 

denoted as “PW” and mixtures that include additional water and PCM to be maintained within the 

total polymer solids fraction range are denoted as “PWM”. The mixtures that share the same 

number (e.g. PW1, PWM1) also share the same total water fraction.  

Table 9-5: Mixture Proportions for PCM-Paint Coating Composites. 

 

Mass Fraction 

ID Paint Water Added PCM 

P 1.00 0.00 0.00 

PW1 0.83 0.17 0.00 

PW2 0.71 0.29 0.00 

PW3 0.63 0.37 0.00 

PWM1 0.72 0.15 0.13 

PWM2 0.57 0.23 0.20 

PWM3 0.47 0.28 0.25 
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The viscosity for each paint mixture is shown in Figure 9-8. As additonal water is added to the 

control paint the viscosity reduces by at least 70%. The addition of PCM for a given water fraction 

greatly increases the viscosity as opposed to when no PCM is present. PWM2 shows a similar 

viscosity to the control paint whereas PWM 1 and 3 provide upper and lower bound limits, 

respectively. These upper and lower bounds for viscosity are a reflection of the required total 

polymer solids mass fraction. Developing a mixture outside of these bounds would cause the paint 

composite to become excessively stiff or fluid. 

 

Figure 9-8: Viscosity of Paint Mixtures with Increasing Water Content (e.g. PW1-3) and 

Increasing PCM Content (e.g. PWM1-3). 

9.3.3.2 Thermal Properties of PCM-Paint Coating Composites 

The specific heat capacity and enthalpy of the PCM-paint coating composites are shown in Figure 

9-9. PWM1 which contains the least amount of PCM, has a thermal energy storage capacity that 

is around 30% of the PCM35 powders capacity. At the start of each DSC run, 12.5 mg of sample 
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is measured and sealed within the aluminum pan. To have a thermal storage heat capacity 

equivalent to PCM35 powder, PWM1 would need at least 37.5 mg of composite material. Less 

composite material is required if PMW2 or PMW3 were used to achieve the same thermal energy 

storage capacity. These results highlight paint as an effective matrix, when used within appropriate 

fraction ranges, for PCM-paint coating composites. 
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Figure 9-9: Specific Heat and Enthalpy of PCM35 Powder and PCM-Paint. 

9.3.3.3 Physical Properties of Plaster and Stucco 

Unlike paint, plaster and stucco base materials are dry powder requiring added water to form 

hardened properties. The added water remains in the base material matrix instead of evaporating 

like is does for paint. Therefore, the overall PCM fraction of the paint composite and ultimately 

the thermal efficiency factor is much more compared to plaster and stucco. Table 9-6 shows the 

mixture proportions for plaster and stucco composite coatings containing PCM. The control plaster 

(PL) and stucco (S) mass fractions were obtained from the manufacturers operating guide. For 
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both base materials the water-to-base material ratio increases as the amount of PCM in the 

composite increases. The plaster-PCM composites and the stucco-PCM composites are denoted as 

“PLM” and “SM”, respectively. PCM is incorporated into the plaster and stucco after both base 

materials have been thoroughly mixed with the appropriate water and consistency appears uniform. 

Table 9-6: Mixture Proportions for Plaster and Stucco Composite Coatings Containing PCM. 

 

Mass Fraction 

ID Base Material Water PCM 

PL 0.606 0.394 0 

PLM1 0.420 0.372 0.210 

PLM2 0.376 0.376 0.248 

PLM3 0.320 0.391 0.290 

S 0.855 0.145 0 

SM1 0.763 0.143 0.094 

SM2 0.730 0.160 0.110 

SM3 0.700 0.175 0.120 
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The viscosities for PCM-plaster and -stucco composites are shown in Figure 9-10 (a) and (b). The 

PCM composite coatings are developed to provide a similar workability to that of the control 

plaster and stucco. The viscosities prove the PCM-coating composites can be developed to 

maintain physically characteristics that are identical to traditional base materials. A range of 

viscosities provides the  

 

Figure 9-10: Viscosity with Increasing PCM Content for: (a) PCM-Plaster Composites and (b) 

PCM-Stucco Composites. 

9.3.3.4 PCM Incorporation Targets 

Figure 9-11 summarizes the solids and water target fractions for each PCM-coating composite to 

maintain similar physical characteristics to their respective control. The paint (P), plaster (PL), and 

stucco (S) control composites are represented by the black filled circle, square, and triangle 

symbols, respectively. These symbols demonstrate how traditional base materials differ amongst 

one another in terms of solids and water fractions. Also shown within each plot is the target solid 

and water fractions highlighted in a light green transparent rectangle. Inside the target fractions are 

a) b)
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the PCM-coating composites characterized previously. As each solid/base material fraction 

decreases, the amount of PCM that may be incorporated without compromising any physical 

characteristics increases. These target ranges are not arbitrary and were developed using the 

materials mentioned throughout this study. To refine the target ranges would require multiple tests 

on other commercially available PCMs and base materials. The purpose of the current target range 

is to design PCM-coating composites for specific thermal energy storage requirements. The 

amount of thermal energy storage required of the composite is directly correlated to the thickness 

of the composite. The thickness of each composite is controlled by the allowable amount of PCM 

that can be incorporated while maintaining similar physical properties to the control composite. 

These plots for target solids and water fractions assist in determining that allowable amount of 

PCM incorporation.    
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Figure 9-11: Target Solids and Water Fractions for: (a) PCM-Paint Coating, (b) PCM-Plaster 

Coating, and (c) PCM-Stucco Coating. 

9.3.4 Thermal Performance of PCM Composite Coatings 

The thermal performance of each coating composite undergoing multiple heating and cooling 

cycles is presented here using the temperature-controlled environmental chamber. The temperature 

Target

Target

Target

a) b)

c)
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of each coating was measured directly behind each substrate layer and external temperature was 

measured at the center portion of the chamber interior. The heating and cooling rates along with 

the duration of time for the cycle is provided in Table 9-7. The heating rate is governed by the 

initial set temperature for the interior chamber. The higher the set temperature, the faster the 

heating rate to achieve that set temperature. The cooling rate is governed by the amount of time it 

takes the modular wall unit to reach the steady-state temperature conditions of the laboratory. The 

heating and cooling rates can also be influenced by the varying modular wall unit layers (e.g. 

thickness, substrate, coating composite).  

Table 9-7: Heating and Cooling Rates for PCM-Coating Composites. 

Composite 

Heating Rate 

(°C/min) 

Heating Duration 

(hours) 

Cooling Rate 

(°C/min) 

Cooling Duration 

(hours) 

Paint 3.60 0.25 0.33 1.25 

Plaster 1.43 0.5 0.13 3.5 

Stucco 0.75 1 0.09 5 

 

Figure 9-12(a-c) shows the thermal performance of the control base materials (e.g. P, PL, S) and 

their respective PCM-coating composites (e.g. PWM, PLM, and SM) subjected to three separate 

heating and cooling cycles. Each PCM-coating composite was developed to achieve a thermal 

energy storage capacity of 284 kJ/sq.m. The PCM-paint coating shows a 10 °C reduction in 

temperature compared to the control paint. This reduction is double the 4-5 °C reduction in 

temperature shown for the PCM-plaster and PCM-stucco coatings. The larger reduction could be 
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a result of the higher external temperature (54 °C) and heating rate the paint composites were 

subjected to compared to the external temperature and heating rates applied to the other two 

coating composites. Another consideration for temperature reduction variations could be the larger 

thicknesses for the PCM-plaster (0.8 cm) and PCM-stucco (1.1 cm) compared to the 0.1 cm thick 

coating layer for the PCM-paint. The final PCM-paint coating consists of a significant fraction of 

PCM microcapsules held together by the polymerization of the acrylic-latex based paint matrix. 

Essentially, the microencapsulated PCM is directly exposed to external temperatures when applied 

to the substrate. For the other two coating types, the microencapsulated PCM is contained within 

a cementitious matrix preventing direct exposure to external temperatures. It is also not uncommon 

for the plaster and stucco matrices to contain pores which would further influence the conductive 

heat flow through the coating composite. Regardless of the external temperature or control 

temperature, each PCM-coating composite at 284 kJ/sq.m. showed a peak temperature being 

reached around 35-37 °C. For comparison between thermal energy storage capacities, a 568 

kJ/sq.m. PCM-stucco coating was subjected to the same temperature conditions as the 284 kJ/sq.m. 

PCM-stucco coating (Figure 9-12(c)). As expected, the higher thermal energy storage capacity 

coating reduces the peak temperature even further as well as maintains the temperature at the phase 

transition longer. Each PCM-coating composite displays a shift in peak temperature, representing 

the potential for PCM-coating composites to not only limit the amount of heat flow entering a 

building envelope but also maintaining that thermal energy at a specific temperature.  
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Figure 9-12: Multiple Heating and Cooling Cycles for: (a) PCM-Paint Coating, (b) PCM-Plaster 

Coating, and (c) PCM-Stucco Coating. 
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9.3.5 Microstructure of PCM-Coating Composites 

To ensure the stability of the PCM microcapsules within the matrix of each PCM-composite 

coating required observation of the microstructure. The micrographs of each PCM-composite 

coating were obtained from the center portion of a representative sample as shown in Figure 9-13. 

The samples used from imaging were unpolished which allowed for the PCM particles to be 

preserved. Each composite matrix shows hydration products or binding products forming on and 

around the PCM microcapsules. The different sizes of PCM particles are also evident and appear 

to be uniformly dispersed. For the PCM composites to be effective required the PCM 

microcapsules to remain intact both during mixing and applied onto a substrate.   

 

200 µm

a)

200 µm

b)

200 µm

c)
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Figure 9-13: Micrographs of PCM-Composite Coatings for: (a) Plaster, (b) Stucco, and (c) Paint 

 

9.4 Field Scale Thermal Performance 

Field scale testing to evaluate the thermal performance for the PCM-paint composite coating was 

evaluated during the month of September in Tempe, AZ. The coating was applied to the exterior 

surface of a wooden box with dimensions, 0.61 x 0.61 x 0.61 m, and compared to an identical box 

without the coating (Figure 9-14). The weekly ambient temperature was as high as 44 °C during 

the daytime and as low as 27 °C during the nighttime hours. Because of the 27 – 44 °C temperature 

range, PCM35 at 284 kJ/sq.m. was used. Fiberglass insulation at 3 cm thick and 12 cm in width 

was applied to the top edge of each box to ensure a tight seal between the lid and box. The ambient 

temperature was measured using a wireless ultra-high radio frequency identification data logger 

(RFID) attached externally to the control box (Figure 9-14). Additionally, a single RFID data 

logger was placed within each box at the center to record the internal temperature.  
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Figure 9-14: External Control and Paint-PCM35 Box for Field Scale Thermal Performance. 

Figure 9-15 shows the multiple heating and cooling cycles for the control and PCM-paint coated 

boxes. Since the boxes are completely sealed, without any means of air ventilation, the peak 

temperature within the control box is higher than the external ambient temperature. This is not 

seen in the PCM-paint box because of the coatings ability to absorb the heat in the form of thermal 

energy. A 4 °C difference in peak temperature between the control and PCM-paint coated box can 

be observed. The rate of temperature rise also decreases compared to the external ambient 

temperature resulting in a 2-hour shift in peak temperature. These field scale tests are necessary to 

Control Paint-PCM35

External RFID
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understand if these PCM composite coatings are suitable for transition from laboratory 

experiments to real-world applications.  

 

Figure 9-15: Multiple Heating and Cooling Cycles Under External Ambient Conditions for 

Tempe, AZ in the Month of September. 

9.5 Conclusions 

Strategically integrating PCMs within traditional building components can prove to be a cost 

effective and energy efficient solution. This chapter focuses on developing customized material 

design for paint, plaster, and stucco composite coatings. Using the physical properties of base 

materials as a starting point, a range of desired physical properties for each composite coating 

containing PCM was established. Next, the thermal performance of each coating was evaluated 

against their control and showed a decrease and shift in the peak temperature experienced. Field 

scale testing demonstrated the effectiveness of the auto-adaptive ability of the coating to regulate 

and control the internal temperature within the box envelope.   
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10.0 CONCLUSION AND FUTURE WORK 

10.1 Conclusion 

This dissertation has established a fundamental foundation for using PCMs in infrastructural 

concrete and buildings. Several key aspects are noted: 

• Discrete individual PCM microcapsules of a specific shell material, core-to-shell ratio, and 

size can cause microstructural refinement within the cementitious matrix when uniformly 

dispersed. A conservative FE analysis observed the influence of interaction between quartz, 

PCM, and the cement paste matrix on stress sharing. This analysis could prove useful 

towards tailoring the component phase properties and volume fractions of PCMs to 

mitigate strength loss.  

• A procedure was developed and evaluated for macroencapsulation of PCM into compatible 

cementitious inclusions. Liquid PCM was impregnated at 5% by volume into four LWAs 

comprised of different minerology and pore structure features. A microstructural contrast 

factor was developed to better understand the relative volume fractions of different 

component phases with large property contrasts. This was necessary to provide guidelines 

for modeling effective thermal properties of hierarchical composites to include PCM. 

• Until a certain volume fraction of microencapsulated PCM replacing sand, the fracture 

response of the PCM modified mortars as quantified using the fracture toughness (KIC), 

critical crack tip opening displacement (CTODc) and strain energy release rate (GR) are 

similar to or greater than those of plain OPC mortar. The incorporation of softer PCM 

inclusions within limits at the expense of the stiffer quartz particles did not adversely 
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influence the fracture resistance of mortars. Digital image correlation (DIC) was used to 

identify and measure the fracture process zone (FPZ) in plain and PCM-modified mortars. 

The FPZ widths close to the peak load (when they are fully developed) were well related 

to the CTODc in mortars, denoting the influence of PCM microcapsules on the inelastic 

deformations at the crack tip. The FPZ heights remained unchanged with the PCM type or 

volume fraction at similar load or CMOD levels.    

• Three different stress levels were used to establish a mechanical fatigue curve for mortar, 

normal concrete, and ultra-high performance concrete incorporating PCM. The curve 

provides the fatigue life of PCM-cementitious composites for a given flexural strength. 

Weibull parameters showed less variability in fatigue life when PCM was present which 

can lead to safer and improved material designs of concrete infrastructure subjected to 

cyclic loading.  

• Field implementation of a temperature controlled smart concrete pavement (TCSCP) 

containing 2% PCM by total volume demonstrated superior performance over its PCCP 

counterpart. The amount of internal restraint or compressive strain in the TCSCP was less 

than half of that found in the PCCP. Daily heating cycles consistently showed a lower rate 

and peak temperature in the TCSCP. The ability of PCM to serve as an auto-adaptive 

temperature control solution indicates its effectiveness towards enhancing the thermal 

damage resistance of concrete infrastructure.  

• Several PCM-composite coatings have been developed and characterized. A range of 

desired physical properties of the PCM-composite coatings have been established to 



 

216 
 

duplicate traditional base materials. A cost analysis shows the coatings to be more cost 

effective than traditional insulating building materials. The novel coatings can improve and 

increase the thermal energy efficiency of existing and newly constructed building 

envelopes. 

10.2 Future Work 

The following is a brief overview of proposed activities to continue the work in this dissertation: 

• Further investigation and smart monitoring of field-scale concrete infrastructure containing 

PCM is needed for asserting its use in practical applications. 

• Investigation of creep and shrinkage within PCM-cementitious composites will provide 

insight into the short- and long-term behavior of these systems. 

• Further investigations of alternative macroencapsulation methods of PCM for improving 

the compressive and flexural strength of cementitious systems.  

• Further investigation into methods of incorporating PCM into large field scale projects and 

producing life-cycle cost analysis. 
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