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Abstract 11 

Phase change materials (PCMs) have found their use in concrete technology for increasing energy 12 

efficiency of building envelopes. In recent years, however, new potential applications for PCMs in 13 

concrete have been suggested, for example for reducing freeze-thaw damage and melting of ice 14 

forming on top of concrete pavements. A recent application of PCMs in concrete technology is their 15 

use for mitigating early-age cracking in hydrating concrete. The focus on this paper is therefore on 16 

theoretical considerations related to this particular application of phase change materials. In particular, 17 

the  focus is on simulating microencapsulated PCMs, which show very promising experimental 18 

results. Numerical models are developed for 2 scales: the meso-scale, in which the PCM 19 

microcapsules are simulated as discrete inclusions in the cementitious matrix; and the macro-scale, 20 

where the effect of PCM microcapsule addition is considered in a smeared way. On the meso-scale, 21 

the effect of PCM volume percentage, their phase change temperature, and latent heat of fusion on 22 

simulated adiabatic heat evolution are assessed. On the macro-scale, influence of these parameters on 23 

the temperature evolution in semi-adiabatic (field) conditions and tensile stress development are 24 

simulated. The outcomes of this study provide valuable insights related to the influence of PCM 25 

microcapsule parameters on the behaviour of cementitious materials, enabling tailoring composites for 26 

different environmental conditions. 27 

Keywords: Phase Change Materials (PCMs); Heat evolution; Thermal cracking; Numerical 28 

modelling; Lattice modelling 29 
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 31 

1. Introduction 32 

During construction, temperature in concrete will increase due to exothermic hydration reactions of 33 

cement. If unrestrained, the concrete in a structural element expands and contracts during the early-age 34 

heating and the subsequent cooling process without stresses being induced [1]. In practice, however, 35 

the concrete is nearly always restrained to some degree, either externally by adjoining structures or 36 

internally by different temperatures in the components of the structure itself [1].  This is an issue 37 

especially in massive hardening concrete structures which are most prone to thermal cracking at early 38 

age due to the hydration heat of cement [2-4]. As the surface of the structure will lose heat to the 39 

atmosphere, a thermal gradient will appear between the cold outside and the warm core of the structure 40 

or element. Differences in free thermal dilation between various parts of the structure will give rise to 41 

tensile stresses at the surface [5]. If these stresses exceed the tensile strength of concrete, cracking will 42 

occur. This is a common problem in engineering practice, and may be aggravated by unfavourable 43 

environmental conditions during concrete casting and curing [6]. Definition of mass concrete is 44 

somewhat ambiguous, with ACI 116R defining is “any volume of concrete with dimensions large 45 

enough to require that measures be taken to cope with generation of heat from hydration of the cement 46 

and attendant volume change, to minimize cracking”[7]. Different agencies give more specific 47 

guidelines, such as defining any concrete element having a least dimension greater than 0.9 m as mass 48 

concrete [8]. Currently, mass concrete is no longer considered only for dam construction; it is also 49 

used for foundation and members of structures for many classes as multistorey and nuclear reactor 50 

buildings [9, 10]. 51 

Cracks occurring at early age do not necessarily pose a threat to structural safety. However, these 52 

cracks can increase the susceptibility of the structure to environmental attacks, such as chloride ingress 53 

[11, 12]. This can result in a significant reduction of the service life [13]. The occurrence of thermal 54 

cracks depends, in general, on 3 groups of factors [14]: (1) material factors, which are related to mix 55 

proportions, cement type, and admixtures used; (2) structural factors, related mainly to internal and 56 

external restraints on the structure/element; and (3) execution factors, related to placing temperature, 57 
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curing, insulation, etc. Therefore, different measures can be used to tackle this issue, ranging from 58 

simple changes in mix design (e.g. using lower cement content [4] or blended cements [15]), structural 59 

modifications (e.g. expansion joints, additional reinforcement, prestressing [4, 14]), or execution 60 

parameters (cooling pipes or formwork) [16].  61 

Another possibility for mitigating thermal cracking in hardening concrete has been recently proposed 62 

– the use of phase change materials (PCMs) as additives [17-20]. A phase change material has high 63 

heat of fusion which can, by melting and solidifying at a certain temperature,  store and dissipate large 64 

amounts of energy in the form of heat [21]. In recent years, many studies have been devoted to the use 65 

of PCMs  in cementitious materials to increase the energy efficiency of buildings [22-25]. Different 66 

ways of incorporating PCMs into concrete have been proposed: (1)  impregnation  in lightweight 67 

aggregates [17, 26, 27]; (2) microencapsulation [19, 24, 28, 29]; and (3) embedding in tubes [26, 30]. 68 

In this work, microencapsulated PCMs are considered. 69 

Numerical simulation tools have also been proposed in the literature to assess the thermal performance 70 

and the efficiency of PCM modified concrete [31, 32]. The use of modelling tools can help in tailoring 71 

efficient PCM based composites. This study aims to evaluate the effects of adding microencapsulated 72 

PMCs in cement based systems on their thermal and structural performance. First, a meso-scale 73 

numerical tool for simulating temperature evolution in a composite system containing 74 

microencapsulated PCM is presented. This part focuses on material parameters related to PCM 75 

addition, such as the addition percentage, heat of fusion, and temperature of phase change. The next 76 

part deals with modelling of a full-scale hardening concrete structure using a commercial FE package, 77 

where the interaction of the structure with the environment is considered. The main focus of the 78 

second part is to assess the effect of PCM addition on stress evolution in the hardening structure. The 79 

influence of different parameters on temperature and stress development is discussed. This study will 80 

serve as a basis for design and development of PCM modified cement based materials and structures 81 

for mitigating thermal cracking in various environmental conditions. 82 
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2. Methods 83 

2.1. Meso-scale modelling approach 84 

Lattice models have long been used to simulate fracture processes in concrete [33-35] and other quasi-85 

brittle materials [36, 37]. Unlike the continuum mechanics approaches, in this type of models the 86 

continuum is discretized as a set of two-node (truss or beam) elements which can transfer forces. 87 

Fracture is simulated by damaging these discrete elements. These models can be successfully used on 88 

multiple scales, from the micro-scale (i.e. cement paste scale [38]), to the meso-scale (i.e. mortar scale 89 

[35, 39]) and the macro-scale (i.e. concrete element and structure scale [40]). Different scales can be 90 

simulated in a straight-forward fashion by implementing the material structure appropriate for each 91 

scale. 92 

Recently, the concept of lattice (or rather discrete) modelling has been extended to simulating 93 

transport processes in concrete, such as moisture [41, 42] transport, chloride transport [43-45], and 94 

electrical current flow [46]. In the transport model, the material domain is discretized as a set of one-95 

dimensional “pipe” elements through which the transport takes place. This type of model is used 96 

herein. 97 

For spatial discretization in three dimensions, the starting point is a prismatic domain. This domain is 98 

first divided into a number of cubic cells. Then, a sub-cell is defined in the centre of each cell. A node 99 

is randomly placed within each sub-cell using a pseudo-random number generator (Figure 1). Then, a 100 

Voronoi tessellation of the domain, with respect to the generated set of nodes, is performed. Nodes 101 

with adjacent Voronoi cells are connected by lattice elements (Figure 1) [40]. 102 
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 103 

Figure 1. Left: Node placement procedure in two-dimensions. Right: Meshing procedure in two-dimensions. Solid, lattice; 104 
dashed, Voronoi cells. 105 

Heterogeneous material behaviour can be considered by employing the particle overlay procedure 106 

(Figure 2). This way, properties can be assigned to different material phases. As an input, either a 107 

computer generated material structure, or a material structure obtained by scanning (2D) or CT-108 

scanning (3D), can be used. Each node in the mesh is assigned with a pixel/voxel value (2D and 3D, 109 

respectively) from the used material structure. Properties assigned to each element depend on the 110 

pixel/voxel value at its end nodes (Figure 2). 111 

 112 

Figure 2. Particle overlay procedure in two dimensions 113 

2.1.1. Heat transport model 114 

To simulate the heat transport on this scale, the transient heat conduction equation for a stationary 115 

medium is used [47]: 116 
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 117 

Here, ρ is the density (kg/m
3
), cp the specific heat capacity (J/kg∙K), k the thermal conductivity 118 

(W/mK), T the temperature (K), t time (s), and x the spatial coordinate (m). The rate of heat production 119 

due to hydration is implemented through the source term Q  (J/m
3
s).  120 

Equation (1) can be discretized in space using the standard Galerkin procedure [43, 47]. The following 121 

set of equation arises (in matrix form): 122 

T
C KT f

t


 


 

(2) 

 123 

In equation (2), C is the element capacitance matrix, K the element conductivity matrix, and f the 124 

forcing vector. Vector of unknowns, T, is the vector of temperatures in the nodes of a lattice element. 125 

Elemental matrices in equation (2) have the following form: 126 

2 1
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 127 

Here, l is the element length, A the element cross-sectional area. In the lattice approach, cross-sectional 128 

areas of individual lattice elements are assigned using the so-called Voronoi scaling method [40, 41] – 129 

cross sectional area of an element is equal to the area of a facet of a Voronoi cell which is common to 130 

its end nodes. Note that element capacitance and conductivity matrices are equivalent to those of 131 

regular 1D linear finite elements [47], except the non-dimensional correction parameter ω in the 132 

capacitance matrix (equation (3)). This parameter is used to convert the volume of a Voronoi cell to 133 

the volume of lattice elements, due to overlap of volume of adjacent lattice elements (Figure 3). It can 134 

be calculated as [48]: 135 
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(5) 

where m is the total number of elements in the mesh, Ak and lk cross sectional area and length of each 136 

lattice element, k element number, and V the volume of the specimen. It was shown that ω can be set 137 

as 2 for the two-dimensional and 3 for the three-dimensional case, respectively, without loss of 138 

accuracy [41]. 139 

 140 

Figure 3. Definition of overlap area for determination of parameter ω (adapted from [48]). 141 

The forcing vector, at this scale, considers only the internal development of hydration heat. Heat of 142 

hydration calculations are performed for each node using the volume of the corresponding Voronoi 143 

cell [6]. Therefore, forcing vector due to heat of hydration for each node is: 144 

i if QV  (6) 

where i is the node number, and Vi the volume of the corresponding Voronoi cell. System matrices are 145 

assembled using the standard finite element procedure [47]. 146 

The total heat absorbed by PCM microcapsules comprises a sensible heat contribution (proportional to 147 

the mass and the specific heat capacity of the material) and the latent heat contribution (proportional to 148 

the mass and the enthalpy of phase change) [19]. Most materials can absorb sensible heat: it is the 149 

latent heat contribution that provides the PCMs with their energy storage capacity. The latent heat 150 

stored during phase change in the PCM microcapsules is taken into account in the model by using the 151 

heat capacity method [23]. Contribution from the latent heat due to the phase change process is 152 
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considered by using a piecewise temperature dependent function for the specific heat capacity of the 153 

PCM microcapsules [32, 49]: 154 

,
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p l
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for / 2pc pcT T T    

 

(7) for / 2 / 2pc pc pc pcT T T T T     

for / 2pc pcT T T   

 155 

where cp,s and cp,l are the specific heat capacities of the solid and the liquid phase (it is assumed in all 156 

analyses that cp,s=cp,l), Tpc the phase change temperature, ΔTpc the temperature window, and hf  the 157 

latent heat of fusion of the phase change material. 158 

System of equations (2) is discretized in time using the Crank-Nicholson procedure [47]: 159 

1 1 1( 0.5 ) ( 0.5 )n n n nC tK T C tK T t f          (8) 

This equation is then solved for each discrete time step (Δt) and the temperature distribution is 160 

obtained. Since the specific heat capacity (cp) and, therefore, matrix C is dependent on temperature T 161 

(for phase change microcapsules, see equation (7)), the iterative procedure is avoided by calculating 162 

temperature in each step (n) based on values of specific heat capacities from the previous step (n-1). 163 

Although this implies a certain amount of error, it significantly shortens the simulation time and the 164 

error is small for small time step Δt. 165 

On the meso-scale, the material is considered to comprise a cementitious matrix and discrete 166 

microcapsules containing phase-change materials. 167 

2.1.2. Model validation 168 

For the validation of the discrete modelling approach, a homogeneous cement paste specimen was 169 

simulated. Material properties of the cement paste used in this simulation were given by Thiele et al. 170 

[32] (see Table 1). 171 

 172 

 173 
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Table 1. Material properties used in meso-scale simulations [32]. (Note that the PCM used in [32] was an organic paraffin 174 
encapsulated by a melamine-formaldehyde shell) 175 

Material ρ (kg/m
3
) c (J/kg K) k (W/mK) 

Cement paste 1965 1530 1 

PCM 900 1900 0.42 

 176 

For the development of heat of hydration, experimental results of De Schutter and Taerwe [50] are 177 

used
1
. They performed isothermal hydration tests for Portland Cement CEM I 52.5. One of their 178 

measurements (at 35 °C) is used herein (Figure 4). The simulated cement paste was assumed to have a 179 

0.45 w/c ratio, which amounts to around 1300 kg/m
3
 of cement (assuming  specific gravity of 3.15).  180 

 181 

Figure 4. Heat production rate of Portland Cement CEM I 52.5 at 35 °C [50]. 182 

The measured heat production rate was first converted to volumetric heat production rate, and then 183 

applied as the source term according to equation (6). 184 

For validation, a homogeneous 30x30x30 μm
3
 lattice was generated. Cell size of 1x1x1 μm

3
 with a 185 

sub-cell of 0.5x0.5x0.5 μm
3
 was used for mesh generation (see Figure 1), with 27000 lattice nodes in 186 

total. Nodes at the domain edges were positioned exactly at the edge, in order to retain the total 187 

volume of the specimen (Figure 5). Adiabatic conditions were assumed (i.e. no heat exchange with the 188 

                                                           
1
 This particular heat production rate curve was selected due to its steep increase, because it may be assumed that 

concrete which exhibits a rapid heat evolution will have a higher risk of thermal cracking. In fact, any heat 

production curve, be it experimental (e.g. other curves in the paper of De Schutter and Taerwe [50]) or simulated 

(e.g. by HYMOSTRUC model [51, 52]), can be used in the model. 
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environment occurs)
2
. The initial temperature of the cement paste was assumed as 20°C (293.15K). 189 

According to the second law of thermodynamics, it is possible to predict the the temperature rise due 190 

to heat production as [29]: 191 

p

Q MC
T

c










 

(9) 

where δT is the temperature difference caused by an increment in heat production δQ and MC the mass 192 

of cement. In figure 5, simulation results are compared with those obtained using equation (9). 193 

a)  194 

b)  195 

Figure 5. (a) A 30x30x30μm3 random lattice used for model validation; (b) Comparison of the simulated temperature 196 
evolution and thermodynamic calculations 197 

It can be seen in Figure 5 that there is no significant difference between the result of the lattice model 198 

and the theoretical (i.e. thermodynamics) solution. From this simple example, it can be concluded that 199 

the model does not show any significant numerical noise due to the lattice randomness. 200 

                                                           
2
 It should be noted that adiabatic tests are, in practice, performed mostly on concrete, not cement paste. In semi-

adiabatic tests of Portland cement paste samples, temperatures close to 100°C have been recorded [53]. For 

comparison, a simulation of adiabatic temperature rise in concrete is given in the Appendix. 
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2.2. Structural modelling approach 201 

Cracks in hardening concrete do not occur only due to material properties. Even more important is the 202 

structure itself [54]. Temperature induced deformations of a structure can be restrained by already 203 

hardened parts of the structure, leading to cracking. In that case, the rate of heating and cooling of the 204 

structure (together with the mechanical properties of the hardening material) will determine if cracking 205 

will occur. 206 

On the structural scale, the influence of PCM additions on the risk of early-age cracking is assessed on 207 

the macro (i.e. structural) scale. Commercial finite element package FEMMASSE is used to simulate 208 

temperature evolution and stress distribution at this scale. FEMMASSE is a finite element model 209 

based on the state parameter concept [54, 55]. That means that the material properties are a function of 210 

the state of the material. The state can be maturity, degree of hydration, temperature, or moisture 211 

potential. On the macro scale, concrete is assumed to be homogeneous and isotropic (i.e. PCM 212 

microcapsules are not explicitly modelled). Instead, the heat absorbing capacity of PCM 213 

microcapsules in included in the concrete material. 214 

2.2.1. Heat transport model 215 

Heat transport in FEMMASSE is also simulated using equation 1. For the latent heat contribution 216 

during of the PCM material, also on this scale the heat capacity method is used [23, 49]: 217 

,

, ,

,

( )

p c

f pcm

p c p c

pc

p c

c

h m
c T c

T

c



 







 





  

for / 2pc pcT T T    

 

(10) for / 2 / 2pc pc pc pcT T T T T     

for / 2pc pcT T T   

where cp,c is the specific heat capacity of concrete, and mpcm the quantity of PCM microcapsules per 218 

cubic meter of the mixture. For simplicity, it was assumed that the addition of phase change 219 

microcapsules does not cause a change in density, thermal conductivity, or specific heat capacity 220 

(except due to the latent heat) of the hardening concrete. 221 
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3. Parametric studies 222 

3.1.1. Material scale 223 

In this section, physical and numerical parameters related to addition of PCM microcapsules are 224 

assessed on the meso-scale. In order to mimic the experiments, a part of the cement paste was replaced 225 

by PCM microcapsules. For simplicity, the microcapsules are considered to comprise only PCM, 226 

without a hard shell. This was done in order to minimize the computational effort, since in that case a 227 

much finer lattice mesh would need to be used. It is  noted that an explicit consideration of a shell 228 

around the microcapsules would have a two-fold influence on the simulation result [49]: (1) it would 229 

reduce the total amount of PCM in the matrix (i.e. part of the capsule would be a non-phase change 230 

material); and (2) it would change the thermal properties of the matrix (due to different density, heat 231 

conductivity, and specific heat capacity of the shell material compared to the matrix). Nevertheless, 232 

the conslusions from the presented analyses are (in a qualitative sense) also valid for the “real” case. 233 

In the following simulations it has been assumed that a part of the cement paste has been replaced by 234 

PCM microcapsules. Material properties used in the simulations are given in Table 1. Three 235 

replacement levels are considered: 10%, 20%, and 30% by volume of the cement paste. These 236 

replacement levels are realistic and in line with the work of Fernandes et al. [19]. For all the 237 

simulations in this section, the heat production rate presented in Figure 4 (obtained by De Schutter and 238 

Taerwe [50]), was used. Adiabatic heat evolution is also considered in this section, with all zero flux 239 

boundaries. Initial temperature was set to 20°C (293.15K). 240 

In the work of Thiele et al. [31] it was shown that the packing arangement and polydispersity has no 241 

effect on the effective thermal properties of a composite material containing spherical particles. 242 

Therefore, in this study, three material structures with randomly distributed spherical microcapsules 243 

were created, for the 10%, 20%, and 30% replacement levels, respectively (Figure 6). These material 244 

structures were first voxelized and then overlapped on a lattice mesh (see Figure 2), creating a 2-phase 245 

composite lattice comprising PCM microcapsules and the cement paste. 246 
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 247 

Figure 6. 30x30x30μm3 material structures comprising PCM microcapsules (cut in the middle to show PCM microcapsules) 248 
and cement paste with (left to right) 10%, 20%, and 30% PCM microcapsules per volume. PCM microcapsules are shown in 249 

red, while blue represents the cement paste matrix. 250 

Because the heat production occurs only in the cement paste, the heat source term Q  is applied only in 251 

the paste nodes. The phase change capsules have, therefore, a two-fold effect on the internal heat 252 

generation in the composite: first, they have a diluting effect due to the fact that they replace a part of 253 

the hydrating cement; and second, the phase change effect. 254 

The diluting effect is considered first. This means that the heat absorbed by the system is only due to 255 

the sensible heat contribution. This essentially means that the PCM is considered simply as a filler 256 

material (e.g. limestone powder or fine sand) in terms of its thermal properties. It is simulated by 257 

considering the specific heat capacity of the PCM microcapsules to be constant (equation (7)). 258 

Temperature evolution for the three simulated PCM replacement levels (together with the reference 259 

cement paste) is given in Figure 7. 260 

 261 



14 
 

 262 

Figure 7. Simulated temperature evolution in a 30x30x30μm3 microstructure containing different amounts of PCM 263 
microcapsules and without considering their latent heat contribution. 264 

The diluting effect itself can be quite beneficial for the internal heat development, and is actually the 265 

only mechanism for cases when the initial temperature is higher than the phase change temperature. In 266 

the simulated example, the temperature achieved after 72 hours (3 days) of hydration was 134.8 °C, 267 

127 °C, 118 °C, and 108.2 °C for the reference and 10%, 20%, and 30% PCM cases, respectively. This 268 

means that, by sensible heat only, the temperature can be reduced up to 26°C after three days in 269 

adiabatic test. It can be also noted that, in this case, the onset of temperature increase is not delayed: it 270 

is merely reduced due to less hydrating cement in the matrix. This is in accordance with semi-adiabatic 271 

tests performed by Thiele et al. [32]: they observed that, when the casting temperature was above the 272 

phase change temperature of the microcapsules (i.e. when only the sensible heat contribution of the 273 

PCM microcapsules is utilized), only a reduction in peak temperature resulted. The rate of temperature 274 

rise, however, remained similar.  275 

Next, the latent heat contribution of the PCM microcapsules is also included. The phase change 276 

temperature is set as Tpc=25°C, the latent heat of fusion hf=180 kJ/kg, and the temperature window as 277 

ΔTpc=3°C. Temperature evolutions for the simulated meso-structures are shown in Figure 8.    278 
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 279 

Figure 8. Simulated temperature evolution in a 30x30x30μm3 microstructure containing different amounts of PCM 280 
microcapsules. 281 

It can be seen that the phase-change capsules clearly delay the onset of temperature rise. The 282 

temperatures achieved after 72 hours are even lower in this case (compared to the case when only the 283 

sensible heat of PCM microcapsules is considered): 123.1 °C, 110.4 °C, and 96.4 °C. Figure 9 shows 284 

the latent heat contribution for all considered cases. Figure 10 illustrates the relation between the 285 

addition of microencapsulated PCMs and the adiabatic temperature rise. 286 
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287 

 288 

 289 

Figure 9. Influence of the latent heat contribution of PCM on the adiabatic temperature rise in cement paste containing 290 
different replacement levels of PCM microcapsules (w/o PC- without phase change, i.e. only diluting effect is considered; w 291 

PC- phase change, also phase change effect is considered). 292 



17 
 

 293 

Figure 10. Decrease in simulated adiabatic temperature rise after 3 days of hydration with PCM microcapsules. 294 

Clearly, the more PCM capsules there are, the more could be gained from their phase change in terms 295 

of delaying the temperature rise. The same trend was predicted by theoretical considerations of Qian et 296 

al. [18]. 297 

The ability of PCM microcapsules to absorb heat is highly dependent on their latent heat of fusion. 298 

Phase change materials with different latent heat of fusion (hf) are available on the market [21]. In 299 

Figure 11, the influence of hf on the adiabatic heat evolution for different replacement levels is 300 

explored. Note that most PCM materials proposed for temperature control in cementitious materials 301 

have hf between 100-300 kJ/kg [17-19, 27, 49]. 302 
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303 

 304 

 305 

Figure 11. Influence of the latent heat of fusion of PCM microcapsules on the adiabatic temperature rise in cement paste 306 
containing different replacement levels (top to bottom: 10%, 20%, and 30% PCM microcapsules per volume). 307 

In Figure 11 it can be seen that an increase in latent heat of fusion certainly has a great effect on the 308 

temperature development in adiabatic conditions. It needs to be observed that this increase  becomes 309 

more beneficial as the total amount of PCM in the matrix increases. Therefore, a trade-off is possible 310 
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between the amount of PCM and their latent heat capacity: lower amounts of PCMs with higher heat 311 

capacity can be used and vice versa, while the temperature development remains similar. However, it 312 

is desirable to use as low amount of PCM microcapsules as possible, since they could have a negative 313 

effect on the compressive [19, 29] and (to a lesser extent) tensile strength of concrete [19]. 314 

Another important aspect of using PCM microcapsules for control of thermal cracking is their phase 315 

change temperature. In Figure 12, a comparison of systems with three different phase change 316 

temperatures: 25°C, 35°C, and 45°C (with 10% PCM microcapsules and hf=180kJ/kg). 317 

 318 

Figure 12. Influence of the phase change temperature of PCM microcapsules on the adiabatic temperature rise in cement 319 
paste containing different replacement levels. 320 

It can be seen that the phase change temperature does not affect the final temperature in adiabatic 321 

conditions. In semi-adiabatic conditions (i.e. when some of the heat is lost to the environment), this 322 

may be somewhat different, as explored in the following section. 323 

3.1.2. Structural scale 324 

In this section, the influence of PCM microcapsule addition on temperature and stress development in 325 

hardening concrete wall is explored. As an example, a massive wall-slab system shown in Figure 13 is 326 

analysed. It is assumed in the analysis that the base slab has already hardened, and is restraining the 327 

thermal deformation occurring in the hardening wall. This is a typical scenario which could potentially 328 

lead to through cracking in the concrete wall. 329 
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 330 

Figure 13. Geometry of the wall-slab system analysed in this section. 331 

It is assumed further that the initial temperature of the base slab is 15°C, while the initial temperature 332 

of the young concrete is 20°C. The structure is exposed to the constant environmental temperature of 333 

15°C. To simulate the heat exchange between the structure and the environment, convective boundary 334 

conditions are applied: 335 

( )B e Bq a T T   (11) 

where Bq is the heat flux normal to the boundary B, a the heat transfer coefficient, and Te the 336 

temperature of the environment. For all simulations in this section, heat of hydration as shown in 337 

Figure 14 is used. 338 

Convective boundary conditions are applied on all surfaces of the structure. The hardening concrete is 339 

covered by 18mm plywood plate formwork. Wind speed is assumed to be 5 m/s, which together with 340 

the formwork results in a heat transfer coefficient of 7 W/m
2
K. Meanwhile, the base slab is directly 341 

exposed to the wind, resulting in a heat transfer coefficient of 25 W/m
2
K. The formwork is removed 342 

after 4 days, and the whole structure is then directly exposed to the environment, with a heat transfer 343 

coefficient of 25 W/m
2
K. 344 
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 345 

Figure 14. Development of heat of hydration of hardening concrete used in macro-scale simulations. 346 

Two-dimensional simulations of the wall-slab system are performed, using the plane strain theory 347 

which is applicable since the out-of-plane dimension (i.e. length) is much larger than the cross-section 348 

of the structure.  Mechanical properties of the hardening concrete are maturity dependent, as given in 349 

Figure 15. Other properties used in the analyses are given in Table 2. Note that influence of PCM 350 

microcapsules on mechanical properties of concrete and their development has been neglected in the 351 

present simulations: although it is known that the PCM microcapsules cause a reduction in the 352 

compressive strength of concrete [29], they affect the elastic modulus and the tensile/bending strength 353 

to a lesser extent [19]. These effects will be considered in the model once more data is available. 354 

 355 

Figure 15. Development of E modulus and tensile strength of hardening concrete used in macro-scale simulations. 356 
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Table 2. Material properties used in macro-scale simulations. 357 

 Material property Value 

Hardening concrete 

(wall) 

Compressive strength at 28 days  43 MPa 

Tensile strength at 28 days 3.50 

Young’s modulus at 28 days 34 Gpa 

Poisson’s ratio 0.2 

Coefficient of thermal expansion 1∙10
-5

 1/°C 

Density 2300 kg/m
3
, ref. [49] 

Thermal conductivity 1.4 W/mK , ref. [49] 

Specific heat capacity 880 kJ/kgK, ref. [49] 

Old concrete (slab) 
Thermal conductivity 2.4 W/mK 

Specific heat capacity 1000 kJ/kgK 

 358 

The wall/slab system is discretized using fully integrated four node finite elements using the plane 359 

strain formulation [56]. In total, 1000 elements and 1111 nodes were used in all analyses (Figure 16). 360 

The analyses were carried out for 500 hours with a time step of 0.25 hours and storage of the results at 361 

every 0.5 hours. Time dependent behaviour of concrete (creep and shrinkage) were not considered. 362 

 363 

Figure 16. Two dimensional finite element mesh used for simulations in this section. Hardening concrete is shown as light 364 
blue, while the base slab is shown as green. 365 

First, the influence of PCM microcapsule addition on temperature and stress development in hardening 366 

concrete is simulated. Four different addition levels are simulated: 0, 30, 60, and 90 kg/m
3
 of 367 

microencapsulated PCM. Note that these addition levels are realistic and in line with existing 368 

literature: for lightweight aggregates impregnated with PCM, addition levels of 50-120 kg/m
3
 have 369 

been suggested by Sakulich and Bentz [27] as optimum and maximum quantity of PCM in concrete, 370 
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respectively, while Farnam et al. [26] used even higher quantities (150 kg/m
3
); for microencapsulated 371 

PCM in concrete, Hunger et al. [29] used 23-113 kg/m
3
. In these simulations, hf=180 kJ/kg [49] and 372 

phase change temperature of 25°C are used. Development of maximum temperature and out-of-plane 373 

stress for these simulations is shown in Figure 17 and Figure 18. 374 

 375 

Figure 17. Simulated development of maximum temperature in a hardening concrete wall depending on the PCM 376 
microcapsule addition level. 377 

 378 

Figure 18. Simulated development of out-of-plane stress in a hardening concrete wall depending on the PCM microcapsule 379 
addition level. 380 

In Figure 17, it can be seen that, as already shown by the meso-scale model (section 3.1.1), the PCM 381 

microcapsule addition delays the onset of temperature rise. Combined with loss of heat to the 382 

environment, this results in a lower maximum temperature with increasing PCM addition level. 383 

Furthermore, the onset of maximum temperature is delayed (Table 3). It is also important that PCM 384 
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addition slows down the cooling phase, with increasing PCM levels resulting in a smoother 385 

temperature curve. This has implications on the stress development in the hardening wall, as shown in 386 

Figure 18. First, the temperature increase results in occurrence of compressive stresses. The magnitude 387 

of these stresses decreases with the increase in PCM content. However, this phase is not critical for 388 

crack development in the hardening wall: it is the cooling down phase that results in tensile stresses. In 389 

this phase, the PCM addition results in a decrease of tensile stresses in the wall. By comparing the 390 

tensile stresses with the tensile strength of the concrete, it is clear that, when no measures are taken, 391 

cracking will occur. Already when 30 kg/m
3
 of PCM is used, the stresses are lower than the tensile 392 

strength. These stresses also occur at a later instance compared to the reference case  393 

(Table 3). Further increase in PCM content causes an even larger drop in tensile stress. There are two 394 

additional points that need to be stressed again here: on the one hand, the influence of PCM addition 395 

on the tensile strength is not taken into account, and it may be the case that the actual tensile strength 396 

of the PCM concrete is somewhat lower; on the other hand, the influence of PCM on thermal 397 

properties and the dilution effect (section 3.1.1) is also not taken into account, which may result in 398 

even lower stresses. Therefore, these two opposing effects may to a certain extent affect the results. 399 

Next, the influence of phase change temperature of PCM microcapsules is explored. In section 3.1.1, it 400 

was shown that the temperature of phase change does not have any influence on the maximum 401 

temperature occurring in an adiabatic test. In the structural test, however, part of the heat is lost to the 402 

environment, and the influence of phase change temperature is possibly different. In these simulations, 403 

hf=180 kJ/kg [40] and 90 kg/m
3
 of PCM is assumed. Development of maximum temperature and out-404 

of-plane stress for these simulations is shown in Figure 19 and Figure 20. 405 
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 406 

Figure 19. Simulated development of maximum temperature in a hardening concrete wall depending on the phase change 407 
temperature of PCM microcapsules. 408 

 409 

Figure 20. Simulated development of out-of-plane stress in a hardening concrete wall depending on the phase change 410 
temperature of PCM microcapsules. 411 

Three different phase change temperatures are explored: 25°C, 35°C, and 45°C. It can be seen in 412 

Figure 19 that lower PCM temperatures result in lower maximum temperature (for the assumed 413 

casting temperature of 20°C and the assumed material and environmental parameters). The cooling-414 

down phase shows a similar behaviour: the highest phase change temperature prolongs the cooling 415 

down phase less than the lowest phase change temperature. This results in marked differences in 416 

maximum tensile stress that occurs in this phase: for the lowest phase change temperature, lowest 417 

stresses occur and at the later stage (Figure 20 and Table 3). This will result in a lower probability of 418 

thermal cracking. 419 
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Finally, the influence of heat of fusion of PCM microcapsules is explored. Similar to the meso-scale 420 

model in section 3.1.1., heats of fusion ranging from 90-900 kJ/kg were explored. In this set of 421 

simulations, 90 kg/m
3
 of PCM was assumed with a phase change temperature of 25°C. Development 422 

of maximum temperature and out-of-plane stress for these simulations is shown in figures 21 and 22. 423 

 424 

Figure 21. Simulated development of maximum temperature in a hardening concrete wall depending on the heat of fusion of 425 
PCM microcapsules. 426 

 427 

Figure 22. Simulated development of out-of-plane stress in a hardening concrete wall depending on the heat of fusion of 428 
PCM microcapsules. 429 

As expected and in accordance with the meso-scale model, the increase in heat of fusion of PCM 430 

microcapsules causes a decrease in maximum temperature (Figure 21). Furthermore, it prolongs the 431 

cooling phase. In the extreme case of hf=900 kJ/kg (which is probably not feasible in practice), there is 432 

hardly any increase in temperature (about 5°C, Table 3). Tensile stresses occurring in the cooling 433 
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down phase decrease with the increase in heat of fusion (Figure 22). It needs to emphasized again here 434 

that a trade-off between the heat of fusion and quantity of PCM microcapsules is possible, and that use 435 

of a smaller quantity of PCM microcapsules with high heat of fusion is desirable in order to minimize 436 

the loss of mechanical properties. 437 

Table 3. Summary of the macro-scale simulation results. 438 

In common Analysis Max 

temperature 

(°C) 

Occurring at (h) Max stress 

(MPa) 

Occurring at (h) 

Tpc=25°C, 

hf=180 kJ/kg 

No PCM 54 34.5 3.56 302 

30 kg/m
3
 50.76 37 3.21 331.5 

60 kg/m
3
 47.47 39.5 2.89 347 

90 kg/m
3
 44.34 42 2.62 372 

90 kg/m
3
, 

hf=180 kJ/kg 

Tpc=35°C 45.77 38.5 2.91 334.5 

Tpc=45°C 48.46 38.5 3.25 315 

90 kg/m
3
, 

Tpc=25°C 

hf=90 kJ/kg 49.17 38.5 3.06 339 

hf=360 kJ/kg 34.68 54 1.83 434.5 

hf=900 kJ/kg 25.75 164 1.32 500 

 439 

It should be stressed that the quantitative findings of the presented analyses are limited by the 440 

assumptions adopted. For example, if the environment would be warmer, it is possible that the optimal 441 

temperature of phase change would be different than the one found for the considered conditions. 442 

Furthermore, it is possible that, in certain cases, it would be desirable to combine the use of PCM 443 

microcapsule addition with traditional measures for control of thermal cracking, such as decrease of 444 

casting temperature through use of ice [54]. The model presented is versatile and different input 445 

parameters and measures can be considered and combined. In the future, the model will be applied for 446 

simulating large-scale experiments related to control of temperature rise and thermal cracking through 447 

use of PCM microcapsules.  448 

4. General discussion 449 

Simulations considering the material on the meso-scale  (section 3.1.1) have releveled several 450 

important aspects related to use of microencapsulated phase change materials to reduce temperature 451 

rise in cement paste. PCM microcapsules reduce the temperature through a synergy of two 452 

mechanisms:  the dilution effect and the capture of heat through phase change. It should be noted that 453 

the former does not delay the onset of temperature rise, while the latter does. It was also shown that he 454 
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higher the amount of PCM microcapsules, the longer the temperature rise will be delayed. The same 455 

goes for the latent heat of fusion: the higher the latent heat of fusion of PCM microcapsules, the later 456 

the temperature rise will occur. It can be inferred that a trade-off between these two factors is possible. 457 

Note that use of a lower amount of PCM microcapsules with high latent heat of fusion is beneficial 458 

from a structural point of view, since the decrease of (compressive) strength has shown to be 459 

proportional to the PCM addition in cement paste [19], although this is not always the case for mortar 460 

and concrete [57]. Finally, it was shown that the phase change temperature (TPC) does not influence 461 

the adiabatic temperature rise. This means that, depending on the environmental conditions expected, 462 

the phase change temperature of microencapsulated PCMs can be tailored without affecting the 463 

maximum (theoretical) temperature which may occur. 464 

Full-scale (structural) simulations (section 3.1.2) have focused on the interaction between the 465 

hardening concrete structure, external restraints, and the environment. Building up on the meso-scale 466 

analysis, the aim of this section was to prove that the decrease in temperature rise due to addition of 467 

microencapsulated PCMs can reduce the maximum tensile stress occurring in the structure. It was 468 

shown by the simulations to be possible, even for relatively low amounts of considered PCM 469 

microcapsules (30kg/m
3
). The main contribution to stress reduction seems not to come from the 470 

reduced peak temperature, but from the prolonged period of cooling down compared to the case when 471 

no PCMs are added to the mix. This means that the temperature difference between different parts of 472 

the structure are lowered, leading to lower stresses. In addition, the occurrence of maximum tensile 473 

stress is delayed in proportion to the PCM addition (or the latent heat of fusion), meaning that the time 474 

dependent mechanical properties (most pertinent being the tensile strength in this case) will be higher, 475 

thereby further reducing the risk of cracking. Furthermore, full-scale simulations showed a significant 476 

influence of the phase change temperature (TPC) on temperature and stress development. This means 477 

that PCMs need to be tailored for expected environmental conditions. 478 

Several important aspects have been neglected in the present work for simplicity. In meso-scale 479 

simulations, the existence of a hard shell around PCM was neglected, and the microcapsules were 480 

considered to comprise pure phase change material. The existence of a (polymeric) hard shell would, 481 
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to a certain extent, influence the thermal properties of the considered composite. Furthermore, it would 482 

reduce the effective amount of the PCM (for a given microcapsule volume) and thus the total heat 483 

storage capacity. In full-scale simulations, also, it was assumed that the PCM addition does not affect 484 

the density, thermal conductivity, or the specific heat capacity of concrete. This may, to a certain 485 

extent, affect the temperature distribution in the considered structure. Probably the most important 486 

simplification in the full-scale model was neglecting the influence of the PCM microcapsule addition 487 

on the mechanical properties of concrete. Although it was found that addition of a significant 488 

percentage of PCM can have a negative effect on compressive and tensile strength [19, 29, 58], the 489 

fracture toughness remains largely intact [19]. Furthermore, the addition of compliant inclusions may 490 

increase the creep and relaxation of the hardening concrete [59], thereby reducing the stresses.  491 

Finally, it was implicitly assumed that the all PCM microcapsules added to the mix will survive the 492 

mixing process and remain intact. However, it is possible that some PCM microcapsules break during 493 

the mixing of the concrete [19, 58]. If this would happen, it is possible that chemical reactions between 494 

the PCM and the hydration products would occur. For example, Farnam et al. [26] found that methyl 495 

laureate reacts with the cementitious matrix causing an expansive reaction and cracking of the mortar. 496 

All these aspects will be considered in the future when more experimental data is available. 497 

5. Summary and conclusions 498 

In this work, the influence of phase change materials (PCMs) addition (in the form of microcapsules) 499 

on hydration temperature evolution and stress development in hardening concrete is studied using 500 

numerical models. First, addition of discrete microcapsules is considered on the meso-scale (i.e. 501 

cement paste level) using the lattice model. The influence of PCM percentage, phase change 502 

temperature, and latent heat of fusion on the adiabatic temperature development is studied on this 503 

scale. Meso-scale simulations have revealed the following: 504 

 The addition of PCM microcapsules in cement paste reduces the adiabatic heat rise through 505 

two mechanisms. First, the sensible heat contribution (together with the diluting effect) can 506 

reduce the total heat rise, without affecting the onset of the temperature rise. Second, the latent 507 

heat contribution will delay the onset of temperature rise. 508 
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 The latent heat contribution becomes more dominant as the percentage of PCM microcapsules 509 

increases. This can be exploited by increasing the latent heat of fusion of the PCM 510 

microcapsules. 511 

 The phase change temperature of PCM microcapsules does not affect the heat rise in an 512 

adiabatic test. 513 

Additionally, a commercial FE package is used on the macro-scale (i.e. concrete level) to study the 514 

behaviour of a structural system comprising a hardening wall on a slab. The influence of PCM 515 

addition, phase change temperature, and latent heat of fusion on the semi-adiabatic temperature rise 516 

and stress development in the hardening wall is explored. Based on the structural-scale analyses, the 517 

following conclusions can be drawn: 518 

 In semi-adiabatic (i.e. field) conditions, the addition of PCM in hardening concrete has 519 

potential to delay the temperature rise, reduce the maximum tensile stress, and delay its 520 

occurrence. The maximum tensile stress is inversely proportional to the amount of PCM added 521 

to the mix. 522 

 In semi-adiabatic conditions, the phase change temperature does influence the maximum 523 

temperature developing in the structure. In the considered example, the lowest phase change 524 

temperature (25°C) resulted in the lowest maximum temperature. Furthermore, it also resulted 525 

in the lowest magnitude of tensile stresses occurring at a later time compared to other 526 

simulated phase change temperatures. Consequently, it has the lowest probability of cracking. 527 

Note that this is related to the environmental conditions, and that the PCMs may need to be 528 

tailored depending on the climate. 529 

 An increase in the latent heat of fusion serves the same purpose as an increase in PCM 530 

addition: it lowers the maximum temperature and maximum stress, and delays their 531 

occurrence. Especially the cooling phase is prolonged. Therefore, a trade-off between the heat 532 

of fusion and quantity of PCM microcapsules is possible, where a smaller amount of PCMs 533 

with a higher heat of fusion can be used with the same (thermal) efficiency. This would be 534 

beneficial also in terms of mechanical properties of the concrete. 535 
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The present paper clearly proves that, in theory, properly designed cementitious materials with 536 

incorporated microencapsulated PCMs have potential to reduce heat evolution and thus mitigate early 537 

age thermal cracking. There are numerous issues that need to be addressed before this can be done in 538 

engineering practice. First, proper encapsulation of PCM is essential: microcapsules need to be hard 539 

enough to sustain mixing and pouring of the concrete, and stable in a highly alkaline environment of 540 

concrete for longer periods of time. Second, if it intended that the same microcapsules be used to 541 

reduce thermal fatigue of concrete, it is necessary that the PCM material itself is stable and that it can 542 

sustain numerous solid-to-liquid transitions (and vice versa) without losing its latent heat storing 543 

ability. And third, for structural applications, it is important that these relatively soft and compliant 544 

inclusions do not affect strength, creep, and shrinkage to very high extents. All of these issues need to 545 

be addressed prior to fully recommending the use of microencapsulated PCMs in engineering practice. 546 

This will form a basis of the experimental part of the current research project and will be studied in the 547 

near future.  548 
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Appendix 553 

In order to assure that the meso-scale model provides realistic results in terms of adiabatic temperature 554 

rise, here an adiabatic experiment performed on concrete is simulated. The same 30x30x30 μm
3
 555 

specimen as in section 2.1.2 is used with the heat production rate given in figure 6. The concrete 556 

mixture used by De Schutter and Taerwe is used [50], with 300 kg/m
3
 of cement and unit weight of 557 

2400 kg/m
3
. The specific heat capacity was set to 1000 kJ/kg, and the initial temperature to 20°C. 558 

Figure 23 gives the theoretical (thermodynamics) temperature rise and that calculated using the meso-559 

scale model. It can be seen that the model shows a realistic rise of temperature, and that it matches the 560 

thermodynamic calculations quite well. 561 
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 562 

Figure 23. Comparison of the simulated temperature evolution and thermodynamic calculations for concrete. 563 
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