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MICROSTRUCTURE CHARACTERIZATION OF MULTI-PHASE COMPOSITES AND UTI-

LIZATION OF PHASE CHANGE MATERIALS AND RECYCLED RUBBERS IN CEMEN-

TITIOUS MATERIALS

Thesis directed by Professor Yunping Xi

This research focuses on two important subjects:

(1) Characterization of heterogeneous microstructure of multi-phase composites and the effect

of microstructural features on effective properties of the material.

(2) Utilizations of phase change materials and recycled rubber particles from waste tires to

improve thermal properties of insulation materials used in building envelopes.

Spatial pattern of multi-phase and multidimensional internal structures of most composite

materials are highly random. Quantitative description of the spatial distribution should be de-

veloped based on proper statistical models, which characterize the morphological features. For a

composite material with multi-phases, the volume fraction of the phases as well as the morphologi-

cal parameters of the phases have very strong influences on the effective property of the composite.

These morphological parameters depend on the microstructure of each phase. This study intends

to include the effect of higher order morphological details of the microstructure in the compos-

ite models. The higher order statistics, called two-point correlation functions characterize various

behaviors of the composite at any two points in a stochastic field. Specifically, correlation func-

tions of mosaic patterns are used in the study for characterizing transport properties of composite

materials.

One of the most effective methods to improve energy efficiency of buildings is to enhance

thermal properties of insulation materials. The idea of using phase change materials and recycled

rubber particles such as scrap tires in insulation materials for building envelopes has been studied.
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Chapter 1

INTRODUCTION

1.1 Background and objectives

This research focuses on two topics:

(1) Characterization of heterogeneous microstructure of multi-phase cementitious materials

and the effect of microstructural features on transport properties of the material.

(2) Utilization of phase change materials and recycled rubber particles from waste tires to

improve thermal properties of insulation materials used in building envelopes.

Characterization of heterogeneous microstructure of multi-phase cementitious mate-

rials and the effect of microstructural features on transport properties of the material.

There are many practical problems in civil engineering and structural engineering that can be

mathematically characterized by transport equations of different degrees of complexity. Penetration

of de-icing salts in concrete structures is a typical example. Other important examples are heat

conduction in steel and concrete structures under fire, which is one of the causes for the collapse of

the two towers of World Trade Center; and water penetration into the levees in New Orleans which

attributed to the failure of the levees when Katrina struck.

Spatial pattern of multi-phase and multidimensional internal structures of most composite

materials are highly random. Quantitative description of the spatial distribution should be de-

veloped based on proper statistical models, which characterize the morphological features of the
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internal structure of composite materials. In general, two different types of models have been de-

veloped for this purpose. One uses spherical units of either mono-size or different sizes. The units

can be non-penetrable or penetrable, i.e. with solid core and soft shell. These models are actually

a special case of the Boolean model in stereology, which is more general and includes basic units of

different shapes, not just spheres, and can be used to simulate a wide variety of spatial structures.

Another kind of model is called mosaic pattern, in which a space or a plane is divided into polygons

of 3D or 2D. Different dividing methods result in various spatial structures.

Mosaic patterns will be used in this research. It is one of the morphological models that can

be used for characterization of internal structures of concrete. There are different types of mosaic

patterns, such as S-mosaic, L-mosaic, and C-mosaic. Mosaic patterns are also referred to as random

tessellation.

Much has been done in composite mechanics on how to evaluate an effective transport prop-

erty of a composite material based on volume fractions and transport properties of the constituents

of the material. Volume fraction is the first order statistical information of a multi-phase random

composite microstructure. There have also been studies on how to include higher order statisti-

cal information of the microstructure in constitutive models for transport properties of composite

materials. However, how to obtain higher order microstructure information is not an easy task.

Therefore in this study, mosaic patterns are adopted to develop an analytical model of high order

statistical information of the microstructure for predicting the transport properties of composites.

Analytical models are developed to characterize mechanical and thermal behavior of the compos-

ite materials and the models are verified based on the present experimental data. The analytical

models adopted in this research include several microstructural arrangements of the constituents

such as parallel coupling, series coupling, and generalized self consistent model (concentric spherical

model). Since each composite has more than two phases and each phase has different grain sizes,

the multi-phase and multi-scale analysis were used to develop more accurate models. These models

are used to predict thermal conductivity and drying shrinkage of cementitious materials. Further-

more, the higher order statistical information (i.e. autocorrelation functions of the stochastic field)
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based on the mosaic patterns are used to develop an analytical model for predicting the effective

transport properties of multi-phase composites.

Utilization of phase change materials and recycled rubber particles from waste tires

to improve thermal properties of insulation materials used in building envelopes.

One of the most effective methods to improve energy efficiency of buildings is to enhance the

thermal properties of insulation materials. The idea of using phase change materials and recycled

rubber particles such as scrap tires in insulation materials in building envelopes has been adopted

in this research. Phase change materials (PCM) have the ability to absorb and release energy at a

certain temperature. Therefore, incorporating PCM in cementitious materials can improve thermal

property of the material. On the other hand, disposal of waste tires is a major environmental

issue for many metropolitan areas of the world. Effectively reutilizing scrap tires has become an

important research topic in recent years. The main focus of this part of the thesis is based on

these two concepts with an overall goal to utilize scrap tires and phase change material to make

a new insulation mortar. We envisioned that the new mortar can enhance thermal resistance and

capacity of exterior walls of timer and masonry structures, thus improving the energy efficiency of

residential buildings. We also envisioned that the technology for the new insulation mortar can be

used for concrete which satisfies the strength and stiffness requirements for structural applications

and at the same time improves thermal properties of the material.

One of the focuses of this research is on experimental analysis and finding the optimal per-

centage of scrap tires as well as PCM in the mix design in both mortar and concrete. In order to

obtain this information, various experiments such as compressive strength, flexural strength, drying

shrinkage, bond strength, thermal conductivity, and microstructure features by scanning electron

microscopy (SEM) are performed. Based on the results, the optimized percentage of scrap ties and

PCMs within the mix design will be chosen.
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1.2 Organization

This dissertation has ten chapters, including this chapter which covers the background, ob-

jectives and organization of the dissertation. The remaining chapters are organized as follows

Chapter two presents the microstructural thermal stresses in multi-phase composite. A de-

tailed background information is provided. The mosaic pattern is adopted to link the microstructure

of a multi-phase composite to the thermal stresses variation within the composites.

Chapter three describes the experimental study on the application of phase change material

in building envelopes. Different percentages of sand (volumetric %) have been replaced by phase

change material. Several tests were performed and the results were compared with conventional

concrete.

Chapter four shows the analytical modeling of PCM-concrete. Two analytical models

were developed based on the generalized self consistent model to predict the effective thermal

conductivity and drying shrinkage of PCM-concrete. The analytical results were compared with

the experimental data and the necessary modifications were made to the models to capture the

behaviors more accurately.

Chapter five covers the experimental study on rubberized-mortar and PCM-mortar. Differ-

ent percentages of the sand volume have been replaced either by phase change material or rubber

particles. Some additives were added to the mix designs as well. Several tests were performed and

the results were explained in detail.

Chapter six presents the analytical modeling of PCM-rubberized-mortar, rubberized-mortar

and PCM-mortar. An analytical model was developed based on the generalized self consistent model

to predict the effective thermal conductivity of PCM-rubberized-mortar, rubberized-mortar and

PCM-mortar. The analytical results were compared with the experimental data and the necessary

modifications were made to the model to capture the behaviors more accurately. The modified

models were then calibrated with other mix designs as well.

Chapter seven covers the experimental study on the rubberized-concrete and PCM-concrete.
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The effect of surface treatment on rubber particles; the compressive strength of rubberized-concrete

with surface treatment; rubberized-concrete without surface treatment; PCM-concrete and PCM-

rubberized concrete with surface treatment were studied in detail.

Chapter eight presents the hot box test on different mortar specimens. Based on the results

from chapter five, four different mortar specimens were selected for the hot box test. Conventional

mortar, PCM-mortar, rubberized-mortar with rubber particles (8-10 mesh) and rubberized mor-

tar with rubber powder (200 mesh) were tested in the environmental chamber and their thermal

performances were compared and analyzed.

Chapter nine covers the higher order autocorrelation function for effective thermal con-

ductivity. First, an analytical model for effective thermal conductivity of the two-phase composite

based on higher order autocorrelation functions was developed, and then the effect of each of the

main parameters on the effective thermal conductivity of the composite was studied.

Chapter ten contains the recommendations for future research in this field.



Chapter 2

MICRO-STRUCTURAL THERMAL STRESSES VARIATION IN

MULTI-PHASE COMPOSITE

2.1 Introduction

When a multi-phase composite material is subjected to a temperature change, the mate-

rial exhibits a thermal expansion or a contraction. Even if the material can expand freely at the

macroscopic level, there are significant internal stresses in the material at the microscopic level due

to the mismatch in mechanical and thermal properties of the constituent phases. The variation

of the internal thermal stress could be very high, resulting in cracking of the material. This is a

commonly seen phenomenon when a concrete structure is subjected to extreme heat. The purpose

of this study is to find the relationship between the level of the thermal stress variation and the

influential material parameters, such as the volume fractions, the grain sizes, the mechanical and

the thermal properties of the constituent phases.

In the last few decades, the behavior of heterogeneous materials under different environmental

conditions has received considerable attention from researchers and engineers. A heterogeneous

material is composed of domains of different materials or phases, such as a composite or the same

material in different states, such as a poly-crystal [73]. The heterogeneity of a composite material

usually occurs at the microscopic scale level, so it is a subject of micro-mechanics dealing with the

mechanics related to the microstructure of materials [47]. There has been a substantial amount

of work done in this field, considering the effective properties or overall properties of multi-phase

composites with various types of micro-structures. However, an accurate description of the effec-
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tive properties of composites is very difficult or not workable due mainly to the random orientation

and random shape of the constituent phases in the composite. Therefore, in many instances, the

micro-structures of the composites must be characterized only by statistical approaches [73].

Recently, there has been a considerable attention given to the use of statistical continuum theories

to predict the effective properties of heterogeneous materials. For instance, with the work of Kroner

[40], [39] and Beran [8], the mathematical description of heterogeneity has received some break-

throughs. In most of these formulations a good understanding of the spatial correlation functions

related to the micro-structures of the heterogeneous material in the form of statistical functions is

required [40], [2] and [77]. Usually, making simple assumptions about a microstructure feature (e.g.

the shape of the phases) is needed for the further progress [38], [39]. Although it has been shown

that, in theory, any spatial correlation function (i.e. multi-point probabilistic function) can be de-

scribed by a set of corresponding probability distribution functions [34], it is actually very difficult

to obtain a spatial correlation function for a specific microstructure. Therefore, most of the studies

have relied on the one-point probability function, which is the volume fractions of the constituents

within the microstructure and ignore the shape and geometry characteristics of the microstructure.

However, it has long been noticed that to be able to measure materials’ heterogeneity, it is impor-

tant and necessary to incorporate the second and even higher order probability functions. Lin et al.

[46] hhas shown that two-point functions can adequately predict the properties of heterogeneous

materials. Torquato [73], and in his recent work with Jiao and Stillinger [35] , also showed that the

two-point cluster function which gives the probability of finding two points separated by a distance

r in the same cluster of the phase of interest can provide a superior descriptor of random textures.

In the present study, the effect of thermal expansion coefficients and the mechanical properties of

the constituents in a multi-phase composite material on the variation of thermal stresses have been

investigated. First, general principles for establishing the relationship between the stresses based

on the variations in both properties of each constituent phase and local heterogeneity are devel-

oped. Then, a method evaluating the variation of the thermal stress due to local heterogeneity is

introduced. There exists a relationship between local heterogeneity and the morphological features
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of the internal structure of composites. To this end, the mosaic pattern, which is a morphological

model, has been adopted in the present study.

2.2 Field equation

The primary focus of this analysis is the characterization of the thermal stress variation in

the microstructure of multi-phase composite materials such as concrete. This study begins with

the formulation of the field equations governing the microscopic response of the material under

a temperature variation. Assuming the mechanical behaviors of the phases are linear elastic, the

stress-strain relations can be expressed based on Hooke’s law as follows:

σ(x) = C(x).ε(x)− β(x).θ(x) (2.1)

where σ(x), ε(x) and θ(x) represent the stress, strain and temperature fields. C (x ) is the elastic

modulus and β(x)= C (x ).α(x) is the coefficient of thermal expansion (CTE), and x is the coordinate

vector. It should be noted that the material is assumed to be thermally heterogeneous, and the

strain and temperature fields are assumed to be constants throughout the composite, then the

above equation can be simplified as:

σ(x) = C(x).ε− C(x).α(x).θ (2.2)

Based on the definition of the covariance, which is a measure of how much two variables are

changing together, the stress covariance can be considered as a good measure of the fluctuation

in the stress field, and it can provide a complete description of the statistical distribution of the

thermally-induced thermal stress in the composite [56]. Thus, the stress covariance for two points

within the composite with the ν distance apart can be written as:

cov(σ(x), σ(x+ ν)) = E(σ(x).σ(x+ ν))− E(σ(x)).E(σ(x+ ν)) (2.3)

Where E is the expected value of two random variables σ(x) and σ(x+ ν).

The first term on the right-hand side can be derived as:

E(σ(x).σ(x+ ν)) = ε2.RC(ν)− 2θ.ε.E(C(x).C(x+ ν).α(x)) + θ2.RC(ν).Rα(ν) (2.4)
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where RC and Rα are autocorrelation functions for modulus of elasticity and CTE, respectively.

Assuming the mechanical properties and CTE are two independent random variables, the above

equation can be rewritten as:

E(σ(x).σ(x+ ν)) = ε2.RC(ν)− 2θ.ε.RC(ν).E(α(x)) + θ2.RC(ν).Rα(ν) (2.5)

As one can see, the problem of evaluating thermally-induced stress variation is converted to a

problem of finding autocorrelation functions for the modulus of elasticity and CTE in a multiphase

microstructure. The autocorrelation functions for the modulus of elasticity and CTE are second

order statistical information of the microstructure. General theory of higher order correlation func-

tions of a random field has been developed for many years. In the present study, mosaic patterns are

selected for characterizing the microstructure of cementitious composites, and the autocorrelation

functions of mosaic patterns are used to evaluate the thermal stress variation in cementitious ma-

terials. This is because that mosaic patterns look like internal structure of cementitious materials

at different scale levels such as concrete, mortar, and cement paste.

2.3 Mosaic patterns

An n-phase mosaic is a spatial arrangement of the n-phases, in which every point within the

spatial domain is assigned to be a particular phase, and all the phases are presented as patches of

finite extent. Therefore, there is no overlapping between various phases [58].

There exists two common mosaic patterns, one is a random set mosaic and the other is a random

line mosaic. The random set mosaic pattern is called S-mosaic and the random line mosaic is called

L-mosaic. Beside these two patterns, Masao [48] proposed another mosaic pattern named covering

mosaic pattern, which can be called C-mosaic. Therefore, the main mosaic patterns are as follows:

(1) Random line mosaic (L-mosaic).

(2) Random set mosaic (S-mosaic).

(3) Random covering mosaic (C-mosaic).
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Figure 2.1 shows these different mosaic patterns.

(a) L-mosaic (b) S-mosaic (c) C-mosaic

Figure 2.1: Random mosaic pattern. (Random set mosaic, Random line mosaic, Random covering
mosaic)

There are various methods of constructing a random mosaic. However, it is not possible to

define a mosaic as random without specifying the exact definition of randomness [58]. Below are

two different ways of constructing a random mosaic pattern.

2.3.1 L-mosaic pattern model

Taking a 2D L-mosaic as an example, in the map of a 2D mosaic pattern, the patch-phase may

be colored black and the gap-phase may be left white. L-mosaic is one of the ways of constructing

a random mosaic, which is based on drawing random lines, subdividing an area into a network of

convex polygons or cells. Then, each cell can be assigned its color with fixed probabilities. b for a

black cell and w for a white cell with b+w=1.

When contiguous cells are colored black, they form a many-celled patch and if they are colored

white, they form a many-celled gap. It should be noted that it is important to distinguish the

differences between a cell, a patch and a gap.

The cells are defined as the small area formed when the random lines are drawn across the area.

The cells are the units composed of patches and gaps. Patches consist of any number of contiguous

cells, which are colored as black, and gaps consist of any number of contiguous cells, which are
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colored white.

In order to draw random lines, the following method can be used. It can be assumed that the

desired area in which the lines are to be drawn is circumscribed by a circle of radius r. The center

of the circle can be considered as the pole of a polar coordinate frame and then an initial line can

be drawn through it. Next, taking pairs of random polar coordinates (p,θ), a line can be drawn

which passes through the point with the specific coordinate, such as (p1,θ1) and it is perpendicular

to the line connecting (p1,θ1), and the pole of the polar coordinate. This is a random line, and

therefore the method is called random line mosaic method [58]. Figure 2.2 shows a random line

mosaic developed based on this method.

Figure 2.2: Random Line mosaic (L-mosaic).

2.3.2 S-mosaic pattern model

Another type of mosaic pattern is called S-mosaic, which can be constructed as follows: a

pattern of random dots should be drawn in the map area for a 2D S-mosaic. Then each of the

dots can be associated with a cell. Each segment of a cell boundary is the locus of points which

are equidistant from the two nearest dots. Now, each cell can be colored independently as black or

white with probability of b and w, respectively [58]. Figure 2.3 shows a random set mosaic pattern.
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Figure 2.3: Random set mosaic (S-mosaic).

2.4 Mathematical modeling for L-mosaic

In the present study, we will focus on the application of L-mosaic in evaluating the residual

stress variation. There exists different ways of comparing various kinds of mosaics such as: means

and variances of random variables, including the number of sides per cell, cell perimeter, cell area,

angular and edge length distribution, or comparing the theoretical autocorrelation functions.

To construct the mathematical model, it is more convenient to simplify a 3D model to a 2D model.

This can be done by cutting the 3D mosaic with a 2D plane. Then the 2D mosaic pattern can be

even more simplified by cutting it with a line, with the result being a 1D mosaic pattern. The line

passing through the 2D mosaic pattern is reduced to the points on the transect, and between these

points are the cut lengths of the cell which are called cell lengths. Figure 2.4 shows a 1D mosaic

pattern.

It should be noted that since the properties of mosaic pattern depend on the properties of

generated random points, these properties will be completely different for different random points

[59]. Therefore, in the present study, the focus is on the mosaic pattern generated by the Poisson

point field.

From the statistical theory, Miles [51] has shown when a 2D L-mosaic is generated from a Poisson

field with density λ, the number of intersections on transect in a 1D L-mosaic would have a Poisson

distribution of density of λ = 2τ/π, where τ is a constant density.
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Cell length Patch length Gap length

Patch (Black) Gap (White)

Figure 2.4: Transect through mosaic pattern.

Moreover, the probability density function (pdf) of an exponential function can be defined as:

f(x, λ) =

 λe−λx if x � 0

0 if Otherwise

(2.6)

where λ is the parameter of the distribution and x is the random variable.

Therefore, the pdf for the cell length would be:

f(lc, λ) = λe−λlc (2.7)

where lc is the cell length and λ is the cell distribution parameter. Additionally, in the case of

multi-phase mosaic, the m colors correspond to the m phases. However, the multi-phase mosaic

can be modeled as a two phase mosaic by choosing one color to be assigned to the patch group

and the rest in the gap group. For instance, the jth phase can be chosen as a phase called gap and

all other phases regrouped together as the patch. As a result multi-phase mosaic has changed to a

two phase mosaic [79]. The probability for the patch and gap can be defined as:

Pg = Pj

PP =
m∑

i=1,i 6=j
Pi

(2.8)

where subscripts g and p are denoted gap and patch, respectively.

Since, in a 1D mosaic pattern, the interest is on the gap and patch, the pdf for patch can be derived
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as:

f(lp, λpj) = λpje
−λpj lp (2.9)

where λpj is the parameter of the distribution for the jth patch, λpj = Pjλ and lp is the length of

the patch. This is a mathematical model for the multi-phase mosaic pattern. Thus, by repeating

above process for each phase and knowing
∑m

j=1 Pj = 1, the patch distribution parameter can be

related to the cell distribution parameter as follows:
m∑
j=1

λpj =
m∑
j=1

Pjλ = λ (2.10)

Additionally, in the case of multi-phase mosaic, there is m governing distribution functions as

defined in equation [78] and m independent controlling parameters (Pj , j=1,m-1).

2.4.1 The mean value for two-phase composites

The phase function for a two phase composite can be defined as:

X(x) =

 x1 if x ∈ ν1

x2 if x ∈ ν2

(2.11)

where ν1 and ν2 are the volume of phase one and two, respectively.

The indicator function for phase i, for any point x ∈ νi is given by:

Ii(x) =

 1 if x ∈ νi

0 if otherwise

(2.12)

where νi is the volume of phase i. For a composite with two phases, the above equation can be

simplified as: I1(x) and I2(x), thus the phase function can be redefined as:

X(x) = x1I1(x) + x2I2(x) (2.13)

However, the expected value of an indicator function is the probability of that indicator function,

therefore:

P [I1(x)] = φ1

P [I2(x)] = φ2

φ1 + φ2 = 1

(2.14)
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Replacing these values in the above equation would lead to:

E(X) = x1φ1 + x2φ2

E(X) = x1φ1 + x2(1− φ1)

E(X) = (x1 − x2)φ1 + x2

(2.15)

E (.) is the expectation operator.

2.4.2 Autocorrelation function for two-phase composite

Assuming the two-phase composite is homogenous and isotropic, the autocorrelation function

of the composite can be written as:

Rx(ν) = E(X(x)X(x+ ν)) = x2
1P [x1, x1] + 2x1x2P [x1, x2] + x2

2P [x2, x2] (2.16)

where P [x1, x1] is the probability of both x and x+ν are in phase one, P [x2, x2] is the probability

of both x and x+ν are in phase two and P [x1, x2] is the probability of x in phase one and x+ν in

phase two [79].

It should be noted that P [x1, x2] = P [x2, x1] and that is the reason for the second term having

the factor of two. The autocorrelation function can be determined if these probabilities are de-

fined. It can be seen that the autocorrelation function can be determined if these probabilities are

defined. Based on Corson’s equation [13] for the two-point probability distribution function of a

homogeneous, isotropic two-phase random media, each of these probabilities can be defined as:

P [x1, x1] = φ1π + φ2
1(1− π)

P [x2, x2] = φ2π + φ2
2(1− π)

P [x1, x2] = φ1φ2(1− π)

(2.17)

where π is the probability of both x and x+ν belonging to the same phase. From this equation, it

can be seen that π has a significant effect on the autocorrelation function.
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2.4.3 Autocorrelation function for multi-phase composite

For multi-phase composite, the phase function can be written as:

X(x) = xiIi, x ∈ νi (2.18)

where i=1,2,· · ·,m, νi is the volume of phase i and m is the total number of phases within the

composite.

Similar to the two phase composite, the mean value of the X can be derived as:

E(X) =
m∑
i=1

xiφi (2.19)

where φi is the volume fraction of phase i.

Therefore, the autocorrelation function would be:

Rx(ν) = E(X(x)X(x+ ν)) =
m∑
i=1

m∑
j=1

xixjP [xi, xj ] (2.20)

where

P [xi, xj ] = φiπ + φ2
i (1− π), i = j

P [xi, xj ] = φiφj(1− π), i 6= j

(2.21)

Thus, the autocorrelation function can be rewritten as:

Rx(ν) =
m∑
i=1

x2
i (φiπ + φ2

i (1− π)) +
m∑
i=1

m∑
j=1

xixjφiφj(1− π) (2.22)

2.4.4 Autocorrelation function for L-mosaic pattern

The homogenous Poisson distribution can be defined as:

P [k] =
(λ | ν |)k

k!
e−λ|ν| (2.23)

where k=N(x, x+ν) which is the number of points in length interval ν and it is controlled by the

Poisson process.



17

Defining π as the probability of both x and x+ν being in the same cell, which is equivalent to the

probability of no intersection point in ν, in other words when k= 0. Thus, for L-mosaic:

π = P [k = 0] = e−λν (2.24)

Rx(ν) =
m∑
i=1

x2
i (φie

−λν + φ2
i (1− e−λν)) +

m∑
i=1

m∑
j=1

xixjφiφj(1− e−λν) (2.25)

Figures 2.5 through 2.8 show how any increase in the relative distance and coarseness would

decrease the autocorrelation function of the mosaic pattern.
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Figure 2.5: The effect of relative distance on stiffness autocorrelation function.
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Figure 2.6: The effect of relative distance on thermal expansion autocorrelation function.
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Figure 2.7: The effect of coarseness on stiffness autocorrelation function.
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Figure 2.8: The effect of coarseness on thermal expansion autocorrelation function.
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2.4.5 Autocorrelation function for S-mosaic pattern

Since the S-mosaic patterns are governed by the midpoints of the cells, the π can be defined

as follows:

π = (1 + λν)e−2λν (2.26)

Thus the autocorrelation function for a two phase composite based on S-mosaic pattern would be

defined as:

Rx(ν) = (x2
1φ1 + x2

2φ2)(1 = λν)e−2λν + (x1φ1 + x2φ2)2[1− (1 + λν)e−2λν ] (2.27)

2.5 The mean value of modulus of elasticity and thermal expansion

Assuming the micro-structures are static or can be approximated as static, the structure

functions would be independent of time [73], the modulus of elasticity and thermal expansion

coefficient of each phase can be defined as the follows:

C(x) =

 C1 if x ∈ ν1

C2 if x ∈ ν2

(2.28)

α(x) =

 α1 if x ∈ ν1

α2 if x ∈ ν2

(2.29)

where C1 and C2 are the modulus of elasticity, α1 and α2 are the thermal expansion coefficients of

phase one and phase two, respectively.

Combining these equations with the indicator functions result in:

C(x) = C1I1(x) + C2I2(x) (2.30)

α(x) = α1I1(x) + α2I2(x) (2.31)

However, the mean value or expected value of the modulus of elasticity can be obtained by:

E(C(x)) = E(C1I1(x) + C2I2(x))⇒ E(C(x)) = E(C1).E(I1(x)) + E(C2).E(I2(x)) (2.32)
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Since it has been mentioned that the expected value of the indicator function is the probability of

the indicator function, the mean value of the C(x) would be:

E(C(x)) = E(C1).φ1 + E(C2).φ2 (2.33)

where E is the expectation operator and φ1 and φ2 are the volume fraction of phase one and two,

respectively.

Replacing the volume fraction of phase two in terms of volume fraction of phase one would result

as:

E(C(x)) = E(C1).φ1 + E(C2).(1− φ1)⇒ E(C(x)) = (E(C1)− E(C2)).φ1 + E(C2) (2.34)

Following the similar approach would give the mean value of the thermal expansion coefficient as:

E(α(x)) = (E(α1)− E(α2)).φ1 + E(α2) (2.35)

2.6 The autocorrelation function of modulus of elasticity and thermal ex-

pansion

The autocorrelation function is the second order information of spatial arrangements of the

randomly distributed constituent phases. The random nature of various micro-structures can be

characterized by morphological models. In the present study, the autocorrelation functions for

multi-phase composites are developed based on L-mosaic patterns.

As was mentioned, there exist two common kinds of mosaic patterns, L-mosaic and S-mosaic.

It should be noted that the L-mosaic can be used for simulation of those micro-structures that

are composed of grains with high angularities and the S-mosaic can be used for low angular grains

[78]. Following the explained method for developing the autocorrelation functions for a two-phase

composite based on L-mosaic pattern yields:

RC(ν) = (C1φ1 + C2φ2)2[1− e−λν ] + (C2
1φ1 + C2

2φ2)e−λν

Rα(ν) = (α1φ1 + α2φ2)2[1− e−λν ] + (α2
1φ1 + α2

2φ2)e−λν
(2.36)
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where λ and ν are the coarseness and the relative distance between two points within the composite.

RC(ν) and Rα(ν) are the autocorrelation functions for modulus of elasticity and thermal expansion,

respectively.

2.7 Numerical results and discussions

From the expected values of the modulus of elasticity and thermal expansion, it can be shown

that:

E(C(x)) = E(C(x+ ν))

E(α(x)) = E(α(x+ ν))
(2.37)

Thus, substituting the expected values and autocorrelation functions into Equation 2.5 for the

covariance of the stresses with leads to the following equation.

cov(σ(x), σ(x+ ν)) = ε2(C1φ1 + C2φ2)2[1− e−λν ] + (C2
1φ1 + C2

2φ2)e−λν

−2θε(C1φ1 + C2φ2)2[1− e−λν ] + (C2
1φ1 + C2

2φ2)e−λνE(α(x))

+θ2((α1φ1 + α2φ2)2[1− e−λν ] + (α2
1φ1 + α2

2φ2)e−λν)

((C1φ1 + C2φ2)2[1− e−λν ] + (C2
1φ1 + C2

2φ2)e−λν)− E(σ(x))E(σ(x+ ν))

(2.38)

Since concrete is a two-phase composite including the cement paste and aggregates as two

defined phases, the fluctuation of thermal stresses within concrete can be investigated using the

above equation.

The mechanical properties and thermal expansion coefficients of each phase can be found in

Table 2.1.

Table 2.1: The properties of the phases within the concrete

Phase Modulus of Elasticity (GPa) Thermal expansion coefficient (/◦C)
Cement paste 12 18 ∗ 10−6

Aggregate 80 6 ∗ 10−6

Figure 2.9 through 2.16, show the effect of modulus of elasticity and thermal expansion on

stress covariance under various conditions.
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Figure 2.9: The effect of modulus of elasticity on the covariance with fixed volume fraction, fixed
relative distance and fixed coarseness.
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Figure 2.10: The effect of modulus of elasticity on the covariance with fixed volume fraction and
fixed coarseness.
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Figure 2.11: The effect of modulus of elasticity on the covariance with fixed volume fraction and
fixed relative distance.
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Figure 2.12: The effect of modulus of elasticity on the covariance with fixed relative distance and
fixed coarseness.
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Figure 2.13: The effect of coefficient of thermal expansion on the covariance with fixed volume
fraction, fixed relative distance and fixed coarseness.
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Figure 2.14: The effect of coefficient of thermal expansion on the covariance with fixed volume
fraction and fixed coarseness.
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Figure 2.15: The effect of coefficient of thermal expansion on the covariance with fixed volume
fraction and fixed relative distance.
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Figure 2.16: The effect of coefficient of thermal expansion on the covariance with fixed relative
distance and fixed coarseness.
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As can be seen from Figure 2.9 through 2.12, by increasing the ratio of C2 to C1 from zero

to one, the covariance is decreasing, regardless of the value of coarseness or relative distance. This

means that when the two phases have similar stiffness (modulus of elasticity), the variation of

thermal stress is small; while if the two phases have dissimilar stiffness, the variation of thermal

stress becomes large. However, by increasing the coarseness and relative distance, as expected, the

covariance is decreased as well. This makes sense, because the stress variation due to heterogeneity

of microstructure is a localized phenomenon, when large aggregate particles are used in concrete

(coarser grained internal structure) any two particles get farther apart, the stress variation between

the particles do not change as abruptly with respect to each other as in the fine-grained concrete.

The effect of the ratio of coefficient of thermal expansion can be seen from Figure 2.13 through

2.16. Basically, it depends on the difference between the two CTEs, the larger the difference, the

higher the stress variation. When the two CTEs are equal (thermally homogeneous), there is no

thermal stress variation.

It is interesting to see in both modulus of elasticity and thermal expansion cases, the effect of

volume fraction reaches the maximum when φ =0.5 (see Figures 2.12 and 2.16). This means that

when there is no dominant phase exists in the composite, the thermal stress variation reaches the

maximum.

Looking closely at Figures 2.9 through 2.16, reveals that the effect of the grain size and the grain

distribution are much more significant than the volume fraction. Most previous research focused on

the volume fraction, which is the first order statistics of the microstructure, however, these results

showed that the effect of volume fraction is not as influential as the grain size and grain distribu-

tion. These findings confirm that the higher order correlations statistics of the microstructure are

necessary in studying the thermal stress variation , which is dependent on the microstructure of

the composite.
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2.8 Application of the numerical results

Concrete can be considered as a two-phase composite with aggregate as one phase and a

cement-paste matrix as another. The coarseness can be defined based on the volume fraction of

aggregate and grading curve of the aggregate (particle size distribution). Xi [78] has shown the

expression of coarseness λ for concrete can be defined as:

λ =
π

2E(D)
1

1− φa
(2.39)

where the E (D) is the average size of the aggregate and φa is the volume fraction of the aggregate

in the mixing design. Figures 17 through 22 show the effect of the aggregate size and the aggregate

volume fraction on the coarseness, stiffness, and thermal expansion autocorrelation functions.
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Figure 2.17: The effect of average aggregate size on coarseness for various aggregate volume fraction.
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Figure 2.20: The effect of aggregate volume fraction on coarseness for various aggregate average
size.
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Figure 2.17 shows that for a fixed aggregate volume fraction any increase in the average

aggregate size would decrease the coarseness. For a fixed average aggregate size, any increase in

the volume fraction of the aggregate would increase the coarseness. It should be noted that for small

average aggregate size, any change in the aggregate volume fraction would change the coarseness

dramatically, while for bigger average aggregate size, any change in the aggregate volume fraction

would not influence the coarseness as much.

Figure 2.18 shows that for a fixed aggregate volume fraction, any increase in the aggregate

average size would increase the stiffness autocorrelation slightly. However, for a fixed aggregate

average size, any increase in the aggregate volume fraction would increase the stiffness autocorre-

lation as well. This is due to the fact that the aggregate is stiffer than cement paste. One can also

observe that for higher aggregate volume fraction, the change in the aggregate average size does

not affect the stiffness autocorrelation function as much.

Figure 2.19 shows that for a fixed aggregate volume fraction, any increase in the aggregate

average size would not make a significant difference on the thermal autocorrelation. However, for

a fixed aggregate average size, any increase in the aggregate volume fraction would decrease the

thermal autocorrelation, which is due to the fact that the thermal expansion of the aggregate is

less than the thermal expansion of the cement paste.

Figure 2.20 shows that for a fixed aggregate average size, any increase in the aggregate volume

fraction would increase the coarseness. However, for a fixed aggregate volume fraction, any increase

in the aggregate average size would decrease the coarseness. This effect is more significant for higher

aggregate volume fraction than the lower aggregate volume fraction.

Figure 2.21 shows that for a fixed aggregate average size, any increase in the aggregate

volume fraction would increase the stiffness autocorrelation. This is mainly because of aggregate

being stiffer than the cement paste. However, for a fixed aggregate volume fraction, any increase in

the average aggregate size would increase the stiffness autocorrelation slightly. This effect is more

obvious for the smaller aggregate volume fraction than the higher aggregate volume fraction.

Figure 2.22 shows that for a fixed aggregate average size any increase in the aggregate volume
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fraction would decrease the thermal expansion autocorrelation, which is mainly due to the lower

thermal expansion coefficient of the aggregate in compared with the thermal expansion coefficient

of the cement paste. However, for a fixed aggregate volume fraction, any increase in the average size

of the aggregate would lead to a slightly higher thermal expansion autocorrelation. This effect is

more recognized in the lower aggregate volume fraction than the higher aggregate volume fraction.

Looking closely at these figures also reveals that the average aggregate size and volume frac-

tion have the opposite effect on the coarseness and autocorrelation function. Overall, these findings

show the importance of higher order autocorrelation function on the study of crack propagations

within any composite.

2.9 Conclusions

A mathematical model is developed relating the covariance of thermal stress and the grain

sizes, the volume fractions, the mechanical properties, and thermal expansion coefficients of the

constituent phases. The effects of the influential parameters are numerically analyzed. The appli-

cation of the theoretical model specifically to concrete was studied. The general findings from this

study are as follows:

(1) The internal structure of composite materials such as concrete and mortar can be repre-

sented by mosaic patterns. There are various types of mosaic patterns. Among them, the

statistical features of L-mosaic pattern were discussed in detail and their application to

studying the variation of internal thermal stress was investigated.

(2) The covariance of thermal stress depends on the autocorrelation functions of elastic mod-

ulus and coefficient of thermal expansion of the composite, which, in turn, depend on the

autocorrelation function of mosaic patterns.

(3) An increase in the distance between two desired points within a composite decreases the

autocorrelation functions of mosaic patterns.
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(4) Both stiffness and thermal expansion autocorrelation functions decrease with increasing

coarseness of the grain structure.

(5) The average grain size and grain distribution have the strongest effect on both stiffness

and thermal expansion autocorrelation functions. As a result, they also have the strongest

effect on the thermal stress variation.

(6) The volume fraction of constituent phase is one of the most important factors in both

stiffness and thermal expansion autocorrelation function. However, its effect is less than the

effect of grain size distribution. Thus, the models incorporating only the volume fraction,

which is the first order statistics of the internal structure, are not capable of capturing the

thermal stress variation very well.

(7) The stiffness of each phase has the most effect on both stiffness and thermal expansion

autocorrelation functions. If the stiffness of the phases are close, then the thermal expansion

of each phase would make an influential effect on the autocorrelations.

(8) In the application of the theoretical model to concrete, the effect of the aggregate average

size and aggregate volume fraction on stiffness autocorrelation is more significant than the

thermal expansion autocorrelation. This is mainly due to the significant difference between

the stiffness of the aggregate and cement paste. The difference between the coefficient of

thermal expansion of the aggregate and cement paste is relatively small.



Chapter 3

EXPERIMENTAL STUDY ON PHASE CHANGE MATERIALS IN

CONCRETE

This chapter presents the results of an experimental investigation of using phase change

materials (PCMs) in Portland cement concrete. The objective of the research is to improve thermal

properties of concrete as a structural material. Compression test, flexural test, drying shrinkage

test, as well as thermal conductivity test are conducted. PCMs are used in concrete mixtures

as both sand replacement and additives. The results revealed that in the replacement method,

the loss of compressive strength due to addition of PCM is not significant, and the specific heat

of concrete increased considerably. Thus, thermal conductivity of the new concrete is improved.

Flexural test, drying shrinkage test and microstructure analysis provide a good understanding of

the PCM-modified concrete. Overall, the results show that it is quite promising to maximize the

enhancement of PCM on thermal properties of PCM-modified concrete and minimize the reduction

on mechanical properties of the concrete.

3.1 Introduction

Mechanical properties such as strength and stiffness have been considered as the most im-

portant material properties for structural materials like concrete. Recently, thermal insulation and

heat storage capacity of the structural materials have also been considered as important material

properties for sustainable development of energy efficient buildings. Specifically, how to improve

thermal resistance of concrete materials becomes an interesting and important research topic. One
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of the effective methods to improve thermal resistance of concrete is to use phase change materials

(PCMs) as an additive. PCMs have high heat of fusion when they melt and solidify at a certain

temperature, and thus are capable of storing and releasing large amount of heat at the specific

temperature [20].

Many researchers such as Hawes et al. [20] Lencer et al. [42] have studied different PCMs and

their applications. Hawes et al. [20] and Sharma et al. [64] classified PCMs into three categories:

organic, inorganic, and eutectic. Hawes et al. [17] have shown that by adding a proper type of PCM

in a material, the thermal storage capacity of the material can be enhanced beneficially. They have

shown that the organic PCMs materials, due to their compatibility with the building materials,

would be the best choice for the application in the building envelopes. Chen et al. [11] used a

specific type of phase change material made as small particles (called microencapsulated PCMs)

embedded in energy-storing wallboard and their result indicated that by applying proper PCM to

the inner surface of the wall, the thermal comfort of the building can be enhanced dramatically.

Richardson et al. [62] analyzed the reduced unit weight of insulation materials when PCMs are

used in the material. They concluded that the amount of mass which can be saved by using PCM

provided a substantial benefit. Li et al. [45] investigated the thermal performance of granular

PCM composite which was made of granular porous materials and PCMs and the result was quite

promising.

Cabeza et al. [9] constructed a small house using concrete incorporating PCMs. Zhang et

al. [83] studied the effect of a PCM on the thermal property of mortar. Most recently Hunger et

al. [32] performed some experiments on self-compact concrete and they showed how the porosity

of the concrete was increased by using PCM in their mix design, which implies that the strength

of concrete with PCM may be reduced. Bentz and Turpin [7] investigated the effect of PCM in

concrete with the lightweight aggregate (LWA) and they showed that by using a lower transition

temperature PCM in a bridge deck, a significant portion of the freeze/thaw cycles can be potentially

avoided.

The purpose of this chapter is to conduct a systematic study on the effect of PCMs on the
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mechanical and thermal properties of concrete containing PCMs. Specifically, the compressive

strength, flexural strength, drying shrinkage, and thermal behaviors of the PCM-modified concrete

are investigated. These material properties are very important to ensure both short-term and

long-term performance of the concrete. Moreover, microstructure of PCM-modified concrete is

studied by a Scanning Electron Microscope (SEM). The results show how PCM micro-capsules are

incorporated in the microstructure of cement paste.

3.2 Significance of the research

In order to build net-zero energy efficient buildings, it is important to apply every possible

method to improve thermal performance of all components used in the building envelope, which

implies that not only conventional insulation materials but also structural materials should be taken

into account in terms of their contribution to thermal performance of the building. Meanwhile the

importance of the mechanical properties of structural materials should not be disregarded. Addition

of PCMs in concrete is definitely very effective to improve thermal properties of the concrete,

but has some impact on mechanical properties of the concrete. Therefore, both thermal and

mechanical properties of PCM-modified concrete should be studied, and the benefit of enhancing

thermal properties will be maximized and the impact on mechanical properties of concrete will be

minimized.

3.3 Materials used in the experimental program

A phase change material MPCM-28 wet cake manufactured by Microtek [29] was used in this

study. The melting point of the MPCM-28 wet cake is 28 ◦C. This specific product was chosen

based on its melting point which is the closest one to the room temperature among all other PCM

products of Microtek. The PCM was microencapsulated as shown in Figure 1, which is an image

of microstructure of MPCM-28 wet cake taking by a low vacuum scanning election microscopy

(LVSEM). The white micro-spheres shown in Figure 3.1 are made of melamine formaldehyde (MF

Melamine) polymers and the core material is paraffin (n-Octadecane). The encapsulated PCM
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was selected in this study mainly because the polymeric material made of the microcapsules can

survive the wet and high pH environment during casting process of the concrete. Table 5.6 shows

MPCM-28’s general properties based on the Microtek data sheet [29].

Figure 3.1: The microstructure of MPCM-28 wet cake.

When PCM is added to the mixture of concrete materials as an additional component, there

are two ways to adjust the mix design of concrete. PCM can be used to replace a certain percentage

of fine aggregate (sand) in the concrete mixture, which is called PCM replacement method; and

PCM can also be used as additive in the concrete mixture, which is called PCM additive method.

The effect of PCM on thermal properties of a concrete depends on the amount of PCM in the

concrete. For a fixed amount of PCM, its effect on thermal properties of concrete is fixed. However,

as shown in later sections, its effect on mechanical properties of the concrete is different depending

on the mix design method. Therefore, there are two phases in this study. In the first phase,

PCM was used to replace various volume percentages of fine aggregate in the concrete mixtures,

and PCM was also used as additive in the concrete mixture. The PCM replacement and PCM

additive resulted in different mix designs. The experimental results of the first phase revealed that

PCM replacement is a better choice. Thus, the second phase of the study focused on thermal

and mechanical behaviors of PCM-modified concrete with various volume percentages of PCM

replacement of find aggregate.

With the PCM replacement method, different volume percentages of PCM were used to

replace the same volume percentages of fine aggregate. For instance, when 5% of the fine sand
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Table 3.1: General properties of MPCM-28

Typical Properties
Appearance White to slightly off-white color
Form Wet cake

(70% Solid, 30% Water)
Capsule Composition 85-90% wt.% PCM

10-15 wt.% Polymer Shell
Core Material Paraffin
Particle Size (mean) 17-20 micron
Melting Point 28 ◦C (82◦F)
Heat of Fusion 180-195 kJ/kg
Specific Gravity 0.9
Temperature Stability Extremely Stable-less than 1% leakage when heated to 250◦C
Thermal Cycling Multiple

needs to be replaced by the PCM, the weight of the PCM can be readily calculated by knowing the

density of PCM being equal to 0.9 kg/m3. In the PCM additive method, the amounts of gravel

and sand remain the same, and various amounts of PCM were added to the mixture.

The concrete mixtures consisted of 630 kg/m3 fine aggregate (sand); 1160 kg/m3 coarse

aggregate; 350 kg/m3 Type I Portland cement; 200 kg/m3 water, and four different amounts of

microencapsulate PCM. The sieve analysis based on ASTM C136-06 [67] was conducted on the

fine aggregate and the coarse aggregate being used in the concrete mixtures. Figure 7.1 shows the

particle size distribution of the aggregates.

Table 3.2 and Table 3.3 show different mix designs using PCM replacement as well as PCM

additives in the phase one of the study.
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Figure 3.2: Particle size distributions of fine and coarse aggregate.

Table 3.2: Mix designs using PCM additive method

Group Cement Coarse Fine PCM Water
(Kg) aggregate Aggregate (gr) (gr)

(Kg) (Kg)
PCM0 0.433 1.434 0.779 0 0.247

PCM5-A 0.433 1.434 0.779 13.17 0.247
PCM10-A 0.433 1.434 0.779 26.35 0.247
PCM15-A 0.433 1.434 0.779 39.52 0.247
PCM20-A 0.433 1.434 0.779 52.69 0.247

Table 3.3: Mix designs using PCM replacement method

Group Cement Coarse Fine PCM Water
(Kg) aggregate Aggregate (gr) (gr)

(Kg) (Kg)
PCM0 0.433 1.434 0.779 0 0.247

PCM5-R 0.433 1.434 0.740 13.17 0.247
PCM10-R 0.433 1.434 0.701 26.35 0.247
PCM15-R 0.433 1.434 0.662 39.52 0.247
PCM20-R 0.433 1.434 0.623 52.69 0.247
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As one can see in the both tables, 5%, 10%, 15% and 20% replacements (by volume) and

additions were used as experimental parameters to examine the effect of PCM on compressive

strength of the PCM-modified concrete. The same four amounts of PCM were used in the PCM

additive method in order to examine the effects of the two different design methods on compressive

strength of PCM-modified concrete (see Tables 3.2 and 3.3).

There are three steps in the mixing process. First, all the dry materials such as cement, fine

aggregate and coarse aggregate are mixed for one minute. Second, the water is added gradually to

the mix and the mixing lasts for another minute, and then PCM is added to the concrete mixture

and this step takes one minute as well. It should be noted that it is important to add the PCM

as the very last component in order to prevent the damage of micro-encapsulate during the mixing

process.

Adding the PCM toward the end of the process, not only would avoid damage in the outer shell

due to the high shear associated with mixing of concrete, but also would help to minimize the high

pH value of the concrete.

3.4 Testing procedures

In order to have a better understanding of the effects of PCM on properties of concrete, the

following tests were conducted: compressive strength test, flexural strength test, drying shrinkage

test, and thermal conductivity test. These four tests were selected in the study because the PCM

and the microcapsules are not high strength solid materials like regular concrete and thus their

effect on the strength of concrete has been a major concern. Their effects on drying shrinkage

of concrete are also important when the phase changes take place at different temperatures. The

thermal conductivity test is especially important for PCM-modified concrete since the modifications

in the thermal properties of the concrete due to added PCM will make the concrete suitable for

many potential applications.
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3.4.1 Compressive strength

This test was done according to ASTM C873/C873M-04e1 [68]. Six cylindrical specimens 2

in × 4 in were cast for each mix design and the compression test was conducted on three of the

cylinders at 7 days of age and the remaining three at 28 days of age. The compression test was

conducted using a MTS machine with displacement control. The loading rate was kept constant at

0.0015 in/sec for all the specimens at all ages.

3.4.2 Three point bending flexural test

This test was done according to ASTM C293 [69]. Two 2 in × 2 in × 8 in prism specimens

are prepared for this test. The three-point bending flexural test provides values for the modulus

of elasticity in bending Ef , flexural stress σf , flexural strain εf as well as the flexural stress-strain

response of the material. Moreover, flexural modulus obtained from this test can be used as an

indication of a material’s stiffness when it is loaded. It should be noted that the main advantage

of this test is the ease of the specimen preparation and testing. On the other hand, there are

some disadvantages, such as the results of the testing method are sensitive to specimen and loading

geometry and strain rate.

The flexural stress and stain can be calculated based on the following equations:

σf =
3pl

2bd2
(3.1)

εf =
6Dd
L2

(3.2)

where σf= Flexural stress, p= Load at the given point on the load deflection curve, d= Depth of

the beam, εf= Flexural strain, D= Maximum deflection at the center, and L= Support span.

In this study, the flexural test was performed using an Instron testing machine with displace-

ment control. The loading rate was 0.01 mm/s and the sampling rate was 0.1 per second.

It should be noted that in this test, the middle roller was set in the middle of the specimens and

the side rollers were set at the thickness distance from the edges.
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3.4.3 Drying shrinkage

The standard test method for drying shrinkage of concrete based on ASTM-C 157M [71]

was used in this study. As it will be discussed in details later, using PCM replacement will lead

to higher compressive strengths than using PCM additive; therefore, the drying shrinkage tests

were conducted only on specimens in the PCM replacements method. Two mix designs for PCM

replacement at 10% and 20% volume of sand were used for the specimens in the drying shrinkage

test. These two mix designs were chosen to cover a lower range as well as the higher range of PCM

content in the mix design. Two prism specimens 1 in × 1 in × 10 in were prepared for each mix

design. Measurements were started after 7 days of curing in a standard curing room. The relative

humidity of the lab was remained about 40% during the testing period.

3.4.4 Thermal properties

In general, thermal diffusivity α, density ρ and specific heat (or heat capacity) cp of a material

can be measured directly, and then thermal conductivity k of the material can be calculated by

using the following equation:

k = αρcp (3.3)

Direct measurement of thermal diffusivity is popular because it just requires measurement of tem-

perature history due to a thermal perturbation on the sample. This is much easier than measuring

heat flux as it is required in many steady state methods for obtaining thermal conductivity k [5].

Netzsch LFA 457 device was used for thermal diffusivity measurements.

On the other hand, Differential Scanning Calorimetry (DSC) for measuring the specific heat

was conducted using Netzsch DSC 204 F1 Phoenix machine [61] at a scanning rate of 10 ◦C/min

in the temperature range of -25 ◦C to 50 ◦C in a nitrogen atmosphere.

In general DSC analysis, two crucibles with the same size are heated through the same

temperature versus time program. The reference crucible is always empty, while the other crucible,

in turn, is empty, carries the standard (sapphire) sample, and finally, the sample with unknown



41

specific heat. By keeping crucible of the sample and the reference the same size, under the same

temperature and made of the same material, the effects of parasitic convective and radiative losses

are automatically canceled. Based on the difference in the heat (DSC signal) required for heating

the samples, the ratio of specific heats of the sample and the standard can be easily determined.

Equation 3.4 shows how this information is used to calculate the specific heat capacity of each

sample.

Cp,Sample = Cp,Standard
mStandard

mSample

DSCSample −DSCBaseline
DSCStandard −DSCBaseline

(3.4)

It should be noted that the specific heat can only be calculated under exothermic process.

Moreover, for the DSC analysis the system should be programmed for the desired temperature

range, which was -25 ◦C to 50 ◦C in this case. Thus, in the heating cycle (endothermic), first the

temperature was brought down to -25 ◦C and it was hold for 4 minutes, then the heating cycle

started up to 50 ◦C. When the temperature reached this highest desired temperature (50 ◦C) it is

hold for 3 additional minutes. Next the cooling cycle (exothermic) would be started by cooling the

system to the lowest desired temperature (-25 ◦C).

After the system was programmed for the required temperature range, the general approach in any

DSC analysis was taken.

As it was mentioned before, first, both crucibles were empty under the heating and cooling process.

Second, the reference crucible (the left hand crucible) remained empty, while the other one was

holing sapphire (25 mg) under the same healing and cooling process, in which the system had

been programmed. Finally, the third step, which was replacing the sapphire with the sample with

unknown specific heat, started under the same healing and cooling process as the other two steps.

Then following Equation 3.4 would lead to specific heat of the sample.

Similar to the specimens for drying shrinkage test, two mix designs for PCM replacement of 10%

and 20% of sand were used for the specific heat test. Specimens with 10 mm × 10 mm × 1.5 mm

were cut from concrete specimens and their thermal diffusivity is measured at 7 days and 28 days of
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age. Since the microcapsules of PCM are very small, the sample size of 10 mm × 10 mm × 1.5mm

can be used to study the effect of PCM on thermal properties of the cement paste incorporating

PCM micro-capsules.

3.5 Experimental Results and discussions

3.5.1 Compressive and flexural strengths

The average compressive strengths of the two groups of samples at 7 days and 28 days are

shown in Table 3.5 and Table 3.4.
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The strength reductions are shown in the same tables. Figure 3.3 shows the comparison of

the test data obtained from the samples of 7 days old, and Figure 3.4 show the comparison of the

test data obtained from the samples of 28 days old.
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Figure 3.3: Comparison of compressive strengths at 7 days.
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Figure 3.4: Comparison of compressive strengths at 28 days.

One can see that with increasing amount of PCM, the compressive strength of PCM-modified

concrete decreases. This is an expected result since PCM is not a solid material with high strength

and high stiffness. Therefore, its addition in the hardened concrete will definitely result in strength

reduction. Our goal is to find the extent and trend of the strength reduction and minimize the

strength reduction. In the present study, with a given amount of PCM in concrete, two different

methods were used to add PCM in the concrete, i.e. the replacement method and the additive

method. From Figure 3.3 and Figure 3.4, one can clearly see that the strength reductions associated

with the PCM replacement method are less than those of the PCM additive method for all four

amounts of PCM used in the present study.

This is an important result because improvement of thermal properties of a concrete material

depends on the amount of PCM in the concrete. With a fixed amount of PCM in concrete, we

must minimize the strength reduction of concrete due to addition of PCM. The present test data

indicated that the PCM replacement method results in less strength reduction and thus should be

adopted in the practice.



46

Then the question is why the PCM replacement method resulted in less strength reduction

than the PCM additive method. This may be explained by the volume fractions of the constituents

in PCM-modified concrete. Compressive strength of concrete depends on several mix design pa-

rameters such as water/cement ratio, cement content, gravel/sand ratio, etc. In the present study,

water/cement ratio was kept constant for both PCM replacement and PCM additive methods.

Therefore, the effect of other design parameters became important. Considering the PCM micro-

capsules as soft sand particles, in the PCM replacement method, the total volume fraction of fine

aggregate (natural sand plus PCM) remained as a constant with increasing amount of PCM in the

mixture. So, the strength reduction of the concrete is due mainly to the increasing amount of soft

aggregate (i.e. PCM micro-capsules) in the concrete. While in the PCM additive method, the total

volume fraction of fine aggregte (natural sand plus PCM) increased and thus the volume fraction

of cement decreased with increasing amount of PCM in the mixture. Thus, the strength reduction

of the concrete is due to two concurrent mechanisms:

(1) Increasing the amount of soft aggregate (i.e. PCM microcapsules) in the concrete, which

is the same as the PCM replacement method and.

(2) Decreasing the amount of cement (lowered cement content).

It is worthwhile to point out that from the test data shown in Figure 3.3 and Figure 3.4, the

strength reduction due to the addition of PCM is not substantial up to 20% of volume replacement

of fine aggregate, and there are many applications in which the reduced compressive strength will

be still acceptable.

Based on the test data shown in Figures 3.3 and 3.4 and above analysis, it was decided that the

rest of the experimental program (the phase two) will be conducted on the specimens prepared by

the PCM replacement method. To this end, two groups of specimens were prepared: PCM10-R

and PCM20-R. PCM10-R had 10% replacement of natural sand, which is a good representation for

a medium range of PCM replacement. PCM20-R had 20% replacement of natural sand, which is a

good representation for a high range of PCM replacement.
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Three-point bending flexural test was conducted on PCM10-R and PCM20-R at 28 days.

Figure 3.5 shows the test data of flexural strength tests. By increasing the amount of the PCM in the

concrete mixture, the flexural strength of the concrete decreased. The extent of strength reduction

is not significant from 10% to 20% replacement. Hawes [20] also showed that the flexural strength

of the PCM-wallboards is comparable with the flexural strength of the conventional wallboards,

which is a valuable confirmation on our test results. Comparing the compressive strength with the

flexural strength, one can see that the flexural strength is about 20% of the compressive strength,

which is quite acceptable.
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Figure 3.5: Flexural strengths of PCM-modified concrete.

3.5.2 Drying shrinkage

For the drying shrinkage test, two specimens were prepared for each group and they were kept

in the curing room for 7 days, then the drying shrinkage test and measurement of length change

were started in the room temperature. Figure 3.6 and Figure 3.7 show the test data for the drying

shrinkage tests.
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Figure 3.6: Drying shrinkage test data of PCM10-R.
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Figure 3.7: Drying shrinkage test data of PCM20-R.
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The solid lines in the two figures represent curve fitting of the averaged test data. Then, the

two solid lines were plotted in Figure 3.8 as a comparison of the drying shrinkage of PCM-modified

concrete with 10% and 20% replacement. Figure 3.8 shows the comparison between the drying

shrinkage of these two groups. The comparison of the two curves shows that by increasing the

amount of the PCM in the concrete from 10% to 20% replacement, the drying shrinkage increases

by about 15%.
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Figure 3.8: Comparison of drying shrinkage between PCM10-R and PCM20-R.

The driving force for drying shrinkage of concrete is cement paste. The amount of cement

paste in concrete depends on the cement content and water/cement ratio. Higher cement content

and higher water/cement ratio in concrete lead to higher potential of drying shrinkage. On the other

hand, the potential of drying shrinkage is restrained by the solid framework formed by aggregates

(gravel and sand) inside of concrete. With the same shrinkage potential generated by the cement

paste, the actual shrinkage depends on the stiffness of the aggregates. The higher the stiffness of

aggregate framework, the lower the actual drying shrinkage of the concrete is. In the phase two of

the present study, the cement content and water/cement ratio were fixed, and thus the difference

in the measured drying shrinkage came from the difference in the stiffness of the solid framework

of aggregate. With 20% PCM replacement of fine sand, the stiffness of the aggregate framework is

lower than that of the concrete with 10% replacement. Therefore, the shrinkage of PCM-modified

concrete with 20% PCM replacement is higher.
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Using the present test data, an empirical formula was developed for characterizing the drying

shrinkage of PCM-modified concrete:

εsh = 0.02lnt+ (
PCM

100
)× w

c

( 20
PCM

+2)
(3.5)

where w/c is the water/cement ratio, t is the time in days, PCM is the volume percentage

of PCM replacement of fine aggregate in the concrete, which in this study is either 10 or 20. In

the equation, the first term is the time dependent drying shrinkage, which represents the drying

shrinkage of regular concrete; and the second term is not time dependent, which represents the

additional shrinkage due to the addition of PCM.

In addition to the effect of PCM on the stiffness of solid framework of aggregate, there is

another factor that may contribute to the higher shrinkage of PCM-modified concrete. As shown in

Table 5.6, MPCM-28 wet cake contains 30% moisture and thus more PCM in the concrete mixture

will bring in more moisture in the mixture. As a result more shrinkage strain will be observed

in specimens with higher volume percentage of PCM. However, using the MPCM-28D which is

another product of the Microtek [29] might be a good option for the future work. Because this

product has the same melting point as the MPCM-28 wet cake, but it comes in 100% dry form,

which might be a better choice for the dry shrinkage problem.

3.5.3 Thermal properties

Thermal behavior of the PCM-modified concrete shows interesting results. To understand

these results better, the DSC analysis was performed on MPCM-28 wet cake alone. However, it

is quite important to know that this specific PCM has 30% water content on the exterior of the

capsules, therefore, before running the DSC analysis on any amount of mass, the water content

should be eliminated from the particles, otherwise the DSC graph would not provide the accurate

result and the joule per gram at the PCM’s phase change temperature will be reduced due to the

water weight. Figure 3.9 shows the specific heat of the MPCM-28 under different temperature.

It should be noted that the melting is a first order transition, which means when you reach
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Figure 3.9: The specific heat of the MPCM-28 wet cake.

the melting temperature, the polymer’s temperature will not rise until all the crystals have melted.

Therefore, the heater under the sample crucible needs to insert a lot of heat into the polymer in

order to melt the crystals and keep the temperature rising at the same rate as that of the reference

crucible. This extra amount of the heat flow during the melting process appears as a big peak on

the DSC analysis. Additionally, the latent heat of melting can be measured by measuring the area

under the peak. The peak usually refers to the melting temperature and that is mainly because of

putting a lot of energy to the polymer to make it melt. It should also be noted that the melting

is an endothermic transition. Since the specific heat is calculated based on the ratio method, the

peak observed on the DSC curve and cp curve are happening at the same temperature which is

the melting temperature. Therefore, from Figure 3.9, it can easily be seen that the melting point

is happening at 29.2 ◦C. This number is slightly different than the melting point of MPCM-28 wet

cake and that is because the PCM particles contain 30% water and even though they have been

dried out before DSC analysis, still some low percentage of water content remained on the exterior

of the PCMs. Additionally, one can also observe the amount of the energy needed for the melting

process is about 374 J/g which is the area beneath the cp curve in the endothermic cycle.

Moreover, looking at Figure 3.10 shows that peak in the endothermic cycle is happening

around 29.2 ◦C which is the same as the peak observed in Figure 3.9. However, the onset is at 23.2

◦C, which is the temperature, in which the melting starts to happen. The other peak observed in
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the exothermic cycle is 14.9 ◦C, in which is the solidification happens. The onset in this cycle is

23.9 ◦C, which is the temperature, in which the solidification starts to happen.

Figure 3.10: Differential Scanning Calorimetry of Phase change material.

Figure 3.11 shows the specific heat capacity of different PCM-modified concrete specimens

at different ages. The peaks in specific heat curves for PCM-modified concretes are all in the range

of the melting point of the MPCM-28. However, as it was mentioned in the DSC analysis of the

MPCM-28 itself, the water content causes the difference between the peak point and the actual

melting point of the MPCM-28 and since the PCM particles have been used in the mix without

any drying process in advance, these peaks are not exactly at 28 ◦C (melting point of PCM). Also

only 10% to 20% of fine sand was replaced by PCM in the concrete, and thus the actual amounts of

PCM in the concretes are quite small. One important observation of Figure 3.11 is that increasing

the amount of PCM will increase the specific heat capacity of the concrete. This increase is about

19% when PCM replacement changed from 10% to 20%. Another observation is that the older the

specimens are, the higher the specific heat capacity is. In another word, aging is a significant factor

in increasing the specific heat capacity of the concrete. For instance, in the case of PCM10-R, the

specific heat has been increase by 24% from 7 days of age to 28 days of age.

As it was mentioned earlier, the thermal diffusivity was measured using Netzsch LFA 457

and the results for each sample in the room temperature is provided in Table 3.6. These data

shows that the thermal diffusivity decreases with increasing the amount of PCM, while the aging
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Figure 3.11: The specific heats of PCM-modified concretes with different amount of PCM at
different ages.

has a opposite effect on the thermal diffusivity, meaning the older the specimens are, their thermal

diffusivity is higher.

The specific heat, thermal diffusivity, density and Equation 5.3, would assist to determine the

thermal conductivity of each PCM sample. Figure 3.12 shows the result of thermal conductivity

of different PCM-modified concretes. This figure illustrates that increasing the amount of PCM in

the mix would result in a lower thermal conductivity but the older the specimens are the higher

the thermal conductivity value is; which is similar to the result of the heat capacity. Adding more

PCM in the concrete results in higher specific heat and thus lower thermal conductivity, which are

beneficial effects for improving thermal insulation property of building envelopes. Hunger [32] also

concluded similar results in his work.



54

Table 3.6: Thermal diffusivity of PCM-modified concrete

Sample Age (Day) Thermal diffusivity (m2/s) Density (gr/cc)
PCM10 7 0.89 2.55
PCM10 28 1.14 2.28
PCM20 28 0.96 2.18
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Figure 3.12: Thermal conductivity of PCM-modified concretes with different amount of PCM at
different ages.
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In general, materials with high thermal diffusivity rapidly adjust their temperature to that

of their surroundings, and that is due to the fact that they can conduct heat quickly in comparison

to their volumetric heat capacity [21]. Therefore, materials with low thermal diffusivity like PCMs

are more desirable in the building envelopes.

3.5.4 Microstructure of PCM-modified concrete

Figure 3.13 and Figure 3.14 show the micrographs of the PCM micro-capsules within the

concrete taken by a Scanning Electron Microscope (SEM). Several PCM particles are distributed

throughout the mixture. These SEM images provide a good understanding of the bonding between

cement paste and the PCM’s outer layer, which is quite strong to ensure a high compressive strength

of the PCM-modified concrete.

Figure 3.13: SEM micrographs of the PCM-modified concrete.

Some researchers showed that the PCM particles were destroyed or partially destroyed in the

mixing process [32], it is quite clear that the PCM particles remained intact in the present study.

There are two important experiences we had during the study for preventing the damage of PCM

particles. One is to add the PCM particles in the concrete mixture in the very last step during the

mixing process, and the other is to use a proper type of PCM with a strong outer polymer shell

that can survive the mixing process. As it was mentioned before, adding the PCM at the end of
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Figure 3.14: SEM image showing the bond between PCM’s outer layer and the cement paste.

the mixing process would prevent the damage in the outer shell due to the high shear associated

with the mixing process.

3.6 Conclusions

(1) With the addition of encapsulated PCM particles in concrete the compressive strength of the

concrete decreases. The present test results showed that using PCM particles to replace fine

aggregate particles in concrete mixes (called replacement method) resulted in a less strength

reduction than using PCM as additive in the concrete (called additive method). The strength

reduction is not too dramatic and there are many structural applications for the PCM-modified

concrete.

(2) The flexural test results showed that there is a deduction in the flexural strength with increasing

volume percentage of PCM, and that the flexural strength of PCM-modified concrete is in the

range of 20% of the compressive strength, which is similar to flexural strength of regular

concrete.

(3) Drying shrinkage test results showed that with increasing amount of PCM the drying shrinkage

of the PCM-modified concrete increases, which is due to the low stiffness of the PCM particles



57

that reduces the overall stiffness of the aggregate framework in the concrete. Based on the

shrinkage test data, an empirical equation was developed to predict the shrinkage of the PCM-

modified concrete in terms of water-to-cement ratio and the PCM content.

(4) Differential Scanning Calorimetry (DSC) analysis of MPCM-28 wet cake was performed under

the cooling and heating process for the temperature range of -25 ◦C to 55 ◦C in the nitrogen

atmosphere. The results show how the PCM starts absorbing the heat at 29.2 ◦C and releasing

the heat till it reaches it’s solidification point of 14.9 ◦C.

(5) Thermal analysis results of the PCM-modified concrete showed that the phase change ma-

terial can improve the thermal conductivity of the PCM-modified concrete. Any increase

in the amount of the PCM in the concrete mixture would increase the heat capacity of the

PCM-modified concrete, decrease the thermal diffusivity of the concrete, and thus decrease

the thermal conductivity. Since the change in thermal diffusivity at different temperatures

is not as significant as the change in the heat capacity, it can be said that using more PCM

in the concrete mixture would provide a better material for the building in terms of thermal

insulation.

(6) Test results of Scanning Electron Microscope (SEM) analysis showed that when the encapsu-

lated PCM particles are added as the last component in the mixing process, there is almost no

damage to the PCM outer layer, and there is a decent bonding between cement paste and the

PCM particles.



Chapter 4

COMPOSITE MODELS FOR EFFECTIVE THERMAL CONDUCTIVITY

AND DRYING SHRINKAGE OF PCM-CONCRETE

This chapter presents the results of generalized self consistent model for effective thermal

conductivity and drying shrinkage of PCM-concrete. Two multi-phase, multi-scale models have

been developed to predict the effective thermal conductivity and effective drying shrinkage.

The effect of temperature as well as the effect of volume fraction of the PCM on the effective thermal

conductivity has been investigated. The effective drying shrinkage of PCM-concrete and its relation

with the bulk modulus of PCM has also been investigated. The generalized self consistent model

cannot capture the effective properties of PCM-concrete and needs to be modified.

The results of the modified generalized self consistent model for the effective thermal conductivity

and drying shrinkage are promising. The modified generalized self consistent model illustrates

that any addition in the PCM amount would decrease the effective thermal conductivity. The

generalized self consistent model for effective drying shrinkage reveals that the use of stiffer PCM

particles in the mix design would lead to higher shrinkage strain and this effect would be even more

significant by increasing the amount of the PCM particles in the mix design.

4.1 Introduction

Composite materials have received considerable attention from the engineering society due to

their remarkable engineering applications and this trend is likely to continue. Composite materials

are engineered materials made of two or more constituent materials with significantly different
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physical or chemical properties which remain separate and distinct on a macroscopic level within the

finished structure. Multi-phase composite materials exhibit a remarkable complex microstructure.

In the case of spherical inclusions, there exists various methods predicting the effective behavior

of the composite material, including: Maxwell approximation, Self-consistent approximation (SC),

Mori-Takana, Parallel model, etc. In some of the cases it is easy to obtain the exact solutions for the

effective moduli, but in other cases it is not possible. However, in these cases, it is possible to obtain

the bounds on the effective moduli, which is helpful in understanding the materials behavior.

Although, there are some critiques regarding the SC approximation which will generally violate

bounds improved by the Hashin-Shtrikman bounds, it cannot be said that SC approximations are

useless [73].

Milton [52] has shown that for some particular class of micro-structures the SC approximations for

thermal conductivity reveals an accurate prediction. More explicitly, for a two-phase composite,

this class consists of granular aggregates such that the spherical grains in each of the phase are

comparable sizes and they are well separated on many length scales. At any particular length

scale, the spherical grains of two phases are surrounded by a matrix consisting of much smaller well

separated spheres of the two phases, which are also surrounded by a matrix.

One of the important properties of heterogeneous material is their effective thermal property such

as thermal conductivity and drying shrinkage. Theoretical studies have shown that the effective

thermal conductivity of composites is strongly dependent on the volume fraction, inclusion size and

thermal conductivity of each of the constituents [16] and [57].

The generalized self consistent (GSC) method seems to be one of the most appropriate tools for

homogenization unit cell inclusion that is an inclusion with surrounding ring matrix, which is itself

embedded in the infinite effective medium.

This chapter focuses on the mathematical modeling of effective thermal conductivity and ef-

fective drying shrinkage of PCM-concrete. In the thermal conductivity model, thermal conductivity

of aggregate, sand, cement paste and PCM particles as well as their volume fractions are taken into

consideration. The effects of change in the volume fraction of PCM particles as well as tempera-
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ture change on the effective thermal conductivity have been investigated. The predicted effective

thermal conductivity based on the model was compared with the effective thermal conductivities

of other model as well as experimental data.

In the drying shrinkage model, the PCM-concrete is treated as a four-phase composite. These four

phases are: coarse aggregate, sand, cement paste and PCM particles. In order to predict the effec-

tive drying shrinkage, the drying shrinkage of each phase and PCM particles as well as their volume

fractions are taken into consideration. The predicted effective drying shrinkage of the model was

compared with experimental data.

4.2 Significance of the research

Energy efficiency of buildings is an important consideration. Improving thermal performance

of structural components would have a significant effect on the overall performance of the building.

Although, the experimental study would be helpful to estimate the effective thermal conductivity

of each component, it is not always an easy approach. Additionally, the long term performance

of each component such as drying shrinkage is a time consuming process. Thus, an analytical

approach would be helpful to understand the effective property of a multi-phase composite such as

the effective thermal conductivity and the effective drying shrinkage.

4.3 Effective thermal conductivity of multi-phase composite

4.3.1 Parallel model

The Parallel model for a composite consists of M phases with defined volume fractions can

be specified as:

σe =
M∑
i=1

φiσi (4.1)

It should be noted that in the Parallel model, it is assumed that the layer of the components of

physical structures are oriented in a parallel to the direction of heat flow. In addition, the Parallel

model gives the maximum value of the thermal conductivity. Therefore, the Parallel model can be
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Figure 4.1: Parallel model.

used for the upper bound limit.

4.3.2 Series model

The Series model for a composite consists of M phases with defined volume fractions can be

specified as:
1
σe

=
M∑
i=1

φi
σi

(4.2)

It should be noted that in the Series model, it is assumed that the layer of the components of

physical structures are oriented perpendicular to the direction of heat flow. In addition, the Series

model gives the minimum values of the thermal conductivity. Therefore, Series model can be used

for the lower bound limit.

4.3.3 Maxwell model

The Maxwell equation for generalized suspensions with matrix with thermal conductivity σ1,

M-1 different types of spheres (M � 2) with volume fractions φ2, φ3, ..., φM and thermal conduc-
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Figure 4.2: Series model.

tivities σ2, σ3, ..., σM can be defined as [73]:

σe − σ1

σe + (d− 1)σ1
=

M∑
i=1

φi[
σi − σ1

σi + (d− 1)σ1
] (4.3)

4.3.4 Generalized self-consistent model

The generalized self consistent model (GSC) originally was developed by Christensen for the

elastic property [12]. In this model, the existence of a characteristic dimension of the inhomogene-

ity as well as the existence of the scale properties averaging has been assumed. In addition, it has

been assumed that the scale of the inhomogeneity in the order of magnitude is smaller than the

characteristic dimension of the problem of interest. Considering this assumption would let a het-

erogeneous composite material be divided into many regions or elements that the volume fraction

of each phase within each element is constant. Figure 4.3 shows this partitioning of a multi-phase

composite into different elements.

This figure can be even more simplified by assuming spherical phases with a defined radius. Figure

4.4 shows the simplified partitioning of a multi-phase composite.
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Figure 4.3: Partitioning multi-phase composite into different elements.

Figure 4.4: Partitioning multi-phase composite using spherical elements.



64

As it can be seen in Figure 4.4, the basic elements of the microstructure are spherical elements

composed of different phases. As it was mentioned earlier, it is assumed that the volume fractions

of all the elements are the same, thus the radius ratios of each of the phases within different element

remains the same as well. The Christensen model is based on a two-phase composite; however most

of the composites are multi-phase composites. Following the basic idea of a two-phase composite,

the model can be further extended to a multi-phase composite model. A schematic figure of a

four-phase composite has been shown in Figure 4.5. Based on the Christensen model, the effective

Effective media

Phase 1

Phase 2

Phase 3

Phase 4

Figure 4.5: Schematic of a four-phase composite.

thermal conductivity of a two phase composite is:

keff = km[1 +
c

1−c
3 + km

ki−km

] (4.4)

where km is the thermal conductivity of the matrix, ki is the thermal conductivity of the inclusion

and c is the volume fraction of the inclusion = (a/b)3.

Figure 4.6 illustrated the basic generalization of the two-phase to five-phase model, which can

also be extended to the n-phase model as well. Since the continuity conditions have been used in

the derivation of the above equation, and c is only dependent on the size of the spheres, each of

the two neighboring phases can be combined and their effective property can be calculated to be
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considered in order to get the effective property of the whole composite. Generalizing this equation
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Figure 4.6: Generalization of two-phase model to four-phase model.

to a four-phase composite would be as follows:

k12 = k2[1 +
c12

1−c12
3 + k2

k1−k2

] (4.5)

k123 = k3[1 +
c123

1−c123
3 + k3

k12−k3

] (4.6)

k1234 = k4[1 +
c1234

1−c1234
3 + k4

k123−k4

] (4.7)

where the k terms are the thermal conductivity of each of the phases. Although the c terms are not

the volume fraction of each phase, they can easily be linked to the volume fractions of the phases

as:

c12 =
R3

1

R3
2

=
φ1

φ1 + φ3
(4.8)

c123 =
R3

2

R3
3

=
φ1 + φ2

φ1 + φ3 + φ3
(4.9)

c1234 =
R3

2

R3
3

=
φ1 + φ2 + φ3

φ1 + φ3 + φ3 + φ4
= φ1 + φ2 + φ3 + φ4 (4.10)

The effective thermal conductivity of n-phase composite can be determined as:

keff,i = ki[1 +
ci

1−ci
3 + ki

keff,i−1−ki

] (4.11)
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where:

ci =


∑i

i=1 φi∑i+1
i=1 φi

if i 6= n

1− φi if i = n

(4.12)

4.4 Effective shrinkage of multi-phase composite

Following a similar approach adopted in the effective thermal conductivity of multi-phase

composite would lead to an equation for effective dry shrinkage of multi-phase composite [80].

εsheff,i =
keff,iε

sh
eff,i−1ci(3ki + 4Gi) + kiε

sh
i (1− ci)(4Gi + 3keff,i−1)

ki(3keff,i−1 + 4Gi)− 4ciGi(ki − keff,i−1)
(4.13)

where K and G are the bulk modulus and shear modulus respectively, and c can be defined as

follows:

ci =


∑i

i=1 φi∑i+1
i=1 φi

if i 6= n

1− φi if i = n

(4.14)

4.5 Application of effective thermal conductivity of multi-phase composite

PCM-concrete is a good example of multi-phase composite. Therefore the effective thermal

conductivity of the PCM-concrete can be calculated based on the above equation. Christensen

model is based on the same size particle distribution but in PCM-concrete each of these phases

has different length scale, which requires multi-scale analysis in addition to multi-phase analysis.

Therefore, PCM-concrete can be considered as a four-phase composite: phase 1 is the coarse

aggregate, phase 2 is the sand, phase 3 is the PCM particles, and phase 4 is the cement paste.

Knowing the thermal conductivity of each of the phases as well as the volume fraction of the

phases would assist in obtaining the effective thermal conductivity of the PCM-concrete.

In the preliminary study of the PCM-concrete done by Meshgin et al. [49], experimental data

on thermal conductivities of two different PCM-concretes called PCM10-R and PCM20-R were

obtained. PCM10-R and PCM20-R are referred to 10% and 20% sand volume replacement by
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PCM particles. MPCM-28 wet cake which is a product of Microtek [29] has been used in this

study. The data obtained from these two groups will be used in this study as verification of the

present GSM model.

It should be noted that in the GSM model, it was assumed that the temperature effect on thermal

conductivity of all the phases except PCM is not significant. Moreover, thermal conductivity of

MPCM-28 wet cake has been calculated based on the specific heat. Specific heat of MPCM-28 wet

cake has been obtained by Differential Scanning Calorimetry (DSC) using the Netzsch DSC 204 F1

Phoenix machine at a scanning rate of 10 ◦C/min (50 ◦F/min) in the temperature range of -25 ◦C

(-13 ◦F) to 55 ◦C (131 ◦F) in a nitrogen atmosphere. Figure 4.7 shows the thermal conductivity of

MPCM-28 wet cake under various temperatures.
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Figure 4.7: Thermal conductivity of MPCM-28 wet cake.

Figure 4.8 shows the multi-scale model of the PCM-concrete. As one can see from this figure,

the PCM-concrete has four phases with different particle sizes. In the largest scale, PCM-concrete

can be considered as a two phase composite considering coarse aggregates as inclusion and the rest

of the phases as matrix surrounding the inclusion. However, the matrix can be modeled as another

two phase composite considering the largest size particle as the inclusion and the rest as the matrix.

This process can be continued until the smallest size particle being modeled as the inclusion and

only one phase left as a surrounding matrix.
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Figure 4.8: Multi-scale modeling of PCM-concrete.

4.6 Application of effective shrinkage of multi-phase composite

The effective shrinkage of the PCM-concrete can be calculated based on effective shrinkage

equation. As it was mentioned earlier, PCM-concrete is a four-phase composite. Considering the

first three phases and assuming that the aggregates and sand do not shrink, thus the cement paste

is the only phase out of these three phases which would participate in the shrinkage of the PCM-

concrete.

Following similar approach for each two phases in each scale would lead to the effective thermal

conductivity. These steps can be written as:

εsheff,12 = 0 (4.15)

εsheff,123 =
k3ε

sh
3 (1− c3)(4G3 + 3keff,12)

k3(3keff,12 + 4G3)− 4c3G3(k3 − keff,12)
(4.16)

εsheff,123 =
keff,123ε

sh
eff,123c4(3k4 + 4G4) + k4ε

sh
4 (1− c4)(4G4 + 3keff,123)

k4(3keff,123 + 4G4)− 4c4G4(k4 − keff,123)
(4.17)

Therefore, by knowing the shrinkage of the cement paste and PCM particles as well as the volume

fraction of the phases, the effective shrinkage of the PCM-concrete can be achieved. In the prelim-

inary study conducted by Meshgin et al. [49], it was shown that the shrinkage of normal concrete
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can be calculated based on:

εsheff,123 = εcon = 0.02 ln t (4.18)

Thus the shrinkage of the cement paste can be calculated based on the backward calculation.

Moreover, obtaining the bulk modulus and shear modulus of each of the phases would lead to the

effective shrinkage of the whole composite. These parameters can be calculated based on the data

available in the literature. For instance, knowing the Poisson’s ratio of the PCM particles would

assist to determine the value for G2
k2

, which is equal to 3(1−2ν)
2(1+ν) .

4.7 Results and discussions

Based on the previous study conducted by Meshgin et al. [49], the experimental data on

thermal conductivity as well as drying shrinkage for the two groups of PCM-concrete called PCM10-

R and PCM20-R is available. As it has been explained in the details on the reference, PCM10-R

and PCM20-R have 10 and 20 percent sand volume replacement by PCM particles.

Figure 4.9 and Figure 4.10 show the results for the effective thermal conductivity of different

methods under different temperatures for PCM10-R and PCM20-R, respectively. As one can see

from these figures, the GSC model cannot predict the effective thermal conductivity of the PCM-

concrete accurately. This is due to the limitation of GSC model. The GSC model can account only

for simple microstructure information, such as volume fraction and inclusion shape. Additionally,

all the inclusions and the matrix phase should have thermal conductivity within the same range. In

case of the inclusions with higher thermal conductivity than the matrix phase, the relation coincides

with the lower bound and vice versa. In this specific case, since the PCM has much lower thermal

conductivity than the surrounding matrix, the effective thermal conductivity of PCM-concrete has

a tendency to reach the upper bound (Parallel model). Thus, this model should be either modified

or replaced by another model which can capture more complex microstructures.



70

0.8

1

1.2

1.4

1.6

1.8

2

2.2

-30 -20 -10 0 10 20 30 40 50 60

E
ff

ec
ti

v
e 

th
er

m
a

l 
co

n
d

u
ct

iv
it

y
 

(W
/K

.m
)

Temp (oC)

Parallel

Series

Maxwell

Generalized 

Self-

consistent
Experimental 

data

Figure 4.9: Effective thermal conductivity of PCM10R based on GSC model.
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Figure 4.10: Effective thermal conductivity of PCM20R based on GSC model.
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Since the focus of this study is the application of the GSC model, the authors decided to

modify this model by considering the PCM particles as a thin ring surrounding the cement paste,

to be able to compensate for their low thermal conductivity in compared to aggregate and cement

paste.

Figure 4.11 and Figure 4.12 show the results based on the modified GSC model. As one can

see, the model can capture the effective thermal conductivity of PCM-concrete more accurately

than original GSC model. Additionally, the effective thermal conductivity of both PCM10-R and

PCM20-R based on the modified GSC model falls between the upper and lower bound limits

obtained from the Parallel and Series models. It should be noted that the peak observed in both

PCM10-R and PCM20-R is due to the effect of the PCM particles. Moreover, these peaks are

referring to the melting point of the PCM particles, which is around 28 ◦C for these specific PCM

particles.
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Figure 4.11: Effective thermal conductivity of PCM10R based on modified GSC model.
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Figure 4.12: Effective thermal conductivity of PCM20R based on modified GSC model.
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The comparison of Figure4.11 and Figure 4.12 reveals that adding the amount of the PCM

in the mix design would lead to lower thermal conductivity, which is beneficial in terms of energy

saving.

Figure 4.13 shows how the volume fraction of the PCM would affect the effective thermal con-

ductivity of PCM-concrete. As was expected, increasing the amount of the PCM would decrease

the effective thermal conductivity of the PCM-concrete and this is due to the fact that the PCM

particles have a low thermal conductivity.

It should be noted that since the amount of the PCM has been calculated based on the percentage

of the sand volume, the maximum volume fraction of the PCM in our specific mix design is 0.209.

Moreover, since the thermal conductivity of the PCM changes under different temperature, this

specific graph shows the change in the effective thermal conductivity only under room temperature

(20◦C).
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Figure 4.13: The effect of PCM volume fraction on the effective thermal conductivity.

Since only two different volume fractions data are available, the experimental data is limited

in this case. Additionally, there is slightly difference between this data and the predicted value

from the model. This is due to the fact that this data is not at the exact temperature as the model.

Figure 4.14 and Figure 4.15 shows the effective shrinkage of PCM-10R and PCM-20R. The modified

GSC model for the effective drying shrinkage as well as the analytical model obtained in the previous

study conducted by Meshgin et al. [49] correlate well with the experimental data.
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As it can also be seen from these figures, both models are within the upper and lower bounds

obtained from the Parallel and Series models, respectively.
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Figure 4.14: Effective shrinkage of PCM-10R based on GSC model.
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Figure 4.15: Effective shrinkage of PCM-20R based on GSC model.

Additionally, Figure 4.16 and Figure 4.17 show how the change in the ratio of the bulk

modulus of PCM to the bulk modulus of the concrete affects the effective shrinkage of PCM-

concrete. In other words, using stiffer PCM particles would increase the effective shrinkage of the

PCM-concrete and this value would be even higher in the case of using more PCM particles in the

mix design.
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Figure 4.16: Comparison of the change in the bulk modulus ratio of PCM to concrete in PCM10-R.
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Figure 4.17: Comparison of the change in the bulk modulus ratio of PCM to concrete in PCM20-R.
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4.8 Conclusions

In this study, the effective property of PCM-concrete has been investigated. Generalized self

consistent (GSC) models were developed to predict the effective thermal conductivity and drying

shrinkage of PCM-concrete. The GSC model fails to predict the effective thermal conductivity of

the PCM-concrete accurately. This is mainly due to the fact that this model can account only

for simple microstructure information, such as volume fraction and inclusion shape. Additionally,

all the inclusions and the matrix phase should have thermal conductivity within the same range.

Therefore the GSC model was modified by rearrange the spatial distribution of PCM phase in order

to capture the effective thermal conductivity more accurately.

The modified GSC model predicts the effective thermal conductivity better than other models.

The modified GSC model shows how the effective thermal conductivity decreases by increasing the

amount of the PCM in the mix design. It also shows the results for both PCM-10R and PCM-20R

are within the upper and lower bound regions.

The modified GSC model for the effective drying shrinkage show promising results. The use of

stiffer PCM particles in the mix design leads to higher shrinkage strain and this effect will be even

more significant by increasing the amount of the PCM particles in the mix design.



Chapter 5

EXPERIMENTAL STUDY ON RUBBERIZED MORTAR

Phase change materials (PCM) and rubber particles from recycled tires were used in Portland

cement mortar with a potential application as insulation mortar. Series of tests were designed and

conducted including compressive strength, flexural strength, thermal conductivity, drying shrink-

age, and bond strength tests at 7 days and 28 days of age. Different types of additives were also

used in the mix designs. The experimental results showed that mechanical properties of rubberized-

mortar can be improved by adjusting the size of rubber particles and the amount of additives. With

the same volume fraction of PCM and rubbers, the mechanical properties of PCM-modified mortar

are either the same or better than that of rubberized-mortar. In terms of thermal properties, the

rubber particles can reduce thermal conductivity of the mortar significantly, while the PCM can

improve heat capacity of the mortar.

5.1 Introduction

One of the effective methods to improve energy efficiency of buildings is to improve thermal

properties of insulation mortar. Insulation mortar is commonly used on the exterior wall of build-

ings, and it is a cementitious material made of Portland cement, fine aggregate, and various types

of additives. An effective way to improve thermal properties of insulation mortar is to use phase

change materials and recycled rubber particles such as scrap tires as additives. Phase change ma-

terials (PCM) have the ability to absorb and release energy at a certain temperature range, which

makes them very effective to block the heat to transmit from exterior to interior of a building in the
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summer and thus increase the level of comfort of the building and reduce the cost of air condition-

ing [23]. In the last few decades, there has been an increase of interest in PCM applications. For

instance, Li et al. [45] suggested incorporating a phase change material to make a granular phase

change composite as an alternative solution to increase thermal behavior of the composite. Cabeza

et al. [9] investigated the inclusion of PCMs in concrete wall in order to save energy. Roth et al.

[63] mentioned the use of PCM in building technology. They mentioned the influence of PCM on

building varies greatly based on different factors such as building types, climate effect, etc. Zhang

et al. [83] investigated the effect of PCM on the heat property of mortar and concluded that the

heat latent of the compound PCM material is 1.66 times of the pure phase change material. On

mechanical properties of PCM-modified concrete, a study conducted by Meshgin et al. [49] has

shown that adding a small amount of PCMs in the concrete does not have significant impact on

the mechanical properties of the material.

On the other hand, disposal of waste tires is a major environmental issue for many metropoli-

tan areas in the world. Therefore, how to effectively reutilize scrap tires has become an important

research topic in recent years. Large quantities of scrap tires are generated each year globally.

These stockpiles are dangerous not only due to potential environmental threat, but also from fire

hazards and provide breeding grounds for different type of animals such as rats, mice, etc. Over the

years, disposal of tires has become one of the serious problems in environments and land filling is

becoming unacceptable due to the rapid depletion of available sites for waste disposal. Therefore,

utilization of rubber particles in cementitious materials has received a great attention from the

researches and engineers.

Scrap tires can be classified as:

(1) Scrap tires

Scrap tires refers to a whole tire, a slit tire, a shredded or chopped tire, a ground rubber,

or a crumb rubber product.

(2) Slit tires
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These are produced in tire cutting machines. These machines can slit the tire either into

two halves or can separate the sidewalls from the tread of the tires.

(3) Shredded/Chipped tires

These tires involve primary, secondary or both shredding processes.

The size of the tire shreds in the primary process can vary from 300-460 mm in length by

100-230 mm wide, down to 100-50 mm in length, which depends on the manufacturer’s

shredder model and the condition of the cutting the edges. On the other hand, the tire

chips are normally cut from 76 mm to 13 mm which requires both primary and secondary

shredding.

(4) Ground rubber

These rubbers are usually sized as large as 19 mm to as small as 0.15 mm (No. 100 sieve),

which is based on the type of size reduction equipment and intended applications.

(5) Crumb rubber

Crumb rubber consists of particles ranging in size from 4.75 mm (No. 4 Sieve) to less than

0.075 mm (No. 200 Sieve) [65].

Many researchers investigated the influence of the rubber particles in mortar. For instance,

Topcu et al. [76] investigated the flexural and compressive strength of the rubberized-mortar and

they showed that both of these values decreased by increasing the amount of the rubber in the

mixtures. In another study, Topcu et al. [75] investigated the durability of mortar and concrete

including rubber particles in the mix design and they observed that in the regions where the

environmental conditions are not harsh, use of rubberized-mortar is quite appropriate, otherwise,

cement with higher strength or cement resistant to sulfate should be used. Kang et al. [36]

investigated the crack resistance and flexural behavior of cement-based materials by adding rubber

particles. Their test results revealed that the rubberized-mortar and concrete specimens exhibit

ductile failure and great deformation almost 2-4 times of the normal specimens. Raghavan et al.

[60] evaluated the workability and mechanical properties of mortar containing shredded automobile
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and truck tyres. They showed, the geometry of the rubber particles influenced the fracture behavior

of rubberized-mortar. Also by increasing the amount of the rubber, flexural strength and plastic

shrinkage cracking of rubberized-mortar decreased. Li et al. [44] showed that there is certain

improvement of strength properties of rubberized-mortar by using redispersible polymer powder.

Oikonomou et al. [55] studied the chloride penetration into the rubberized-mortar and they showed

an increase in chloride ion penetration resistance.

The main focus of this paper is to study the effects of scrap tires as well as phase change

material on both mechanical and thermal properties of insulation mortar. In the practice, some

additives are mixed together with PCM and rubber particles in the insulation mortar in order to

improve workability and mechanical properties of the mortar. Thus, the effects of some additives

including ground calcium, redispersible polymer powder, methyl cellulose, and wood fiber on me-

chanical and thermal behaviors of the rubberized-mortar and PCM-mortar were also included in

this study.

As it has been explained, when rubber particles and PCM are used as additive in insulation

mortar, the thermal properties of the mortar will be improved and the mechanical properties of the

mortar will either degrade or remain the same depending on the amount of PCM used in the mortar.

The technical goal of the present study is to maximize the enhancement in thermal properties and

minimize the adverse impact on mechanical properties of the mortar due to the addition of rubber

and PCM particles. A systematic experimental study was designed and implemented to quantify

the effect of each of the additives in terms of compressive strength, flexural strength, thermal

conductivity, drying shrinkage, and bond strength of the mortar. In another word, the basic

trends of the effects of rubber and PCM particles on properties of mortar are predictable based on

previous research results, but the quantitative analysis and optimization of the mortar mix design

parameters have not been done. With optimum design parameters to be obtained in this study,

a new insulation mortar will be available which can enhance thermal resistance and capacity of

exterior walls of timer and masonry structures to improve energy efficiency of the buildings.
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5.2 Materials

There exist various mix designs based on the volume ratio of each component. However, the

individual components are normally sold by weight, so the weight ratio can be considered instead

of the volume ratio.

The good weight ratio for a mortar can be based on the cement fine aggregate ratio of 1 to 2.5∼3.0.

Moreover, since there are some additives which need to be added to the mix design, it is quite

important to know their ratios as well. Table 5.1 shows the acceptable range for each of the

additives.

Table 5.1: Weigh ratio of the additives in mortar mix design

Rubber 0.1% of the total dry materials
Redispersible Polymer Powder (RPP) 1∼2% of the total dry materials
MC 0.3% of the total dry materials
Wood fiber (WF) 0.1% of the total dry materials
Water 0.22∼0.26% of the total dry materials

Each mix design consists of 630 kg/m3 fine aggregate (sand); 350 kg/m3 Type I Portland

cement; 200 kg/m3 water; rubber particles/PCM; ground calcium; Redispersible Polymer Powder;

Methyl cellulose and wood fiber. The sieve analysis based on ASTM C136-06 [67] was conducted on

the fine aggregate being used in the mortar mixtures. Figure 5.1 shows the particle size distribution

of fine aggregate.

5.2.1 Rubber particles

As it has been mentioned earlier, the rubber particles come in different shapes and sizes. Two

different sizes of 6 mesh (coarse rubber particle) and 8-10 mesh (fine rubber particle), which are

the products of AcuGreen company located at Denver were used in this study. The sieve analysis

based on the standard ASTM C136 - 06 [67] was conducted on these two rubber sizes used in this

study. Figure 5.2 shows the particle distribution of them.
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Figure 5.1: Particle size distributions of fine aggregate.
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Figure 5.2: Particle size distribution of two size rubber particles.
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5.2.2 Ground calcium

Commercially available ground calcium carbonate (GC) is usually used as fillers in cementi-

tious materials and that is due to the fact that the size of the ground calcium particles are smaller

than the cement particle size. Therefore, GC particles can fill the spaces between cement particles

and provide a more dense internal structure of mortar or concrete.

In this study ground calcium 325 mesh, which is a product of Mineral Technologies [30] was used.

Table 5.2 shows the typical properties of this product provided by the manufacturer.

Table 5.2: Properties of ground calcium

Characteristic Value Unit
Median particle size 13.0 Microns
Dry brightness 92
Bulk density 0.73 grams/cc
Tap density 1.56 grams/cc
Oil absorption 12
Specific gravity 2.7

5.2.3 Redispersible polymer powder

Redispersible Polymer Powder (RPP) is easily redispersible in water. There has been ex-

tensive investigation on RPP in cementitious materials. RPP can increase the mortar density and

adhesive bond strength, reduce water adsorption and improve water resistance. Since it can reduce

water demands, it has such an excellent flow and leveling properties. It also has high flexural

strength, abrasion resistance, water retention and good workability.
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Redispersible Polymer Powder (RPP) used in this research is a product of Dow Chemical

Company (DLP210) [27]. Table 5.3 shows the typical properties of this product.

Table 5.3: Physical properties of Redispersible Polymer Powder

Polymer Base Vinyl acetate ethylene coploymer
Powder
Appearance White, free flowing powder
Residual moisture Maximum 2 %
Bulk Density 0.395-0.545 g/ml
Ash Content 10-14 %
Glass transition temperature (Tg) Ca. 6◦C
Redispersion (ca. 50 % solids)
Minimum film formation temperature Ca. 0◦C
pH 5.5-7.5

5.2.4 Methyl cellulose

Methyl cellulose (MC) is a chemical compound derived from cellulose. MC is a hydrophilic

white powder in a pure form, which dissolves in cold water forming a clear viscous solution. It can

be used for variety of purposes such as construction materials. MC has a major application as a

performance additive in mortar. It is added to mortar dry mixes to improve the mortar’s properties

such as workability, open and adjustment time, water retention, viscosity, adhesion to surfaces, etc.

[22].

Methyl cellulose (MC) used in this research is a product of Dow Chemical Company (Methocel

K15 M) [27]. Table 5.4 shows the typical properties of this product.

Table 5.4: Methyl cellulose

Physical state Powder
Color White to off-white
Oder Oder less
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5.2.5 Wood fiber

Wood fibres (WF) are usually cellulosic elements that are extracted from trees, straw, bam-

boo, cotton seed, hemp, sugarcane, etc. The fiber is added to reinforce the cementitious materials

in order to prevent them from cracking. Cement-bonded wood fiber is used to manufacture a wide

variety of products primarily for the construction industry such as insulated concrete forms and it

is mainly known for its use in green building. The material itself is 100% recyclable, and is known

for its insulating and acoustic properties.

The wood fiber (TECHNOCEL 1004-7N) used in this research is a product of CFF [26]. Table 5.5

shows the material description provided in the data sheet.

Table 5.5: Properties of wood fiber

Characteristic Value Unit
Appearance Grey fiber
Loose density 75-110 g/l
Loss on drying Max. 9.0 %
pH value 6.0-9.0

5.2.6 Phase change material

Phase change material (PCM) is a substance with a high heat of fusion which melts and so-

lidifies at certain temperature. Therefore, PCMs are capable of storing and releasing large amounts

of energy.

In this study, MPCM-28 wet cake manufactured by Microtek [29] was used. Table 5.6 shows

MPCM-28’s general properties based on the Microtek data sheet [29].

5.2.7 Mixture design

Tables 5.7 and 5.8 show the mix design using rubber particles and phase change materials

in this study. The first group and the second group were designed to observe the size effect of

rubber particles on properties of the mortar. The third group was for the effect of rubber content
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Table 5.6: General properties of MPCM-28

Typical Properties
Appearance White to slightly off-white color
Form Wet cake

(70% Solid, 30% Water)
Capsule Composition 85-90% wt.% PCM

10-15 wt.% Polymer Shell
Core Material Paraffin
Particle Size (mean) 17-20 micron
Melting Point 28 ◦C (82◦F)
Heat of Fusion 180-195 kJ/kg
Specific Gravity 0.9
Temperature Stability Extremely Stable-less than 1% leakage when heated to 250◦C
Thermal Cycling Multiple

on mechanical and thermal behavior of the mortar. It should be noted that the rubber content is

expressed in term of a percentage of total dry material in each mix design. In this group, the rubber

content was increased up to 20% of the total dry material in the mix design. The forth group was

for the effect of RPP in the mortar. In Groups 3 and Group 4, the same size of rubber particles as

Group 1 (6 mesh) was used. In the last group, Group 5, the rubber particles were totally replaced

with PCM, in order to compare the performance of mortar with only rubber particles and only

with PCM. Since both rubber and PCM have similar density, their replacements are quite simple

in the mix design.
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The mixing process takes place in several steps. First, all dry materials such as cement, sand,

rubber particles, RPP, GC, MC and WF were mixed. Second, the water was added gradually to

the dry mix. For the last group, PCM was added to the mix at the very last step and this step

should take at most one-three minute. It is important to add the PCM as the last component

in order to prevent the damage of micro-encapsulates during the mixing process due to the shear

forces between the solid particles.

5.3 Testing methods

In order to have a good understanding of any new material’s behavior, series of experimental

studies need to be performed. These experiments are varied based on the nature of the study. In

this case, compression, flexural, thermal conductivity, drying shrinkage as well as bond test are

among these experiments.

5.3.1 Compression test

This test was done based on ASTM C873 / C873M - 04e1 [1]. Six cylindrical specimens of 2

in × 4 in were prepared for each mix design and the compression test was conducted on three of

the cylinders at 7 days of age and the remaining three at 28 days of age. The compression test was

conducted using Instron 5869 universal machine based on the displacement control. A 10,000 lb

load cell was used during the compression test. The test end point was set at -3 mm, speed of the

machine was set at 0.01 mm/s, the sampling period was set at 0.1 per second and detect controllers

was enabled.

5.3.2 Three point bending flexural test

This test was done based on ASTM C293 [69]. Three 2 in × 2 in × 4 in rectangular prisms

were prepared for this test. One out of three specimens was used for the 7 days flexural test and

the other remaining two were used for the 28 days flexural test. The flexural test was conducted

using Instron 5869 universal machine based on the displacement control. A 10,000 lb load cell was
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used during the flexural test. The test end point was set at -3 mm, speed of the machine was set

at 0.001 mm/s, the sampling period was set at 0.1 per second and detect controllers was enabled.

By operating the loading machine quite carefully, the post peak response was obtained. As one can

see from the speed of the machine, the load was applied with very slow rate of loading up to the

peak.

The flexural stress and stain can be calculated based on the following equations:

σf =
3pl

2bd2

εf =
6Dd
l2

(5.1)

where

σf = Stress in the outer fibers at midpoint,

εf = Strain in the outer surface,

P = Load at a given point,

l = Support span,

b= Width of the beam,

d = Depth of the beam,

D = Maximum deflection of the center of the beam.

5.3.3 Thermal conductivity test

Heat can be transferred from one point to another point through different common methods

such as: conduction, convection and radiation. There are different mathematical relationships to

analyze each of these methods. For instance, equation 5.2 can be used for calculating the amount

of heat conducted through different materials.

4Q = kA∆T∆t/h (5.2)

where

4Q = Total heat energy conducted,

A = Total area through which the conduction occurs,
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∆T = Temperature difference between the sides of the material

∆t = Time during which the conduction occurs,

h = Thickness of the material,

k = Thermal conductivity of the material.

In this study, the method used in the study of PCM in chapter three was adopted. In another word,

specific heat and thermal diffusivity were measured and by using equation 5.3, thermal conductivity

was calculated.

k = αρcp (5.3)

where k is the thermal conductivity, α is thermal diffusivity, ρ is density and cp is specific heat (or

heat capacity).

It should be noted that Differential Scanning Calorimetry (DSC) for measuring the specific heat is

conducted using Netzsch DSC 204 F1 Phoenix machine and Netzsch LFA 457 device was used for

thermal diffusivity measurements.

5.3.4 Drying shrinkage

The standard test method for drying shrinkage of mortar based on ASTM-C 157 [71] was

used in this study. Two prism specimens 1 in × 1 in × 10 in were prepared for each mix design.

In order to take the most accurate measurements, two gage slugs were installed at the center of

the top and bottom part of each specimen. Taking measurements started after 7 days of curing

in a standard curing room. Figure 5.3 shows the device used for measuring the shrinkage of the

specimens.

5.3.5 Tensile (pull off) bond test

This test was done based on the ASTM D4541-02 [70]. The pull-off test involves applying a

direct tensile load to a partial core advanced through the overlay material and into the underlying

mortar till failure occurs. The tensile load is applied to the partial core using a metal disk with

a pull pin which is bonded to the overlay with an epoxy. A loading device with a reaction frame
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Figure 5.3: Shrinkage device.

applies the load to the pull pin. The load should be applied at a constant rate, and the ultimate

load should be recorded at the time of the failure. Figure 5.4 shows the device being used for the

tensile bond test. There are different types of failure being observed through the tensile bond test.

These are as follows:

(a) Failure at the bond surface.

(b) Failure between the disk and the overlay surface.

(c) Failure within the overlay material.

(d) Failure in the substrate.

It should be noted that in some of the cases the failure can be the combination of two or more of

the above failures.

In this study, the wood mold 11.5 in × 7.5 in × 1 in was used. However, since the surface

preparation is an important key in the bond test procedure, the following steps should be taken in

order to prepare each specimen for the test:

(a) The surface in the test area should be wire brushed to remove any laitance and deposits. This

should be done in order to achieve sufficient bond between the steel disk and the overlay surface.

(b) In order to minimize eccentricities during loading, care should be taken to ensure that the core

is advanced perpendicular to the overlay surface.
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Figure 5.4: Tensile (pull off) bond test device.

(c) After cleaning the top of the partial core, it should be dried and then bond a metal disk to the

surface of the partial core with a fast setting epoxy. It should be noted that not to apply too

much epoxy, since it would run down the sides of the core and possibly bond the core to the

sides of the core hole. Moreover, in order to minimize the potential for loading eccentricities,

the disk should be bonded to the middle of the partial core.

Figure 5.5 shows the specimen and specimen’s preparation for the bond test.

(a) Bond specimen (b) Cutting the core hole (c) Gluing the dolly

Figure 5.5: Tensile (pull off) bond test.

5.3.6 Scanning Electron Microscopy (SEM)

SEM images were taken using a microscope (JSM-6480LV (LVSEM)). The SEM images pro-

vide a better understanding of the internal structure of mortar in the microstructure level. In

addition, the interfaces between rubber particles and cement paste, and PCM particles and cement

paste can be observed.
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5.4 Experimental Results and discussions

5.4.1 Compression and flexural tests

As it has been mentioned, compression test, flexural test, thermal conductivity, drying shrink-

age and bond test were performed on specimens in each group.

Table 5.9 and Table 5.10 show the result of all the groups at 7 and 28 days of age. Figure

5.6 and Figure 5.7 show the comparison of compression and flexural strength of all the five groups

at 7 and 28 days of age.
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Figure 5.6: Comparison of compression and flexural strength of all groups at 7 days of age.
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Figure 5.7: Comparison of compression and flexural strength of all groups at 28 days of age.
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As one can see from both Figure 5.6 and Figure 5.7, the strength variations among the five

groups are similar at 7 and 28 days. Comparing the test data of Group 1 and Group 2 for the effect

of rubber particle size, one can clearly see that the size of rubber particles has a significant effect

on the strengths at 7 days, and less significant effect at 28 days. So, it can be considered that the

average rubber particle size can vary within the range of 6 to 10 mesh without a major effect on

both compressive and flexural strength of the mortar. This conclusion was also confirmed by the

test data from Xi et al. [81].

Comparing the test data of Group 3 with Group 1 and Group 2 for the effect of rubber

particle content, one can see in both Figure 5.6 and Figure 5.7 that higher rubber content reduces

the strengths, which is expected. A more careful observation of Figure 5.7 shows that the effect

of rubber content on compressive strength is much more significant than its effect on the flexural

strength. This may be explained by the stiffness and shape of rubber particles. In terms of stiffness,

rubber particles are ”soft” particles comparing with ”stiff” sand particles and cement paste, and

the ”soft” rubber particles reduce compressive strength when the entire cross section is under

compression in the compressive test. Therefore, with more ”soft” rubber particles added in the

mortar, the compressive strength of the mortar becomes lower. In terms of shape, rubber particles

are thin flake shaped particles as shown in Figure 5.8 comparing with round shaped sand particles,

and rubber particles acting like thin sheets of short fibers help to hold tensile stress when the

lower portion of the cross section is under tension in the flexural test. Therefore, with more ”flake

shaped” rubber particles added in the mortar, the flexural strength of the mortar was not reduced

like the compressive strength.
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Figure 5.8: Rubber particles.

Comparing Group 4 with Group 1 and Group 2 for the effect of RPP, one can clearly see in

both Figure 5.6 and Figure 5.7, with increasing amount of RPP, the compressive strength decreases

and the flexural strength remains almost the same, which leads to a lower ratio of the compressive

to flexural strength. Because the flexural strength is an indicator of tensile strength of mortar

representing crack resistance of the material, the lower the strength ratio, the higher the crack

resistance (relative to the compressive strength). Therefore, the main function of RPP is to reduce

the compression/flexural strength ratio, which is an important feature of the mortar used on large

area of building envelopes.

Group 5 was to compare the effect of PCM on the compressive and flexural strength with the

effect of rubber particles. In the mix design of Group 5, the same amount (weight) of PCM was

used to replace the rubber particles used in Groups 1 and Group 2. Since the densities of PCM and

rubber are about the same, the PCM volume fraction in Group 5 was about the same as the rubber

volume fraction in Group 1 and Group 2. One can see from Figure 5.6 and Figure 5.7 that the

compressive strength of the PCM-modified mortar was about the same as rubberized-mortar, and

the flexural strength of PCM-modified mortar was slightly lower than that of rubberized-mortar.

This means that when the volume fractions of PCM and rubber are about the same, the effects

of PCM particles and rubber particles on both compressive and flexural strength are about the

same. However, the failure pattern of the PCM specimens was totally different from the failure

pattern of rubberized-mortar under the flexural loading. Figure 5.9 shows the comparison of these

two cases. PCM-modified mortar specimens exhibited a brittle and sudden failure in the flexural
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testing, and the specimens were broken into two separate pieces at failure. This may be due to

the spherical-shaped encapsulation of PCM particles as well as the very low tensile strength of the

PCM material. While for the rubberized-mortar specimens, the flexural failure occurred gradually

and smoothly, and the specimens did not break into separate pieces at the peak load.

Figure 5.9: Comparison of PCM and rubber specimens under flexural testing.

Overall, when the phase change material is used as the sand volume replacement in insulation

mortar, the reduction in compressive and flexural strengths are about the same as the reduction

caused by the added rubber particles. From Table 5.7 and Table 5.8, the total amount of the dry

material (all components except water) as well as the percentage of the rubber/PCM in each mix

design can be easily calculated. Table 5.11 shows these values.

Table 5.11: Percentage of rubber/PCM in each mix design

Group Total Rubber or PCM
dry material /

(kg/m3) Total dry material
1 1280.77 14%
2 1280.77 14%
3 1190.47 20%
4 1288.17 14%
5 1280.77 14%

The results from Table 5.9, Table 5.10 and Table 5.11 show that when 14 percent of the total

dry material was added to the mix design by either PCM or rubber particles, the compression to

flexural strength ratio have change significantly. More specifically, at 7 days of age, there is an

increase of 31% (From 2.14 to 2.80) when PCM has been added in comparing with coarse rubber

particles (6 mesh). The strength ratio increased by 53% (From 1.83 to 2.80) when PCM was added
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in comparing with fine rubber particles (8-10 mesh). These values for strength ratios dropped to

23% (From 2.09 to 2.58) and 26% (From 2.04 to 2.58) at 28 days of age, respectively. It can be

concluded that these ratios for smaller rubber particles are higher than the larger rubber particles,

which shows the possibility of lowering the strength ratio by using the smaller rubber particles or

powders. Additionally, the results shows the strength ratio was much lower for 28 days of age, which

indicates that the aging effect was more significant for the flexural strength than the compressive

strength for both PCM and rubber modified mortars.

5.4.2 Thermal conductivity

All thermal tests were conducted at 28 days of age. As mentioned earlier, thermal conduc-

tivity of a material can be calculated as the product of the density, thermal diffusivity, and specific

heat of the material. In the present study, thermal diffusivity and specific heat of a mortar speci-

men were obtained first, and then the thermal conductivity was calculated. Figure 5.10 and Table

5.12 show the specific heat and thermal diffusivities of all groups of specimens, respectively. Figure

5.11 shows the calculated thermal conductivities.
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Figure 5.10: Specific heat of all the groups.
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Table 5.12: Thermal diffusivity of all groups at room temperature

Group Thermal diffusivity (m2/s) Density(gr/cc)
1 0.323 1.78
2 0.364 1.58
3 0.351 1.41
4 0.476 1.58
5 0.373 1.34

A careful observation of Figure 5.11 reveals that the small rubber particles (in Group 2)

leaded to significantly low thermal conductivity (comparing Group 1 and Group 2). This means

that the conductivity depends not only on the volume fraction of the rubber particles but also

on the average size of the particles. Considering the rubber particles as inclusions in a two-phase

composite material and the inclusion as insulator (with lower conductivity), then the smaller the

average size of the distributed insulator, the lower the conductivity of the composite. Physically,

this phenomena implies that with a fixed volume fraction of insulator, the insulator of smaller sizes

has a more uniform spatial distribution in the mortar, and thus a higher resistance to the heat con-

duction (the resistivity is inversely proportional to the conductivity). Of course, the significance of

this kind of size dependency is related to the volume fraction of the inclusion, and should not be

considered as a general conclusion. More researches are needed in this area.

Comparing the test data of Group 3 with Group 2 in Figure 5.11, one can see that the thermal

conductivity of the mortar decreases with increasing volume fraction of rubber particles. This can

be easily explained by the low thermal conductivity of rubber particles. With more insulative

particles added into the mixture, the conductivity of the composite will be lower. Another obser-

vation was that more RPP (Group 4) in the mixture slightly increased the thermal conductivity of

rubberized-mortar.

In the case of the effect of PCM on the conductivity of the composite, it is quite clear that PCM-

modified mortar (Group 5) had similar conductivities to the rubberized-mortar with larger size

rubber particles (Group 1). However, there was a sharp peak for the PCM-modified mortar and

the peak appeared around the melting point of the PCM particles. The peak in the conductivity is
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due to the peak in the specific heat shown in Figure 5.10, which reflects the large amount of heat

absorbed at the melting point of the PCM. This high peak in the heat capacity represents a major

improvement in the insulation capacity of the mortar. It should be noted that since MPCM-28 wet

cake was used in this study and this product has 30% water content in its exterior wall, the peak

did not appear exactly at 28 ◦C which is its melting point.

As it was mentioned earlier, the thermal diffusivity of the PCM-modified mortar varies at elevated

temperature; therefore, the thermal diffusivity test was run on the PCM-modified mortar at differ-

ent temperatures. Figure 5.12 shows the results of the thermal diffusivity test on PCM-modified

mortar.

As it can be seen from Figure 5.12, the thermal diffusivity curve has a peak around 33 ◦C,

which is quite similar to the peak at the specific heat curve. The thermal conductivity of the

PCM-modified mortar at different temperatures was calculated as it was explained earlier. Figure

5.13 shows the temperature effect on the thermal conductivity of the PCM-modified mortar.

It can be seen from both Figure 5.12 and Figure 5.13 that there exists a peak around the

melting point of the PCM particles. However, the temperature effect on the thermal diffusivity

after the melting point was not much different and remained within the same value as the peak,

which was significantly higher than the thermal diffusivity before the melting point of the PCM

particles.

5.4.3 Tensile (pull off) bond test

The bond tests were conducted at 7 and 28 days of ages and the results are shown in Table

5.9 and Table 5.10. It can be seen that using fine rubber particles results better bond (Group 2)

than using the coarse rubber particles (Group 1). This is because the bond between rubber and

wood is very poor, and thus the contact area between a rubber particle and wood can be considered

as a defect in the interface. Since the strength of the interface depends on the largest defect, the

large rubber particles tend to result in large defect and thus lower bond strength. Since RPP is a

good binder, it is understandable that more RPP in the mixture provides a higher bonding strength
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Figure 5.11: Thermal conductivity of all groups after 28 days of age.
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(Group 4).

The result of Group 5 is very interesting, which shows that the PCM-modified mortar performs

the best among all groups in terms of the bond strength. That can be explained by the fact that

the sizes of PCM particles (17-20 microns) are much smaller than the sizes of rubber particles (3-5

mm). The PCM particles are distributed in the cement paste and the majority of the bond strength

comes from the bond between the cement paste and the wood.

5.4.4 Drying shrinkage

Figure 5.14 shows the dry shrinkage test results for all groups of specimens. As it can be

clearly seen from the graph, the size of the rubber particles plays an important role. Basically, the

drying shrinkage decreases significantly with decreasing size of rubber particles. As shown in Figure

5.14 the shrinkage of Group 2 was lower than that of Group 1. This is because some of the small

rubber particles can be accommodated in various types of pores in the cement paste and therefore

do not contribute to the formation of the ”soft” framework in the solid. This ”soft” framework is

the main reason for the high drying shrinkage of rubberized-mortar comparing with the shrinkage

of regular Portland cement mortar. With more rubber particles in the mixture, the contribution

of the ”soft” framework becomes more significant, leading to higher dry shrinkage strain (see the

result of Group 3 in Figure 5.14).

Figure 5.14 shows the drying shrinkage of different groups.

As shown in the figure (see the result of Group 4 in Figure 5.14), RPP can reduce the dry

shrinkage and this may be due to its function of reducing the water permeation in the microstructure

of cement paste. Drying shrinkage is caused by moisture exchange between the environment and

the cement paste. RPP is a polymeric material that can be considered as a type of sealant for the

pore structure, and the moisture permeation in the pore network of cement paste is slowed down

by RPP, and thus the drying shrinkage is reduced.

The effect of PCM on drying shrinkage of PCM-modified mortar is shown in Group 5 in Figure

5.14. The volume fraction of the PCM in Group 5 and the volume fraction of the rubber particles in
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Figure 5.14: Comparison of drying shrinkage of all groups.

Group 1 are about the same, and the drying shrinkage of the PCM-modified mortar is much lower

than that of the rubberized-mortar. The PCM particles (MPCM-28 wet cake) contains 30% water,

and the extra water from the PCM increases the water-to-cement ratio of the mixture to a certain

extent, which, in turn, may increase the drying shrinkage of the mortar. But, such an increase in

the shrinkage is over shadowed by the effect of particle size of PCM. Since the average size of the

PCM particles is 17-20 microns, smaller than the size of rubber particles used in the study, and

the effect of small particles, as described earlier, was more significant than the effect of the slightly

increased water-cement radio. As a result, the drying shrinkage of Group 5 (PCM-mortar) was

lower than Group 1 (rubberized-mortar with large rubber particles).

5.4.5 Scanning Electron Microscopy (SEM) images

Figure 14 shows a SEM image for a rubberized-mortar sample. As one can see in Figure 14,

the wood fibers are the narrow long lines distributed throughout the whole mixture. The fibers

have good bond with surrounding cement paste. The black dot in the center of image is a rubber

particle, and it has good bond with surrounding cement paste. This is one of the images collected

in the study. SEM images showed the good bond between rubber particles and the cement paste.
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Figure 5.15: SEM image of rubberized-mortar.

5.5 Conclusions

(1) Mechanical and thermal properties of various PCM-modified and rubberized Portland cement

mortars were experimentally studied. Compressive strength, flexural strength, bond strength,

drying shrinkage, and thermal conductivity of the mortar samples were tested at different ages.

Different types of additives were also used in the mix designs such as ground calcium (GC),

redispersible polymer powder (RPP), methyl cellulose (MC), and wood fiber (WF).

(2) When the volume fractions of PCM and rubber particles are about the same, the effects of

PCM particles and rubber particles on both compressive and flexural strength of the mortars

are similar. With increasing PCM and rubber contents, the compressive and flexural strengths

of the mortars decrease.

(3) The failure pattern of the PCM specimens is totally different from the failure pattern of

rubberized-mortar under the flexural loading. PCM-modified mortar specimens exhibited a

brittle and sudden failure in the flexural testing; while the flexural failure of rubberized-mortar

specimens occurred gradually and smoothly, and the specimens did not break into separate

pieces at the peak load.
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(4) Within the size range of rubber particles used in the study (6-10 mesh), the effect of rubber

particle size is not significant on the compressive or flexural strength.

(5) The addition of RPP in the mortar decreases the compressive to flexural strength ratio. The

effects of RPP on the two strengths are different: the compressive strength was reduced and

the flexural strength remained about the same.

(6) Using smaller rubber particles and lower rubber content help to improve the bond strength

of the mortar. Using RPP in the mixture can improve the bond strength significantly. The

PCM-modified mortar performs the best in terms of bond strength.

(7) The thermal conductivity results show that the smaller and more rubber particles result in

lower thermal conductivity. This means that the thermal conductivity of mortar depends not

only on the volume fraction of the rubber particles but also on the average size of the particles.

The smaller the rubber particle size, the lower the conductivity of the rubberized-mortar.

Application of PCM results in a peak on the thermal conductivity curve, which is happening

around the melting point of the PCM.

(8) The drying shrinkage of mortar is affected significantly by PCM, rubber particles, and RPP.

Lower rubber content and more RPP in the mixture help to reduce the drying shrinkage. With

the same volume fraction for PCM and rubber particle, the drying shrinkage of PCM-modified

mortar is much lower than that of rubberized-mortar.

(9) SEM images showed that the interface bond between rubber particles and surrounding cement

paste is very good, so is the bond between wood fibers and cement paste.



Chapter 6

COMPOSITE MODELS FOR EFFECTIVE THERMAL CONDUCTIVITY

PCM-RRUBBERIZED-MORTAR

This chapter presents the results of generalized self consistent model for effective thermal

conductivity of rubberized-mortar, PCM-rubberized-mortar and PCM-mortar. A multi-phase,

multi-scale model has been developed to predict the effective thermal conductivity. The effect

of temperature as well as the effect of volume fraction of both PCM and rubber on the effective

thermal conductivity has been investigated. Unfortunately, the generalized self consistent model

cannot capture the effective properties of rubberized-mortar, PCM-rubberized-mortar and PCM-

mortar accurately and it needs to be modified. The modification has been done considering both

PCM and rubber powder as outer rings in the model as an approach to account on their low

thermal conductivity in comparing with other phases. The result of the modified generalized self

consistent model for the effective thermal conductivity is capturing the experimental data better.

The modified generalized self consistent model illustrates that any addition in the PCM amount

and rubber powder would decrease the effective thermal conductivity. Also, the model has verified

for another PCM-mortar with different mixing design.

6.1 Introduction

The disposal of solid waste has created a lot of problems in the last decades. For instance,

in the United States alone, more than 242,000,000 scrap tires have been produced each year [14].

These stockpiles are dangerous not only because of the environmental issue, but also because of
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the fire hazards and providing inhabitation for various species [72]. One of the possible solutions

is to reuse tire rubbers in a variety of rubber products in building envelopes.

There have been several studies incorporating the waste tire rubbers in concrete and mortar. Topcu

et al. [75] investigated the durability of rubberized-mortar and rubberized-concrete. Their results

showed that the rubberized-mortar could be used in seawater, cement with higher strength and ce-

ment resistant to sulfate. However, it is appropriate to use the rubberized-mortar in places where

the high temperature effect does not exist. Huynh et al. [33] studied some of the properties of

rubberized-mortar and they found out that any increase in the rubber content in the mortar mix

would decrease the flexural strength and plastic shrinkage of mortar. This reduction varies based

on the shape and size of the rubber particles. Their results have also revealed that the geometry

of rubber particles influences the fracture behavior of mortar as well. Oikonomou and Mavridou

[55] examined the incorporation of tire rubber granules as a partial replacement for the sand in

cement mortars. The results showed a decrease in mechanical properties, whereas an increase in

chloride ion penetration resistance. Kang and Jiang [36] investigated the crack resistance of cement

based materials by addition of rubber particles and they showed cracking time was retarded and the

crack resistance was improved. Albano et al. [3] investigated the influence of scrap rubber particles

through destructive and non-destructive testing, in order to find a liable application. Their results

showed by the ultrasonic pulse velocity with time, one can infer that the addition of rubber de-

creased this variable, being the effect more notorious when rubber content increased. Additionally

ultrasonic pulse velocity was relatively independent of particle size and coupling agent employed.

Although several works have been done on different properties of rubberized composites, there are

a few works investigated the thermal conductivity of composites containing rubber particles. For

instance, Benazzouk et al. [6] investigated the thermal conductivity of cement composites by re-

placing rubber particles as volume replacement to cement. The results indicated a clear reduction

in thermal conductivity of the composite with any addition of rubber particles.

Most of the studies on rubberized concrete and mortar are experimental studies. However, for the

sake of time and expense of running different tests, it would be beneficial to study the effect of the



110

rubber in concrete mixture analytically. Huang et al. [31] treated rubberized concrete as a multi-

phase composite material. They used Finite Element Analysis in order to investigate the effect of

various design parameters on the composite strength. Their results revealed that any reduction in

the maximum rubber size, using stiffer coarse aggregate, control of the aggregate size distribution

as well as harder cement mortar would help the composite strength.

There are a few researchers focusing on the analytical study of the thermal conductivity of rubber

in cementitious materials, such as Topcu et al. [76] who adopted artificial neural network and fuzzy

logic and Benazzouk et al. [6] who developed a model based on self consistent method assuming

air, rubber particles and cement paste are the three phases in the composite.

Mortar is a heterogeneous multi-phase material. On a macroscopic scale, it is a mixture of cement

paste, fine aggregates, with different sizes and shapes. With regard to its mechanical behavior,

mortar is often considered as a tow-phase composite structure, consisting of aggregate particles,

the cement paste matrix in which they are dispersed, and the interfacial transition zone (ITZ)

around the aggregate particles and cement paste [54].

In this work, the unique idea is to use rubber waste particles and phase change material known as

PCM as raw materials in order to reduce the heat transfer into building to decrease the energy con-

sumption. This chapter focuses on the mathematical modeling of effective thermal conductivity of

rubberized-mortar, PCM-rubberized-mortar and PCM-mortar. In the thermal conductivity model,

thermal conductivity of sand, cement paste, rubber and PCM particles as well as their volume frac-

tions are taken into consideration. The effects of change in the volume fraction of PCM particles

and rubber powder as well as temperature change on the effective thermal conductivity have been

investigated. The predicted effective thermal conductivity based on the model has been compared

with the effective thermal conductivities of other models as well as experimental data.

6.2 Significance of the research

Reducing the heat transfer into buildings would be a great assist to decrease the energy

consumption of building enveloped. To do so, lowering the thermal conductivity of structural
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components would be the very first approach. Experimental study would come to mind as a first

method, however not always the best way to start the investigation. Generalized self consistent

method has been adopted to study variety of properties in two phase composites, but there are

several limitations to expand the basic method to a multi-phase composite. In this work, with

the help of multi-scale as well as multi-phase approach, generalized self consistent model has been

modified to predict the thermal conductivity of rubberized-mortar, PCM-rubberized-mortar and

PCM-mortar more accurate.

6.3 Effective thermal conductivity of multi-phase composite

There are several models available in order to study the effective properties of any composites.

Most of these models examine the effective properties of the composite based on the desired property

of each phase as well as their volume fraction. Parallel, series, Maxwell, generalized self consistent

are among these models.

6.3.1 Parallel model

The Parallel model for a composite consists of M phases with defined volume fractions can

be specified as:

σe =
M∑
i=1

φiσi (6.1)

It should be noted that in the Parallel model, it is assumed that the layer of the components of

physical structures are oriented in a parallel to the direction of heat flow. In addition, the Parallel

model gives the maximum value of the thermal conductivity. Therefore, the Parallel model can be

used for the upper bound limit.
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Figure 6.1: Parallel model.

6.3.2 Series model

The Series model for a composite consists of M phases with defined volume fractions can be

specified as:
1
σe

=
M∑
i=1

φi
σi

(6.2)

It should be noted that in the Series model, it is assumed that the layer of the components of

physical structures are oriented perpendicular to the direction of heat flow. In addition, the Series

model gives the minimum values of the thermal conductivity. Therefore, Series model can be used

for the lower bound limit.

6.3.3 Maxwell model

The Maxwell equation for generalized suspensions with matrix with thermal conductivity σ1,

M-1 different types of spheres (M � 2) with volume fractions φ2, φ3, ..., φM and thermal conduc-

tivities σ2, σ3, ..., σM can be defined as [73]:

σe − σ1

σe + (d− 1)σ1
=

M∑
i=1

φi[
σi − σ1

σi + (d− 1)σ1
] (6.3)
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Figure 6.2: Series model.

6.3.4 Generalized self-consistent model

The generalized self consistent model (GSC) originally was developed by Christensen for the

elastic property [12]. In this model, the existence of a characteristic dimension of the inhomogeneity

as well as the existence of the scale properties averaging has been assumed. In addition, it has been

assumed that the scale of the inhomogeneity in the order of magnitude is smaller than the character-

istic dimension of the problem of interest. Considering this assumption would let a heterogeneous

composite material be divided into many regions or elements that the volume fraction of each phase

within each element is constant. Figure 6.3 shows this partitioning of a multi-phase composite into

different elements. This figure can be even more simplified by assuming spherical phases with a

defined radius. Figure 6.4 shows the simplified partitioning of a multi-phase composite.
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Figure 6.3: Partitioning multi-phase composite into different elements.

Figure 6.4: Partitioning multi-phase composite using spherical elements.
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As it can be seen in Figure 6.4, the basic elements of the microstructure are spherical elements

composed of different phases. As it was mentioned earlier, it is assumed that the volume fractions

of all the elements are the same, thus the radius ratios of each of the phases within different element

remains the same as well. The Christensen model is based on a two-phase composite; however most

of the composites are multi-phase composites. Following the basic idea of a two-phase composite,

the model can be further extended to a multi-phase composite model. A schematic figure of a

four-phase composite has been shown in Figure 6.5. Following the original self-consistent scheme

Effective media

Phase 1

Phase 2

Phase 3

Phase 4

Figure 6.5: Schematic of a five-phase composite.

(SCS) [12] assuming a spherical inclusion of radius a is embedded in a concentric sphere matrix of

radius b, which itself is embedded in an infinite effective medium possessing the unknown effective

thermal conductivity keff . The ratio of the radii a/b can easily be linked to the volume fraction of

inclusions through φ = (a/b)3. The governing equations can be defined as:

∇T 2 = 0⇒


∇T 2

i = 0 if 0 ≤ r ≤ a

∇T 2
m = 0 if a ≤ r ≤ b

∇T 2
eff = 0 if r ≥ b

(6.4)
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Using spherical coordinates with axial symmetry about x3 axis would assist to define:

∇2 =
1
r2

∂

∂r
(r2

∂

∂r
+

1
r2 sin θ

∂

∂r
(sin θ

∂

∂θ
) (6.5)

Since the solution to the Laplace equation is in the form of:

T = (Ar +
B

r2
cos θ) (6.6)

The following equation can be written for each phase:
∇Ti = Air cos θ if 0 ≤ r ≤ a

∇Ti = (Am + Bm
r2

) cos θ if a ≤ r ≤ b

∇Ti = (Aeff + Beff

r2
) cos θ if r ≥ b

(6.7)

It should be noted that the Bi must be set equal to zero to avoid singularity at the inclusion. In

order to solve five unknown in the above equations, the continuity equations should be written.

ki
∂Ti
∂r

= km
∂Tm
∂r

(6.8)

km
∂Tm
∂r

= keff
∂Teff
∂r

(6.9)

Solving the above equations simultaneously would lead to the effective thermal conductivity of a

two-phase composite as:

keff = km[1 +
c

1−c
3 + km

ki−km

] (6.10)

where km is the thermal conductivity of the matrix, ki is the thermal conductivity of the inclusion

and c is the volume fraction of the inclusion = (a/b)3.

Figure 6.6 illustrated the basic generalization of the two-phase to five-phase model, which can

also be extended to the n-phase model as well. Since the continuity conditions have been used in

the derivation of the above equation, and c is only dependent on the size of the spheres, each of

the two neighboring phases can be combined and their effective property can be calculated to be

considered in order to get the effective property of the whole composite. Generalizing this equation
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Figure 6.6: Generalization of two-phase model to five-phase model.

to a four-phase composite would be as follows:

k12 = k2[1 +
c12

1−c12
3 + k2

k1−k2

] (6.11)

k123 = k3[1 +
c123

1−c123
3 + k3

k12−k3

] (6.12)

k1234 = k4[1 +
c1234

1−c1234
3 + k4

k123−k4

] (6.13)

where the k terms are the thermal conductivity of each of the phases. Although the c terms are not

the volume fraction of each phase, they can easily be linked to the volume fractions of the phases

as:

c12 =
R3

1

R3
2

=
φ1

φ1 + φ3
(6.14)

c123 =
R3

2

R3
3

=
φ1 + φ2

φ1 + φ3 + φ3
(6.15)

c1234 =
R3

2

R3
3

=
φ1 + φ2 + φ3

φ1 + φ3 + φ3 + φ4
= φ1 + φ2 + φ3 + φ4 (6.16)

The effective thermal conductivity of n-phase composite can be determined as:

keff,i = ki[1 +
ci

1−ci
3 + ki

keff,i−1−ki

] (6.17)
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where:

ci =


∑i

i=1 φi∑i+1
i=1 φi

if i 6= n

1− φi if i = n

(6.18)

6.4 Application of effective thermal conductivity of multi-phase composite

In the preliminary study conducted by Na et al. [53] experimental data on thermal conduc-

tivity of three types of mortars are collected. In all these groups, 50% of the sand volume has been

replaced, either by PCM, or rubber powder or combination of PCM and rubber powder. They are

called PCM-mortar, rubberized-mortar and PCM-rubberized-mortar, respectively.

When the replacement is done based on PCM and rubber, in order to eliminate the effect of one

over the other, 25% of the sand volume has been replaced by PCM and the rest of 25% has been

replaced by rubber powder. The detail of the mix design can be found in the reference.

MPCM-28 wet cake which is a product of Microtek [29] has been used in this study. The data

obtained from these three groups would be a good verification for the developed GSM model.

PCM-mortar, rubberized-mortar and PCM-rubberized-mortar are good example of multi-phase

composite, therefore the effective thermal conductivity of them can be calculated based on above

equation. Christensen model is based on same size particle distribution. However in PCM-mortar,

rubberized-mortar and PCM-rubberized-mortar, each phase has different grain scale, which requires

multi-scale analysis in addition to multi-phase analysis.

Figure 6.7 shows the multi-scale model of the PCM-rubberized-mortar. As one can see from this

figure, the PCM-rubberized-mortar has four phases with different size particles. In the largest scale,

PCM-rubberized-mortar can be considered as a two phase composite considering fine aggregates

(sand) as inclusion and the rest of the phases as matrix surrounding the inclusion. However, the

matrix can be modeled as another two phase composite considering the largest size particle as the

inclusion and the rest as the matrix. This process can be continued until the smallest size particle

being modeled as the inclusion and only one phase left as a surrounding matrix. The same process
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Figure 6.7: Multi-scale modeling of PCM-rubberized-mortar.

can be followed for PCM-mortar and rubberized-mortar. Keeping in mind, the multi-scale process

in these two groups is one step shorter than PCM-rubberized-mortar.

Knowing the thermal conductivity of each of the phases as well as the volume fraction of the

phases would assist us to obtain the effective thermal conductivity of the rubberized-mortar, PCM-

rubberized-mortar and PCM-mortar.

It should be noted that in the GSM model, it was assumed that the temperature effect on thermal

conductivity of all the phases except PCM and rubber powder is not significant. Moreover, thermal

conductivity of MPCM-28 wet cake and rubber powder have been calculated based on the specific

heat. Specific heat of MPCM-28 wet cake and rubber powder have been obtained by Differential

Scanning Calorimetry (DSC) using Netzsch DSC 204 F1 Phoenix machine at a scanning rate of 10

◦C/min in the temperature range of -25 ◦C to 55 ◦C in a nitrogen atmosphere. Figure 6.8 shows

the thermal conductivity of MPCM-28 wet cake under various temperatures. Figure 6.9 shows the

thermal conductivity of rubber powder under the same temperature range as MPCM-28 wet cake.
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Figure 6.8: Thermal conductivity of MPCM-28 wet cake.
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Figure 6.9: Thermal conductivity of rubber powder.
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6.5 Results and discussions

Based on the pervious study conducted by Na et al. [53], the experimental data on thermal

conductivity for three groups of rubberized-mortar, PCM-rubberized-mortar and PCM-mortar is

available. As it has been explained in details on the reference, 50 percent sand volume has been

replaced by either PCM particles or rubber powder or combination of both.

Figures 6.11, 6.12 and 6.10 illustrate the results for the effective thermal conductivity of rubberized-

mortar, PCM-rubberized-mortar and PCM-mortar based on Parallel, Series, Maxwell and general-

ized self consistent model.
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Figure 6.10: Effective thermal conductivity of rubberized-mortar based on GSC model.
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Figure 6.11: Effective thermal conductivity of PCM-rubberized-mortar based on GSC model.
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Figure 6.12: Effective thermal conductivity of PCM-mortar based on GSC model.



123

In all these figures, the experimental data has been added to the figures to show how ac-

curately these models can capture the effective thermal conductivity of the composites. As one

can see from these figures, the GSC model cannot predict the effective thermal conductivity of

these composites accurately. This is due to the limitation of GSC model. The GSC model can

account only for simple microstructural information, such as volume fraction and inclusion shape.

Additionally, all the inclusions and the matrix phase should have thermal conductivity within the

same range. In case of the inclusions with higher thermal conductivity than the matrix phase, the

relation coincides with the lower bound and vice versa. In our specific case, since the PCM and

rubber particles have much lower thermal conductivity than the surrounding matrix, the effective

thermal conductivity of these composites have not been captured with neither models. Thus, this

GSC model should be either modified or being replaced by another model which can capture more

complex micro-structures.

Since the focus of this study is the application of the GSC model, the authors decided to modify

the model by considering the PCM and rubber particles as thin membrane surrounding the cement

paste, to be able to compensate for their low thermal conductivity in comparing with cement paste.

Figures 6.13 and 6.14 show the results based on the modified GSC model.
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Figure 6.13: Effective thermal conductivity of PCM-rubberized-mortar based on modified GSC
model.
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Figure 6.14: Effective thermal conductivity of PCM-mortar based on modified GSC model.
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As one can see, the model can capture the effective thermal conductivity of PCM-rubberized-

mortar and PCM-mortar more accurately than unmodified GSC model. However, Figure 6.15

shows the improvement in the model behavior capturing the effective thermal conductivity of the

rubberized-mortar, but still not too close to the experimental data. The reason is, the rubber

particles have different size and shapes and by modeling them as a thin membrane around the

cement paste, only their low thermal conductivity has been taken into account. However, their shape

and their size need to be considered in the model in order to capture their thermal conductivity

more accurately. This problem is not significant in PCM-rubberized-mortar and PCM-mortar,

since the PCM particles come only in one shape (spherical shapes) and their size varies in a smaller

range (17-20 micron). There is no doubt that any model which can consider the microstructure of

the composite would perform better than GSC model.
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Figure 6.15: Effective thermal conductivity of rubberized-mortar based on modified GSC model.

The results from the modified GSC model are slightly different from the experimental data,

because the thermal conductivity of all the phases except PCM and rubber particles were assumed

to be constant under different temperature. Moreover, the thermal conductivity of all these phases

were obtained from the literature, however, if the exact thermal conductivity analysis would be

performed on each of the phases individually, the modified generalized self consistent model would

predicted more accurate results. Additionally, the effective thermal conductivity of all these com-

posites based on the modified GSC model falls between the upper and lower bound limits obtained
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from Parallel and Series model. It should be noted that the peak observed in both rubberized-

PCM-mortar and PCM-mortar is due to the effect of the PCM particles. Moreover, these peaks are

referring to the melting point of the PCM particles, which is around 28 ◦C for these specific PCM

particles. It should be noted that 28 ◦C is the melting point of the MPCM-28 dry powder, but

since MPCM-28 wet cake has been used in the mix design, the melting point is slightly different

than the dry powder. This is due to the amount of the water which exists in MPCM-28 wet cake.

It should be noted that both modified GSC and the Series model can capture the correct trends

of the effective properties. In terms of the spatial arrangement of the constituent phases, the se-

ries arrangement is the best spatial structure that allows the minimum amount of PCM or rubber

particles with low thermal conductivity to block the maximum amount of heat. In the parallel ar-

rangement, most of heat will pass through the phase with the least thermal resistance. Therefore,

PCM plays a very minor role in Parallel model.

Figure 6.16 shows the effect of any change in the volume fraction of both PCM and rubber on the

effective thermal conductivity. It should be noted, the volume fraction of both PCM and rubber

can not increase beyond 0.227 for this specific mixing design.
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Figure 6.16: The effect of PCM/rubber volume fraction on the effective thermal conductivity.

One can see that more PCM would lead to lower thermal conductivity in comparing with

more rubber content in the mix design. This can easily be explained based on the fact that the

PCM particles have lower thermal conductivity in comparing with rubber particles. This effect is
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so small in our example since very small portion of the sand has been replaced by either PCM or

rubber (max volume fraction of PCM/rubber= 0.227).

This model has also been verified for another PCM-mortar with different mix design. The

experimental study can be found in reference [50]. The modified generalized self consistent model

was adopted to capture the effective thermal conductivity of PCM-mortar and rubberized-mortar

as well as their effective shrinkage. Figures 6.17 and 6.18 show how this model can capture the

effective thermal conductivity of rubberized-mortar and PCM-mortar.
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Figure 6.17: Effective thermal conductivity of rubberized-mortar (rubber particle) based on modi-
fied GSC model.
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Figure 6.18: Effective thermal conductivity of PCM-mortar based on modified GSC model.
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These results confirm that the modified generalized self consistent model can capture the

effective thermal conductivity much better than the generalized self consistent alone. However,

as it was mentioned earlier, in the case of rubberized-mortar, the size of the particles need to be

considered, but in the PCM-mortar, all PCM particles sizes are within the same rage, so the size

effect is not extreme as it is in the rubberized-mortar case.

6.6 Conclusions

In this chapter, the effective property of rubberized-mortar, PCM-rubberized-mortar and

PCM-mortar has been investigated. Generalized self consistent (GSC) model was developed to

predict the effective thermal conductivity of them. The GSC model fails to predict the effective

thermal conductivity of the rubberized-mortar, PCM-rubberized-mortar and PCM-mortar accu-

rately. This is mainly due to the fact that this model can account only for simple microstructure

information, such as volume fraction and inclusion shape. Additionally, all the inclusions and

the matrix phase should have thermal conductivity within the same range. Therefore the GSC

model should be either modified or replaced by another model, which can capture more complex

micro-structures. The modified GSC model predicts the effective thermal conductivity well when

compared to other models.

The modified GSC model shows how the effective thermal conductivity would decrease by in-

creasing the amount of the PCM or rubber the mix design. It can also capture the behavior of

PCM-rubberized-mortar and PCM-mortar better than the rubberized-mortar and that is mainly

because of the size and shape effect of the rubber particles in the mix design. The results for PCM-

rubberized-mortar and PCM-mortar correlated well with the experimental data but in the case

of rubberized-mortar, the modified generalized self consistent over predicts the effective thermal

conductivity by 33% in comparing with experimental data.

It should be noted that the model has been verified by another PCM-mortar with different mixing

design and the results confirms the latter findings.



Chapter 7

EXPERIMENTAL STUDY ON RUBBERIZED CONCRETE

7.1 Introduction

One of the focuses of this chapter is to use rubber particles in concrete, which includes coarse

aggregate with sizes larger than 4.75 mm (4 mesh). Another focus is to improve thermal properties

of the rubber concrete by incorporating phase change materials.

Much research has been done on how to reutilize waste tires in concrete. Similar to rubber

mortar, when rubber particles are added to the concrete mixture, the strength and stiffness of

the rubber concrete is decreased. Research has focused on how to reduce the reduction in the

mechanical properties of the rubber concrete. One method is to use certain types of chemicals

and polymers to treat the surface of rubber particles before mixing with the other components,

called the surface pre-treatment method. The purpose of the surface treatment is to improve the

bond between the rubber and surrounding cement paste, which is the weak link of the composite

material.

Li et al. [43] investigated a rubberized-concrete with surface treatment of NaOH experimen-

tally and concluded that NaOH surface treatment does not work for larger sized tire chips. They

also observed that steel belt wires in waste tires improve the strength of rubberized-concrete and

truck tires perform better than the car tires. This conclusion is understandable since the steel

belts would reinforce the rubberized-concrete. Gneyisi et al. [15] investigated the mechanical prop-

erties of rubberized-concrete with and without silica fume and they concluded that the addition

of more silica fume into the mix design can prevent the reduction of compressive strength of the
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rubberized-concrete. Topcu et al. [74] analyzed the rubberized-concrete as a composite material

and verified the elastic moduli obtained from their equation with the experimental data. In another

study, Topcu et al. [75] focused on the durability of rubberized-concrete and their results revealed

that in terms of durability, the optimum amount of rubber aggregate to produce concrete is 10%

in volume which is quite economical and good in terms of recycling.

Balaha et al. [4] performed a series of experiments on rubberized-concrete and they confirmed the

other researchers’ results in terms of compressive and tension strength, however, they concluded

that any increase in the amount of the rubber would decrease the bulk density of the rubberized-

concrete. Zheng et al. [84] investigated the dynamic property of the rubberized-concrete and

showed that the dynamic modulus elasticity of rubberized-concrete was lower than that of plain

concrete. Also, the damping ratios of rubberized-concrete increased considerably with any increase

in the rubber content. Kang et al. [36] studied the crack resistance and flexural behavior of cement-

based materials by adding rubber particles. Their test results revealed that the rubberized-mortar

and concrete specimens exhibit ductile failure and substantial deformation almost 2-4 times of the

normal specimens.

As mentioned in chapter 5, in order to improve thermal properties of mortar, phase change material

can be used. Similarly, PCM can also be used in concrete to improve its thermal properties. Many

researchers such as Hawes et al. [20], Lencer et al. [42] have studied different PCMs and their ap-

plications in the construction industry. More specifically, Chen et al. [11] introduced a new PCM

for energy-storing wallboard. Hawes et al. [19] examined the mechanisms of absorption of PCM

in concrete. They observed that the hydrogen bonding can improve absorption under appropriate

circumstances. In another study conducted by Hawes et al. [18] thermal performance of PCM in

concrete was investigated. Kuznic et al. [41] carried out research with wall containing PCM and

they observed that the PCM wall reduces the air temperature fluctuations in the room. Moreover,

the PCM material included in the walls strongly reduces the overheating effect. Zalba et al. [82]

studied the application of phase change materials (PCM) in free-cooling systems. Their statistical

analysis showed that the thickness of the encapsulate has the most influence in the solidification
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process. Castellon et al. [10] improved the thermal comfort in the buildings by using phase change

materials. Bentz et al. [7] investigated the application of PCM in concrete and showed that PCM

can reduce the number of freeze/thaw cycles experienced by concrete exposed to a winter environ-

ment. Hunger et al. [32] examined the behavior of self-compact concrete containing PCM. They

showed that increasing the amount of PCM lead to a lower thermal conductivity and increased

heat capacity.

7.2 Materials

Five different groups of rubberized-concrete, PCM-concrete and PCM-rubberized concrete

were considered in this study. Each mix design consisted of 630 kg/m3 fine aggregate (sand); 1160

kg/m3 coarse aggregate; 350 kg/m3 Type I Portland cement; 200 kg/m3 water, and four different

amounts of microencapsulate PCM/rubber particle.

The sieve analysis based on ASTM C136-06 [67] was conducted on the fine aggregate and the coarse

aggregate being used in the concrete mixtures. Figure 7.1 shows the particle size distribution of

the aggregates.

0

20

40

60

80

100

1 100 10000

C
u

m
m

u
la

ti
v

e 
P

a
ss

in
g

 %

Sieve size (mm)

Coarse 

aggregate

Fine 

aggregate 

(Sand)

Figure 7.1: Particle size distributions of fine and coarse aggregate.
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7.2.1 Rubber particles

Rubber particles come in different shapes and sizes. In this study, 6 mesh (coarse sized

rubber) from AcuGreen, located in Denver, was used. The sieve analysis based on the standard

ASTM C136- 06 [67] was conducted on this specific rubber size. Figure 7.2 shows the particle

distribution of it.
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Figure 7.2: Particle size distribution of the rubber particles.

7.2.2 Polyvinyl alcohol

Polyvinyl alcohol (PVOH, PVA, or PVAL) is a water-soluble synthetic polymer. Its chemical

formula is: CF3(CF2)7CH2CH2-SiCl3 or CF3(CF2)6-COCl. The PVA with low viscosity has low

molar mass of 31,000-50,000 and 15,000-23,000 number average.

Since PVA has high tensile strength and flexibility and great adhesion property, there has

been some research incorporating some PVA into cement mortar as well as concrete. Singh et al.

[66] studied the effect of polyvinyl alcohol (PVA) on the hydration of ordinary Portland cement.

Their results have shown that PVA increases the strength, but decreases the porosity. Kim et al.

[37] studied the structure and properties of PVA-modified mortar and concrete and concluded that

the addition of small amounts of PVA (up to 2 wt% PVA based on cement mass) will cause several

changes in the microstructure and the properties of mortar and concrete. They also showed that

the porous interfacial transition zones around sand grains and coarse aggregate were significantly
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reduced in size and number.

To study the effect of the surface treatment of the rubber particles, 1.2-wt. %PVA of rubber

was used. The PVA was manufactured at Celanese and the product name is Celvol 540 [25]. Based

on the data sheet the PVA physical properties are provided in table 7.1.

Table 7.1: Physical properties of Polyvinyl Alcohol [25]

Appearance White to cream granule powder
Bulk density 40 lbs/cu ft
Specific gravity of solid 1.27-1.31
Of 10 wt% solution at 25◦ 1.02
Thermal Stability Gradual discoloration about 100◦;

darkens rapidly above 150◦;
rapid decomposition above 200◦

Thermal conductivity W/(m.k) 0.2
Electric resistivity, Ohm.cm (3.1-3.8)×107
Specific heat J/(g.k) 1.5
Melting point (unplasticized) ◦ 230 for fully hydrolyzed grades;

180-190 for partially hydrolyzed grades
Tg◦C (dry film) 75-85
Storage stability (solid) Indefinite when protected from moisture
Flammability Burns similarly to paper
Stability to sunlight Excellent

Table 7.2 provided the typical properties of Celvol 540.

Dissolving PVA is the most critical step in solution preparation. Dispersing the particles in

water has a major effect on its performance. Since the surface of the particles will swell quickly

and then clump together, it is important to add the granules slowly to cool water (¡100 ◦F/38 ◦C)

using good agitation, It should be noted that good agitation does not mean high shear value. It

simply means adequate agitation to disperse the particles, without whipping air into the solution.

If water greater than 100 ◦F is used, the particles will swell rapidly and will clump together, which

would lead to incomplete dissolution. After this step, the suspension should be heated to at least

185 ◦F (85 ◦C) and the solution should be kept at this temperatures for a minimum of a half an

hour. Additionally, based on the data sheet provided by the manufacture [25], the amount of the

water added to the Celvol 540 particles should be less than 7% by weight of the solid. However,
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Table 7.2: Properties of Celvol 540 [25]

Grade Hydrolyis Viscosity pH Total volatiles Volatiles compound Ash
% cps % Max % Max % Max

Celvol 540 87.0-89.0 45-55 4.5-6.5 5 0.9 0.5

different ratios of 1% and 6% were used in our study.

7.2.3 Phase change material

Phase change material (PCM) is a substance with a high heat of fusion which melts and

solidifies at a certain temperature. Thus, PCMs are capable of storing and releasing large amounts

of energy. In this study, MPCM-28 wet cake manufactured by Microtek [29] was used.

7.2.4 Mixing process

Four different groups are prepared in this study including:

(a) Rubberized-concrete with surface treatment.

(b) Rubberized-concrete without surface treatment.

(c) PCM-concrete.

(d) PCM-rubberized-concrete, with surface treatment.

Different mixing process were adopted based on the type of the specimens. In the case of the

rubber with surface treatment, the PVA solution was prepared first. Then, after the PVA solution

was prepared, different methods were adopted in the mixing process. First, the PVA solution was

cooled down to the room temperature, then, the rubber particles were added to it. Second, the

rubber particles were added to the solution and they were kept at room temperature for around

24 hours. However, in both methods, it was necessary to ensure that all the particles were coated

with the solution. Also, the amount of the PVA should not be more than 7% by weight of the solid
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in the solution. In our study, two different percentage of the PVA (1% and 6%) were used in the

solution.

It is also important to mention that the amount of rubber particles can be calculated based on

the percentage of sand volume. The previous study has shown that using the rubber as sand volume

replacement would lead to the higher compressive strength than using the rubber as additives. In

this study different percentages of sand volume were replaced by rubber particles. For instance,

when 5% of sand volume needed to be replaced by rubber, the volume of sand can be calculated,

and knowing the density of rubber being equal to 1.0 kg/m3, the mass of rubber can be calculated.

Table 7.3 shows the mix design using for the rubberized-concrete with surface treatment.
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When the surface treatment of the rubber particles was done, they added to the concrete mix

design. It should be noted that the treated rubber should be added to the mixture last. Figure 7.3

shows the mixing process.

(a) PVA preparation (b) Rubber particles (c) Mixing with rubber

Figure 7.3: Preparation process for rubberized-concrete with surface treatment.

With the rubber without surface treatment, the mixing process was simpler. First all the dry

materials were mixed and then the water was added to the mix. As with the other cases, the rubber

particles were added to the mix last. Table 7.4 shows the mix design for the rubberized-concrete

without surface treatment.

Additionally, in the case of PCM-concrete, the amount of PCM can be calculated based on

the percentage of sand volume. For instance, when 5% of sand volume is needed to be replaced by

PCM, the volume of sand can be calculated and then knowing the density of PCM being equal to

0.9 kg/m3, the mass of PCM could be calculated. Again, it should be noted that the PCM should

be added to the concrete as the last material. Table 7.5 shows the mix design for the PCM-concrete.

Finally, in the case of PCM-rubberized concrete, the same process as with the other cases

was followed. However, in order to eliminate the influence of one over the other, the replacement of

sand volume was done equally based on these two materials. Moreover, based on the observation in

the previous study, the PCM should be added at the last minute to prevent the outer layer of the

micro-capsulate from damaging. Table 7.6 shows the mix design for the PCM-rubberized-concrete.
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Figure 7.4 shows the mixing process for PCM-rubberized-concrete.

(a) PVA preparation (b) Rubber particles

(c) Mixing with rubber (d) Mixing with PCM

Figure 7.4: Preparation process for PCM-rubberized concrete.



141

7.3 Testing procedure

In order to have a good understanding of any new material’s behavior, a series of experimental

studies needed to be performed. These experiments were varied based on the nature of the study.

In this case the focus was just on the compression test.

The compression was done based on ASTM C873 / C873M - 04e1 [68]. Six cylindrical

specimens of 2 in × 4 in were prepared for each mix design and the compression test was conducted

on three of the cylinders at 7 days of age and the remaining three at 28 days of age. The compression

test was conducted using a MTS machine based on the displacement control. The displacement

rate was kept constant at 0.0015 in/sec for all the specimens at all ages.

7.4 Results and discussions

The compression test was performed on specimens in each group. First, the effect of the

surface treatment using Polyvinyl alcohol on the rubber particle was investigated. In order to do

so, a mix design with the highest amount of the rubber particles (RC20) was selected and the effect

of the surface treatment based on different methods was investigated. Table 7.7 shows the mix

design for investigating the effect of PVA on surface treatment.
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As it can be seen the first group is just the rubberized-concrete with 20 percent sand volume

replacement without any surface treatment. The second group is the rubberized-concrete with 20

percent sand volume replacement with surface treatment, not considering the water being used in

the PVA preparation. It should be noted that the PVA preparation is based on one percent solid

and ninety-nine percent water. The third group is the same as the second group, but adopting

the second method of the surface treatment, which was explained earlier. This method is based

on drying the treated rubber particles in the air for about 24 hours. The fourth group is the same

as the third group, but the PVA amount the solution is based on six percent solid and ninety-four

percent water. Figure 7.5 and Figure 7.6 show the result of the compression test for 7 and 28 days

of these groups.
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Figure 7.5: Comparison of the PVA surface treatment effect at 7 days of age.
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Figure 7.6: Comparison of the PVA surface treatment effect at 28 days of age.

The result revealed that the compression strength based on the second method of the surface

treatment is quite similar to the result without any surface treatment. Moreover, how to prepare

the PVA solution is another important factor in achieving higher compressive strength. More

specifically, in the case of using one percent solid and ninety-nine percent water, the compressive

strength is less than the case of 6 percent solid and ninety-four percent water in the solution. This

is understandable based on the fact that the water content in the mix design is one of the most

controlling factors in the compressive strength of the concrete. It should be noted even though the

rubber particles were left in the room temperature for 24 hours and most of the water in the solution

had evaporated, the amount of the remaining water on the rubber particles makes a difference in

the compressive strength of the concrete.

Moreover, the first method of surface treatment affected the compressive strength of the rubberized-

concrete significantly, due to the fact that the rubber particles were treated with the PVA solution

and added to the mix design right after. Therefore, the amount of the water in the concrete is

significantly higher than the other cases. Overall the result has shown that the compressive strength

has not significantly improved by using PVA solution for the surface treatment.

Since the other focus of this study was investigating the behavior of rubberized-concrete, PCM-

concrete and PCM-rubberized concrete, compression tests at 7 and 28 days of age were performed

on various groups. Figures 7.7 and 7.8 show the result of all the groups at 7 and 28 days of age.
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Figure 7.7: Comparison of the compressive strength of rubberized-concrete, PCM-concrete and
PCM-rubberized-concrete at 7 days of age.
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Figure 7.8: Comparison of the compressive strength of rubberized-concrete, PCM-concrete and
PCM-rubberized-concrete at 28 days of age.
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The figures show that the compressive strength of the rubberized-concrete is much lower

than the compressive strength of the PCM-concrete. This is due to the fact that rubber is a softer

material than PCM. On the other hand, PCM particles are smaller than the rubber particles,

so the PCM particles can fill up the porous areas better than rubber particles. Additionally, the

compressive strength of the PCM-rubberized concrete fell into the range between the PCM-concrete

and rubberized-concrete, which satisfied our expectations.

Moreover, within each group, by increasing the amount of either rubber particles or PCMs, the

compressive strength decreases because the sand volume is being replaced by these materials. Since

both are much softer than the sand particles, the compressive strength should be decreased. Also,

in the case of the rubberized-concrete, the rubber particles are much bigger than the sand particles,

therefore this is another factor decreasing the compressive strength of the rubberized-concrete or

PCM-rubberized concrete in comparing with normal concrete.

7.5 Conclusion

The mechanical properties of different mix designs of rubberized-concrete, PCM-concrete and

PCM-rubberized concrete have been investigated in this study. Compression tests were performed

at two different ages (7 days and 28 days). The compression test data shows that there is a

significant difference between using the equivalent amount of Rubber or PCM in the mix design.

Additionally, the effect of PVA on the surface treatment was investigated and the results revealed

that the PVA does not help to increase the compressive strength of the rubberized-concrete.



Chapter 8

GUARDED HOT BOX TEST

8.1 Introduction

A small scale case study was conducted in our lab using an environmental chamber. Tim-

ber box structures (simulating residential houses) were built and selected mortars were applied

on the exterior walls of the box. The box was placed in the environmental chamber, which fea-

tures programmable temperature and relative humidity control. The chamber temperature was

programmed. Both chamber temperature and the temperature in the box were monitored, and the

two temperature profiles were compared to examine the effectiveness of mortar as an insulation

material. This test is called hot box test. Several box structures were built using conventional

premixed mortar and mortars with different optimum compositions. The test data was compared,

and they will serve as prototype/practical applications in real construction.

8.2 Materials and mix designs

Some of the mix designs from Chapter 4 were selected for the study in this chapter. The se-

lection criteria included both mechanical and thermal properties of mortars: compression strength,

flexural strength, thermal conductivity, dry shrinkage, and bond strength. The selected mix designs

used are as follows, and the mix designs are in Table 8.1.

(1) Ordinary cement-mortar (as a reference).

(2) Rubber-mortar with rubber particle (8-10 mesh).
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(3) Rubber-mortar with rubber powder (200 mesh).

(4) PCM-mortar.
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8.3 Testing procedure

The top face of the box was used to apply the selected insulation mortar. The dimension of

the top face was 12 in × 12 in × 1 in. Figure 8.1 shows the schematic of the test set-up.

Data Collector

Filled with 
mortar

Hot box

Insulated surface

Thermal sensor

Chamber

Figure 8.1: Schematic of the hot box test setup.

The other five faces of the box were covered with heavy duty insulation materials which

include one layer of plastic foam and another layer of insulation tape. This was to make sure that

the heat exchange will be done through the top surface covered by mortar. Figure 8.2 shows the

environmental chamber and the hot box test setup.

The temperature profile was programmed for the chamber. The heating process started from

room temperature to 55 ◦C with the heating rate of 1 ◦C/min. When the chamber temperature

reached 55 ◦C, it was held for 2-3 hours. Then the cooling process started with the cooling rate of

1 ◦C/min till the temperature of the chamber reached room temperature. This temperature profile

was used for all boxes. Figure 8.3 shows the temperature profile for this test.
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Figure 8.2: The environmental chamber and the hot box test setup.

Temp (oC)

55

Time
Room

Temperature

Figure 8.3: Temperature profile for the hot box test.
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The testing process is as follows:

(1) The mortar is cast on the top surface of the box.

(2) The box is placed in the curing room for 28 days.

(3) The box is removed from the curing room and placed in the environmental chamber.

(4) Two temperature sensors are installed to measure the temperature in the box and in the

chamber.

(5) The temperature profiles in the box and in the chamber are recorded.

8.4 Tests results and discussions

Figure 8.4 through Figure 8.7 show the hot box test results for the specimens. Figure 8.8

shows the temperature differences between the chamber and the box. A large temperature difference

in the heating process means high insulation efficiency of the mortar.
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Figure 8.4: Hot box test result for normal mortar.
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Figure 8.5: Hot box test result for rubberized-mortar (large rubber particles).
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Figure 8.6: Hot box test result for rubberized-mortar (rubber powders).
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Figure 8.7: Hot box test result for PCM-mortar.
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In order to eliminate noise in the test results shown in Figure 8.8, sixth-degree polynomial

was used to curve-fitting the actual test data. Figure 8.9 shows the results of curve fitting.
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Figure 8.9: Comparison of the performance of each group using their polynomial functions.

Figure 8.9 Comparison of the performance of each group using their polynomial functions.

The difference between each of these specimens is small, due to the small size of the specimens being

used in this test (the size of the boxes is limited by the inner space of the chamber). However, it can

be seen from the last two figures that the rubberized-mortar with rubber powders and PCM-mortar

(red and green curves) have the largest temperature difference at the peak of the heating period,

which means they perform best in the hot box test.

8.5 Conclusions

The hot box test results indicate that the rubberized-mortar with rubber powders and PCM-

mortar have high insulation efficiency. From the view point of using waste tires, the mortar with

rubber powders is the most efficient method in terms of thermal insulation.



Chapter 9

EFFECTIVE THERMAL DIFFUSIVITY OF COMPOSITE MATERIALS

WITH HIGH ORDER STATISTICS OF MICROSTRUCTURE

9.1 Introduction

As reviewed in Chatpers 4 and 6, the effective properties of a composite material can be

characterized by some composite models in terms of the properties and volume fractions of the

constituent phases of the composite. In the models, many assumptions were made to simplify the

spatial patterns of the microstructure, such as series coupling and parallel coupling. One of the

common features of the models is that only volume fractions of the phases are taken into account,

which, as discussed earlier, is the mean value (the first order statistics) of the random field. Higher

order statistics of random microstructure were not incorporated in the models, and higher order

statistics are important. As shown in Chapter 5 for testing thermal conductivity of PCM and

rubber mortars, the conductivity depends not only on the volume fraction of the rubber particles

but also on the average size of the particles, and the smaller the average size of the distributed

insulator (rubber particles), the lower the conductivity of the mortar. In Chapter 2, it was shown

that particle size can be characterized by coarseness of grain structure, which is a key parameter

in the expression for autocorrelation function of the mosaic patterns.

The purpose of this chapter is to establish a theoretical model for effective thermal conduc-

tivity of composite materials that incorporate the first and the higher order statistical information

of the microstructure. Specifically, the second order information, i.e. autocorrelation function of

mosaic patterns will be used in the model due to their Thermal conductivity was selected as the
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effective property to investigate because it represents in general a class of transport properties

of composite materials, such as diffusivity of chemical species, water permeability, and electric

conductivity.

In the following sections, mosaic patterns will be introduced first. Autocorrelation functions

of mosaic patterns will be briefly derived (more details were provided in Chapter 2). A general

model for effective properties of composite materials will be described in great detail. The general

model takes into account higher order statistics of microstructure of composite, called n-point

correlation function (when n = 2, the function is the autocorrelation function). Then, as a special

case, the autocorrelation function of mosaic patterns will be used in the general model, providing

more insight on the effect of volume fractions and particle sizes on the effective thermal conductivity

of composite materials.

9.2 Mosaic patterns and autocorrelation functions

There exists two mosaic patterns, one is a random set mosaic and the other is a random line

mosaic. The random set mosaic pattern is called S-mosaic and the random line mosaic is called

L-mosaic. Beside these two patterns, Masao [48] proposed another mosaic pattern named covering

mosaic pattern, which can be called C-mosaic. Therefore, the main mosaic patterns are as follows:

(a) Random line mosaic (L-mosaic).

(b) Random set mosaic (S-mosaic).

(c) Random covering mosaic (C-mosaic).

Figure 9.1 shows these different mosaic patterns.
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(a) L-mosaic (b) S-mosaic (c) C-mosaic

Figure 9.1: Random mosaic pattern. (Random set mosaic, Random line mosaic, Random covering
mosaic)

There are various methods of constructing random mosaic. However, it is not possible to

define a mosaic as random without specifying the exact definition of randomness [58]. Therefore, the

following sections are explaining different approaches of constructing a random mosaic pattern.

9.2.1 L-mosaic

Generally, in the map of a mosaic pattern, the patch-phase (where things occur) should be

colored black and the gap-phase (where it is absent) should be left white.

L-mosaic is one of the ways of constructing a random mosaic, which is based on drawing

random lines, which subdivide an area into a network of convex polygons or cells. Then, each cell

can be assigned its color with fixed probabilities. b for a black cell and w for a white cell with

b+w=1.

When contiguous cells are assigned black color, they form a many-celled patch and if they

are assigned white color, they form a many-celled gap. It should be noted that it is quite important

to distinguish the differences between a cell, a patch and a gap. More specifically, the cells are

defined as the small area formed when the random lines are drawn across the area. The cells are

the units composed of patches and gaps. Patches consist of any number of contiguous cells which

are assigned to be colored as black and gaps consist of any number of contiguous cells which are
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assigned to be colored as white.

In order to draw random lines, the following method can be used. It can be assumed that the

desired area in which the lines are to be drawn is circumscribed by a circle of radius r. The center

of the circle can be considered as the pole of a polar coordinate frame and then an initial line can be

drawn through it. Now, taking pairs of random polar coordinates (p,θ), a line can be drawn which

passes through the point with the specific coordinate such as (p1,θ1) and it is perpendicular to the

line connecting (p1,θ1) and the pole of the polar coordinate. This is a random line and therefore

the method is called random line mosaic method [58].

Figure 9.2 shows a random line mosaic developed based on this method.

Figure 9.2: Random Line mosaic (L-mosaic).

9.2.2 S-mosaic

As it has been mentioned another type of mosaic pattern is called S-mosaic, which can be

constructed as follows: a pattern of random dots should be drawn in the map area. Then each dot

can be associated with a cell. Each segment of a cell boundary is the locus of points which are

equidistant from the two nearest dots. Now, each cell can be colored independently as black or

white with probability of b and w, respectively [58]. Figure 9.3 shows a random set mosaic pattern.
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Figure 9.3: Random set mosaic (S-mosaic).

9.2.3 Mathematical modeling

There exists different ways of comparing various kinds of mosaic such as: means and variances

of random variables including the number of sides per cell, cell perimeter, cell area, and angular

and edge length distribution or comparing the theoretical autocorrelation functions.

To construct the mathematical model, it is more convenient to simplify a 3D model to a 2D

model. This can be done by cutting the 3D mosaic with a 2D plane. Then the 2D mosaic pattern

can be further simplified by cutting it with a transect and the result would be a 1D mosaic pattern.

The line passing through the 2D mosaic pattern is degenerated to the points on the transect and

between these points are the cut lengths of the cell which are called cell lengths. Figure 9.4 shows

a 1D mosaic pattern.

Cell length Patch length Gap length

Patch (Black) Gap (White)

Figure 9.4: Transect through mosaic pattern.
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Moreover, assuming that an L-mosaic is sampled at equidistant points along a line transect

and recording the color of each point either black or white, the observation will be a sequence of

Bs and Ws, for black and white respectively. Therefore, this sequence looks like a simple two-state

Markov chain. Since the Markov chain states that the probability distribution of any system at the

next time step depends only on the current state of the system and totally independent of the state

of the system at previous time steps, it must be shown the probability distribution of L-mosaic

follows this rule.

Let’s assume P (Bi, Bi+1) is the probability of ith point and i+1th point to be black (B). Moreover,

defining the πi,i+1 as the probability of both points lying in the same cell of the random lines

network, would lead to:

P (Bi, Bi+1) = πi,i+1b+ (1− πi,i+1)b2 (9.1)

This indicates the P (Bi, Bi+1) is the summation of two terms. The first term indicates that both

points are located in the same cell which is assigned to be black. The second term, is the probability

of these two points being in different cells which are assigned to be black as well. As one can see, the

probability P (Bi, Bi+1) is just a function of πi,i+1 and the color of the cell. Further investigation

shows that πi,i+1 = π, which is a constant for all is. In other words, P (Bi, Bi+1) does not depend

on i and it can be simply said:

P (Bi, Bi+1) ≡ bPBB (9.2)

This equation easily represents Markov chain process, because PBB is the conditional probability

which indicates any point will be a black (B), if the preceding point was a black (B).

However, since the sequence of states along the transect represents a continuous Markov process,

instead of observing each phase at separate points and treating the observed sequence as a discrete

Markov chain, it would be more convenient to measure the lengths cut off on the transect by patches

and gaps. As a result, these would lead to a continuous two-state Markov process [58].
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9.2.4 Comparison of L-mosaic and S-mosaic

As it has been mentioned, one way of comparing different mosaic patterns is the theoretical

autocorrelation functions. Unfortunately, for S-mosaics this function can only be expressed in the

one-dimensional case [58].

Pielou [58] has shown the probability of two points being in the same cell is π which is a function

of the distance ν between two points and is equal to the correlation between the phases at two

points which are apart by distance ν. In another word, the probability distribution only depends

on the size of the cells in the network and not the colors assigned to the cells. This results are quite

general for both L-mosaic and S-mosaic, regardless their dimensions.

Additionally, it can be said, if the cells are small, the correlation will be low and the mosaic pattern

can be described as ”fine-grained” and if the cells are large, the correlation will be high and the

mosaic pattern can be described as ”coarse-grained”.

9.2.5 Autocorrelation function for L-mosaic pattern

As it was mentioned earlier, any 3D mosaic pattern can be simplified to a 2D or 1D. A one

dimensional L-mosaic consists of contiguous non-overlapping linear cells, which satisfy the required

conditions for the Poisson’s probability distribution. These conditions are as following:

(a) The number of successes in any two disjoint time intervals are independent.

(b) The probability of success during a small time interval is proportional to the entire length of

the time interval [28].

Thus, the Poisson’s probability distribution can be applied to a L-mosaic pattern. This means that

the number of the points in length interval ν, N(x, x+ν), is governed by the Poisson point process.

Therefore, for an event Ak = N(x, x+ ν) = k, in which the interval ν is k, the homogenous Poisson

process with density λ can be defined as:

P (Ak) =
(λ | ν |)ke(−λ|ν|)

k!
(9.3)
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Since π has been defined as the probability of both x and x + ν being in the same cell, which is

equivalent to the probability of no intersection point in ν. In another word when k =0. Therefore,

the equation 9.3 can be simplified as:

π = P (A0) = e−λν (9.4)

9.3 Theoretical model incorporating higher order statistics

9.3.1 Characteristic function in the heterogeneous media

Each realization ω of the n-phase random medium occupies the region of space ν ∈ <d of

volume V which is partitioned into n disjoint random phases, such as: phase one with region ν1(ω)

and volume fraction φ1, and phase two with region ν2(ω) and volume fraction φ2 and so on. It

should be noted that the sum of the regions of all the phases should add up to the total region of

the space, which means:

ν1(ω)
⋃
ν2(ω)

⋃
...... = ν (9.5)

Also there is no common areas between any two of the phases, which means:

ν1(ω)
⋂
ν2(ω) = ∅

ν1(ω)
⋂
ν3(ω) = ∅

ν1(ω)
⋂
ν4(ω) = ∅

...

(9.6)

Moreover, the surface or the interface between any two phases is denoted by ∂d(ω). For the

simplicity, a two-phase random medium can be considered.

Figure 9.5 shows a portion of a realization of a two-phase random medium.
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n1

n2

dn1

Figure 9.5: A portion of a realization of a two-phase random medium [73].

9.3.2 Indicator function

An indicator function or a characteristic function is a familiar term in mathematics. This

function is defined on a set X, which indicates membership of an element in a subset A of X, which

can have the value 1 for all the elements of A and the value of 0 for all the elements of X which do

not belong to A. In a simple mathematics form, it can be defined as:

IA(x) =

 1 if x ∈ A

0 if x /∈ A
(9.7)

This function can be expanded to be used in a n-phase random medium as following:

I(i)(x;ω) =

 1 if x ∈ νi(ω)

0 if otherwise

(9.8)

For 2-phase random medium, i=1,2:

I(1)(x;ω) + I(2)(x;ω) = 1 (9.9)

It should be noted that the indicator function for the interface can be defined as:

M(x;ω) =| ∇I(1)(x;ω) |=| ∇I(2)(x;ω) | (9.10)

where x is a point on the interface. This is a generalized function which is non-zero when x is on

the interface.
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9.3.3 n-probability function

A probability distribution identifies the probability of each value of an unidentified random

variable in the case of the discrete variable or the probability of the value falling within a specific

interval in the case of continuous variable [24]. Moreover, the probability distribution describes the

range of possible values, which a random variable can attain and the probability that the value of

the random variable is within any subset of that specific range.

However, since the indicator function does not have a probability function, the probabilistic

description of I(i) is the probability that I(i) equal to 1, which can be written as:

P{I(i)(x) = 1} (9.11)

And also,

P{I(i)(x) = 0} = 1− P{I(i)(x) = 1} (9.12)

The cumulative distribution function of discrete random variable X can be defined as:

F (x) = P{X ≤ x} (9.13)

Additionally, the expectation of any function f [I(i)(x)] can be defined as:

〈f [I(i)(x)]〉 = P{I(i)(x) = 1}f(1) + P{I(i)(x) = 0}f(0) (9.14)

the brackets denote an average. When, f [I(i)(x)] = I(i)(x), the above equation can be simplified

as:

〈I(i)(x)〉 = P{I(i)(x) = 1} (9.15)

The above expression is referred to S(i)
1 (x) and it is called the one point probability function of

phase i at position x. It should be noted that it is sometimes referred to as the one point correlation

function for the phase indicator function.

The above equation can be expanded for n-point probability function in phase i at positions

x1, x2, ..., xn

S(i)
n (x1, x2, ..., xn) ≡ 〈I(i)(x1)I(i)(x2)...I(i)(xn)〉

= P{I(i)(x1) = 1, I(i)(x2) = 1, ..., {I(i)(xn) = 1}
(9.16)
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The n-point probability function is quite useful in rigorous expressions for the effective transport

and mechanical properties of random heterogeneous media such as:

(a) Effective conductivity, diffusion coefficient, dielectric constant...

(b) Effective elastic moduli.

(c) Fluid permeability, etc [73].

9.3.4 Surface correlation function

Surface correlation functions contain information about the random interface ∂ν and they

are so important in the case of flow problems. The simplest surface correlation function is the

specific surface function s(x ) at point x, which is a one point correlation function for statistically

inhomogeneous media. It should be noted that the specific surface is referred to an interface area

per unit volume.

Moreover, if phase 1 denotes the fluid or void and phase 2 denotes the solid phase, the following

equation can be written:

s(x) = 〈M(x)〉 (9.17)

Two point surface correlation functions for statistically inhomogeneous media can be defined as:

Fνν(x1, x2) = 〈I(x1)I(x2)〉

Fsν(x1, x2) = 〈M(x1)I(x2)〉

Fss(x1, x2) = 〈M(x1)M(x2)〉

(9.18)

where Fνν , Fsν and Fss are the void-void, surface-void and surface-surface correlation functions,

respectively. Figure 9.6 shows a schematic of these functions.

9.3.5 Effective thermal conductivity

Consider a finite-sized large ellipsodial macroscopically anisotropic composite specimen in

arbitrary space with d dimension. This arbitrary space is composed of two isotropic phases with
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n1

n2

dn1

r S2(r)

r

Fss(r)

r

Fsv(r)

Figure 9.6: A schematic of surface-surface and surface-void functions in a random medium [73].

different thermal conductivities σ1 and σ2. The shape of the composite is quite arbitrary because the

effective thermal conductivity tensor must ultimately be independent of the shape of the composite

in the infinite volume limit. It should be noted that the microstructure is perfectly general and

possesses a characteristic microscopic length scale which is much smaller than the semiaxes of

the elliposid, therefore the specimen can be called statistically homogeneous. Figure 9.7 shows a

schematic of a large d-dimensional ellipsodial.

Phase P

Phase q

Reference phase Reference phase

Effective
media

Figure 9.7: A schematic of a large d-dimensional ellipsodial.
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The local thermal conductivity can be explained based on the indicator function for phases

as following:

σ(x) = σ1I
(1)(x) + σ2I

(2)(x) (9.19)

where

I(p)(x) =

 1 if x ∈ phase p

0 if otherwise

(9.20)

As it can be seen from figure above, Torquato derived the effective thermal conductivity tensor

based on a reference phase. In another word, he assumed the d-dimensional ellipsoidal composite

specimen is embedded in an infinite reference phase which can be chosen to be arbitrary, however

for the simplicity it can be one of the two phases within the composite. Assuming reference

phase is phase q, which is subjected to an applied temperature field T(x) at infinity, therefore, the

polarization field can be defined by:

P(x) = [σ(x)− σq]T(x) (9.21)

Thus, the flux J can be reexpressed as:

J(x) = σqT(x) + P(x) (9.22)

The vector P(x) is called the induced flux polarization field relative to the medium, when

the phase p is absent. Therefore, its value is zero in the reference phase q and it is nonzero in the

polarized phase p.

Under steady state conditions without any sources, the flux is a divergence free and thus with the

help of the above equation, it can be said:

σq∆ϕ̂(x) = ∇.P(x) (9.23)

Where ϕ̂(x) = ϕ(x) − ϕ0(x) and ϕ0(x) is the potential at infinity. Therefore, it can easily be

concluded that

ϕ̂(x)→ 0, when |x| → 0 . (9.24)
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On the other hand, the infinite-space Green’s function can be defined to satisfy the equation below:

σp∆g(q)(x, x′) = −δ(x− x′)

∆g(q)(x, x′)→ 0, when |x| → 0 .

(9.25)

Multiplying both sides of equation 9.23 by the Green’s function, replacing the ϕ̂(x) and integrating

by part would result as:

ϕ(x) = ϕ0(x)−
∫

∆g(q)(x, x′).P(x’)dx′ (9.26)

It should be noted that the integral is just over the finite-sized composite specimen and that is just

because of the presence of polarization P. However, the integral is improper because the Green’s

function will hold singularity at x=x’. Excluding the region which causes the singularity is the only

approach to differentiate under the integral. Therefore, in order to obtain the temperature field

T(x), this method can be adopted and the result would be as following:

T(x) = T0(x) +
∫

G(q)(r)P(x’)dx′ (9.27)

where:

G(q)(r) = −D(q)δ(r) + H(q)(r) (9.28)

In this equation, the D and H are defined based on the following equations:

D(q) =
1
dσq

I

H(q)(r) =
1

Ωσq
dnn− I

rd

(9.29)

Additionally, it can be easily seen that the H(q)(r) is the double gradient ∇∇g(q)(r). Moreover,

since the integral will be carried over the areas excluding at x=x’, the integral of H(q)(r) over the

surface of a sphere of radius R¿0 should be equal to zero, i.e:∫
r=R

H(q)(r)dΩ = 0 (9.30)

Now replacing equation 9.28 into equation 9.27 would lead to the following equation:

T(x) = T0(x) +
∫

[−D(q)δ(r) + H(q)(r)]P(x’)dx′ ⇒ F(x) = T0(x) +
∫

H(q)(r)P(x’)dx′ (9.31)
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The term F(x) is called cavity intensity field, which can be defined as:

F(x) = I + D(q)[σ(x)− σq].E(x) (9.32)

Comparing equation 9.21 and equation 9.32 would lead to:

P(x) = L(q)(x)F(x) (9.33)

where L(q)(x) can be defined as:

L(q)(x) = [σ(x)− σq]{I + D(q)[σ(x)− σq]}−1 (9.34)

As it can be seen from this equation, L(q)(x) is fractional linear transformation of the local con-

ductivity tensor (σ(x) = σ(x)I) and since it is an isotropic tensor, it can be said:

L(q)(x) = L(q)(x)I (9.35)

Thus a new notation can be introduced as:

L(q)(x) = σqdβpqI
(p)(x)

βpq =
σp − σq

σp + (d− 1)σq

(9.36)

It should be noted by using the I(p)(x) in the equation, the βpq is linked to both the polarized and

reference phases p and q, respectively and also the I(q)(x) would make the βpq equal to zero.

With this background information, Torquato showed that the effective thermal conductivity

can be expressed as following:

β2
pqφ

2
p[σe − σqI]−1.[σe + (d− 1)σqI] = φpβpqI−

∞∑
n=2

A(p)
n βnpq, p 6= q (9.37)

where:

βpq =
σp − σq

σp + (d− 1)σq

A(p)
2 =

d

Ω

∫
d2t(1, 2)[S(p)

2 (1, 2)− φ2
p]

Ω(d) =
2πd/2

Γ(d/2)

t(r) = ΩσqH(r) =
dnn− I
rd

n =
r

| r |

(9.38)
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Explicitly, βpq is called polarizability which is a scalar parameter. As it can be seen from

the above equation, this term depends on the conductivities of the polarized and reference phases

p and q, respectively. A(p)
2 is the n-point tensor coefficients and based on the above equation, it

can be easily concluded that is a certain integral over the S(p)
2 associated with phase p (polarized

phase).

Since throughout the derivation, the fact that the dr = Ω(d)r(d − 1)dr has been used in a d-

dimensional spherical coordinate system, thus the Ω(d) has to be defined as above equation. Ω(d)

is the total solid angel contained in a d-dimensional sphere. Moreover, the term t(r) is the property

independent tensor which is trivially related to H(r) tensor. H(r) is the double gradient ∇∇g(q)(r)

which is linked to the second order identity tensor I and the radial unit vector n.

Considering micro-structures for which the n-point tensor coefficients A(p)
n =0 for n � 3 would

reduce the equation to:

φ2
p[σe − σqI]−1.[σe + (d− 1)σqI] = φpβ

−1
pq I−A(p)

2 , p 6= q (9.39)

It is more convenient to use the expansion of the thermal conductivity tensor based on the difference

in the phase conductivities for some subsequent calculations. Therefore, the following equation will

be used in the calculation.

σe = σqI + σq

∞∑
n=1

a(p)
n (

σp − σq
σq

)n, p 6= q (9.40)

where as are some coefficients which are defined based on the volume fractions of the polarized and

reference phases as well as the n-point tensor coefficients in the following format:

a(p)
1 = φpI

a(p)
2 =

1
d

[A(p)
2 − φpφqI]

(9.41)

Expanding the summation term in the above equation would lead to:

σe = σqI + σqa
(p)
1 (

σp − σq
σq

) + σqa
(p)
2 (

σp − σq
σq

)2, p 6= q (9.42)

Replacing the a values would result as:

σe = σqI + φp(σp − σq) +
1
2

(A(p)
2 − φpφq)

(σp − σq)2

σq
, p 6= q (9.43)
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Since the A(p)
2 which is called 2-point correlation, i.e. autocorrelation function. So, Equation 9.43

is a theoretical model that takes into account higher order statistical information of the internal

structure of composite materials.

9.4 Application of mosaic pattern in the general model for effective thermal

conductivity

9.4.1 Application of the autocorrelation function of L-mosaic pattern

A(p)
2 in Equation 9.43 can be replaced based on the L-mosaic 2-point correlation function,

thus:

A(p)
2 =

d

Ω

∫ ∞
0

dνt(ν)[φ2
p + (φp − φ2

p)exp
−λν − φ2

p] (9.44)

By some simple math operations, the above equation would become:

A(p)
2 =

1
π

(φp − φ2
p)

∫ ∞
0

ln
1
ν
exp−λνdν (9.45)

The integral term can be simplified as:

A(p)
2 =

1
π

(φp − φ2
p)[

0.5772
λ

] +HOT (9.46)

Substituting the Equation 9.46 into Equation 9.43 would assist to calculate the effective

thermal diffusivity (thermal conductivity) of a two-phase composite.

9.4.2 Numerical results and discussions

Figures 9.8 through 9.10 show the effect of each of the parameters on the effective thermal

diffusivity of a two-phase composite.
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Figure 9.8: The effect of fixed volume fraction on effective thermal diffusivity.
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As it can be seen, for equal matrix and inclusion volume fraction, by increasing the ther-

mal diffusivity of the inclusion phase, the effective thermal diffusivity is increasing as well, which

indicates the key role of thermal diffusivity of the inclusions in the whole composite. However, if

the thermal diffusivity of the matrix is higher than the thermal diffusivity of the inclusions, any

increase in the volume fraction of the matrix would lead to higher effective thermal diffusivity.

The effect of the coarseness on effective thermal diffusivity is another important factor. From Fig-

ure ?? it can be seen that for equal matrix and inclusion volume fractions, when the matrix has

the dominant thermal diffusivity, the larger the coarseness are, the larger the decrease of effective

thermal diffusivity of the composite. This decrease in the value of the thermal diffusivity continues

until the coarseness no longer affects this value. The same result was observed in the case of the

increase in the coarseness.

Rubberized-mortar can be considered as a three-phase composite, with sand as phase one,

rubber particles as phase two and cement paste as phase three. Multi-phase analysis method based

on generalized self-consistent model (see chapter 4) can be used in order to get the effective thermal

diffusivity based on higher order autocorrelation developed in this chapter. Figure 9.11 shows the

multi-scale modeling of rubberized-mortar.

Phase 1= Sand
Phase 2= Rubber 
and CP

GSC model

GSC model

Phase 1= Rubber
Phase 2= CPRubber

Cement pasteSand

Figure 9.11: Multi-scale modeling of rubberized-mortar.
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Figures 9.12 and 9.13 show the effect of change in the volume fraction of rubber and change

in the coarseness of rubberized-mortar.
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Figure 9.12: The effect of change in the volume fraction of rubber on effective thermal diffusivity
of rubberized-mortar.
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Figure 9.13: The effect of change in the coarseness on effective thermal diffusivity of rubberized-
mortar.

As one can see, any increase in the rubber volume fraction would decrease the effective thermal

diffusivity. The same results can be observed by increasing the coarseness and thus decreasing the

particle sizes of rubberized-mortar as shown in Chapter 5.

9.5 Conclusions

A general theoretical model was introduced to characterize the effective thermal diffusivity

of multi-phase composite considering higher order statistics of the microstructure of the composite.

The autocorrelation function of L-mosaic pattern was used in the general model that can show not

only the effect of volume fraction of the constituent phases but also the coarseness of the phases.

Numerical results have revealed that:

(1) Any increase in the volume fraction of the inclusions which have a higher thermal diffusivity

than the matrix would increase the effective thermal diffusivity.

(2) Any increase in the coarseness would decrease the effective thermal diffusivity. The model

predictions were verified by the conductivity test data of rubberized-mortar.

The model was verified by using the rubberized-mortar as an application to a multi-phase compos-

ite.



Chapter 10

RECOMMENDATIONS FOR FUTURE WORK

The main goals of this dissertation were

(1) Characterization of heterogeneous microstructure of multi-phase cementitious materials

and the effect of microstructural features on transport properties of the material.

(2) Utilization of phase change materials and recycled rubber particles from waste tires to

improve thermal properties of insulation materials used in building envelopes.

To do so, several experimental and analytical studies were performed. Each chapter’s focus is

different from the other.

Since this dissertation focused on both analytical and experimental studies, the future works would

be divided into two sections as well.

10.1 Analytical study

(1) Analytical study on moisture effect on thermal conductivity of multi-phase composite.

(2) Developing GSC model in terms of moisture and temperature to predict the thermal con-

ductivity of multi-phase material.

(3) Developing GSC model in terms of moisture and temperature to predict the drying shrink-

age of multi-phase material.

(4) Developing GSC model in terms of moisture and temperature to predict the chloride pen-

etration into cementitious material.
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(5) Developing an analytical model based on higher order autocorrelation functions for ion

transport properties.

10.2 Experimental study

(1) (1) Studying damage development of concrete under high temperature based on different

aggregate size, shape and volume fraction and comparing the results with the analytical

model developed in this dissertation.

(2) The effect of different PCMs with different melting points, different physical appearances

such as wet cake and dry powder on thermal conductivity of PCM-concrete and PCM-

mortar.

(3) The effect of different PCMs with different melting points, different physical appearances

such as wet cake and dry powder on drying shrinkage of PCM-mortar.

(4) The study of chloride penetration into PCM-concrete.

(5) The study of chloride penetration into rubberized-concrete with different rubber size par-

ticles.

It should be noted that since numerical studies with the use of finite element is a great help in

various fields, it would be interesting to do some finite element analysis for different materials. The

numerical study can be done considering the materials microstructure and predicting their effective

transport properties, long term behavior as well as the crack propagation.
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