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ABSTRACT

Foam concrete has attracted attention worldwide because of its light weight and
enhanced insulating properties as a building material. Pore features in foam concrete
play an important role in affecting its compressive strength and insulation properties.
Therefore, quantitative description of relationships between pore features heat
conductivity and compressive strength is the main aims of this thesis. To accomplish
the aims, theoretical method is employed to deduce the heat conductivity, and
experimental method is used to justify its compressive. Further, Matlab and Python
program are programmed to depict the random pore distribution, and then finite
element method is employed to calculate its compressive based on the pore

distribution.

Initially, experimental testing of the compressive strength of foam concrete is
carried out, in which @2.68 mm and @7 mm of EPS beads are adopted in order to
study the influences of volume fraction and size. The results of this work showed
that the compressive strength of EPS concrete at 28 days can be expressed as:
foes =5.58x 1078 x p272 and f, =3.2%x 1077 x p3%7 | in which p is the
density of EPS concrete. By comparing the experimental results and the calculated
results from simulation, it can be established that the smaller EPS beads size and the
lower the EPS volume fraction, the smaller the difference between calculated and
experimental data. Furthermore, Young’s modulus for specimens containing
different EPS beads is measured with strain gauges during the compression process.
Based on the stochastic of pore features of foam concrete, numerical method is
employed to construct a pore feature function related to volume fraction. Then the

relationship between pore features and compressive strength is correlated.

Next, a theoretical model for idealized foam concrete with a uniform pores

distribution is devised to describe compressive strength at 28 days f. = f,(1 —

2
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, In which f; is compressive strength of completely solid concrete,

fc 1s compressive strength under a certain volume fraction of pore, a is cubic

sample size, r is the radius of pore size, V is the volume fraction, and fix is a
1]



round function. Additionally, compressive strength by mixing two sizes of pores is
studied and the results indicated that the compressive strength is reduced when
compared to that made by just one-size pores. Also the maximum compressive

strength is achieved when the volume fraction ratio for the two sized pores is 50:50.

A 2-D random pore distribution program is used to describe the pore (by EPS)
distribution in real concrete. The pores distribution generated by the program in 2
dimensions is compared with that from experimental images, and it is established
that the random model can be used to describe the pores distribution in 2 dimensions.
Following this, a 3-dimensional distribution program is written, and the
3-dimensional model is imported into Abaqus software expressly to calculate stress
distribution. The simulation results confirms that stress concentration is generated
locally where the inter pores distances are minimal during loading pressure. Stress
distribution in the sample with the smaller pores is more uniformly distributed than

that for large pores.

Finally, in this thesis, a heat conductivity model for foam concrete is built according

to heat transference principles. A mixed heat transferring model by series and
kg%+ks<1—3fvgz>
kg<3,ng_Vg>+ks<1_3JE+Vg>’

effective heat conductivity, kis the heat conductivity of the solid concrete part, k,

parallel mode is utilised: k., = kg in which k.,is the

is the heat conductivity of air in the hollow pores, and V; is the pore volume
fraction. Compared with series, parallel, Maxwell-Eucken and the Carson heat
transferring model, the heat conductivity calculated by the proposed model more
closely matches the experimental results, and the relative error is less than 6%.
Using this heat conductivity model, the temperature field of a building wall made of
foam concrete is compared with that made of traditional concrete under simulating
fire incident conditions. This temperature field simulation indicates that the foam

concrete wall allows people longer period to escape from the fire.

The highlight of this thesis is following:1) building a relationship between pore
feature and compressive strength; 2) building a compressive strength model of two

sizes EPS beads mixing model; 3) compiles a program code for random pore



distribution model and predicting the stress distribution; 3) building a heat

conductivity model of foam concrete that fits experimental results well;

Key words: Foam concrete; Heat conductivity; Compressive strength; EPS beads;
Numerical simulation
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CHAPTER 1 INTRODUCTION

Foam concrete is a lightweight concrete that air-voids are entrapped or entrained in
the solid concrete body [1], which has been used in the non-structural and structural
construction since 1920s[2, 3]. In the last century, foam concrete developed quickly,
especially for the present, energy saving spreads all over the world[2, 4]. Foam
concrete with advantages of light weight, good insulation, sound absorption, fire
resistance and low manufacturing cost is widely used in construction industries[4].
Using foam concrete to partly replace the traditional concrete as non-bearing walls
or ceilings can not only reduce the buildings weight leading to reduced dead-loads
on the foundation and make the buildings more energy-efficient, but also can reduce
CO, emission during the construction and the whole service life of building,

therefore, it is regarded as an environmentally friendly material [2, 5, 6].

Now most of foam concrete applications are related to its thermal insulation
properties and mechanical properties[7, 8]. Generally, thermal insulation properties
increase with decreasing the density of foam concrete, while the mechanical
properties are in the same trend as the density variation. In fact, the low compressive
strength of foam concrete limits its applications in thermal insulation field.
Therefore, the application of foam concrete has to consider the balance between the
thermal insulation properties and mechanical properties. The macroscopic thermal
insulation properties and mechanical properties are directly influenced by the
microscopic pore features, such as porosity, pore size, pore area fraction, pore
distribution, pore shape factor, etc [8, 9].

Currently study on foam concrete focuses on the influence of the porosity on the
compressive strength and heat conductivity [10-12], which neglects pore features’
influence, including pore size, pore shape factor, pore area fraction and pore size
distribution, etc. Although the porosity of foam concrete is regarded as an primary
role in determining the compressive strength and heat conductivity[13-15], knowing
the pore features is helpfu3.l to understand how these microscale pore features affect
the macro physical properties, which can also provide a theoretical tool to design,

evaluate and optimize the foam concrete producing process[16].



However, pore features of foam concrete are statistical data obtained from
experimental specimens, which vary in different samples[15, 16], especially for the
pore size, pore shape factor, pore area fraction, pore distribution et al. Besides the
porosity of foam concrete, pore size is regarded as another important factors
afftecting the compressive strength of foam concrete[2, 9], in which the smaller size
of pores leads to higher compress strength. Moreover, the compressive strength
model of foam concrete related with porosity and pore size is empirical model.
Therefore it is necessary to study the pore features of foam concrete by quantitative

method.

Although, using EPS beads to replace foam is an effective way to study the
influence of pore size on compressive strength, the ratio of EPS beads size to sample
size and different size EPS beads mixing together are ignored before, and these
research works have real significantly meaning for industrial production. Further,
heat conductivity is an important index to evaluate energy saving efficiency of
building, and a good model of heat conductivity can predict the heat conductivity of
foam concrete more accurately that can reduce the experimental cost effectively.
Finally, the comparison of temperature field between traditional concrete and foam

concrete during fire accidence is studied to illustrate its well thermal insulation

property.

This thesis aims to determine the relationships between compressive strength/heat
conductivity and pore features of foam concrete, which is helpful for engineers and
researcher to design and manufacture foam concrete with a certain property. To
accomplish this aim, experimental, theoretical and numerical simulation methods
have been employed to investigate the influence of pore size on compressive
strength, the reconstruction of the pores distribution in 2D and 3D, the stress
distribution during loading process and heat conductivity as well as temperature

field of foam concrete during fire accidence are studied.

The thesis is divided into 8 chapters: Chapter 1 is a brief introduction of the thesis;
Chapter 2 is the literature review; Chapter 3 is the compressive strength and
Young’s modulus of EPS concrete at different volume fractions and sizes by

experimental method; Chapter 4 presents theoretical model of compressive strength;

2



Chapter 5 is the EPS distribution that is carried by computer simulation and
compared with real sample; Chapter 6 is a simulation of EPS concrete compressive
strength under different volume fractions and sizes; Chapter 7 explores a heat
conductivity model for foam concrete and the resultant temperature field during fire

incident; Chapter 8 forms the summary.



CHAPTER 2 LITERATURE REVIEW

2.1 Research background

Concrete remains one of the most widely used manmade construction materials in
the world. Traditional concrete is composed of Portland cement, sand, aggregates
and water [17], and its density ranges from 2240 to 2600 kg/m® [18] with a
compressive strength in a range of 20 — 80 MPa [19]. Global cement consumption
was about 41 billion tons in 2015 [20]. Generally, unreinforced concrete is used in a
compressive condition whereas reinforced concrete can be subjected to tensile
loading. The latter is used extensively in applications such as buildings, bridges,

tunnels, reservoirs, marine structure and other infrastructural projects.

Although concrete plays an important role in modern construction and buildings, its
whole life negative impacts cannot be neglected. The cement production process
releases great amount of CO,. Production of 1 kg cement generates 0.9 kg CO; [21].
Overall concrete production contributes 8% of global CO, emission [22], and is one
of the biggest sources of global warming gas. The concrete industry also consumes
40% of world energy, 12% of world water consumption and generates 40% of waste
to landfill [23]. Therefore, there is an urgent demand to improve concrete industries

to be more environmentally friendly and sustainable.

Since the 1970s energy crisis, energy saving has become a common goal
internationally. It then becomes important for the building/construction industry to
develop improved materials to make buildings more energy efficient. Thermal
insulation is one of the effective measures to achieve energy savings in buildings
[24]. Foam concrete is a type of lightweight concrete with good thermal insulation
properties that makes buildings more energy efficient than traditional fully solid
Portland concrete. Due to its lower density, foam concrete is easier to transport from
one location to another, and it is easier to cut than traditional concrete. Foam
concrete also doesn’t contain any easily combustible substances and can be used as
an excellent fire barrier in the construction of buildings [25]. In addition, due to air
pores embedded into concrete, it has excellent sound absorbing properties [1, 26].
As energy efficient material with a relatively low production cost, a minimum
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strength is required as well as insulation and sound absorption, it has attracted

interest from both researchers and construction industry.

2.1.1 What is foam concrete

Generally speaking, foam concrete is made of cement, water and air bubbles(foam),
and the volume of foam in concrete determines the density of foam concrete, which
can range from 300kg/m® to 1800kg/m® [11], much lower than traditional solid
Portland concrete.

The first patent for foam concrete can be dated back to 1923 [1, 23]. Its construction
applications as a lightweight non- and semi-structural material have increased
significantly in the last decade. The first comprehensive review of foam concrete
was presented by Valore in 1954 [1, 23, 27]. In 2000, Narayanan and Ramamurthy
[11] reviewed the properties of foam concrete, including water absorption,
capillarity properties, durability, thermal conductivity, fire resistance and acoustic
properties. In 2007, Nambiar, Kunhanandan and Ramamurthy [15] focused their
research on the characteristics of air voids in foam concrete. Barayanan and
Ramamurthy [11] reviewed research developments on microstructure and properties
of foam concrete, in which different models of volume fraction and strength are
considered. To date, foam concrete has been widely accepted by industries and
academics, and more and more different kinds of foam concrete have been
developed, including higher compressive strength and environmental-friendly foam
concrete [28, 29].

2.1.2 Classification of foam concrete

Foam concrete can be broadly classified into three classes according to the method

of pore formation [11] as listed as below:

1) Gas concrete, where gas forming chemicals are mixed into lime or concrete
mortar during the liquid or plastic stages and gas is generated by a chemical

reaction;



2) Foam concrete in which the pre-formed foam is mixed with concrete and water.
This method has the lowest production cost, but pore size and volume fraction in the
concrete is difficult to control;

3) A combination of the above methods.

2.1.3 Advantages and limitations of foam concrete

Due to the presence of a large volume of void pores, foam concrete has some special

characteristics:

1) low self-weight means that it can save lots of cement, and can also be

transported more easily [30];

2) low heat conductivity makes it more suitable as thermal insulation material and

fire-resistant material [31, 32];

3) the large pore volume in the concrete results in lower production cost than
traditional concrete [33];

4) foam concrete has good sound absorption properties that can reduce noise impact
on residential and commercial buildings [29, 30, 34].

Despite the many advantages of foam concrete, low compressive strength is one of

important factors limiting its wider application.

2.1.4 Application of foam concrete

With the advantages mentioned above, foam concrete has a wide spread of
applications, such as roof decks, heat and sound insulation walls, and road sub-base
etc [35, 36].



Figure 2. 1 Examples of Foam concrete applications a) insulation wall, b)

running track sub-base [36]

Two applications of foam concrete are depicted in Figure 2.1. In the first, it is used
as an insulation wall, which can make the building more energy efficient. In the
second, it is used as a sub-base of a running track, an application where minimized
strength is required. These diverse applications indicate that foam concrete has a
large market potential as the energy efficiency and lower production costs become
more important for its market acceptance. It is predicted that the use of foam

concrete in industrial and civil buildings will be greatly expanded.



2.2 Previous research on foam concrete

Historically, researchers have paid much attention to chemical composition and
physical properties [1, 37-40], mechanism of chemical reaction [41, 42], and
relationships between pore volume fraction and mechanical/thermal insulation
properties of foam concrete [43-47]. Other researchers investigated stress
distribution, failure mechanism [48-50], creep and shrinkage, and cracking caused
by shrinkage [51-54]. All the research can be summarized as either the relationship
between chemical composition and properties or the relationship between

micro-structure and properties.

When the chemical composition is known, the final properties of foam concrete are
dependent its structure. Most of previous models are related to the pore volume
fraction, which means that if the pore volume fraction is known, thermal properties
and mechanical properties can be deduced. This is based on the assumption that all
void spaces are uniform in size and distribution and of a spherical shape. These
models didn’t consider the influences of irregular pore shape and variable pore sizes

on the final properties.

Figure 2. 2 Actual pore structure image of foam concrete’

A pore structural morphology of foam concrete is imaged in Figure 2.2, in which the

white colour part represents for the porous regions and the black part represents for

! Images are provided by Dr Zuhua Zhang



the matrix binder regions. In Figure 2.2 a), volume fraction of 13% is depicted and
in Figure 2.2 b) volume fraction of 20% is depicted. These images demonstrate that
the pore size ranges from 0.1mm to several mm, and as the pore volume fraction

increases, the average pore size also increases.

It is also indicated in Figure 2.2 that the pore size is variable and the pore shape is
not uniformly spherical. It is apparent that the volume fraction only doesn’t reflect
the real pore structure of foam concrete, and that the roles of these irregular pores in

affecting the properties need to be studied.

It becomes very useful to quantitatively and accurately describe the internal pores
structure and to establish a relationship between the irregular pore structure and
properties. The ability to design and control pore structure for high efficiency and
low cost by using modelling approach instead of relying solely on the experimental

method has significant advantage.

2.2.1Mechanical properties

Compressive strength is one of the most important indexes for concrete materials.
Foam concrete with high void space possesses much lower compressive strength
than normal Portland concrete. The relationship between void ratio and compressive
strength of foam concrete play a determined role in limiting the foam concrete
application. A suitable model describing relationship between void ratio and
compressive strength is thus highly desired during foam concrete mix design
process. With the model, the balance between weights of foam concrete and
compressive can be predicted. Over the past decades, researchers developed
different models to describe the relationships between pore volume fraction and the
compressive strength of foam concrete [10, 11, 13, 16, 55]. These models are listed
in Table 2.1.

Table 2. 1 Compressive strength model of foam concrete [10, 11, 13, 16, 39,
56-59]

Model name Mathematical model description

Feret’s equation " _ _
S=K - ) : where w/c is water-cement ratio, a/c

mEne
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Schiller Equation

Powers’ gel-space ratio

Strength-volume
fraction

Balshin expression

Ryshkevitch

Hasselmann

Hoff

Kearsley

Nambiar

Lian

Omkar Deo and
Narayanan Neithalath

is air-cement ratio, and K and n are constants.

S = K{In(P,,./P) where Pg is the critical volume
fraction corresponding to zero strength, and K, is the
coefficient;

S =Kg" ; where g is the gel-space ratio, and K and n
are constants;

n=1-[d.(1+0.2p.)/(1+k)p.yw]?; where d, is
concrete density, p. is the specific gravity of cement,
Yw IS the unit weight of water, k is water-cement ratio,
and b is an empirical constant;

S=S,(1—-p)*, S, is the strength at zero volume
fraction, p is pore volume fraction, n is coefficient;

S = S,e~*P: where S, is zero volume fraction strength,
k is constant, and p is pore volume fraction;

S=S8,—kyp; where S, is zero volume fraction
strength, k;, is constant, and p is pores volume fraction;

fy ( de )b (1+O.2pc)b )
==(—=) (—==) ; where g, compressive strength,
fo 1+k PcYw y P g

k water/cement ratio, p. concrete density, y,, weight of
water;

S =39.6(In(t))17*4(1 — p)>®; where t is time and p is
pore volume fraction;

S = bO + Zé‘zl bl-xl- + Zé‘zl biixiz + Zi<jz bijxi Xj; where
X; are quantitative variables, and by and b; are regression
coefficients;

S =/A(1 —p)™e~"P; where A, m and n are constants,
and p is the volume fraction;

fl=ay+a, [lngdZ:S)] + a, ((’S)A) + a3inls, ; where

@y, ay, a,and as are coefficients, d,, is averaged pore
diameter, dyps is averaged pore distance, S, is shape
factor, ¢, is averaged pore area fraction, and Iz, is 3d
shape factor.

It can be deduced from Table 2.1 that compressive strength models can be divided

into three types. The first is based on water-cement and air-cement ratios including

Feret’s model, strength-volume fraction model and Hoff model. The second type is
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based on the gel-space ratio including Powers’ gel-space ratio, and the third type on
the volume fraction including Balshin’s expression and Ryshkevitch and
Hasselmann model. However, most volume fraction-related models regard the
overall void space as the only factor affecting compressive strength. Compressive
strength can be expressed as an exponent function of volume fraction, but these
models neglect the influence of pore features. The model presented by Omkar Deo
does relate pore features to compressive strength, but the pores in the model are
confined to an average pore size ranging from 3-10mm, which is much bigger than

that of foam concrete.

Young’s modulus and the Poisson ratio are also important property indexes for foam
concrete, some researchers have presented models, which consider volume fraction
[60-62] and Young’s modulus. These are listed in Table 2.2.

Table 2. 2 Models employing Young’s modulus of foam concrete [61, 62]

Model name Mathematical description

Gibson and F _ p

AShby Erer - ¢ (Pref
microstructure; n is exponent constant, and E,.r and p,.r are
solid reference materials;

n
) : where « is a constant, its value relied on the

Christensen E _ 2(7-vs) p. . . . .
—=——_3% - where pis density of solid part, and v.is

model Eg 3(1-v4)(9+5Vs) ps Ps y P Vs
the Poisson’s ratio of solid part;

Hashin-Strikman  Zu _ P where Cy = (1+v9)(A3-15v5).
Eg 1+Cy(1—p) 2(7-5vs)

Simone and E _ p p\2.

aibson £~ 0315 (p) +0.209 (p) :

semi-empirical

E oo (2) +(1— o)L i i ion:
formulae 5~ 0] (ps) +(1-9¢) ps,where ¢ is the solid mass fraction;

In models incorporated Young’s modulus is a function of density and Poisson ratio.
The density ratio and the solid mass fraction are all expressed as a volume fraction

function.
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In general, Poisson’s ratio is assumed as a constant for foam concrete except for

Christensen model [62]: v = ;?’5 in which vg is Poisson ratio of the zero volume

)
Vs

fraction.

2.2.2 Thermal insulation property

Thermal insulation is one of the main applications for foam concrete. The thermal
insulation ability depends on three factors: the heat conductivity, the density and the
specific heat. The density of foam concrete can be readily obtained from its volume
and mass, but the heat conductivity and the specific heat properties require some
special facilities for their determination, which involves high cost. Therefore, the
ability to theoretically calculate heat conductivity and the specific heat for foam

concrete is highly desirable.

(1) Heat conductivity model
Again, there are many different models to predict heat conductivity as listed in
Table 2.3.

Table 2. 3 Heat conductivity models [63-68]

Model name Mathematical description of heat conductivity
Series model k, = 1_]7; =k . \yhere k and kg are heat the
sz (1-vg)kg+voks

ks kg
conductivities of solid and gas, respectively, and vq is the air
void pore volume fraction.

Parallel model ke = (1 —v,)ks + vyk,; variables are the same as series
model.
1
Carson ke =5 (g = Dky + B0 =) 1] ks +V([(3vy — kg +
[3(1—v, ) —1]ks ]| +8ksk,)); variables are the same as
series model.

Maxwell-Eucken | 2ks+kg—2(ks—kg)vg,

k. = ks ; variables are the same as series
2ks+kg+(ks—kg)vg
model
- 2kg+ks—2(kg—ks)(1—v .
Meoawell-Eucken II ke =ky—2— (kg ks)(1vg) variables are the same as

2kg+ks+(kg—ks)(1-vg) ’
series model.
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Kim k. = (1-vg)kstvgky.
€ Tdry '
others are the same as series model.

where tg4,, is tortuosity factor, and the

As for Table 2.3 various effective heat conductivity models can be divided into
three classes. The first class is generally used for predicting the general heat
conductivity of multiphase material, such as Series and Parallel models. The second
class is used for predicting the effective heat conductivity for porous material, and
includes the followings: Carson model, Maxwell-Eucken | and Maxwell-Eucken 11,
which can be applied to different porous materials. The third class is used for
predicting effective heat conductivity of foam concrete, such as by Kim’s model
[58]. The model presented by Kim requires an artificial coefficient to adjust its

results.

However, all above models neglect the influences of void pore features, as well as

internal heat transferring in void pores.
(2) Specific heat model

Specific heat is heat capability related to material type and its structure. Bentz et al.,
[69] studied the thermal properties of fly ash mortar and concrete, in which the

specific heat can be expressed as:

=CP

water

p p p p D
Cconc Myater + Ccemmcem + CFAmFA + Cgandmsand + Ccaggmcagg

2.1)

where m stands for mass fraction, CP stands for specific heat; and subscripts conc,
water, FA, cem, sand and cagg stand for concrete, water, fly ash, cement, sand and

concrete aggregate, respectively.

Zhou et al [70] presented a specific heat model of combined materials, which is

expressed as:

LoCl+LpC)
T Lgt+Lp

cP (2.2)
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where CP is specific heat; L is thickness of specimen, and the subscript a and b are

different components of concrete, respectively;

Equation 2.1 is accepted by most researchers, implying that the specific heat of
foam concrete can be described as an averaged function of specific heats of the
different phases [24] multiplied by their mass fractions.

2.3 Challenges in current research

Although foam concrete has been developed for nearly 90 years [11], many aspects
remain to be investigated, such as light weight, thermal insulation and mechanical
properties/weight ratio. New research needs to be based on appropriate
understanding of the mechanisms of thermal, mechanical and physical/chemical

behaviour of foam concrete from the micro-scale to macro-scale [28, 29, 71, 72].

More broadly, the research on foam concrete includes chemical composition design,
pore structure design, creep and shrinkage mechanism, process optimization, and
failure mechanisms [1, 29].

The two most important factors for foam concrete applications are thermal
insulation and compressive strength. Therefore, the factors controlling these two
properties and their interdependence are the primary focus of industries and

researchers.
Consequently, the main emphasis of this foam concrete research is listed below:

1) How can the pore structure features be quantitatively and accurately
described?

2) Can a relationship between irregular pore structure features and properties be
established?

3) Can an effective numerical design method be developed to control the pore
structure that has low cost and high efficiency instead of traditional

experimental methods?

Establishing relationships between void pore features and compressive

strength/thermal insulation is a complex issue because pore features including pore
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shape, pore size and pore size distribution must all be considered [9, 14-16, 25, 73].

Researchers have found it difficult even to quantitatively describe pore features.

2.3.1 The status of heat transfer research

The existing heat transfer models for foam concrete neglect the inner radiation
within the void pore. It is a difficult process to find a model that quantitatively
considers not only macro-pore features but also inner radiation. The influences of
pore features on heat transfer including conductivity, convection and radiation still
remain to be established or modified. While the heat conductivity of foam concrete
is a key parameter related to heat transfer, features of the existing modelling

methodologies are provided in Figure 2.3.

Volume
fraction .
Effective heat
conductivity
Heat -
conduction This model neglects some
important information
Pore feature Radiation.
(s1ze, shape and convection
distribution)

Figure 2. 3 Shortcomings of current heat conductivity method

As illustrated in Figure 2.3, the existing modelling methodology for the effective
heat conductivity is based on pore volume fraction and heat conduction only, which
neglects the impact of pore features, such as inner radiation and convection in void

pore.

2.3.2 Compressive strength

Mechanical properties, especially compressive strength of foam concrete, decline as
the void and pores volume fraction increases in general. However, there has been
little quantitative relationship published to describe the influences of pore features
on compressive strength as most of models focused on the relationship between pore

volume fraction and compressive strength [1, 7, 13, 39]. This reflects the difficulty
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in identifying and quantifying void pore features, such as pore size, size distribution,

pore area fraction, and pore separation [15, 16].
(1) Experimental research

Many previous researchers have used the experimental approaches to study
compressive strength [7, 9, 13, 15, 39, 45]. The experimental method is a direct way
to provide a relationship between pores features in foam concrete and compressive
strength, but at a higher cost than theoretical analysis and numerical simulation
methods. Furthermore, the experimental method takes long times to get result due to
concrete inherit slow-hardening properties. Moreover, results are always affected by
experimental conditions, such as temperature, moisture content, curing time etc, all
of which affect the precision of experimental results. At present, most research on

foam concrete continues to use the experimental approach to study the relationship.

Because the pores in foam concrete are irregular shape and their size ranges from
um to mm [15, 74], the influence of pores size on compressive strength is difficult
to quantify. Using EPS beads to replace the foam in foam concrete can directly
study the size effect. Expanded polystyrene (EPS) has a spherical shape for which
the radius can be selected by a sieving method, and it is easy to measure its size.
Further, EPS has far lower strength compared with concrete, and consequently can
be regarded as pores embedded into concrete matrix. Therefore, using EPS beads to
substitute for the pores in concrete is an effective way to study the pore size impact
on compressive strength. Hence it can be regarded as an idealized material of

uniform size in concrete.

EPS concrete is a kind of lightweight concrete in which EPS beads are embedded
into cement paste to imitate void to reduce its density significantly. EPS concrete
with low density and high thermal insulation properties arouses great interest from
both industries and research institutes around the world for its potential wide
applications. These include energy saving construction material, sub-base material
for pavement and railway track beds, construction material for floating marine
structures, energy absorbing material for the protection of buried military structures

and fenders in offshore oil platforms [75-77].
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Although there are lots of advantages and potential applications, the mechanical
properties of EPS concrete are one of the weaknesses [78-80]. In general,
mechanical properties of EPS concrete declines as its density decreases. In the past
decade, there were many researchers investigating to EPS concrete [76, 78, 81-83]
with many publications related to mechanical properties. The relationship between
EPS beads and its mechanical properties would aid the design of EPS concrete to
better fit these applications, especially density, heat insulation and mechanical

properties.

K.Miled et al [78, 79] studied the size effect of EPS beads on the compressive
strength and failure of EPS concrete. In their model[78], EPS beads were assumed
to be distributed uniformly within the concrete, and then the damage initiation and
distribution in the specimen were calculated. Their research work indicated that
there was no size effect on the compressive strength. However, their model was just
a 2D model that couldn’t reflect the 3D dimensional situation. Uniform distribution
of EPS beads does not reflect real illustration. In 2007, K.Miled [79] et al used the
experimental method and numerical method to investigate the influences of size
effect of EPS beads on compressive strength and reported that a difference of
compressive strength between the big size and small size of EPS beads could reach
40% with the same density. They concluded that the finer EPS beads produced the
higher compressive strength.

2014 Ning Liu et al [80] studied the impact of size on the compressive strength
using numerical fitting method, in which they utilised an exponent equation to
describe the relationship among the EPS volume fraction, EPS size and compressive

strength.

In 2005 A.Laukaitis et al [84] studied the effect of size on the compressive strength
of EPS concrete. Their work demonstrated that the fine polystyrene yielded the
highest compressive strength and that crumbled polystyrene had the lowest
compressive strength. In their paper, compressive strength was expressed as a power
function of density corresponding to the three kinds of polystyrene. However, all the

samples’ compressive strengths were less than 1 MPa, and the difference for
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compressive strength between the fine polystyrene and large polystyrene samples
was about 0.1~0.2 MPa.

In 2006 Daneti Saradhi Babu et al[75] investigated the effect of EPS on compressive
strength, split tensile strength, moisture migration and absorption, for which they
derived a fitting function between compressive strength and EPS concrete density.
Their research didn’t explain from the influence of EPS bead size on the
compressive strength.

There was also others research on the EPS structure [83], fabrication and physical
properties [81], and numerical simulation [85, 86].

Although there has been some research focused on the effects of EPS bead size on
compressive strength, both theoretical and numerical methods are still necessary for
quantitative EPS concrete research.

(2) Theoretical analysis method

Theoretical analysis is an economical means to research compressive strength.
Many researchers have applied stress analysis method to the analyse of the failure
models of concrete[87, 88]. Although the theoretical analysis method is based on
physical model, it requires strong mathematical skills and this method still has
problem in dealing with complex structures and multi-axis stress state or

3-dimensional problems, which limits its application to simple structures.
(3) Numerical simulation method

Numerical simulation is a highly efficient and low cost researching method, which
can also solve complex structural problems. Finite element method (FEM) is one of
the most widely used numerical methods in the concrete field [83, 89-92]. Others
adopted FEM to study the influence of aggregates on failure [91], and some
researchers used FEM to study the impact of inner pore structures on the
macro-scale stress-strain relationship [89, 93]. However, precise calculation by
FEM depends on the meshed size of grid unit. Finer meshed size can make results

more precise, but employs longer calculation time.

Acrtificial neural network is another widely used method. Some researchers have

adopted an artificial neural network method to investigate the influences of chemical
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composition on compressive strength[94-96], others have adopted this method to
study the shrinkage of concrete[97]. Additionally, there have been some researchers
using this method to other aspects of concrete [98, 99]. However, there is less
research with this method on the relationship between pore features and
compressive strength. Although artificial neural network is a highly efficiency
research method, it uses mathematical method to establish the correlation between
each input parameter and output results, which lacks the physical meaning to

explain the correlation mechanism.

There are also other numerical simulation methods used in concrete field[100, 101],
such as numerical fitting [101] and fractional factorial method[100]. All these
numerical simulation methods present researchers with an economic and efficient
tool to quantitatively describe concrete problems. Hence, using numerical
simulation together with experimental verification can save the research costs and

enhance research efficiency.

2.4 Summary

Foam concrete has great market demand for its attractive physical properties.

Consequently, this thesis had two main aims:
(1) To quantitatively describe pore features;

(2) To establish the relationship between pores features and physical properties,

which include two aspects— thermal insulation and compressive strength.

The approaches employed to above these aims are theoretical deduction, numerical
simulation and experimental method, which are utilized to determine quantitatively
the impact of pore features on compressive strength and thermal insulation. To
achieve the aims, EPS beads is employed to build the correlation between beads size
and compressive, and the random distribution model is adopted to describe the EPS
distribution in concrete matrix and then the FEM method is used to predict the
compressive strength, and a theoretical model of heat conductivity model of foam
concrete and its fire resistance is also compared with dense concrete. Because pore
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volume fraction and pore size can be measured easily, therefore in the thesis, the

impact of pore volume fraction and pore size are studied.
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CHAPTER 3 COMPRESSIVE STRENGTH OF
FOAM CONCRETE

3.1 Experimental Design

To minimize the influence caused by other factors, the water/cement (w/c) ratio is
kept constant and the volume of EPS is varied. It is expected that the effect of w/c

ratio will be similar in all samples.

The flowchart (Figure 3.1) documents the steps used in making the EPS concrete
sample.

. . Weigh the water, Mixed cement, water
Design composition ement and EPS and EPS together
] Cut into 40 X40 X Weight and measure
ﬁ} Curing 28 days 3 .
40mm’ samples sample size
Test its compressive
strength

Figure 3. 1 Flow chart of EPS concrete sample preparation

The procedure is followed to the manufacture of the EPS concrete samples for
compressive strength testing. In order to investigate the influence of the EPS volume
fraction on compressive strength of EPS concrete, 5 groups of EPS volume fractions
are designed ranging from 10% to 50%. EPS bead radii are fixed at 1.3mm and 3.5

mm.

The following EPS beads and volume fraction are adopted in determination of

compressive strength (Table 3.1).

Table 3. 1 Experiment design

Vi 10% 20% 30% 40% 50%
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2.68mm N N N N N
7 mm \ v \ \ \

Vi is volume fraction of EPS; d is the EPS diameter; ¥ sample employed.

The volume fraction of EPS beads in EPS concrete is determined as:

Ve = Pc—Pmix
Pc—PEPS

(3.1)

where p, is cement density, which is 3150kg/m®; pgps is EPS bead density, which
is 18kg/m®; and p,,;, is EPS concrete density.

According to Equation 3.1, if the volume fraction of EPS bead is known, the density

of EPS concrete can be derived as:
Pmix = Pc — (Pc — pEPS)Vf (3.2)

Equation 3.2 can be also rewritten as Equation 3.3 for a unit volume of EPS

concrete.

pc(l - Vf) + PepsVr = M = Prmix (3.3)

Therefore, to mix a certain volume fraction of EPS concrete, the mass ratio for the
EPS concrete can be expressed as:

Mpyix = PmixV = pc(l - Vf)V + pepsVeV (3.4)

A 40X 40 X 40mm? cubic sample is adopted to ensure a reasonable EPS distribution.

The ratio of cement/water is set as 0.3, and the water lost during curing is 1/3 of
total water weight, which is obtained by measuring the dried sample. So the weight

of EPS beads can be determined.

The different volume fractions of EPS in EPS concrete are listed in Table 3.2.
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Table 3. 2 Component composition for different volume fraction of EPS concrete

im;i C EPS n}ass
ement 0 water
EPSVr (%) :(pc density density cement (Q) EPS(9)
penS)Vf
(9)

0 3150 3150 18 2423 727 0

10 2837 3150 18 2181 654  2.08
20 2524 3150 18 1938 582  4.15
30 2210 3150 18 1696 509 6.23
40 1897 3150 18 1454 436 8.31
50 1584 3150 18 1212 363 10.38

After casting, the samples are left in mould at an ambient temperature for 24 hours

to ensure adequate strength for handling. After demoulding the samples are water

submerged for 28 days.

Compressive testing is carried out on a MTS Insight test machine with a maximum

100 kN loading force as illustrated in Figure 3.2.

The Maximum Load Capacity of this Test Machine

v | | -

is 100 kN in both Tension and Compression

Figure 3. 2 Compressive strength test machine

The loading force and displacement are recorded during the test. When the cross

area of the sample is input into the computer, compressive stress and strain can be
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determined directly, and then Young’s modulus can be deduced by using the strain

and stress data.

As displayed in Figure 3.3, the strain during the compressing process may be
contributed by the steel plates, the wood plate and the concrete sample. However,
the test machine is unable to distinguish the strain contribution by each of these. In
order to accurately measure concrete sample strain, strain is measured by a strain
gauge (made by Tokyo Sokki Kenkeujo Co.Ltd), its type PFL-20-11-3LT. The
strain gauges are attached to the both sides of specimen by glue as illustrated in

Figure 3.3.

The wireline is connected with a computer to record instantly strain data. In order to
reduce the top and bottom faces friction with wooden plates, a pair of Teflon layers

is laid on both the top and bottom sides of the concrete sample.

Figure 3. 3 Strain gauge on the concrete sample, a) is the strain gauge position,
b) concrete sample with strain gauge on the experimental platform

In Figure 3.3 a), there are two centred strain gauges pasted to front and back face of
the sample, and the two strain gauges are in the same direction. Using strain gauges,
strain is measured directly both in vertical and horizontal dimensions. In our
experiment, both horizontal and vertical directions of strain are measured during

compression. The top punch dropping rate is set as Imm/min.
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Figure 3. 4 Strain gauges on the sample

Since the horizontal direction strain is very small ranging from 0 to 5.00X10™
(experimental data) in contrast to vertical strain which ranged from 0 to 6.0 X107,

So the horizontal direction strain is neglected. In this thesis volume fraction ranged
from 10% to 50% EPS beads are employed to view the strain during compressive

strength test.

3.1.1 Aukxiliary device for measuring compressive strength

During the initial experiments, it is discovered that if the top side of sample is not
parallel to the bottom side of sample, then the measured compressive strength will
be in error and much lower. Therefore, an improved method for measuring

compressive strength is designed to avoid this. Details are shown in Figure 3.5.
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ession Platen

Figure 3. 5 Assembly facility for compression testing

Here in Figure 3.5 a schematic figure of facility is pictured on the left and the actual
experimental facility on the right. Firstly, wooden plates are placed on both the top
and bottom sides of samples to minimise potential influences of uneven faces. On
the top wooden plate, a set of steel plates separated by a steel ball is placed centrally.
To avoid the steel ball movement, a concave depression is machined in facing sides
of the steel plate centre. Using the set of steel plates, the loading force is applied to

the sample body uniformly, and the problem of nonparallel opposed faces resolved.

3.1.2 EPS Beads Measurement

Accurately measuring the size and density of EPS beads is crucial in order to
precisely design the volume fraction of EPS concrete. To permit relatively precise
results, 10 EPS beads are selected for an averaged diameter. Similarly, for the
determination of density, 10 EPS beads are employed for total weight estimation.
Then the density of EPS beads is calculated by

4'7'[7",:3

P = Wiotal/X( 3 ) (3.5)

where r; is the radius of the i EPS bead, Wiotar 1S the total weight of 10 EPS
beads.
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The ten EPS beads are depicted in Figure 3.6.

I A A A

Figure 3. 6 Image size of @ 7mm EPS beads on A4 paper and magnified by 3.5
times In order to accurately measure the size of each EPS bead, the image of these
EPS beads is magnified and printed on A4 paper, and the ruler is employed to
measure each EPS bead size. Image sizes of 7mm EPS beads on A4 paper are listed

in Table 3.3. According to these measured values and the zoom ratio, the averaged

diameter of EPS beads is obtained as d = % ~ 7.04mm.

The image of ¥2.68 mm EPS beads is illustrated in Figure 3.7.

Figure 3. 7 Image size of @ 2.68 mm EPS beads on A4 paper and magnified by
6 times
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The similar method is also used to measure the @ 2.68 mm EPS beads size, and the
measured size on A4 paper is listed in Table 3.3. The zoom ratio is 1:6. According
to these measured values and the zoom ratio, the averaged diameter of EPS beads is

givenas d = % ~ 2.68mm.

Accurately scaling the EPS weight is also an important step for density
measurement, which is a key step for designing the EPS volume fraction. Therefore,
a total of 10 EPS beads are used and weighted together so as to reduce any artificial
error. Weights are determined with a MonoBloc AB204-S analytical balance, a
brand of Mettler Toledo Company (the minimum weight unit is 0.1 mg, which
matches the test requirement). The weights for both @ 7mm and® 2. 68 mm EPS

beads is displayed in Figure 3.8.

a) d=2.68 mm; b) d=7.04 mm

Figure 3. 8 Real weight of 10 EPS beads of different size
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Figure 3.8 shows the real weight of 10 EPS beads, in which a) is diameter 02.68 mm

EPS beads, b) is diameter #7.04 mm EPS beads. The total weight of ten 02.68 mm

EPS beads is 0.0030g, while the weight of #7.04 mm EPS beads is 0.0285 g.

According to Equation 3.3, the densities of ¥2.68 mm and 07.04 mm EPS beads are

calculated as 30.58 kg/m® and 15.54kg/m?, respectively. The density of the small

EPS beads is nearly twice of the large EPS beads. The measured data are listed in

Table 3.3.

Table 3. 3 Real diameter and density of @ 7 mm and @ 2.68 mm EPS beads

Image Image of
of @7 7268 J2.68 72.68
mm mm mm 72.68 g7 mm mm
size real @7 mm  size real mm densit%/ densit%/
(1:3.5) size  Volume (1:6) size Volume (kg/m?) (kg/m®)

1 26 7.43 21464 155 258  9.02 15.54 30.58

2 24 6.86 168.82 15 2.5 8.18

3 25 714 190.82 17 283 1191

4 255 7.29 20249 175 292 1299

5 24.5 7 179.59 14.5 2.42 7.39

6 235 6.71 15849 16 2.67 9.93

7 25 7.14 190.82 175 292 1299

8 24 6.86 168.82 155 258  9.03

9 24.5 7 179.59 16.5 2.75 10.89

10 245 7 179.59 155 258  9.03

sum 1833.68 101.36

3.2 Experimental Results and Analysis

3.2.1 Experimental result

Some of the experimental results are listed in Table 3.4.

Table 3. 4 EPS concrete samples data

@Tmm

Length  Width  Height
(mm) (mm) (mm) ()

Weight

Density

Maximum  Compressive

Force

(kg/m3) ex)

Strength
(MPa)

10% 4192 4283 4006 12981 180476 53.66 29.89
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20% 44.80 40.65 40.05 122.04 167327 47.87 26.28
30% 4145 4224 39.92 10099 144495 32.99 18.84
40% 4213 4269 3992 96.71 134696 20.19 11.22
50% 42.40 4201 40.02 6880 965.18 8 .34 4.68
2.68mm

10% 4219 4136 40.04 14001 200396 93.01 53.30
20% 41.61 4085 39.84 130.20 1922.70 84.58 49.76
30% 4083 4055 39.85 11753 178137 63.03 38.07
40% 43.41 4187 40.04 12224 167965 56.25 30.95
50% 3893 4162 39.65 9556 148751 39.94 24.65

Using these experimental data, compressive strength under the different density and
EPS beads size is illustrated in Figure 3.9.

(2]
o
N~
~ 3
3 3
3

n w N o
o o o =]
1 1 1

Compressive strength (MPa)

=
o
1

0

T T T T T T
800 1000 1200 1400 1600 1800 2000
density of EPS concrete (Kg/m®)

Figure 3. 9 experimentally determined relationship between compressive
strength and density of EPS concrete with different EPS beads diameter

In Figure 3.9, compressive strength of EPS concrete at the different densities and
diameters. The red circle points represent the compressive strength of EPS concrete
containing 02.68 mm EPS beads at different volume fraction. The blue square points
are the compressive strength of EPS concrete containing 07 mm EPS beads at
different EPS volume fraction. As the concrete density increases, compressive
strength increases in both EPS concretes. With the same concrete density, the EPS
concrete containing smaller EPS beads has a higher compressive strength than that

containing larger EPS beads.
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The failure images of different size and volume fraction EPS concrete are depicted
in Table 3.5.

Table 3. 5 Compressing figure of EPS concrete sample

@7mm (%) photo 02.68mm(%) photo
10 10
20 20
30 30
40 40

31



50 50

From Table 3.5 it can be seen that the concrete with 2.68mm EPS beads is easier to
crack into small fragments, while the concrete with 7mm EPS beads breaks up into
big fragments. Under the same volume fraction, there are more 2.68mm EPS beads
than that containing 7mm EPS beads in concrete, and when failure occurs between

EPS beads, the more EPS beads in a certain volume causes the smaller fragments.

3.2.2 Experimental results analysis

(1) Compressive strength of EPS concrete containing 92.68 mm EPS beads

Utilizing numerical method, the fitting curve for EPS concrete containing 02.68 mm

EPS beads is drawn as Figure 3.4, and fitting parameters is listed in Table 3.4, in

which a power function is employed.
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Figure 3. 10 Fitting curve of compressive strength of diameter @ 2.68mm EPS
concrete

Figure 3.10 shows the fitting curve of compressive strength based on the
experimental results, in which the black squares represent experimental compressive
strength, and the line stands for the fitting curve. The curve fits nicely to

experimental results.

For EPS concrete with 02.68 mm EPS, Table 3.6 presented parameters give the

following relationship for compressive strength:

fre8 = ax Pb (3.6)

where f, ¢¢ IS the compressive strength of EPS concrete containing 92.68 mm EPS

beads, p is EPS concrete density, and coefficient a and b can be obtained from
Table 3.6,50 f,65 = 5.58 X 1078 x p272,

Table 3. 6 Fitting parameter of diameter 2.68 mm EPS concrete

a b Statistic

Value Standard Value  Standard Reduced Adj.R-Squr
Error error Chi-Sqr

Compressive 5.58E-8  9.83E-8  2.72 0. 023 3.31 0.98
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strength

The fitting parameters of the curve are listed in Table 3.6, and in the top row a and b
represent the coefficient of power function. The curve fits the experimental results
well, in which R-square value reaches 0.98, very close to 1.

For EPS concrete with 02.68 mm EPS beads, Table 3.6 presented parameters give

the following relationship for compressive strength:

fre8 = ax Pb (3.5)

Where f, ¢g IS the compressive strength of EPS concrete containing 02.68 mm EPS

beads, p is EPS concrete density, and coefficient a and b can be obtained from
Table 3.6,50 f,65 = 5.58 X 1078 x p272,

(2) Compressive strength of EPS concrete containing @7 mm EPS beads

Similarly, with the compressive strength measured in samples containing 97mm

EPS beads, the fitting curve and fitting parameter are displayed in Figure 3.11 and
Table 3.7.

304
25
204
15

10

Compressive strength (MPa)

T T T T T T T T T
1000 1200 1400 1600 1800
density of EPS concrete (Kg/m®)

Figure 3. 11 Fitting curve of compressive strength of diameter @ 7mm EPS concrete
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In Figure 3.11, the square dots represent for experimental compressive strength, and
the line represents for the fitting curve. The fitting curve closely fits the
experimental results. As the density of EPS concrete is increased, the compressive
strength increases. When the density is lower than 1000 kg/m?, the compressive
strength is less than 5 MPa. As the density of EPS increases to 1800 kg/m®, the

compressive strength value increases to more than 30 MPa.

When EPS beads diameter is @7mm, EPS concrete, compressive strength is given as

following relationship:

fr=axph (37)

where f; is compressive strength of EPS concrete containing diameter 07mm EPS

beads, p is EPS concrete density, and coefficient a and b values are obtained from
Table 3.7. So the compressive strength by the numerical method is given as
fr =3.20 x107% x p397,

Table 3. 7 Fitting parameter of diameter @ 7 mm EPS concrete

a b statistics
value Standard value value Standard value
error error
Compressive  3.20E-9 1.06E-8 3.07 0.45 5.17 0.95

strength

The fitting curve matches the experimental results well with R-square value of 0.95,

very close to 1.

When comparing the two different of EPS concretes compressive strength, the
smaller size of EPS beads can result in higher compressive strengths than the
coarser EPS beads EPS concrete at the same density.
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3.3 Young’s modulus

Young’s modulus is an important mechanical property, which is expressed as:

E=L (3.8)

€

where E is Young’s modulus, f isstress, € is strain.

Stress can be estimated by dividing the loading force over the loading area:
F
o= § (39)

where F is loading force, S is the area of cross section that is perpendicular to the

loading force.

Strain is given by Equation 3.10

_a
-2

(3.10)

where &1 is the reduction of height, which can be recorded by the compressing test

machine, and [, is the initial height of the sample.

3.3.1 Stress-strain relationship

1. Stress-strain relationship and Young’s modulus of EPS concrete with #2.68mm

EPS beads

Stress determined from f = F/s (Equation 3.9). The loading force F is obtained

from experimental data, and s is area of sample, which is assumed to be a constant.

The stress-strain relationship of 02.68 mm EPS beads with 10% volume fraction is

depicted in Figure 3.12.

36



= stress (MPa)
Linear Fit of Sheetl B"stress"

40

w
o
1

6=577.23¢-32.5

stress (MPa)
]
1

10

0.08 ' 0.10 ' 0.12
strain (s)

Figure 3. 12 Stress-strain relationship of @ 2.68 mm EPS beads with 10% volume
fraction

When the strain is less than 0.09, the relationship between stress and strain is
nonlinear. When the strain exceeds 0.09 but less than 0.135, the strain and stress can
be regarded as exhibiting a linear. The maximum stress is 47 MPa. The linearly
fitting relationship between strain and stress is employed in Figure 3.11. Young’s

modulus of the EPS concrete containing 10% ©2.68 mm EPS beads is 577.23 MPa.

The stress-strain relationship of 92.68mm EPS beads with 20% volume fraction is

plotted in Figure 3.13.
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Figure 3. 13 Stress-strain relationship of @ 2.68 mm EPS beads with 20% volume
fraction

When strain is lower than 0.02, the stress increases slowly as the strain increasing.
When the strain value exceeds 0.02, the relationship between stress-strain

approximates linear relationship and the maximum stress is 40 MPa when the strain

is 0.08. According to stress-strain relationship, Young’s modulus is E =§—f=

€

502.27 MPa.

The stress-strain relationship of 02.68 mm EPS beads with 30% volume fraction is

evident in Figure 3.14.
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Figure 3. 14 Stress-strain relationship of @2.68 mm EPS beads with 30% volume
fraction, a) is displacement-force relationship; b) is stress-strain relationship

With strains lower than 0.04, the stress increases slowly as strain increases. When
the strain value exceeds 0.04, the relationship between stress-strain approximates a
linear relationship, and the maximum stress is 37 MPa when the strain is 0.08.

According to the strain-stress relationship, the linear section is regarded as elastic

deformation with a Young’s modulus value of E = % = 609.19 MPa

20 4 —=—2.68 mm EPS with 40 percent

’—ll—_'

104

stress (MPa)

T T T T
0.00 0.05 0.10
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Figure 3. 15 Stress-strain relationship of @2.68 mm EPS beads with 40% volume
fraction

39



As the strain is less than 0.04, the stress increases slowly as strain increases. When
the strain value exceeds 0.04, the relationship between stress-strain approximate a
linear relationship, and the maximum stress is 20 MPa when the strain is 0.08. The

linear section can be regarded as elastic deformation with a Young’s modulus value

of E = ‘;—’; — 427.52 MPa.

2. Stress-strain relationship and Young’s modulus of EPS concrete with 07.04

mm EPS beads

—a— 7.04mm EPS bead with 14% volume fraction EPS concrete
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Figure 3. 16 Stress-strain relationship of 14% EPS concrete with @7.04 mm EPS
beads

At lower strain than 0.05, the stress increases slowly as strain increases. When the
strain value is above 0.05, the relationship between stress-strain is nearly linear, and

the maximum stress is 32 MPa when the strain is lower than 0.1 with a Young’s

modulus of E = % = 536 MPa.
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Figure 3. 17 Stress-strain relationship of 25% EPS concrete with &7.04 mm EPS
beads

The stress-strain relationship of 25% EPS concrete with 07.04 mm EPS beads is

plotted in Figure 3.17. As the strain is less than 0.01, the stress increases slowly as
strain increases. When the strain value is above 0.01, the relationship between

stress-strain is close to linear relationship, and the maximum stress is 27 MPa when

the strain is 0.07 with a Young’s modulus of E = z—f 438 MPa.

€
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Figure 3. 18 Stress-strain relationship of 34% EPS concrete with @7.04 mm EPS

beads

The stress-strain relationship of 34% EPS concrete with 07.04 mm EPS beads is

depicted in Figure 3.18. With the strain values is less than 0.035, the stress increases

slowly as strain increases. When the strain value exceeds 0.035, the relationship

between strain and stress approximated a linear relationship. When the strain is

0.065, the maximum stress reached 15 MPa with a Young’s modulus value of

E=% - 408 MPa

8
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Figure 3.19 Stress-strain relationship of 53% EPS concrete with 7.04 mm EPS
beads

The stress-strain relationship for 53% EPS concrete with #7.04 mm EPS beads is

depicted in Figure 3.19. As the strain is lower than 0.03, the stress increases slowly.
When the strain value is above 0.03, the relationship between stress-strain is nearly

linear, and the maximum stress is 5 MPa when the strain is 0.04 with a Young’s

modulus is given: E = 2—’; = 277 MPa.
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From Figures 3.10~3.19, it can be deduced that the strain of foam concrete is much
larger than that of common concrete, and this is attributed to the auxiliary
equipment. Firstly, the loading force is exerted on the auxiliary equipment,
especially for the wooden plate. Due to its lower strength, the wooden plates
contribute a majority part of the strain, which creates higher the strain values. When
the strain values greatly exceed the true strain of concrete, the stress value
approaches the former calculating value, and Young’s modulus is much lower than
the real value. This is because the loading force is transferred directly to the sample
and there is no loss of force during the pressing process. So, there is no deviation in

stress applied on, and strain is the main reason for Young’s modulus deviation.

3.4 Relationship between Volume Fraction and

Compressive Strength

Throughout the experimental measurements, compressive strength of foam cement

is determined by different volume fractions as listed in Table 3.8.

Table 3. 8 Different density of foam concrete

Foam Foam
adding Density compressive  Volume
percent strength fraction
(mass %)  (kg/m?®) (MPa)

0 1373 48.5 0

1.3 1194 32.2 0.13
3.3 1016 17.4 0.26

5 902 12.6 0.34
6.6 817 9.1 0.41

10 761 8.3 0.45

13 608 4.5 0.56

16 580 35 0.58

* The experimental results are provided by Dr Zuhua Zhang
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From these data, a numerical fitting method is used and the relationship between the
volume fraction and compressive strength for foam concrete established. This is
portrayed in Figure 3.20.
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Figure 3. 20 Relationship between compressive strength and volume fraction

The relationship between compressive strength and volume fraction is plotted in
Figure 3.20. The squares represent the experimental results; the line is the
relationship between the volume fraction and compressive strength from numerical

analogue with the expression below:

f =49.00 — 54.10 * (1 — eVs/031) (3.11)
where f is compressive strength, V is the volume fraction.
The statistics of fitting curve can be seen in Table 3.9.

Table 3. 9 Fitting parameter of compressive strength of foam concrete

Yo A; t; Statistics
Value Value Value Reduced Chi-Sqr  Adj.R-Square
Compressive 49.00 54.10 0.31 1.66 0.99

strength
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3.5 Model Deduced from Experimental Results for

Compressive Strength Related to Pore Feature

In order to reflect the influence of pore feature on the compressive strength of foam
cement, pore size distribution, averaged pore size, pore shape factor and pore area

fraction are investigated separately.

Initially, the relationship between the mass of foam and the foam volume fraction is
measured. Next the relationship between volume fraction and pore size distribution
is constructed. Then the relationship between volume fraction and pore shape is
constructed. This is then followed by the relationship between volume fraction and
pore area fraction. Finally the relationship between pore features and compressive

strength is formulated.

When the specimen is made, the compressive strength with different volume
fraction of foam mass can be measured by compressive strength test machine, and
then specimens with different volume fraction of foam are picked and cut through.
The cross section of the specimen can be observed and recorded by optical
microscope. Then, the recorded images are counted by image statistics software to

determine pore size distribution, pore area fraction, pore shape factor.

According to the experimentally measured data, pore features with different pore

volume fractions can be derived in Table 3.10.

Table 3. 10 Pore features and compressive strength

adding  pore pore size

foam size  possibility pore shape  pore area compressive strength
%(mass) um MPa
0 100 0.88 0.83 0.022 48.5

0 200 0.10 0.73 0.022 48.5
0 400 0.02 0.7 0.013 48.5
0 600 O 0 0 48.5
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0 800 O 0.65 0.006 48.5
0 1000 O 0 0 48.5
0 1500 0 0 0 48.5
0 2000 O 0 0 48.5
1.3 100 0.83 0.82 0.034 32.2
1.3 200 0.13 0.62 0.056 32.2
1.3 400 0.03 0.44 0.050 32.2
1.3 600 0.003 0.27 0.015 32.2
1.3 800 O 0.41 0.005 32.2
1.3 1000 O 0.42 0.004 32.2
1.3 1500 O 0.32 0.005 32.2
1.3 2000 O 0 0 32.2
3.3 100 0.683 0.8 0.026 17.4
3.3 200 0.223 0.65 0.075 17.4
3.3 400 0.088 0.43 0.104 17.4
3.3 600 0.005 0.27 0.017 17.4
3.3 800 0.001 0.22 0.005 17.4
3.3 1000 O 0.23 0.002 17.4
3.3 1500 0 0 0 17.4
3.3 2000 O 0 0 17.4
5 100 0.615 0.79 0.015 12.6
5 200 0.200 0.7 0.043 12.6
5 400 0.132 0.52 0.109 12.6
5 600 0.037 0.31 0.089 12.6
5 800 0.013 0.22 0.058 12.6
5 1000 0.002 0.17 0.019 12.6
5 1500 0.001 0.09 0.009 12.6
5 2000 O 0 0 12.6
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6.6 100 0.629 0.79 0.010 9.1
6.6 200 0.174 0.69 0.028 9.1
6.6 400 0.118 0.52 0.076 9.1
6.6 600 0.039 0.32 0.074 9.1
6.6 800 0.021 0.21 0.079 9.1
6.6 1000 0.008 0.14 0.052 9.1
6.6 1500 0.008 0.1 0.0871 9.1
6.6 2000 0.003 0.06 0.090 9.1
10 100 0.674 0.8 0.006 8.3
10 200 0.153 0.68 0.020 8.3
10 400 0.089 0.51 0.047 8.3
10 600 0.039 0.33 0.058 8.3
10 800 0.019 0.18 0.059 8.3
10 1000 0.008 0.14 0.041 8.3
10 1500 0.010 0.08 0.099 8.3
10 2000 0.007 0.05 0.207 8.3
13 100 0.683 0.8 0.005 4.5
13 200 0.131 0.69 0.014 4.5
13 400 0.096 0.57 0.040 4.5
13 600 0.035 0.4 0.040 4.5
13 800 0.017 0.28 0.041 4.5
13 1000 0.013 0.21 0.055 4.5
13 1500 0.014 0.16 0.099 4.5
13 2000 0.010 0.07 0.285 4.5
16 100 0.734 0.8 0.004 3.5
16 200 0.125 0.66 0.010 3.5
16 400 0.077 0.56 0.023 3.5
16 600 0.024 0.42 0.023 3.5
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16
16
16
16

800 0.008 0.3

1000 0.010 0.25
1500 0.009 0.17
2000 0.012 0.06

0.013 3.5
0.029 3.5
0.048 3.5
0.510 3.5

*The experimental data are provided by Dr Zuhua Zhang at USQ

3.5.1 Pore Size Distribution and Average Pore Size

An exponential function is used to relate the added foam content to pore size
distribution, as expressed below:

y(x) = exp(a + bx)

where a and b are constant, y(x) is probability of pore size, x is pore size.

(3.12)
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Figure 3. 21 Pore size distribution with different volume fraction

The pore size distributions with different pore volume fractions are depicted in
Figure 3.21. The squares represent the experimental results, and the line is the fitting
curve, in which a) V, =0, b) V,=0.13, c) Vy=0.26, d) V=034, ¢)
Vp=041, f) V=045, g) V,=056, h) V,=0.58. When no foam is
introduced into the concrete, more than 98% of pores are less than 0.5mm, and 88%

of pore sizes are approximately 100 1 m and 10% of the pore size are 200 1 m. As

the pore volume fraction increases, the percent of 100 1 m pores decreases gradually

from 83% at Vy = 0.13 to 62% at Vy = 0.34, and then the percent of 100 um

pores keeps nearly same. One the contrary, the percent of pore with over 600 1 m

increases gradually as the pore volume fraction increases. In Figure 3.21, as the pore
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volume fraction increases continuously, the percentage of pore size ranging from
100 © m to 400 1 m remains nearly constant, and the percentage of pore size over
800 1 m shows little increase. Also, the numerical simulation curve and the

experimental results for pore size distribution matches well. These with numerical
fitting, pore size probabilities under different volume fractions are given in
Table3.11.

Table 3. 11 Pore size distributed function under different foam content

Foam Pore size Possibility Avalue Bvalue Adj.R-Square
adding
(mass y(Vf) =exp(A+B-x)
weight)
Ve=0 y(0) = exp(0.69 0.69 -0.00814 0.85
— 0.00814x)
V, =013  y(1.3) = exp(0.65 0.65 -0.00839 0.90
— 0.00839x)
V, =026  y(3.3) = exp(0.40 0.40 -0.00784 0.98
— 0.00784x)
Vr, =034  y(5) = exp(0.04 0.04 -0.00528 0.90
—0.00528x)
V, =041  y(6.6) = exp(0.04 0.04 -0.00509 0.85
— 0.00509x)
V;, =045  y(10) = exp(0.16 0.16 -0.00569 0.83
— 0.00569x)
V, =056  y(13) = exp(0.20 0.20 -0.00595 0.82
—0.00595x)
V; =058  y(16) = exp(0.32 0.32 -0.00645 0.82
— 0.00645x)

Following on Table 3.11, the pore size distribution with different pore volume
fractions can be expressed as an exponential function, in which coefficient of A and
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B in y(V;) = exp(4 + Bx) varied under different volume fraction. Therefore,

coefficient of A and B in y(V;) = exp(A + B -x) is correlated with the pore
volume fraction; A is fitted by an exponential function and B is fitted by a cubic

function related to volume fraction as follow:

A(V;) = 0.69 — 0.65 exp (_ exp (_

Vf—0.4-1) Vf—0.41
0.14 0.14

+1)  (3.13)

B(Vy) = —0.0081 — 0.016V; + 0.11V;* — 0.14V}° (3.14)

where V is the pore volume fraction.

3.5.2 Pore shape factor

With regard to the experimental data, it is discovered that the pore shape factor is
related to pore size, and pore size distribution depended on the volume fraction.
Therefore, the pore shape factor is a function of volume fraction and size. In
Table3.10 the data illustrated that when 0 and 3.3 mass percent of foam are added,
there are more than two items of zero value, and therefore these data can be

excluded from the model.

For identical material, the pore shape is determined by the content of added foam
and the pore size. Therefore, the development of model for the pore shape factor is
based on two steps: in the first step, for each volume fraction, the relationship
between pore size and pore shape factor is deduced; secondly combining these

equations with the content of added foam, an equation is achieved.

Table 3. 12 Coefficient of shape factor fitted by 5 order polynomial curve

Volume BO(V;) BL(V) B2(V))  B3(V)) B4(Vy) B5(Vf)
fraction

0.13 1.020 0.00216 7.11E-7  3.15E-9 -3.00E-12  7.32E-16
0.34 0.809 1.29E-4 -4.22E-6  6.31E-9 -3.54E-12  6.87E-16
0.41 0.845 -4.16E-4 -2.07E-6  3.05E-9 -1.54E-12  2.65E-16

0.45 0.872 -6.79E-4  -1.37E-6 2.25E-9 -1.13E-12  1.92E-16

52



0.56 0.88 -8.78E-4  2.09E-7 -2.98E-10  4.30E-13 -1.37E-16

0.59 0.92 -1.55E-3  2.32E-6 -2.73E-9 1.62E-12 -3.50E-16

Note: BO, B1, B2, B3, B4 and B5 are the coefficient of constant term, first order

term, second order term, third order term, fourth order term and fifth order term.

Employing a polynomial fitting function, the coefficients from BO(V;) to B5(V})

under the different volume fraction conditions are obtained as follows:

BO(V;) = 1.44 — 045+ V; + 0.11 % V> — 0.01 * V;°> + 6.64 x 107* = V;* — 1.3

- 5
X 1075 % V;

B1(V;) = 0.0024 + 1.15 X 107* % V; — 2.90 X 10™* x V> + 4.88 x 1075 * V/;°
—3.08x 107 V;* + 6.69 x 1078 x V/,°

B2(Vy) = 1.89 X 1075 — 2.06 X 107° * V; + 6.00 X 107® % V;* — 7.55 x 1077
« VP +4.33x 1078« V" —9.22 x 10710+ 1;°

B3(V;) = —1.94 X 1078 + 2.63 x 1078 + V; — 8.15 X 107° x V;* + 1.06 x 1071°

« Ve — 624 x 1071« V* + 136 X 10712+ 1;°

B4(V;) = 9.27 x 10712 = 1.45 x 1071 x V; + 4.70 x 10712 x V;* — 6.25

X 10713« V;* +3.72 x 1071« V;* — 8.17 x 10716 x V;°

B5(V;) = —1.68 X 1071% + 2.89 x 10715 « V; — 9.57 x 10720 x V> + 1.29
X 10720« V;° — 7.74 X 10718 « V;* + 1.71 x 10717 « I

So pore shape factor is depicted as:

far(Ve,s) = BO(Vy) + B1(Vy)s + B2(Vy)s? + B3(Vy)s® + B4(Vy)s* + B5(Vf)s®
(3.15)

where V; is the volume fraction of foam concrete, s is pore size.

According to Equation 3.15 the shape factor fitting curve of V;=0.34 foam concrete

is drawn in Figure 3.22, and the coefficient of determination is listed in Table 3.13.
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Figure 3. 22 Five order polynomial fitting curve of shape factor for V;=0.34
foam concrete
Figure 3.22 shows that the five order polynomial fitting curve fits the black squares
well, which indicates that the fitting curve matches the pore shape factor well with
different pore size and the pore shape factor decreases as the pore size increases.

The coefficient of determination is shown in Table 3.13.

Table 3. 13 Coefficient of determination for the regression of curve fitting

Adj.R-Squar

Bl B2 B3 B4 BS o

Pore
shape 0.809 1.29E-04 -4.22E-06 6.31E-09 -3.54E-12 0.9966
factor

3.5.3 Pore area model

It is established that the pore area fraction corresponds to the pore size at different
volume fractions, and each size pore area is determined by the pore size and pore
shape factor. Therefore, the compressive strength of foam concrete can be fitted by

the pore size and area fraction.

With reference to Table 3.10, the averaged pore size, total pore area fraction and

compressive strength value can be derived as appeared in Table 3.14.
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Table 3. 14 Averaged pore size, total pore area fraction and compressive

strength value with different volume fractions of foam concrete

Volume averaged poresize Porearea  compressive
fraction (um) fraction strength (MPa)
0 115.7 0.0623 48.5

0.13 125.8 0.1703 32.2

0.26 151.8 0.2291 17.4

0.34 189.8 0.3397 12.6

0.41 2115 0.4958 9.1

0.45 210 0.5384 8.3

0.56 222 0.5797 4.5

0.59 199 0.6613 35

Using Table 3.14, the averaged pore size can be fitted by a 4™ order equation and

related it to volume fraction as follows:
1(Vy) = 115.81 + 26.97V; + 16.49V,? + 3010.26V;° — 4565.42V;* (3.16)
where mis the averaged pore size under the volume fraction V.
s(V;) = 0.07 + 1.27V; — 7.40V;2 + 26.97V;% — 25.98V,*  (3.17)

where s(V;) is the pore area fraction.

The averaged pore size and pore area fraction are two important parameters for
determining the compressive strength of foam concrete, the compressive strength of

foam concrete can be expressed as a function of these two variables as follow:

f=ris (3.18)

where f(1,5) is an unknown function, [ is averaged pore size, and § is pore area

fraction.
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According to Table 3.14 and Equation3.18, compressive strength can be described
by an error function, which is given as:
[-158.45792 5-0.37955
f =35+ 11.25 « (1 +erf (—)) ' (1 +erf (—)) (3.19)

39.04898v2 0.2995v2

where f is the compressive strength of foam concrete, and erf is an error function,

. . 2 x _yg2
which can be expressed :erf(x) = = fo e~tdt.
0.6

0.4 4

pore area fraction

0.2 4

150 200
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Figure 3. 23 Compressive strength related to pore size and pore area fraction

Figure 3.23, a diagram of the numerical fitting of compressive strength by pore size
and pore area fraction, in which different colours stand for different compressive
strength values. As pore size increases or pore area fraction increases, compressive
strength of foam concrete declines, indicating that reduced pore size and pore area
fraction are effective ways to enhance its compressive strength.

Comparing the compressive strength model by volume fraction and pore features, it
is found that the model by volume fraction is more closely approached to the
experimental result. This phenomenon is explained by cumulative error in the pore
feature model where in each step error is gradually accumulated leading to the

relative error becoming bigger.
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3.6 Summary

In this chapter, EPS concrete is used to study the EPS size and volume effects on

compressive strength, and its Young’s modulus is deduced according to the

compression test, in which the strain gauge is used. In addition, a numerically fitting

method is adopted to describe pore features of foam concrete. With a series of

experiments, improved experiments and results analysis, it is established that:

1)

2)

3)

4)

5)

The compressive strength of EPS concrete containing 2.68mm EPS beads can be
expressed as a density function: f,.5 = 5.58 x 1078 x p272; while the
compressive strength of EPS concrete containing 7.04mm EPS beads can be

expressed as f;, = 3.2 x 1072 x p397,

For the smaller size of EPS beads in EPS concrete, the experimental
measurements are more closely approximate the theoretical calculation.
Additionally, the lower the volume fraction of EPS beads in EPS concrete is,

values tend to converge between the approaches.

Through numerically fitting, both the pore volume fraction and compressive

strength of foam concrete can be expressed as: f = 49.00 — 54.10 * (1 —

e(—Vf/o.31));

Pores size distribution in foam concrete is described as: y(Vf, x) = exp (0.69 —

Vf—o.40) V—0.40

+1) + (~0.0081 — 0.0165V; +
0.14 0.14

0.65 exp (— exp (—

0.114V;> —0.139Vf3)x); pore averaged sizes is I(Vf,x) =$f05y(vf,x)-

xdx = %fos exp (0.69 — 0.65 exp (_ exp (_ Vf—0.40) _ Vp-040

+1)+
0.14 0.14

—0.0081 — 0.016& + 0.11V:% — 0.14V:*)x ) dx;
f f

The Pore shape factor is described as: f;,(Vf,s) = BO(Vy) + B1(Vy)s +
B2(Vy)s® + B3(Vy)s® + B4(Vy)s* + B5(V)s®, where V; is the volume

fraction of the foam cement, and s is the pore size.
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6) Pore area fraction is described as: s(V;) = 0.065 + 1.267V; — 7.404V,* +
26.967V;° — 25979V, %;

7) The compressive strength of foam concrete is expressed as:
1-158.45792 5-0.37955 .
f =35+ 11.25% (1 + erf (W)) * (1 + erf (W))’ where erf is

the error function.
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CHAPTER 4 A THEORETICAL METHOD TO
DEDUCE THE COMPRESSIVE STRENGTH OF
EPS CONCRETE

In this study, a theoretical method is employed to determine the influence of beads
size of EPS concrete on the compressive strength of EPS concrete, and then
compressive strength of two sizes mixing together model is built to predict the

possible maximum compressive strength of EPS concrete.
4.1 Physical Model for Uniformed EPS Beads

To enable the study of EPS bead size and its impact of the ratio of EPS beads size to
sample size on the compressive strength of concrete, following assumptions are

made:

1) All the EPS beads are spherical shape and that their radii are uniform;

2) The EPS beads are distributed in the concrete body uniformly, which means
that the distance between any neighbouring EPS beads is homogeneous;

3) The shape and size of all the EPS beads do not change during the mixing,
casting, curing and aging period.

4) EPS beads have no strength, and that the compressive strength of EPS

concrete is solely that of the solid concrete matrix.

According to C.M.Song et al[102], the upper limitation of the volume fraction for
randomly packing of equal radius spheres in a cubic container is 0.634. When the
volume fraction exceeds 0.6, the EPS beads will be in contact with each other.
Therefore, the upper limitation for EPS beads volume fraction is set at less than 0.6.
In order to simplify the model, the EPS beads in concrete are regarded as regularly
ordered as depicted in Figure 4.1, and a cubic shape for specimen with a size of

a X a X a is adopted; the radius of EPS bead size is .

59



Figure 4. 1 Schematic figure of EPS beads arrangement in concrete body

Representable bead array is illustrated in Figure 4.1 in 2 dimensions, in which the
maximum volume fraction of EPS will be where EPS beads are in mutual contact
with each other. In order to simplify the model, EPS beads are assumed as rigid ball

without any deformation during mixing and casting procedures.

The volume fraction of EPS beads is expressed as:

Vf — Pc—Pmix (41)

Pc—Peps

where V is the volume fraction of EPS beads in the whole EPS concrete specimen,
p. s concrete density without any EPS beads, p,.,s is EPS bead density, pp,;, Is

EPS concrete density.

To explain the model clearly, the EPS beads distribution is divided into two
situations, one is loose packing condition where the EPS volume fraction is relative
low and there is no overlapped layer between any two neighbour EPS bead layers;
the other is high packing condition that there is overlapped layer between two
neighbour EPS beads layers. The overlapped layer means that the distance of two

neighbour EPS bead layers is less than 2r, and r is the EPS beads radius.

4.1.1 Loose packing model of EPS beads

When the volume fraction of EPS beads is very small, the total number of EPS

beads can be expressed as:

_ 3a%vy

(4.2)
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where n is the total number of EPS beads, r is the radius of EPS bead, a is the size

of the specimen.

When there is no overlap between two neighbouring layers of beads, the relationship
between the EPS bead radius and the specimen size follows Equation4.3.

1

a > ns32r (4.3)
Put Equation4.3 into Equation.2, yieldingVy < = ~ 0.523.
The compressive strength of EPS concrete is expressed as:
2 2
fo=fo(1-nnZ) (4.4)

where f, is the compressive strength of the concrete without any EPS beads, and

fc is the compressive strength of EPS concrete.

Incorporating Equation 4.2 into Equation 4.4, provides:

fo=fo(1-n5n5) = fy (1 - ("’Tﬁfz)E) (45)

In Equation 4.5, the compressive strength of EPS concrete is determined singly by

the EPS volume fraction, which means that the compressive strength in the
uniformed distribution EPS concrete is only determined by the volume fraction of
EPS beads.

4.1.2 High density packing of EPS beads

When there is overlap between the two neighbouring layers of EPS beads, the

schematic figure of the EPS beads pile is depicted in Figure 4.2.
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Figure 4. 2 Schematic figure of overlap between neighbouring EPS beads

Figure 4.2 is a schematic figure of the maximum volume fraction for a packing
mode for neighbouring layers of EPS bead. Figure 4.2(a) is the top view of EPS
beads piled up, in which the bottom layer of EPS beads are arranged in triangle
order, and the EPS bead in the upper layer is in contact with the three neighbouring
EPS beads. Figure 4.2 (b) is the front view that shows the distance between the two
layers’ centre h, which is less than 2r. Figure 4.2 (c) is a schematic figure of
neighbouring layers, where are ABCD stands for centre of four EPS beads structure,
in which point D is the upper layer, and A,B and C are bottom layers. Because all
the EPS beads are in mutual contact with the each other, there is a relationship:
AB=BC =CA=AD =BD =CD = 2r.

In the overlapping zone, the maximum cross section is located in the middle of DO

position, and the distance of h is DO that can be expressed as:

h=DO =VDE? — OE? = VBD? — BE? — OE? = V4r? —r2 — OE? (4.6)

AE = AO + OF =+/3r (4.7)

h = VAD?2 — A0? = V4r2 — A02 = VDE? — OFE2 = V3r2 — OE? (4.8)
According to Equation 4.8, AO can be deduced as:
A0?% = r? 4+ OE? (4.9)
Incorporating Equation 4.6 into Equation 4.9, Equation 4.10 can be derived:

1

A0% =1? + OF? = (V3r — OF) = 3r> = 2y3r>0E + 0E* - OF = =7 (4.10)
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Therefore, h can be ascertained:
h =32 - 0E? = 2°r (4.11)

In the middle of DO, all the radii of circles are the same, and given by:

rn= [r*-— (ﬁ)z Ll (4.12)

2 3
where 7y is the cross-section radius of EPS beads in the middle of DO.

The maximum area fraction of EPS beads will be: S = 2n,nr? = ngnr?, where ng
is the total number of EPS beads in each layer, S is the maximum area of EPS
beads. In the specimen, there is a relationship: ngn; = n, where n; is the total
number of layers. And n; and ngcan be deduced as Equation 4.13 and 4.14 as

related in Figure 4.2.

a-2r _ a-2r

Mp =—F—= 253 (4.13)
__ (a-2r a-2r\ _ (a-2r)? _ (a—2r)?
s = ( 2r ) X ( AE ) T 2rxy3r | 24/3r2 (4.14)

The maximum volume fraction of EPS beads in EPS concrete can be deduced as
Equation 4.15

2
a-2r(a-2r
( )" g3

NgNpanr3 7296 27312 3
_ s _ 3 _nla=2r)® _ mw ( 2
Vf - a3 - 3a3 T 3vZa3 | 32 (1 a) (4.15)
From Equation 4.15, the following can be assured: %T - 0,Vr > % = (.7405. The

maximum volume fraction of EPS beads is 0.6413, and this value is applicable only
when all EPS beads are packed in an orderly array with all the neighbouring EPS
beads in contact with each other. Therefore, the maximum area fraction of EPS
beads can be expressed as:

Nomrr? _(a—Zr)ZT[rZ 27\ 2
__ Ngmr® o2 _ @ ( _ _r)
Se=——=2—= e 1-= (4.16)

where S, is the maximum area fraction of EPS beads in EPS concrete specimen.
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When Z - 0 and V; - —= = 0.7405, S, - —= = 0.9069, which means that the
a 3V2 2v3

maximum EPS beads surface fraction in EPS concrete is 0.9069. Meanwhile the

compressive strength of EPS concrete is expressed as Equation 4.17.
fe—min = fo(1 = S,) = 0.0931f, (4.17)

where f._.in 1S the minimum compressive strength of EPS concrete where the
volume fraction of EPS beads reaches the maximum value 0.9069, and its
compressive strength is nearly 1/10 of the dense concrete. This implies that for
equal radius EPS beads that cast EPS concrete, the lowest compressive strength will
be greater than 0.0931 times that of dense concrete. Here f, is set as 40 MPa.
According to Equation 4.17, the relationship between compressive strength and the

ratio of EPS beads radius to specimen size can be drawn as Figure 4.3.

40
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Compressive strength (MPa)

10

8.584MPa

0.0 0.1 0.2 0.3 0.4
rla

Figure 4. 3 Relationship between the ratio of EPS bead to specimen and

compressive strength under the maximum volume fraction

From Figure 4.3 it can be seen that the minimum compressive strength will be
higher than 8.58MPa. As ratio r/a increases, the compressive strength increases too.
Actually, when r/a>0.317, there is only one EPS bead in any cross section of the

cubic specimen that is not satisfied with a maximum volume fraction of 0.7405.
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However, when the r/a approaches to 0.5, there is only one EPS bead in the cubic

specimen. At that time, the volume fraction of EPS is given by Equation 4.18:

Vi=—"-= = g = (.52 (4.18)

a3 (3%8)
and its maximum area fraction of EPS beads is determined as:

nr?

Se=—= g = (.7854 (4.19)
Applying Equation 4.4 and Equation 4.19, the compressive strength is 8.58 MPa.

4.1.3 Different situation of packing EPS beads

In order to investigate the effect of r/a on compressive strength, r/a can be divided

into the following situations.

Condition 1 2r < a < (2 + 2/V3)r, ( < < ) there is only one EPS bead

2 2/\/—
in the cubic sample, and the volume fraction can be expressed as:

1

amr3 3e
Vp = 5 1y € (0.1334,0.524) > (4n)
(4.20)
The maximum area fraction of a single EPS bead in EPS concrete will be:
2 2
ey 1§ A
Se =" =n(2) (4.21)
For only one EPS bead, the maximum volume fraction isV; = 43’333 ==~052 .

If follows that with a single EPS bead occupying the maximum volume fraction,

2
the maximum area fraction can be deduced as: S, :%:%z 0.79 where

r = a/2, and the compressive strength is given as Equation 4.22.

fe = fo(1=5,) = 0.21f, (4.22)
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When there is only one EPS bead in the concrete specimen and the radius of EPS
bead gradually increases from very tiny value to half of the specimen size, the
compressive strength will be expressed as:

fo=fo1=5)=fo(1-n5) (4. 23)

According to Equation 4. 23, the relationship between compressive strength and the
volume fraction for a specimen with a single 1 EPS bead in EPS concrete can be
plotted as Figure 4.4.
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Figure 4. 4 Relationship between ratio of EPS bead to specimen and compressive
strength for a single EPS bead in concrete body

In Figure 4.4 where there is only a single EPS bead in the specimen, and when r/a=0,
the volume fraction of EPS is zero and EPS concrete has the maximum compressive
strength, which is 40 MPa. When r/a increases, the volume fraction of EPS beads
also increases and the compressive strength decreases gradually. As r/a reaches 0.5,

the compressive strength drops down to 8MPa.

Condition 2 The situation of two EPS beads
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Pressure

1

V2a
A-A

Figure 4. 5 Schematic figure of packing mode of two EPS beads in a cubic specimen

EPS concrete under a pressure condition, the cross A-A section along the diagonal of

the top surface exists two EPS beads when (2 + %)r <a<(2+V2)r,

( ! Lo ) applied. The cubic specimen size is a X a X a, and the radius
2+V2 T a  2+2/V3
of EPS bead is r. The volume fraction of EPS beads is V; = ");:;rS (n < 2), and

Vfa3

the total number of EPS beads is n = 341"3 . In this situation, EPS beads volume

fraction has a volume between V; € (0.11 — 0.13).

The maximum area fraction of EPS beads can be deduced as S, = 7;—22 € (0.27 —

0.32), which means that the maximum cross section area must be the section across
through one of the two beads centre, and the maximum EPS area fraction will be in

the range of V€ (0.27 —0.32). Therefore, the compressive strength of EPS

concrete is the same as Equation 4.23.

As Figure 4.5 indicates that even for the cube when there is more than one EPS bead
present, there is overlap, but the maximum area fraction of EPS is only determined
by one EPS bead.

When the two kinds of r/a EPS concrete have the same volume fraction, one r/a is
as stated in condition 1, and the other r/a is as stated in condition 2 where there are

two EPS beads in EPS concrete.

v, = 4—”(11)3 =V, = 2“?”(12)3 (4.24)

1 3 \a a
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where r; and r, are the radius of EPS bead in condition 1) and condition 2),

respectively, Vf1 and sz are the volume fraction of EPS bead in condition 1) and

condition 2) respectively.

And then Equation 4. 24 applies:

T1 _ lr_z
== 23 " (4.25)
So the maximum EPS area fraction of situation 1) is:
2 21 2 2
T 37- z
Sa=m(2) =n (TZ) = 255, (4.26)

From Equation 4.26, it can be established that if the volume fraction is the same, the
2

maximum EPS area fraction of condition 1) is 25 times of condition 2), which

means that one EPS bead has a higher area fraction than the EPS area fraction of

two EPS beads embedded in concrete.

Condition 3 when (2+V2)r <a, ~<-——, the volume fraction of EPS is
a” 2+V2

3 3
V, = 247 and the total number of EPS beads are n =~
3a ATr

(n<8).

Similarly to condition 2), the maximum area fraction of EPS beads must be the cross
section containing integer number of EPS beads, and the maximum area face must
be the theoretical face through these EPS beads centre. In such a cross-section, the

maximum number of EPS beads is deduced from Equation 4.27.

ne = fix(n3) (4.27)

where ng is the maximum EPS bead number, fix is a round function, which

2
transforms ns into an integer and towards to the zero direction because in real

samples, there are no divided EPS beads.

According to Equation 4.27, the maximum EPS beads area fraction is expressed as
Equation 4.28.

S, = ngsnr?/a? (4.28)
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The compressive strength is deduced as:

2

Vea3\3
fix<3 i ) nr?

amr3

fe=fo(1=Se) = fo(1— ) (4.29)

a?

When the volume fraction is set as a constant, the effect of EPS bead size can bhe

rewritten as a function of the ratio of EPS beads to specimen. For this study, two

different sizes of EPS beads are adopted, which are a; =% and a, =%2,

respectively, and then the compressive strength is provided by Equation 4. 30:

( / 2
3V rad\3
fix( - ;3 ) r? 2 )

for=fol=Se) = fo =m<1—fm(jgfn%

fcz - fo(l - ez) - fO

3Vr \3
L) ma?
Ao

=ﬁ<1—ﬂx(n

\

2
W2
( fix(if : >37tr22 2 )

(4.30)

Where S,; and S, are the maximum area fractions of EPS beads corresponding

to a; and a,.
4.1.3 Results and discussion

When the volume fraction of EPS beads is determined, the total number of EPS
beads can got as a function of r/a according to Equation 4.24. Using Equation 4.27
the total number of EPS beads in the cross section can be obtained, then the EPS
beads area fraction can be predicted by Equation 4.28. When the ESP beads area
fraction is determined, the compressive strength can be got according to Equation
4.29. Equation 4.24 and 4.29 are function of r/a. Based on Eq.4.24, 4.27 and
Eq.4.29, the relationship between r/a and the possible maximum compressive

strength can be plotted.

Here the volume fraction of EPS bead is adopted as 5%, 20% and 40% to find the

role of r/a on compressive strength, in which 5% volume fraction represents the
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loose EPS bead distribution; 20% a middle level of EPS distribution, and 40% the
upper level of EPS density distribution. The maximum r/a value can be deduced by
using Equation 4.30.

1
( r o (3%5%\3
5% —S( ) = 0.2285
a a1
1
V. = ¢ r 3 x20%\3
f 20% —S( > = 0.3629
a 41t
1
T 40%\3
\ 40% —S( ) = 0.4571
a 41

For € = 5%, the ratio of EPS beads to specimen should be gs 0.2285. The

relationship between r/a and compressive strength can be calculated as Figure 4.6
according to Equation 4.30.

The relationship between the r/a and compressive strength with the EPS volume
fraction of 5% is plotted in Figure 4.6, where the number 1,2,3,4 and 5 represent the
total number of EPS beads in one of direction of the maximum cross-section of the

specimen.

38 : ' '
P
volume fraction is 54)‘ 36.98MPa
<
o 36|
2
<
2
& 34 L
'.(7) | 33.35Mpa
(O]
=
932t
o
o
I
@]
O 30}
28.69MPa
28 ' ' I
0 01 0.2

Figure 4. 6 Relationship between r/a and compressive strength when V;=5%

r/a
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The compressive strength value oscillates from the initial value of 33.35MPa when
the r/a approaches to zero, which means that the radius is very tiny compared with
specimen size and there are large number of EPS beads in each direction in the
cross-section of the specimen. When the r/a is less than 0.05, the specimen size is
10 times of the EPS bead diameter, and in each direction of the maximum
cross-section there are more than 5 EPS beads as shown in the left side of figure as
marked 5, in which the amplitude of compressive strength from the averaged
compressive strength is less than 1MPa. When the number of EPS beads in each
direction of the specimen is less than 5, the amplitude of compressive strength
varies greatly. From Figure 4.6, it can also be found that the maximum and the
minimum compressive strength are 36.98MPa and 28.69MPa respectively, and the
difference between the maximum and the minimum compressive strength reaches

8.19MPa, nearly 25% of the maximum compressive strength.

Neglecting the compressive strength of EPS beads, the compressive strength can be
deduced theoretically by the method presented in Equation 4.29. A comparison the
theoretical compressive strength with the experimental values of EPS concrete with
@2.68mm EPS beads is provided in Figure 4.7.

Equation y=a+bx

60 EPS concrete with 2.68mm EPS beads Value Standard Error
n
_ 55 by experimental method 2$0P-A=1 Intercept 56.1788 49 99196
g 50 + Dby calculation ) Slope -97.75497 318.01922
= ] —— Linear Fit of Book1_G1 = =
£ 45 —— York Linear Fit of Book1_B Equation y=a+px
E’ Weight No Weighting
£ " | Residual Sum of 159 87892
o 35 Squares
2 3] Pearson's r 095383
g Adj. R-Square 09016
£ % Value Standard Erre
© 5l . Intercept 56.09715
15 780P.A=1 Slope ~130.05196

T T T T T )
0.00 0.05 0.10 0.15 020 025 030
real volume fraction

Figure 4. 7 A comparison between theoretically calculated and experimentally
determined compressive strength values

In Figure 4.7, the comparison between theoretically calculated values and
experimentally determined compressive strength of EPS concrete with diameter of

@2.68mm EPS beads is provided. The theoretically calculated compressive strength

71



is higher than the experimentally determined value. However, some experimental
values are very close to theoretically calculated values. The difference between
theoretically calculated value and experimentally determined value is less than
15MPa. The difference is attributable to: 1) theoretical calculated values are based
on the idealized EPS distribution model; 2) experimental condition may have
generated handling and preparation error which have led to inaccuracies.
Convergence but both methods are achieved by numerical means:

fi=A+f%2=>A=f%—f2%="56.1788—97.75497 x V; — (56.09715 —
130.05196 x V;) = 0.082 + 32.30 x V; (4.31)

where f2 is the compressive strength of @2.68 mm EPS beads by Equation 4.30,
f2 is the compressive strength by the experimental method; A is the difference
between predicting and experimental results. Therefore, the real compressive
strength at any EPS volume fraction can be expressed as the theoretically calculated

value subtracting the difference: f2 = f2 — A.

Table 4. 1 A comparison of compressive strength value for EPS concrete by the
theoretical method and experimentally determined for @7.04 mm

Real volume Compressive strength by Compressive strength by
fraction calculation (MPa) experimental method (MPa)
0.17 39.76 32.15

0.25 32.82 26.23

0.18 38.62 26.28

0.32 28.46 11.19

0.35 26.03 14.68

0.30 29.64 18.84

0.32 28.60 21.00

0.34 26.53 11.22

0.53 14.26 4.68
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Equation y=a+bx

50 EPS concrete with 7.04mm EPS bead Weight No Weighting
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Figure 4. 8 Stress-strain relationship of EPS concrete with @ 7.04mm EPS beads

The comparison of theoretically calculated and experimentally determined
compressive strength of EPS concrete with diameter of &7.04 mm EPS beads is
given in Figure 4.8. The theoretically calculated compressive strength is
significantly higher than these measured experimentally. The maximum difference
between theoretically calculated value and experimental measured value may be as
much as 20MPa.

fl=A+fL=>A=fl—f],=5201-7316xV; — (41.06 — 73.88 x V;) =
10.94 + 0.71 X V; (4.32)

where f,% is the compressive strength of @2.68 mm EPS beads by the theoretical
method, f.7 is the compressive strength by experimental method; A is the
difference between theoretical and experimental results. Therefore, the real
compressive strength at any EPS volume fraction can be described as the
theoretically calculated value subtracting the differencef,, = f,. — A. Knowledge of

this relationship is helpful designing the EPS volume fraction.

The relationship between EPS volume fraction and Young’s modulus is depicted in

Figure 4.9, and a) for d=2.68 mm EPS beads and b) for d=7.04 mm EPS beads.
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Figure 4. 9 Relationship between the EPS volume fraction and Young’s modulus, a)
d=2.68mm EPS beads, b) d=7.04mm EPS beads

Young’s modulus totally decreases from 874MPa as EPS volume fraction increases.
In Figure 4.9 b), the Young’s modulus displays the similar trend that its value
dropped from 648MPa as EPS volume fraction increases. Comparing Figure 4.9 a)
and b), it can be deduced that the specimen containing @2.68 mm EPS beads has a
higher Young’s modulus than that containing 7.04 mm EPS beads. In addition, since
the EPS beads are distributed unevenly in concrete, compressive strength and

Young’s modulus might vary even when the volume fraction is the same. There is a
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big dispersion in compressive strength and Young’s modulus values under

experimental conditions due to unspecified variable.
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Figure 4. 10 Comparison of compressive strength values derived from the
theoretical calculations and the experimental method
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Compressive strength of both @2.68 mm and @&7.04 mm EPS beads by the
theoretical and experimental methods is presented in Figure 4.10. Circles represent
the compressive strength calculated theoretically, while the squares are measured
experimentally. Compressive strength decreases as EPS volume fraction increased
in both theoretical and experimental methods (Figure 4.10 a), and experimentally
compressive strength is generally lower than that by theoretical calculation.
Compared both figures, the compressive strength of EPS concrete containing @ 7.04
mm EPS beads has a lower compressive strength than that containing @ 2.68 mm
EPS beads. Furthermore, the difference between the theoretical and experimental
approaches is smaller for the 2.68 mm EPS beads than that containing the 7.04 mm
EPS beads. This may be experimented by the finer EPS beads having a more regular

and uniform distribution in concrete than the coarser EPS beads.

Because EPS beads distribution is not uniform vertically in the tested sample, this
meant that the EPS area fraction is not the same, and the maximum possible
compressive strength of EPS concrete is limited by the maximum EPS beads area
fraction. In the assumed model, EPS beads are distributed uniformly within EPS
concrete sample. If EPS beads are distributed unevenly, there are some positions
where the EPS beads area fraction is higher than the averaged area fraction.
Therefore, the experimental compressive strength of EPS concrete is lower than the
theoretical calculated value for these zones with large area fraction. For the lower
volume fraction of EPS beads in EPS concrete, EPS beads distribution is closer to
the idealized distribution than that higher volume fraction of EPS beads in EPS
concrete. This minimizes compressive strength difference between the

experimentally measured and theoretically calculated values can be obtained.
4.2 Mathematical Model for Two Sizes EPS Mixed Model

The compressive strength model for mono-size EPS beads is easy to build, and the

upper limited volume fraction for closely packing EPS beads is 0.74 (\/%)

correspond to a tetrahedral structure. When there are two sizes of EPS beads, EPS

2
volume fraction can reach: 0.93(1 — (1 — ) [103]. Therefore, adopting two or

gl
)
more size EPS beads mixed together can reduce its density greatly, providing a way
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to manufacture lower density EPS concrete. However, as EPS volume fraction
increases, the role of maximum area fraction plays in influencing its final
compressive strength requires precise investigation. This is especially true for how
the area fraction can be controlled by adjusting ratio of the volume fraction so that

the compressive strength/density can be optimized.

With real construction, there is a great demand for light weight EPS concrete with
high compressive strength. If relationship between the compressive strength and the
ratio/volume fraction is known in two size EPS bead mixed model, the product will

be more competitive.

4.2.1 Physical model for two-size-EPS beads mixed EPS concrete

In order to build a two-size-EPS bead mixed model, it is also assumed that the
compressive strength only relies on the maximum area fraction of EPS beads in EPS
concrete, and that all the EPS beads are distributed uniformly. The cubic sample size
IS a X a X a, and radius of EPS are r; and r, corresponding to the volume fraction

vi and v, then the following equation applies.

f=HhA-5) (4.33)
where S is the area fraction of EPS beads (which includes two parts contributed by
r; and r, EPS beads).

where S; is the area fraction of r; EPS bead, and S, is the area fraction of r, EPS

beads.

The volume fraction is V; = v; + v,, where ¢ is the total volume fraction of EPS

bead, v, is the volume fraction of r; EPS beads, and v, is the volume fraction of
r, EPS beads.

v = Nj4mr;  Ngrj _ 3wy
17 333 a3 4m

(4.35)
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No4Trs Nors  3v
=22, 22_-_2 (4.36)

V2 = 3a3 a3 am
. _ Nj4mri | Np4mrs
Vi=v + v, =— e (4.37)

where N; and N,are total number of EPS beads corresponding to r; and r, EPS

beads.

If the total volume fraction of EPS beads is constant, V; = constant, the maximum

compressive strength can be calculated only after the minimum area fraction of EPS

beads.

Ni4mri  Np4mrd

Vp=v1+ v, =— a3 = constant (4.38)
Rewriting Equation 4.38 yields Equation 4.39:
3 3
vy =Vp—vy =g — it = T (4.39)
Equation 4.39 can be rewritten as:
Nprd _ 3Vy  Narf
S T T a3 (4.40)
That is:
1 1
Nirs _ (37 _ Nardys
a (411 a3 ) (4.41)

If the minimum EPS area fraction is determined by the ratio of r; and r, EPS beads,
the maximum compressive strength of EPS can be calculated. Therefore, when the
total volume fraction of EPS beads is determined, the ratio of two sizes EPS volume
fraction plays the mainly decisive role in affecting the compressive strength. The

total EPS area fraction is given as Equation 4. 42.

2
3

S = 5,45, = My (302 _tur o( e e-2))  aw

a? 4T a3 4T 4T 4

The minimum EPS area fraction can be obtained only when the partial derivative for

v, is equal to zero, which is given as Equation 4.43.
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1 1
0 _ (A (Br) s _ L (3Vr_ 3w\ 3 _
v, n <2n (47‘[) 27'[(471 47'[) > =0 (4'43)
Equation 4.43 can be simplified as Equation 4.44:

)" = G &

4T 41 41
From Equation 4.44, Equation 4.45 can be deduced directly.
1 1
7.71 = EVf, and 7.72 == EVf (445)

According to Equation 4.45, it is evident that the minimum area fraction can be

. 1 .. R R
obtained only when v; = v, = EVf’ and the minimum area fraction is expressed as:

41 41 81

S=S,+S,=m7 ((i—‘j;)g + (- 3&)2) = 2m (ﬂ)é (4.46)

The maximum compressive strength of mixed EPS beads is:

f=fl=-9=Ff (1 ~2m (%)5) (4.47)

According to Equation 4.47, the highest possibility of maximum compressive
strength can be achieved only when the two size EPS beads have the same volume

fraction.

4.2.2 Compressive strength by two sizes EPS beads model

Employing Equation 4.41 with only one single sized EPS bead, compressive

2
3Vfa3

4mr3

3
fi nr?
strength can be expressed as: f, = fo(1 —S.) = fo(1 —%). If the

r/a<<0.05, the size effect can be neglected, and the compressive strength can be

3Vf

4

2
expressed as f, = fo(1—-S.) =, <1 - n( )3> Holding the volume fraction to

the same, adoption of two sizes of EPS bead causes its compressive strength to
decrease a little. The compressive strength of ESP concrete comparison between
only one kind of EPS beads and two kinds of EPS is depicted in Figure 4.11.
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Figure 4. 11 Compressive strength comparisons between EPS concrete containing

one size EPS and two sizes EPS beads

As the volume fraction of EPS beads increases, the compressive strength drops
gradually, but the EPS concrete containing two kinds of EPS beads declines more
quickly than that containing only one size EPS beads under the same volume
fraction condition. Moreover, if the EPS concrete contains a certain volume fraction
of both EPS beads, as the volume fraction of EPS beads increases, the difference
between that the single EPS bead size to that with both increases. Therefore, for a
given volume fraction, higher compressive strength can be achieved by using
uniformed size of EPS beads rather than by employing two sizes of EPS beads.

4.3 Summary

By evaluating the suitability of one size and two sizes mixed together in models, the

following conclusions can be described:

1) If there is only one size of EPS beads in the concrete matrix, the ratio of r/a

plays an important role in determining the volume fraction and the compressive
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2)

3)

4)

strength. When r/a<<0.05, the compressive strength can be regarded as a

function of EPS volume fraction only.

For EPS concrete contained single sizes of EPS beads, the compressive strength

3Vsad
f - )m,z
4mr

fix
can be expressed as: f. = fo(1—-35.) = fo(1 —<a—

2

), where f, is the

initial compressive strength without EPS beads, fix is a round function, V; is

EPS volume fraction;

If EPS concrete contains two sizes EPS beads, the maximum compressive
strength can be obtained only when the volume fraction ratio is 50:50, and at

that time the compressive strength of EPS concrete is: f = f,(1—-S5) =
2
3VF\3
fo (1 —2m (8—;)3>

If the EPS concrete contains two sizes of EPS beads, its compressive strength is
inherently lower than that containing single size EPS beads with the same

volume fraction.
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CHAPTER 5 SIMULATION OF EPS BEADS
DISTRIBUTION IN EPS CONCRETE

With traditional concrete, the shape and distribution of aggregates directly affect the
final compressive strength and its failure mode [104-107]. However, there is less
research work focused on EPS beads distribution and its impact on the compressive
strength. In 2004 K.Miled et al studied the compressive strength and failure mode
assuming an idealized EPS beads distribution [78]. However, EPS beads are
distributed randomly in a real EPS concrete specimen meaning that the inter-bead
distance between neighbouring EPS beads is not uniform. Therefore, further study
the EPS distribution will advance understanding of the failure mode of EPS

concrete.

5.1 A 2D EPS Beads Distribution Model

Knowledge of the distribution of EPS beads is crucial for predicting the
compressive strength of EPS concrete. The EPS beads occupy a greater area fraction,
and the solid concrete matrix occupies less area fraction decreasing compressive
strength. However, the distribution of EPS beads is influenced by many factors,
including concrete mixing time, the mixing processes, ratio of cement to water etc.
Although it is difficult to predict the EPS beads distribution, a probability model can
provide a plausible approximated description for the random distribution of EPS

beads in EPS concrete.

EPS beads are essentially distributed randomly throughout concrete matrix, and
each idealised cross-section will be different. However, the averaged area fraction of
the EPS beads is related to its volume fraction. Therefore, there is an approximated

relationship between EPS beads volume fraction and averaged area fraction.

In a 2D model, the volume fraction can be transformed into an area fraction firstly,

and this can be expressed as:

’r.3
V=3 (5.1)

3a3
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where V is EPS beads volume fraction in EPS concrete, r; is radius of the i EPS

bead, and a is size of a theoretical cubic sample. If the radius of each EPS bead is
the same, Equation 5.1 can be rewritten as:

4-7TTl-3

Vf=n>< 303

(5.2)

where n is the total number of EPS beads in the EPS concrete. The area fraction of
EPS beads in any cross-section is expressed as:

r?
s=3=L (5.3)

where S is EPS area fraction in an idealised cross-section of EPS concrete.

Employing Equation 5.2, the ratio of 2 can be deduced directly by:

1

r__ ﬂ 3
a (4n‘rt) (54)
Combining Equation 5.4 with Equation 5.3, the following relationship can be
formulated:
3V 2
_ £\3
S=m (E) (5.5)

Hence the area fraction can be determined by V. For a given volume fraction, the
area fraction is determined based on Equation 5.5. However, if the ratio 2 is larger

than 0.05, it cannot be neglected, and the area fraction of EPS beads will be affected

by the selected position (see Chapter 4 page 74). To simplify the problem, the ratio
of g is assumed to be lower than 0.05. Area fractions corresponding to the volume

fractions from 10% to 50% are listed in Table 5.1 based on the assumption of a

random distribution of EPS beads embedded within the concrete body.
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Figure 5. 1 Schematic of EPS area fraction in EPS concrete

Randomly distributed EPS beads within a cubic sample are illustrated in Figure 5.1.

Avrea fraction increases with increasing the volume fraction of EPS beads.

As previously stated, the EPS area fraction is affected by many factors. Since the

EPS beads are randomly distributed in the EPS concrete sample, each EPS bead has

the same probability of appearing in any position within the sample. There is a

general relationship between the volume fraction and averaged area fraction by

Equation 5.5. The different averaged area fractions corresponding to the different

volume fractions are listed in Table 5.1.

Table 5. 1 Area fraction corresponding to volume fraction

Volume Area
fraction fraction
0.1 0.26
0.15 0.34
0.2 0.41
0.25 0.48
0.3 0.54
0.35 0.60
0.4 0.66
0.45 0.71
0.5 0.76

Two radii of EPS beads are adopted in the following modelling process with 1.35

mm and 3.5 mm, respectively, and the volume fraction ranges from 10% to 50%.

The cubic shape experimental samples are employed and its size is 40X40X

40mm°.
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In order to simulate EPS beads distribution, Matlab®? software is employed and a

m file is compiled based on the following assumptions:

1) All EPS beads are rigid solid spheres, and that they experience no deformation

during mixing or curing process;

2) All EPS beads have the same possibility appearing in any position within cubic

sample;

3) All EPS beads are separated from each other, implying that any two EPS beads

do not contacting with each other;

The m file for EPS beads distribution is compiled, and it is reported in appendix 1.

5.1.1 2D EPS beads distribution of r=3.5mm

For a certain volume fraction, the EPS beads are distributed randomly in three
dimensions, and in any arbitrarily cross section not all EPS beads are cut through the
spherical centre and not all circles has the same radius, but the maximum radius of
these circles is the 3.5mm. For a certain volume fraction, the total number of EPS
beads can be deduced from Equation 5.2, and the total number of EPS beads is

given by:

a3

n = fix(Vp X —) (5.6)
4-XTL‘>(?

where fix is a round function. According to Equation 5.6, the total number of EPS
beads can be calculated and are listed in Table 5.2 together with related area

fraction.

Table 5. 2 Relationship among volume fraction, total number and area fraction

volume

) total area
fraction number fraction
0.05 18 0.16
0.1 36 0.26

> Matlab is a software trade mark developed by MathWorks.
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0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5

53
71
89
107
125
143
160
178

0.34
0.41
0.48
0.54
0.60
0.66
0.71
0.76

During the experimental determination, all the EPS beads distribution images are for

cross section of the cubic samples taken in 2 dimensions to facilitate comparison

with the simulated results. To optimise the calculating times, when volume fraction

exceeds 0.3, the EPS beads distribution is not calculated.

1
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b)

Figure 5. 2 Representation of EPS beads distribution of r=3.5mm, V; = 5%,

s=16%; a) simulated EPS beads distribution; b) experimental images

Images of both experimental and simulated EPS bead distribution are predicted in
Figure 5.2 with r=3.5mm and volume fraction of 5% and area fraction of 14% EPS
beads, in which the circle zones represent EPS beads in Figure 5.2. In Figure 5.2 a),
all the EPS beads are randomly distributed in this cross-section and the area fraction
occupied by EPS beads is 14%. For the reason of random distribution, the cut EPS
beads may have the different radii. The actual images of EPS beads distribution in
an arbitrary cross-section (Figure 5.2 b) exhibit the some variation in EPS bead radii.
Comparing Figure 5.2 a) and b), the simulated area fractions of EPS beads is very
close to the experimental image, which proves the validity of random distribution
model to describe EPS bead distribution. In addition, the total number of EPS beads
in simulated image is a very similar to that for the experimental images despite EPS

beads being randomly distributed in the cubic sample.

A further example of the comparison of experimental and simulated EPS bead

distribution at a volume fraction of 20% is provided in Figure 5.3.
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b)

Figure 5. 3 EPS beads distribution of r=3.5mm, V; = 20%, S=34%; a) simulated

EPS beads distribution; b) real experimental image

Figure 5.3 a) is for EPS beads randomly distributed by simulation, and Figure 5.3 b)
is an image of a sawn section through a cubic EPS sample real experimental image.
In Figure 5.3 a), EPS beads occupies 34% area fraction of the whole cross section.
The increment of the area fraction leads to the averaged distance between any two
neighbouring EPS beads less than that in Figure 5.2 a). Comparing Figure 5.3 with
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Figure 5.2, it is evident that while the volume fraction of EPS beads increases from
5% to 20%, there are more EPS beads than that in Figure 5.2 b).

O
QQ

b)

Figure 5. 4 EPS beads distribution of r=3.5mm, V; = 30%, S=41%); a) simulated

EPS beads distribution; b) real experimental image

Similarly, Figure 5.4 is comparison of r=3.5mm EPS beads distributions with volume
fraction of 30%. Figure 5.4 a) is EPS distribution by numerical simulating, and in

Figure 5.4 b) EPS beads distribution is derived from experimental laboratory
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procedures. As the EPS bead volume fraction increases, the EPS beads area fraction
increases. For Figure 5.4 a), the area fraction reaches 41%, but experimentally the
EPS beads distribution is affected by random factors during mixing process, and
appears different (Figure 5.4 b). The area fraction of EPS beads in the different
cross section will vary , so on average there will be a little difference between
Figure 5.4a) and 5.4 b). However, the trend for both random model and
experimental method is the same that as the EPS beads volume fraction increases,

there are more EPS beads appearing in the cross section.

When the volume fraction exceeds 30%, more EPS beads are appeared in the cross
section of sample leading to more computing time. Therefore, EPS beads random

distribution is not simulated when the volume fraction exceeds 30%.

Based on evidence from Figures 5.2, 5.3 and Figure 5.4, the EPS beads distribution
model can simulate the random distribution of EPS beads in concrete, and the
simulated EPS beads distributions closely approximate the real EPS distribution

established experimentally.

5.1.2 2D EPS beads distribution of r=1.35mm

Applying Equation 5.6, when the radius of EPS beads is 1.35mm, r=1.35mm, the
total number of EPS beads in EPS concrete along with the area fraction is listed in
Table 5.3.

Table 5. 3 Relationship among volume fraction, total number and area fraction

volume

' total area
fraction number fraction
0.05 310 0.16
0.1 621 0.26
0.15 931 0.34
0.2 1242 041
0.25 1552 0.48
0.3 1863 0.54
0.35 2173 0.60
0.4 2484 0.65
0.45 2794 0.71

0.5 3105 0.76
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From Table 5.3, it is evident that total number of EPS beads varied from 310 to
3105 while the volume fraction is from 5% to 50%. To economise on computing
time, only 5% and 10% volume fractions of EPS bead distribution are simulated.
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Figure 5. 5 EPS beads distribution while r=1.35mm, and volume fraction is 5%;

a) is simulated EPS beads distribution; b) is the experimental image

The r=1.35mm EPS beads distribution by simulated and experimental method with
volume fraction of 5% are imaged in Figure 5.5. In Figure 5.5 a) the EPS area
fraction is 16% while EPS beads volume fraction is 5%. In Figure 5.5 b),
Experimental image of r=1.35mm EPS bead distribution in an arbitrary

cross-section is depicted in Figure5.5 b). Comparing Figure 5.5 a) with 5.5 b), the
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b)

EPS area fraction of the experimental image is little different from the simulated

results.
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Figure 5. 6 EPS beads distribution while r=1.35mm, and volume fraction is 10%; a)

is simulated EPS beads distribution, b) is the experimental image.

Similar images are presented in Figure 5.6 for r=1.35mm EPS beads distribution but
for a volume fraction of 10%, in which the circles represent EPS beads, and the
blank space for concrete matrix; Figure5.6 b) reveals the experimental images of
EPS beads distribution and the white solid circles are EPS beads and remainder
concrete. When the volume fraction is 10% and the averaged area fraction was
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26%(Figure 5.6 a), there are many EPS beads appearing in the experimentally solid
concrete cross section. Comparing Figure 5.6 a) with Figure 5.5 b), there are more
EPS beads appearing in cross sections when volume fraction is 10%.

Figure 5.2 to 5.6 confirm that the simulated distribution of EPS beads by Matlab

program closely matches those obtained by experimental method.

5.2 3D EPS Beads Distribution Model

To generate the randomly distributed EPS beads configuration in 3 dimensions, the
Python language is utilized, and this program has the advantage that the geometrical
figure generated by this program can be imported directly into the Abaqus software,

a necessary important step for simulating stress distribution.

It is necessary to assume that the positions of EPS beads centre are generated
randomly without overlapping; and the distances between any two EPS beads
centres are greater than the sum of the two radii of EPS beads. The above

assumption is expressed as Equations 5.7 and 5.8.
p(x,y,z) ={r+(a—r)*rand,r+ (a—71) *rand,r + (a —r) * rand} (5.7)

where p is the coordinate position of the EPS bead centre, r is the radius of EPS
bead, a is the length of each edge of the cubic sample, and rand is a random
function to generate random decimal. In Equation 5.7, it is implied that all the EPS

beads are within the cubic sample.

dij = \/(xl - X])z + (yl - y])z + (Zi — Zj)z = T; + T} (58)

where d;; is the distance between the i" EPS bead centre and the | EPS bead
centre, x,y,z are the coordinate position, subscript i and j are the i™and the j™ EPS
beads, and r is radius of the EPS bead. In Equation 5.8, the distance between any
two EPS beads is greater than the sum of the radii of both EPS beads, and all the
EPS beads are separated by each other.

Initially, the first two positions of EPS beads are selected according to Equation 5.7

and their centre marked as a series number. Next, the distance between the two
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beads is calculated according to Equation 5.8. If the distance matches Equation 5.8,
these positions are valid, or else, the second position would be relocated according
to Equation 5.7. And then, repeating the above steps until the volume fraction

reaches the planned volume fraction.

According to Table 5.2 and Table 5.3, the total number of EPS beads for r=3.5mm
and 1.35mm are calculated for different volume fractions; and then these EPS beads
are randomly placed in the concrete sample. The EPS concrete samples’ size is

40 X 40 x 40mm3.

5.2.1 3D r=3.5mm EPS beads distribution

Figure 5. 7 3-dimensional r = 3.5mm EPS beads distribution, a) is V; = 10%; b)
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Figure 5.7 represent a three-dimensional r =3.5mm EPS beads random
distribution in concrete by using numerical method. Figure 5.7 a) for 10%, Figure
5.7 b) for 20%, and Figure 5.7 c) for 30% volume fraction of EPS beads. The black
spheres in Figure 5.7are the EPS beads and the remainder concrete. The central
positions of the EPS beads are placed randomly, so the EPS beads can be placed in
any internal position of sample. When the volume fraction is 10%, the total number
of r =3.5mm EPS beads of is 36. These EPS beads are laid sparsely in the cubic
sample. When the volume fraction increases from 10% to 20%, (Figure 5.7 b), the
total number of EPS also increases from 36 to 71, and the average distance between
neighbouring EPS beads became less than in Figure 5.7 a). When the EPS beads
volume fraction increases from 20% to 30%, (Figure 5.7 c), the total number of EPS
beads rises to 107, and the averaged distance between neighbouring EPS beads

becomes even less than that for both 10% and 20% volume fractions.

5.2.2 3D r=1.35 mm EPS beads distribution

With the reduction of radius to 1.35mm EPS bead, there are more EPS beads with
the same volume fraction than with r=3.5mm EPS beads. Hence, in order to
efficiently use the calculation time, only 5% and 10% volume fraction EPS beads

distributions are calculated.

Figure 5. 8 3-dimensional r = 1.35mm EPS beads distribution, a) is V; = 5%; b)
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Finally, a three-dimensional r = 1.35mm EPS beads randomly distributed in
concrete is given in Figure 5.8. Figure 5.8 a) is for a 5% volume fraction of EPS
bead and total EPS bead number of 310, and Figure 5.8 b) is for a 10% volume
fraction of EPS beads, and the total EPS beads number is 621. As volume fraction of
EPS beads increases, the more EPS beads are placed in sample. Comparing Figure
5.8 with Figure 5.7, it can be found that the smaller radius of EPS beads led to the
EPS distribution more homogeneous.

5.3 Summary

Employing numerical simulation mythology, 2-dimensional EPS beads distribution
and 3-dimensional EPS beads distribution can be simulated, and the simulated EPS
beads distributions for different volume fraction are compared with experimental

images. The following conclusions are obtained:

1) The program compiled by Matlab is applied to random 2-dimensional of EPS
beads distribution, and the simulated EPS distributions closely matched these
obtained by actual experiments.

2) The program coded by Python is developed to describe the random distribution
EPS beads in 3 dimensions. The EPS beads distribution generated by the
program can be imported into Abaqus software, which provides crucial

geometry information to calculate the stress distribution within EPS concrete.
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CHAPTER 6 SIMULATION OF THE STRESS
DISTRIBUTION WITHIN FOAM CONCRETE

The compressive strength of EPS concrete is determined by the EPS volume
fraction and EPS particle size [79, 108]. The EPS beads distribution in a concrete
body directly affects the interface area fraction of EPS beads, which in turn exerts
influence on the compressive strength. Reflecting the manufacturing process, the
EPS beads were randomly distributed throughout the concrete. Likewise, the
compressive strength of foam concrete was also determined by pore volume fraction
as noted by others researchers [7, 9, 13]. However, the quantitative impact of pore
size on compressive strength remains to be solved. Employing EPS concrete to
investigate the pore size effect on the compressive strength provided a method to
calculate the compressive strength of foam concrete. The proposed approach of this

study is summarised in the following Figure 6.1.

Generate randomly distributed Setting the basic mechanical

pores 3D figure

properties of foam concrete and

initial and boundary conditions

Put randomly distributed

pores in concrete solid Meshing the foam concrete and
1 | calculating
Import foam concrete geometric i |
figure into Abaqus software Results analysis

Figure 6. 1 Flow chart of the research strategy

Devising random distribution geometric figure is the initial step for the simulation.
In this thesis a program is compiled by using the Python language to generate
random distribution pores in EPS concrete as described in Chapter 5. The program
is imported into Abaqus software by subscript mode. After the geometric figure is
imported into Abaqus software, material properties are input, and boundary
conditions and initial conditions are selected. For single direction loading, the

loading force can be set as experimental value. A tetrahedral grid is applied to

97



meshed pores based on spherical shape of pores embedded in concrete sample.

Finally, simulated results are displayed, analysed and discussed.

6.1 Physical Model

Since concrete is a brittle material, there is little plastic deformation during the

loading process, so deformation can be regarded as an elastic process.

Applied Mises equivalent stress under the static stress condition [113], at
equilibrium, the effective stress on each unit during the loading process is expressed

as:

fe = \/% [(ox — ay)z + (o - Uz)z + (0, -0 +6(tdy + 13, +74)] (61

where f. is effective stress, o, is the main stress in the x direction, o,, is the main
stress in the y direction, o, is the main stress in the z direction, t,,is the shear
stress in the xy face, 7,, is the shear stress in the yz face, and 7,, is the shear

stress in the zx face. According to Equation 6.1, the effective stress distribution of

concrete under any loading process can be calculated.

When the effective stress reaches or exceeds the compressive strength of concrete,

the concrete fails:
fy > f/ (6.2)
where f. is the compressive strength of concrete.

Due to the random distribution of pores in the concrete solid, some pores experience
higher stress than others. When the mounting stress in the sample reaches the
compressive strength of foam concrete, it begins to break and fail at the pore level.
Therefore, the effective stress distribution can be used to predict the weakest

position within foam concrete.
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6.2 Simulation Parameters

For the simulation to approach to the experimental situation, the physical properties
play a fundamental role in affecting the simulated results. The physical properties of
foam concrete are regarded as consisting of two phases mixed together: one solid
(i.e. concrete) and the other void space (i.e. pores). While the concrete matrix bears
the main strength, the strength of pores is regarded as negligible.

Similarly, the boundary and initial conditions have a direct impact on the stress and
its distribution. Therefore, boundary and initial conditions are fixed based on the

experimentally determined condition.

6.2.1 Physical properties

The mechanical properties of foam concrete are measured experimentally using
dense concrete sample. The testing results on the key properties of concrete are
listed in Table 6.1.

Table 6. 1 Mechanical properties of concrete

Density Young’s Poisson ratio  Compressive
(kg/m®) modulus strength (MPa)
(GPa)
concrete 2240 2.1 0.25 60.6

* mechanical properties of concrete are measured experimentally.

6.2.2 Boundary and initial condition

1. Initial condition

Initially, the foam concrete sample is placed free between pressing heads. Once
loading commences, loading pressure increases continuously along with loading

time. The loading pressure is set as a linear function of time given by:

P(t) = 0.5 %t (6.3)
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where t is time (s), and P(t) is loading pressure (MPa). The maximum loading
pressure is set as 60 MPa, equivalent to that for the experimentally measured

concrete.
2. Boundary condition

The bottom face of the sample is set as the anchored condition, the top face as the
loading surface, which is the same as the actual testing situation, and the other
surfaces as free boundary conditions.

6.2.3 Meshed grid

Within the foam concrete sample, there are many spherical shaped pores, so a
theoretical tetrahedral meshed grid is applied to represent their distribution. The
finer meshed size, the more meshing and computing time required. This enforces a
compromise between computing efficiency and precision of generated data. In order
to save meshing yet give reasonable prediction and reliable precision, 2 mm meshed
size is employed for r=1.35 mm pores in the foam concrete, and 4 mm meshed size
is employed for r=3.5 mm pores in the foam concrete, the. These meshed arrays are

depicted in Figure 6.2.
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Figure 6. 2 Meshed grid for a) r = 1.35mm, V; = 5%; b) r = 1.35mm, V; =
10%;c¢) r = 3.5mm, V; = 10%; d) r = 3.5mm, V; = 30%.

The meshed grids of different radii and different volume fractions of pores in foam
concrete samples are shown in Figure 6.2, in which a) is » = 1.35 mm and pore
volume fraction is 5%; b) is » = 1.35 mm and pore volume fraction is 10%; c) is
r = 3.5 mm and pore volume fraction is 10%; d) is r = 3.5mm and pore volume
fraction is 30%. As the pores volume is embedded in the concrete, the total number

of meshed unit increases accordingly.
6.3 3-dimensional Stress Distribution Simulation

6.3.1 3D Random distribution of pores

The first step is to generate 3D pores random distribution model in cubic solid
concrete, and then the work of simulating of influences of pore size and volume
fraction of pores on compressive strength can be completed. 3D randomly
distributed pores are generated with a short program written in Python code, in
which different sizes and volume fractions of pores are employed to show
3-dimensional random distribution. In all the models size of pore is assumed as a
constant during the mixing and solidification process, i.e. the pores are rigid. The
diagrammatic representation of the 3D pore random distribution in concrete are
depicted in Figures 5.7 and 5.8 in the 5™ Chapter.
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6.3.2 3D stress distributions

Stress distribution can locate the position of the maximum stress and determine of
the initial failure position in foam concrete sample. Since there is very small plastic
deformation during loading (fibre reinforced concrete can have plastic deformation),
deformation process is regarded as completely elastic in this study. When local
stress reaches the compressive strength of plain concrete, a foam concrete sample

can be regarded as failure.
1. Stress distribution with r = 3.5mm pores
(1) Vr =10% stress distribution

Stress distribution during loading process and the maximum stress in one
cross-section is calculated in Figure 6.3. Different colours represent different stress

values, and which vary as loading time changes.
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Figure 6. 3 Stress distribution of foam concrete with a 10% volume fraction and
r=3.5mm pores; a) t=0s; b) t=95s on surface; ¢) t=95s on the maximum compressive

strength cross-section.

At commencement of the loading process, the stress value is zero in the sample.
When t=95s, in Figure 6.3 b), the stress distribution on the surface of the sample is
plotted and the maximum stress value is 47 MPa. Viewing the different
cross-sections of the sample, the maximum stress position is obtained in Figure 6.3 c)

and its value is 60MPa when the position failures. Because the force is loading

linearly, the effective compressive strength is given by: f, = 60 x %50 = 47.5MPa

Since the maximum stress position is located close to the pores, especially as
repeated in Figure 6.3 ¢), the maximum stress position is also located between a
pore and surface of the sample. The distance between the pores or pore and surfaces
has a direct impact on the stress concentration. The smaller the inter pore distance is,
the greater stress concentration will be.
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(2) Stress distribution for V; = 20% foam concrete

Stress distributions for 20% volume fraction pores foam concrete is depicted in

Figure 6.4, in which different colour represents the different stress values.
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Figure 6. 4 Stress distributions for foam concrete with 20% volume fraction and
r=3.5mm pores; a) t=0s; b) t=38s; c) t=38 and d) t=57s at different cross section

stress distributions.

Figure 6.4 a) is the initial stress distribution at the stress value of 0 MPa. As the
loading time increased to 38s, in Figure 6.4 b), the maximum stress value on the
sample surfaces reaches 50 MPa. Considering the stress distribution in different
cross-sections, the maximum stress position is located with a red arrow in Figure 6.4
). When t=57s, the maximum stress rises to 76MPa, in Figure 6.4 d). In Figure 6.4
c) the maximum stress in sample is 49.7 MPa, but by t=57s the maximum stress

reaches 76MPa. Using a linear fitting method, the time when the maximum stress

reaches 60 MPa is t = 38 + (60 — 50) X Z:ii = 45s. The effective compressive

strength of the foam concrete sample is determined to be f, = 60 % 14750 = 22.5MPa.
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Comparing Figure 6.4 with Figure 6.3, it is established that for the same loading
force the maximum stress value is higher as the volume fraction increases,
indicating that the higher volume fraction leads to a higher stress concentration, and

the more readily failure sample .

(3) Vr = 30% stress distribution

The stress distribution with 30% volume fraction pores in foam concrete is

calculated in Abaqus and depicted in Figure 6.5.
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Figure 6. 5 Stress distributions for foam concrete with 30% volume fraction and
r=3.5mm pores; a) t=0s; b) t=38s; ¢) and d) are the maximum stress cross-section at

t=38 and t=57s, respectively.

Figure 6.5 a) is the initial state of the foam concrete sample, the stress distribution is
uniformed at OMPa. At 38s, in Figure 6.5 b), the maximum stress value in the
sample reaches 53.5 MPa as marked on the top of the sample. This value approaches
to the compressive strength of concrete. Viewing the cross section, the maximum
stress place at t=38s is located in Figure 6.5 c). For the next calculating step, the
loading time is 57s, and the maximum compressive strength rises to 81MPa on the
right upper corner of Figure 6.5 d). This significantly exceeds the threshold strength
of 60 MPa for dense concrete sample and eventually the sample failures. Using a

linear fitting method, the time when the maximum stress reaches 60 MPa is given by
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57-38

t =38+ (60 —53.5) X ==

=42.5s. At 42.5s, the effective compressive

strength of the foam concrete sample is determined to be f, = 60 x %‘j = 21MPa.

2. Stress distribution with r = 1.35mm pores
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Figure 6. 6 Stress distributions for foam concrete with 5% volume fraction and
r=1.35 mm pores; a) t=0s; b) t=120s; c) is the cross-section of stress distribution at

53s with the maximum stress value in the plane.

Stress distribution with 5% volume fraction and r=1.35mm pores in foam concrete
is calculated in Figure 6.6. Figure 6.6 a) is initial state of foam concrete sample with
stress value of 0 MPa. When it is 53s, in Figure 6.6 c) the maximum stress reaches
60.1 MPa located red arrows. At this point, these parts of the concrete sample failure
because the compressive strength of a dense concrete sample is limited to 60 MPa.
At 53s, the compressive strength at the red node reached 60 MPa, and for the whole

sample, the effective compressive strength of foam concrete sample is given
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by fo = 60 x % = 26.5 MPa. Hence simulated compressive strength of foam

concrete with radius 1.35mm and 5% volume fraction is 26.5 MPa.

(2) Volume fraction is 10%
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S, Mises

(Avg: 75%)
+7.437e+01
+8.857e+01

+5,6980+01
+5.118e+01

+4.538e+01
+3.850e+01

Max: +7.4376+01
Elem: PART-3-1.162081
Node: 3085

Y QODB: r135v10runi.odb  Abaqus/Standard 6.10-1 Mon May 11 13:18:01 GMT+08:00 2015

Step: Step-1
Increment  11: Step Time = 57.17
r 4 X Primary Var. S, Mises

Deformed Var: U Deformation Scale Factor: +6.402e+01

Figure 6. 7 Stress distribution for foam concrete with 10% volume fraction and
r=1.35mm pores; a) t=0s; b) t=120s; c)-d) are the maximum stress in the cross

sections at 38s and 57s.

Stress distributions of foam concrete consists of 10% volume fraction pores is
shown in Figure 6.7. At beginning of test and the stress value is 0 MPa (Figure 6.7
a). When the time is 57s, as shown in figure 6.7 b), the maximum stress is 74MPa,
which exceeds the dense concrete compressive strength. Figure 6.7 ¢) and d) are
stress distributions in the maximum stress cross-section at 38s and 57s. When t=38s,
the maximum stress in the sample is 49MPa, while at t=57s, the maximum stress

rises to 74MPa. The maximum stress reaches 60MPa, corresponding time can be

calculated by t = 38 + (60 — 49) x Z:ig = 46.4s, and the effective compressive

strength of the sample is given by f. = 60 % % = 23.2MPa.

Comparing Figure 6.7 with Figure 6.6, as the volume fraction increases, the

averaged distance of neighbouring pores becomes less, which leads to a higher
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possibility of stress concentration in these regions. Secondly, as the pore volume
fraction increases, the maximum stress concentration value also increases. The
maximum stress concentration is the position of fracturing. Furthermore, the

maximum stress position in Figure 6.3-6.7 is located on the pores surface.

Comparing Figure 6.7 with Figure 6.3, it reveals that as the radius of pores
decreases, the effective compressive strength of the foam concrete increases.
Therefore, reducing the pore size is an effective way to enhance the compressive
strength under the same volume fraction conditions. This gives a very important and

quantitative principle for the manufacturing of foam concrete.

6.3 Summary

Through simulating stress distribution of foam concrete with the various volume

fraction and pore sizes, the following conclusions are deduced:

1) The higher the volume fraction of pores in foam concrete, the more concentrated
stress develops during loading process, thereby decreasing the -effective

compressive strength of foam concrete.

2) The smaller the pore size, the more uniformed the stress distributions. For the
foam concrete smaller pores result in higher compressive strength than concrete

containing coarser pores.

3) The inter-pore distance plays an important role in localizing the stress
concentration. Smaller distance resulting in higher stress concentrations. This
requires the mixing of pores or lightweight beads in foam concrete

manufacturing to be homogeneous.
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CHAPTER 7 THERMAL PROPERTIES OF FOAM
CONCRETE

One of the advantages of foam concrete is its superior thermal insulation properties
compared to normal dense concrete, which leads to its wide use in energy efficient
buildings [29]. The insulation properties have raised wide researcher interests
[109-111].

Thermal properties of foam concrete include heat conductivity, specific heat and the
heat diffusing coefficient. The last can be expressed as a function relating heat
conductivity and specific heat. As the specific heat for foam concrete is well
established, the heat conductivity is the focus of research enabling an understanding

of the heat transfer in foam concrete.

In this chapter, a hybrid model consisting of the mixed parallel and series concepts
are used to define the heat conductivity model. Then the heat conductivity of foam
concrete under the conditions of different volume fraction is predicted by the model,

and its results are compared to experimentally determined heat conductivity.

One of the most serious situations leading to serious loss of life and properties is
firing of building. Many researchers have investigated the fire resistance properties
of building materials [112, 113]. Therefore, the developed heat conductivity model
is utilized to calculate the temperature field evolution of foam concrete as a wall
material and subsequently the temperature field is compared with that in dense

concrete walls.
7.1 Heat Conductivity Model

Heat conductivity is an important parameter controlling heat transfer, and its
determination is an important step in evaluating thermal insulation of foam concrete.
In order to simulate the heat conductivity of foam concrete, the following

assumptions are made:
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1) Each pore is separated from others by concrete matrix, and there are no
inter-connected pores in the foam concrete;

2) The pores are distributed uniformly throughout the foam concrete sample, and
all pores are of the same size;

3) The pore space is fulfilled of air, in this way,the foam concrete can be regarded
as an air-concrete two phases mix;

4) When the pore size is very small compared to the sample size, pores can be
regarded as possessing cubic shape, an assumption that acts generation of the heat

conductivity model;

Employing these assumptions, the effective heat conductivity of foam concrete can
be regarded as both a mixed series heat transferring model and a parallel heat
transferring model. The schematic figure of mixed heat conductivity model is

depicted in Figure 7.1.

L
<v—§

Figure 7. 1 Schematic figures for heat conductivity models, a) series model; b)

parallel model; c) and d) series-parallel mixed model

In Figure 7.1, a) is a series model of heat transfer and b) is a parallel model of heat
transfer; Figure 7.1 c) represents the schematic figure of cubic pores embedded in
the concrete; the sample size of heat conductivity model in Figure 7.1 ¢) - d) is a
unit cubic element (1 X 1 x 1). Figure 7.1c) represents cubic figure of air pores in
solid concrete matrix. Figure 7.1 d) Phase 1 is solid phase, as marked in orange
colour part, and Phase 2 is the solid/air pores one by one mixed together, in which
blue colour represents air cave, and orange colour strip represents for the solid

concrete body. For each Phase 2 it is regarded as a parallel heat conductivity model.
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Therefore, the whole sample can be regarded as a serial heat conductivity model
made up by Phase 1 and Phase 2 serially mixed together. In each Phase 2, the
effective heat conductivity is calculated by the parallel heat transferring model.
Then the effective heat conductivity for the whole sample can be calculated by using
serial heat conductivity model combined the effective heat conductivity of Phase 2

and heat conductivity of Phase 1.
There are N3 pores in the whole simulated zone and there is a relationship:

N3V) =V, (7.1)

where V is air pore volume fraction, Vgp is each air pore element volume,

According to Equation 7.1 each air pore volume can be expressed as:

V,
Vg =% (7.2)

For each length of the cubic, each pore size is expressed as:

P =% (7.3)

g N

The width of Phase 1 is wy, which is expressed as:

=% (7.4)

W =
1 N+1

For Figure 7.1), series heat conductivity is adopted where the Phase 1 is completely

solid phase and its heat conductivity is k. In Phase 1, each slice area is deduced as:
Aj=1x1=1 (7.5)
The height of A; is

= V% (7.6)

W =
1 N+1

In Phase 2, the area of air phase is expressed as:
3 3
A§=N2xl§xl§=N2x%%=W (7.7)
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The area of solid phase in the Phase 2:

A=1-4=1-317 (7.8)
The height of Phase 2 is:
3,
=% (7.9)

In the series model, the heat flux in Phase 1 and Phase 2 are the same, which is

ksSq
AX]_

(T2~ T1) = —B2(T3 - T2) = ... = — <2

Ax, Axp

qg=-— (Tm+1)—Tn)

(7.10)

where g is the heat flux, T(n) is the temperature of the n™ unit,

k is odd b : : :
k, —< s T 1S oddhumber S, is the area of the n™ unit, k,, is the heat

~ \k,, niseven number’

conductivity with mixed phases in Phase 2; due to the same width and length,

S, =S,=--=8, =1, Ax, is the thickness of the n' unit, which is expressed as:
_3
wy = V'8 1 is odder number
Ax, = ?;1
1) = —“N‘g n is even number

Therefore, Equation 7.10 can be written as:

ks _ km _ _ kn _ ke _4a
e (T2=TD) =32 ([3-T) = =T+ D ~Tn) =—2(Tn-TD) =L (7.1)

where k., is the effective heat conductivity of foam concrete;

In the Phase 2, regardless of solid or gas phase, temperature gradient under
equilibrium status between each input side and output side is the same.
qlh

(T3 —T2) = (T5—T4) = = 32— _ U __ V% (7.12)

1xkm 1xkm km N

In each Phase 2, there are N2 air pores, which can be regarded as parallel mode of
heat transfer:
k,* 12«12 kg *wy 12
—% (T3 — T2)N? — Sl—;g(m —T2)-2N(N + 1)
g g
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"S*Wl (T3 = T2)(N + 1) = — 252 (T3 — T2) (7.13)
Equation 7.13 can be simplified as:
_"g*l(,fg) f N2+ 5N o W NN+ 1)+ Rt "S*Wl « (N +1)% =82 (7.14)
g g g g

Equation 7.14 is simplified as:

o = kg 77 + 201 = YTYYT; + k(1= YT’ = e YT + k(1= )

(7.15)

According to Equation 7.11 and Equation 7.12, following relationship is obtained:

(T2 -T1) = (T4—T3) = - = —kiw1
; (7.16)
(T3—-T2)=(T5—T4) = - = Iy
Equation 7.16 can be transformed into:
(T2-T1)+(T3-T2)+ -+ (T(n+ 1) —Tn) =
—kiwl*(zv+1) lp*N Tn — T1——k— (7.17)
Equation 7.17 can be rewritten as:
3
L0V Vs (7.18)

ke ks km

Incorporating Equation 7.15 into Equation 7.18, the effective heat conductivity by

series model is obtained:

ko= km ool )
¢ (1=Vg)km+3/Vgks kg(J_ Vg>+"5< \/EWQ)

According to Equation 7.19, the effective heat conductivity is obtained by means of

(7.19)

series dominated model, and the results of the effective heat conductivity by the
model and experimental method are listed in Table 7.1. Note that the heat

conductivity of air is 0.024 W/m-K at room temperature[46].
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Table 7. 1 Experimental and calculated effective heat conductivity of foam

concrete*

Group Density Experimental heat Calculated value relative

No. (kg/m®) conductivity (W/m-K) error(%)
1 1373 0.369 0.369
2 1194 0.325 0.318 2.2
3 902 0.239 0.232 3.1
4 817 0.217 0.208 4.3
5 761 0.185 0.192 4.0
6 608 0.162 0.152 6.0
7 580 0.142 0.145 2.3

*Experimental data is provided by Zuhua Zhang **

The heat conductivity are reported in Table 7.1, together with calculated volume

fraction and the proposed method for different densities, for which there are seven

density groups of foam concrete ranging from 580 kg/m® to 1373 kg/m®. The first

group density 1373 kg/m® is used as the initial value, for which no foam is added

into concrete. Comparison of the calculated results with the experimental results

reveals that the maximum relative error for heat conductivity is less than 6%.
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Figure 7. 2 A comparison of the calculated and experimentally measured heat

conductivities

Theoretically calculated and experimentally measured heat conductivities for foam
concrete with different densities is evident in Figure 7.2. Here the black squares
represent experimentally measured heat conductivity and red circles represent
theoretically calculated heat conductivities. The difference between the theoretically
calculated heat conductivity and experimentally measured heat conductivity is very

small.
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Figure 7. 3 Comparison among the heat conductivity by different models
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In contrast, Figure 7.3 is a plot of the heat conductivity values predicted by different
theoretical models and the obtained experimentally. The effective heat conductivity
by our proposed model closer to the experimental results than that by series model,
parallel model, Maxwell-Eucken | model and Carson model models. It proves that
the proposed effective heat conductivity model is more reliable for predicting the

effective heat conductivity of foam concrete.
7.2 Temperature Evolution during A Fire Incident

Building fire incidents are the most threat to the human lives in buildings, and the
fire-resistance material in building walls and other parts are very important to
protect human from life threat [114, 115]. As a kind of light weight thermal
insulation material, foam concrete is regarded as an ideal fire resistance construction

material for its lower heat conductivity and non-combustible properties [1, 3].

In this part, temperature fields in a traditional concrete wall and a foam concrete
wall during a fire incident are simulated and compared. The temperature field
evolution is used to quantitatively describe the thermal insulation properties of foam

concrete.

According to Ref [116], the effective specific heat of foamed concrete is expressed

as.
Cp = Cymy + Cp(1 —my) (7.20)

where m, is the mass fraction of the foam, which can be calculated as m, = p, X
Vy/lpa X Vg + pe X (1 —V,)]. For 580 kg/m® foamed concrete, m,= 0.0012. Cy is
the specific heat of air, which is 1005 J/kg K [117]. C; is specific heat of the
concrete matrix, which is 967 J/kg K. So the effective specific heat of the foamed
concrete is: C, = 967.05 J/kg K. Comparing with the experimental value 920

J/kg K of foam concrete, the relative error is only 5.1%.

p=p(1—Vy)+Vpa (7.21)
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where p. is the concrete density, p, is the air density in the pores.
The heat transfer in foamed concrete wall is expressed as:

2 = av?(T) (7.22)

where T is temperature (€); tis time (s); « is thermal diffusivity (m%s), which can

pk: , Where k, is the thermal conductivity from Equation 7.19,
P

p s the density from Equation 7.21 and C, is derived from Equation 7.20.

be expressed as a =

When there is a fire outside the wall, the temperature rising curve for such a fire

incident is given as a function of firing time[118]:

Ty = 20 + 345In(1 + 8t) (7.23)

At the beginning of a fire incident, the initial temperature of the wall (both external

and internal) is set T, = 20 €. A typical fire temperature rising curve is drawn in

Figure 7.4.
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Figure 7. 4 A typical fire temperature versus time curve '
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On the external of the wall, convection is applied:

a
= —ho(Ty — Ty) (7.24)

where h, is the interface heat transfer coefficient between the fire surroundings and
the outside wall surface; T; and T are fire surrounding temperature and outside

wall surface temperature, respectively.

On the internal of the wall, the same convection and radiation heat transfer equation
Is applied:

oT
FY —hi(T; — Ty) q= 610A1(Tf - T24) (7.25)

where h; is the interface heat transfer coefficient between the inside wall surface
and inside of the room surrounding; T, and T, are the temperature inside the room
surrounding (20<€) and inside wall surface, respectively; e; is grey body emission
coefficient, and its value is 0.63 [117]; o is Stefan-Boltzmann constant, which is

5.669x10°W/m? K; and A is the area of emissive zone (m?).

In order to enhance calculation efficiency and to reduce computing time, a 30 mm
wall thickness is adopted and the wall section has a length and width of 10 mm. The
length and width directions are set as periodic boundary conditions, which indicates
that there is no heat transference except inside and outside directions of the wall
(Refer to Figure 7.5). The temperature field for a dense concrete wall under the
same conditions is also calculated. The density, heat conductivity and specific heat
of the dense concrete are 2300 kg/m®, 1.8 W/m K and 912 J/kg K respectively. The
meshed size is Imm, and the wall is meshed into 3000 cubic units. The schematic

figure and meshed shape are depicted in Figure 7.5.
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Figure 7.5 Schematic figure of wall and its meshed figure

Figure 7. 6 Simulated temperature field of foamed concrete at different times,
(@) 0.03s; (b) 100's; (c) 200 s and (d) 360 s

The temperature field in the foamed concrete wall at 0.03 s, 99 s, 200 s and 360 s
are calculated and showed in Figure 7.6. The colours in each Figure 7.6 are
indicating different temperature values. At 0.03 s, in Figure 7.6a, only the end
touching fire rises temperature from initial 20€ to 22<€. When it is 100 s, in Figure

7.6b, the temperature of the outside wall surface rises rapidly to 1045<€, and
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temperature elevated zone extends to the 11" meshed grid. And there are still 19
mm of the wall keeping its temperature at 20<€. After 200 s, the fire stops as shown
in Figure 7.6¢), and the maximum temperature is 1058<€. In Figure 7.6 d, the
highest temperature drops to 1039<€ at 360 s and 7 mm of wall still remains at

temperature of 20<€.

1000,

Temperature

Figure 7. 7 Simulated temperature evolution curves for selected units during a fire

incident

The simulated temperature rising curve for the 10 selected units of foamed concrete
are shown in Figure 7.7. From the left side of wall, the temperature evolution curve
of the first unit is drawn in the top two curves, one is adjacent to fire face, the other
is far from the fire face. The temperature rises quickly from 0 to 50 s, and then rises
slowly. The final temperature difference between the two curves is less than 50€.
As the unit is 1 mm in size, therefore the temperature gradient is 50 €/mm at 360 s

for the first unit. For other units further away from the external fire, their
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temperature difference decreases gradually. For the last selected unit, the

temperature difference between the two sides of the unit is 20 at 360 s.

Figure 7. 8 Calculated temperature field for a solid concrete wall at varying time
periods; a) t=100s;b) t=360s

The temperature field of traditional dense concrete wall at 100 s and 360 s are
calculated in Figure 7.8. At 100 s (Figure 7.8 a), the highest temperature and the
lowest temperature are 948<€ and 30<€, respectively, located adjacent to the wall
surface of the fire side wall and the other end. At 360 s (Figure 7.8b), the highest
and lowest temperature are 987€ and 102<€, respectively, which means that the
entire wall temperature exceeds 100€. Comparing with foamed concrete (in Figure
7.8d), the temperature field of the conventional concrete wall rises more rapidly.

The temperature evolution curves for different positions within a normal dense
concrete structure are shown in Figure 7.9, in which six nodes along the wall
thickness are chosen to viewing their temperature evolution during a fire accident.
From the left face, the temperature of node 1 rises quickly up to 700°C in less than
50s, follows by a gradually rise to 800°C at 100s; beyond 100s the temperature
increases more slowly than before, and at 360s the first node temperature reaches
900°C. The temperature of the second node rises quickly before 100s and up to 700°C
at 360s. The last node is only 3mm from the right side face of wall and its

temperature rises gradually and reaches 180°C at 360s.
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Figure 7. 9 Temperature evolution curve of the marked point

7.3 Summary

By establishing the relationships between volume fraction, heat conductivity and
the specific heat model, temperatures field of foam concrete during a simulated fire
accident can be simulated, the following conclusions are achieved:

1. The effective heat conductivity of foam concrete
oo,

2. The effective specific heat of foam concrete is C; = Cym, + Cp(1 —my);

is: ko = ks

: with a relative error of less than 6%.

the specific heat for p = 580kg/m® is C; =967.05 J/kgK while

experimental value is 920 J/kgeK, and the relative error is less than 5.1%.
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3. For a 30mm thickness foam concrete wall, temperature is maintained at 20°C
on the opposite side for 360s of firing on one side. The wall thickness of 7
mm maintains at this temperature. In contrast, temperature for a simulated
dense concrete wall rises to more than 150°Cafter the same period of firing.
Therefore, foam concrete can allow people to have more time to escape from
a fire incident than a traditional dense concrete wall.
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CHAPTER 8 CONCLUSIONS

In this thesis, the main two physical properties—compressive strength and heat
conductivity of foam concrete are studied by experimental, theoretical and
numerical simulation methods, which provides a tool to design foam concrete and
predict the final product properties. Firstly, the aims of this research are presented in
introduction chapter. Then, research progress of foam concrete is reviewed in
chapter 2. In chapter 3, experimental method is employed to build the relationship
between pore features and compressive strength. In chapter 4, theoretical method is
employed to deduce compressive strength with single size and two sizes of EPS
concretes. In chapter 5, EPS beads distribution in 2D and 3D is simulated by using
Matlab and Python program. Following, finite element method is employed to
simulate the compressive strength. Finally, the heat conductivity of foam concrete is
deduced by theoretical method, and the fire resistance of foam concrete wall is

simulated by using this theoretically calculated heat conductivity.

By completing the research work designed in this thesis, the following important

conclusions are drawn:

1) The compressive strength of EPS concrete containing 2.68 mm diameter EPS is
fo68 = 5.57756 X 1078 x p271984(MPa). The compressive strength of EPS
concrete with 7.04mm diameter EPS is f; = 3.19781 x 1072 x p3-97017(MPa);

2) The smaller the size of EPS beads in EPS concrete is, the smaller difference
between the experimental measurement and theoretical calculation. Low the
volume fraction of EPS beads in EPS concrete leads to consistence between the

experimental measurement and theoretical calculation\;

3) Through numerically fitting, the relationship between compressive strength and
pore volume fraction of foam concrete can be expressed as: f = 49.00164 —

54.10444 * (1 — e(7Vr/0-31316)y.

4) Pores size distribution in foam concrete is described as: y(Vf, x) = exp(4 + B -

X) = exp (0.69 — 0.65exp (_ exp (_ Vf—0.41) V041

— 4 1) + (—0.0081 —
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5)

6)

7)

8)

0.01646Vf+0.11353vf2—0.13863Vf3)x); pore averaged sizes are

1(V;) = 115.81 + 26.97V; + 16.49V;* + 3010.26V;° — 4565.42V;*; the pores

area fraction is expressed as: s(V;) = 0.065 + 1.27V; — 7.40V;* + 26.97V;° —

25.98Vf4; the compressive strength of foam concrete is deduced to be:
o = 3.5+ 11.25 « (1 terf (:ﬁjﬁ)) . (1 +erf (;‘3‘;3;)) :

Theoretically, for the EPS concrete containing only single sized EPS beads, the

3Vsad
fix( 41{T3 )nrz)

a?

compressive strength can be expressed as: f. = fo(1 — ; If two
sizes of EPS beads are mixed in the concrete matrix, the maximum compressive
strength can be achieved when the volume fraction of two sizes EPS beads is

50:50. The maximum compressive strength of two sized EPS beads mixed in
2
. 3Ve\3 . .
EPS concrete is f = f,(1=5) =f, <1 — 21 (g) ) Comparing with only
single size EPS beads embedded in concrete, the maximum compressive

strength with the two sizes of EPS beads is lower;

A Matlab program is compiled to describe the EPS distribution in a concrete
matrix, and the EPS beads distribution is compared with experimental samples,
the results confirms that the program can be adopted for description the EPS

beads distribution;

Through the numerical simulation, it is established that the distance between the
neighbouring pores plays an important role in determining the local maximum
stress. In addition, the smaller the diameter of pores reduces the stress

concentration;

The heat conductivity of foam concrete is  expressed  as:
kg3/Vg2+ks<1—3/Vg2>
kg<3/ng—vg>+ks<1—3fvg2+vg

experimental measured results, the relative error is less than 6%. By using this

ke = kg

). A comparison of the calculated results with

model, the temperature field during a fire incident is further compared with
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traditional dense concrete, and the simulation results confirm the superior

thermal insulation property.
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Future Research Plan

After completing the work in this thesis, the author finds that there are still lots of

work remains to be done in the future.

First of all, optimizing the foam concrete pore features so as to get the premium
thermal insulation and compressive strength is the most important thing for the
future study, which includes balance between the heat conductivity and compressive

strength to match the engineering requirement.

Secondly, in this thesis only the influences of volume fraction and pore size on
compressive strength are studied. In the future, the pore shape factor and pores’
average distance can be studied, which is helpful to deeply understand its effect on

the compressive strength of foam concrete.

Finally, by controlling pore features during the foam concrete making process, the
idealized pore features can be obtained, which will be directly beneficial to the

industries.
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Appendix

Appendix 1 Program for 2D pore structure model

©CoNoOR~wWNE

clear all
depth=100;

=0:

n
N=0;
V=0;

V1=0.5; % V1??2?2?2?2V????2??2?7??

while V<=V1

.n=n+1
. r(n)=rand*20+5;
. Xc(n)=rand*(depth-2*r(n))+r(n);yc(n)=rand*(depth-2*r(n))+r(n);

. if n==1 % First circle center
. N=N+1;

- T(N)=r(n);

. XC(N)=xc(n);yc(N)=yc(n);

. V=V+pi*r(N)"2/depth"2;
.end

Afn>=2

fori=1:N

- d(i)=sqrt((xc(n)-xc(i))"2+(yc(n)-yc(i))"2);
re(i)=r(i)+r(n);
d_rr()=d(i)-rr(i);

. end

. if min(d_rr)>0

. N=N+1;

- [(N)=r(n);

. Xc(N)=xc(n);

. Ye(N)=yc(n);

. V=V+pi*r(N)"2/depth"2;
.end

.Cleardrrd_rr

. end

.end
. % Plot
. d=pi/20;

. t=0:d:2*pi;
. xx=cos(t);yy=sin(t);
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45.fori=1:N

46. x=xx*r(i)+xc(i);
47. y=yy*r(i)+yc(i);
48. plot(x,y)

49, axis([0 100 0 100]);
50. hold on

51. end

52. hold off

Appendix 2 python program for generating 3D pore structure

from part import *

from material import *
from section import *

from assembly import *
from step import *

from interaction import *
from load import *

from mesh import *

from job import *

from sketch import *

from visualization import *
from connectorBehavior import *
import random

import math

#Euclidean Distance Measure
def euclidean_py(x, y):
# lightly modified from implementation by Thomas Sicheritz-Ponten.
# This works faster than the Numeric implementation on shorter
# vectors.
if len(x) = len(y):
raise ValueError, "vectors must be same length™
sum=0
for i in range(len(x)):
sum += (x[i]-y[i])**2
return math.sqgrt(sum)

#Create Cube

mdb.models['Model-1"].ConstrainedSketch(hname="__profile_ ', sheetSize=200.0)
mdb.models['Model-1"].sketches[' __profile__"].rectangle(point1=(0.0, 0.0),
point2=(1.0, 1.0))

mdb.models['Model-1"].Part(dimensionality=THREE_D, name="Part-1',

type=DEFORMABLE_BODY)
mdb.models['Model-1"].parts['Part-1"].BaseSolidExtrude(depth=1.0,
sketch=mdb.models['Model-1".sketches['__profile__])
del mdb.models['Model-1".sketches['__profile_ ]
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#Instantiate cube
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON,  name="tmpCube’,
part=mdb.models['Model-1"].parts['Part-1)

#File Output
text_file = open("c:\Sphere_Positions.txt", "w"

#Radius of one sphere

#r = (3*0.30)/(4*math.pi*n)

#r=r**(1.0/3.0)

#print "Sphere Radius is " + str(r)
#text_file.write("Sphere Radius is " + str(r) + "\n")
#Number of Spheres

#define the radius of EPS beads

r=3.5

print "Sphere Radius is " + str(r)
text_file.write("Sphere Radius is " + str(r) + "\n")

#define the total number of EPS beads
n=round(3*40*40*40*0.2/(4*math.pi*r*r*r))

print "Total sphere number is " + str(n)

#n=108

text_file.write("Number of Spheres: " + str(n) + "\n")

#Create Sphere

mdb.models['Model-1"].ConstrainedSketch(name="__profile__', sheetSize=200.0)
mdb.models['Model-1".sketches[' __profile__"].ConstructionLine(point1=(0.0,
-100.0), point2=(0.0, 100.0))

mdb.models['Model-1".sketches[' __profile__"].FixedConstraint(entity=mdb.models[
'‘Model-1".sketches[' __profile__"].geometry[2])

mdb.models['Model-1".sketches[' __profile__"].ArcByCenterEnds(center=(0.0, 0.0),
direction=CLOCKWISE, point1=(0.0, -r), point2=(0.0, r))
mdb.models['Model-1".sketches[' __profile__"].Line(point1=(0.0, -r), point2=(0.0,
)

mdb.models['Model-1".sketches[' __profile__"].VerticalConstraint(entity=mdb.mode
Is['Model-1"].sketches[' __profile_"].geometry[4])
mdb.models['Model-1"].Part(dimensionality=THREE_D, name="Part-2’,
type=DEFORMABLE_BODY)
mdb.models['Model-1".parts['Part-2"].BaseSolidRevolve(angle=360.0,
flipRevolveDirection=0OFF, sketch=mdb.models['Model-1"].sketches['__profile_ )
del mdb.models['Model-1".sketches['__profile_ ']

#List of Spheres
sphereList =]
spherelnstancesL.ist = []

#Create n instances of the sphere
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foriinrange(1, n+1):
InstanceName = 'Sphere_" + str(i)
print InstanceName
text_file.write(InstanceName)

#Maximum tries to distribute sphere
maxTries = 1000

while len(sphereList) < i:
maxTries -= 1
if maxTries < 1:
print "Maximum Distribution tries exceded. Error! Restart the
Script!"
break;

#Make sure Spheres dont cut cube sides
vecPosition =
[r+(random.random()*(1.0-r-r)),r+(random.random()*(1.0-r-r)),r+(random.random()
*(1.0-r-r))]
for pos in sphereL.ist:
if euclidean_py(pos, vecPosition) < 2*r:
break
else:
sphereL.ist.append(vecPosition)
print vecPosition
text_file.write("\t" + str(vecPosition) + "\n")
#Instantiate Sphere
mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON,
name=InstanceName, part=mdb.models['Model-1"].parts[ Part-2")
#Translate Instance of Sphere

mdb.models['Model-1"].rootAssembly.translate(instanceList=(InstanceName, ),
vector=vecPosition)

spherelnstancesList.append(mdb.models['Model-1"].rootAssembly.instances[Instanc
eName])

print "Sphere Radius is " + str(r)

#Cut all spheres with cube
mdb.models['Model-1"].rootAssembly.PartFromBooleanCut(cuttingInstances=(
spherelnstancesList ),
instanceToBeCut=mdb.models['Model-1"].rootAssembly.instances[ tmpCube,
name="Part-3")

#Intantiate Cut Object
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name="Cube’,
part=mdb.models['Model-1"].parts['Part-3)
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#Delete temporary cube
del mdb.models['Model-1"].rootAssembly.instances[tmpCube’]

text_file.close()
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