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ABSTRACT

Nowadays. the popularity of sustainable concrete construction is increasing every passing
year. The purpose of the construction industry is to increase the life of the residence by
lowering COs emissions and to increase the use of natural resources. Examination of thermal
mass can be used to prevent or minimize temperature swings in the building and can be used
to eliminate the need for energy consumption. Thermal mass reduces the risk of overheating
in the summer and provides passive heating in the winter. Thermal mass is currently
evaluated with “admittance™ that is the ability of the element to exchange heat with the
environment and is based on specific heat capacity, thermal conductivity and density. The
aim of this study is to evaluate the effect of thermal properties namely. density. specific heat
capacity and thermal conductivity on thermal mass of concrete. In order to evaluate the effect
of such thermal properties, different types of cement materials (PFA, GGBS. and SF) and
various types of aggregates (NA and RCA) are used. Additionally. water-cement ratio is
investigated. Once thermal properties are found, thermal dynamic properties are calculated
theoretically for each sample. These calculations lead an understanding on the effects of
different types of cement materials, recycled coarse aggregate and water-cement ratio of the

concrete mixes on the thermal admittance and hence thermal mass.

The laboratory tests results were analysed that PFA content concrete mixes were decreased
the thermal conductivity more than other type of cements content mixes (such as SF and
GGBS).30% PFA content in concrete mix has greater reduction thermal conductivity of the
concrete mix. On the other hand. 15 % SF was decreased the thermal conductivity equal
percentage (6.5%) with 55% GGBS content concrete mix. The laboratory results are shown
that 10 and 20% SF content concrete has greater specific heat capacity than 10 and 20% PFA
content concrete. 65% GGBS content concrete mix has greatest specific heat capacity of the

concrete mix than all of the mixes. When 30% natural aggregate is replaced by recycled



coarse aggregate, the concrete mixes have more lightly. It means that the concrete mixes are
less dense than NA concrete mixes. From the test results, the recycled coarse aggregate are
affected thermal properties of concrete mixes more than the different tvpes of cements
content concrete mixes. RCA content concrete mixes have greater specific heat capacity
value than NA content concrete mixes. However, GGBS content was greater than SF and
PFA content in the concrete. The lowest decrease in the specific heat capacity is obtained as
3.9 % by using 100 % PC with 30 % RCA content concrete mix (C5). Whereas. when the w/c
ratio minimized such as in the GGBS concrete mix (C2). the specific heat capacity is
decreased by 14.8 % that results in the highest decrease in specific heat capacity in all the
mixes. The results are defined that when minimizing water — cement ratio is applied in the

concrete; the thermal diffusivity of the concrete is improved.

Thermal admittance value is affected by thermal conductivity. density and the specific heat
capacity of the concrete mix. When GGBS is used in concrete mix: it increases the thermal
admittance more than all groups. PFA content in concrete mixes have the lowest thermal
admittance value than all mixes. Silica Fume concretes has similar value of thermal
admittance with Portland cement concrete mixes. RCA content in concrete mixes have the
lowest thermal admittance values than other natural aggregate content in concrete mixes.
Thermal admittance does not need to have high or low thermal conductivity of concrete mix.
The importance is to have a moderate thermal conductivity. The results are provided that
thermal admittance is increased with high specific heat capacity. high density and moderate
thermal conductivity of the concrete mixes. Those factors are vital for improving thermal

admittance of concrete mix.
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Chapter 1: Introduction

1 Background
Sustainable construction is becoming more popular as this sector corresponds to the world
changing needs. One of the key requirements in meeting challenges of sustainability within
the built environment is to optimize the energy efficiency of buildings during their lifespan.
Considcring that the concrete is the construction material having the greatest common use,
such material should have low embodied CO> together with consumption of various
c€mentitious by-products like PFA. GGBS and furthermore. recycled aggregates that causes
decrease in operational COa with the intrinsic property called “thermal mass™ that reduces the
risk of overheating in the summer and provides passive heating in the winter. The purpose of
those variations is to increase the life of the residence by lowering CO:> emissions and to
increase the use of natural resources. Construction industry has already performed numeral
effective actions which were provided important steps to obtain sustainable construction.
Hence, this will then encourage decreasing both embodied and total energy usage for the
construction products. Examination of thermal mass can be used to prevent or minimize
emperature swings in the building and can also be used to eliminate the need for energy
Consuming for air conditioning systems.
L1 Research Aims & Objectives
The main aim of this research was to accurately evaluate thermal mass of novel concrete mix
elements and building systems designed for achieving further sustainability within the
construction.
The specific objectives of the work were to:

* Review published literature to establish current status of thermal mass in the building

elements, especially in the concrete and related concepts applied.
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* Investigate and compare thermal properties of concrete with different types of
cements (prepared using cement replacements materials) and recycled coarse

aggregate.
® Asses the influence of water-cement ratios on the thermal properties of concrete.

* Evaluation of the admittance value of the concrete hence thermal mass of concrete is

calculated.

1.2 Scope of the Research
Research undertaken was devised to assist in minimizing the energy consumption of the
buildings. Thus. provide solution for the sustainable concrete construction through
ensuring the building materials positive effect on the thermal mass by measuring the

thermal properties of concrete.

During the course of this study. the energy consumption in the buildings was minimized
by applying the building concrete materials. Different types of cements used in the
research were produced by blending Portland cement (PC) GGBS. Silica Fume, PFA,
meeting the BS EN 197-1(2011) whilst recycled coarse aggregate. RCA is used in the
concrete mixes. In this research. materials were chosen to develop more sustainable
concrete by reducing the required energy consumption and also obtaining the optimal

thermal comfort within the buildings.

Thermal mass of the concrete components is very vital but there are limited resources
available on thermal properties (specific heat capacity. density and thermal conductivity)
of concrete materials (cements and aggregates). Such as using BS EN 197-1 cementious
materials and specially applying the recycled coarse aggregate on thermal properties of

concrete. This is the reason that the cement replacement materials. recyveled coarse

——
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aggregate and minimizing water cement ratio are examined to investigate the effect of the
thermal properties such as thermal conductivity. specific heat capacity and density of the
concrete in this research. The evaluation of thermal mass is done by calculating the
thermal admittance value of the concrete. The admittance value is helped to compare

materials on the concrete.

L3 Thesis Layout
= . i rea
This introductory Chapter provides background information to the subject a

researched, aims and objectives of work, and briefly outline the thesis layout.

i i igati i ject area
A desk study was carried out review previously related investigations in the subjec
i ontent, and
researched. These include thermal mass, effect of concrete constitute, cement ¢

i are given i ter 2.
through this current state of thermal mass was established and are given in Chap

in the study.

In Chapter 4, thermal properties of concrete mixes tested are presented and this cover the
effects of different types of cements, recycled coarse aggregate and water cement ratio.
Appropriate tests relating to thermal namely; thermal conductivity. density and specific
heat capacity of the concrete are carried out and results are reported given that moisture
content of the mixes are kept at constant value by using the dry conditions of all materials

before casting.

In chapter 3, the excel spreadsheet was developed for calculation of thermal dynamic

Properties of different types of concretes by applying the thermal properties data (thermal

—— . - -
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conductivity. density and specific heat capacity). For this. factors which affect the
thermal storage are taken under examinations that include thermal admittance. decrement
factor, and thermal transmittance. The main aspect of this chapter was to clearly
demonstrate the effects of types of cement materials, recycled coarse aggregate and
water- cement ratio of the concrete mixes on the thermal admittance factor of the concrete

mixes.

The conclusions drawn from the research findings. together with the recommendations for

further study are given in Chapter 6.

Details about the references used throughout the research can be found in Chapter 7.
Whilst Chapter 8 includes Appendices providing background on Excel file calculations,

raw data on thermal dynamic results, and copy of a published Journal paper.

\
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2 Understanding Sustainability and Thermal Mass

This chapter presents a comprehensive review of the published literature related to the
thermal mass and its influence of key practical situation on key activities within the built
Cnvironment, as well as principles of heat transfer in the buildings and use different types of
Cement materials and recycled coarse aggregate for achieving enhanced sustainability. It is
been divided into three main parts; the first part focuses on thermal mass to establish the
Current state in the light of the worldwide drive for a more sustainable construction. Whilst
Second part looks at the principles of heat transfer in buildings. and the information on
thermal Properties of binary cement and recycled aggregate concrete has been summarised in
the thirq part. Through this attempt has been made to provide a clear understanding of

therma mass and its role in sustainable built.

“Our Common Future™ (Bruntlandt. 1987) report was published by United Nations after the
inCreasing popularity on harms of economic improvements on health. natural resources and
the environment has been realized in 1980s. In this way, sustainable development is
Xplained a5 “development which meets the needs of the present without compromising the
ability of future generations to meet their own needs” (Bruntlandt, 1987). The concept of
SUstainability was investigated under three main drivers namely: environment, social and
Conomic. Even all of the three areas of sustainability are equally important; the
€Nvironmental element is the interest for many researches around the world, mainly due to its
“kely Wwider influence on the society so reported work also concentrated on this. The research
also concerns on decreasing the effect of concrete construction. Global warming is one of the
“Onsequences caused due to greenhouse effect. Greenhouse effect is occurred when the

“ergy absorbed from the sun is locked in to the atmosphere by carbon dioxide which is one

Of the greenhouse gases.
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Around 20 to 50 percent of the building’s energy consumption is used for space heating and
subject to the type of the building as well as third of the carbon emission of the buildings
(The Concrete Centre, 2012). Certain standards are set by Building Regulations to ensure that
Minimum level of appropriate performance is met in construction of the buildings. Such
Building Regulations consist of looking at health, safety, energy performance and how
Convenience of the obligations in constructing the building. However. these standards can
only be applied in new buildings. Even there is no condition to improve the current buildings;
certain modifications can generate the desire for the current ouildings to fulfil Building
Regulations (English Heritage, 2012). Part L of these Building Regulations covers
Management of fuel and power. Even, if the Building Regulations only expresses general
Necessities, they are assisting by Approved Documents that situated practice guidance
according 1o such necessities. The Approved Document (i.e. defined as Part L) considers
energy efficiency in four different subdivisions namely; new dwellings (L1A). work to
eXisting dwellings (L1B), new buildings that are not dwellings (L2A) and existing buildings
that are poy dwellings (L2B) (English Heritage, 2G12). The new regulations and standards are
introduced 1o decrease the heat loss and outflow of air by improving levels of insulations.
When heat loss is reduced by using low energy designs, the capability of buildings in terms
of thermal mags is improved and hence this cause further decrease in the amount of energy
feeded 1o heat the environment. Nowadays, since more insulated air tight and low energy
bu‘ldings are preferred to be used, understanding the concept of thermal mass is vital.
Curremly, there is a lack of knowledge in this field and this is why regulations are kept

Updateq 1, increase understanding and awareness of thermal mass (The Concrete Centre,

2011),

SpeCiﬁcally in summer climates, when thermal mass is used together with reasonable

Ventilation ang shading systems, it can be used to adjust the weather conditions inside the

[y P— .
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buildings, preventing both overheating and having a cooling load. Previously, the effect of
thermal mass on buildings was neglected. This was because there were abundant amount of
cheap energy sources and beside of this, there wasn’t an issue on climate change. However,
Nowadays, the energy sources are limited and the climates change challenges are faced.
Therefore, thermal mass is important for buildings and to assess the influence of thermal
Mass on buildings again. the researchers first have to understand the basic principles of

thermal mass (The Concrete Centre, 2011).

21 Sustainability & Sustainable Concrete Construction

Even the concept of sustainability dates back to 1960s. the applications in this area to
improve the sustainability concept began in 1980s (Monika Freyman, 2012). Brundtland
Commission (1987) described sustainable development as “a development that meets the
heeds of the present without compromising the ability of future generations to meet their own
Needs”. Evaluation of this concept is a major challenge for engineers. The main aim of
engineers in thjs concept is to provide sustainable explanations. Such resolutions are needed
10 be produced by using qualitative ideals instead of traditional quantitative values. Problems
are explained by using complexity science and the importance is to interpret these challenges
by using Newtonian science (Fenner et al., 2006). If engineers are working together with
Other areas in 4 collaborative manner. then education and practice in engineering will be
deVeloped, Furthermore. this development will improve the way that engineers look at the
Problems in sustainability and will result in a more holistic design approaches. Currently, the
greatest problem in sustainability is the harm of the ozone layer resulting from increasing the

globa] Warming (Costas Georgopoulos and Andrew Minson, 2014).

2.1.1 Embodied Energy

Cemeny and concrete institute. (2011) defined the Embodied Energy (EE) as “the energy

cOnsumed for raw material extraction, transportation, manufacture, assembly, installation,

Measari :
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disassembly and deconstruction for any product system over the duration of a product’s life".
Embodied ¢nergy and embodied carbon are closely related to each other. Embodied carbon
¢an be described as embodied energy by using different types of emission factors. Embodied
€nergy is made from two parts, one containing direct energy and the other containing indirect
cnergy. Direct energy is described as the type of energy that is used to carry building
Materials to the site after that construct the building. Whereas indirect energy is described as
the energy used to obtain. manage and produce the products needed for construction as well

as energy used while carrying those products between these activities.

Cement ang concrete institute, (2011) was stated that the embodied energy is a measure of
Non-renewable energy per unit of building product, section or technique. The unit of
¢mbodied energy is stated as mega Joules (MJ) or giga Joules (GJ) per unit weight where the

Weight is in kg or tonne or giga Joules (GJ) per unit area where the area is in square metres.
2.12 Embodied CO:

Embodied CO; is defined as total amount of CO2 generated in the processes of removing,
carrying and producing raw materials. When the final product is obtained. embodied energy
IS Stated as the amount of CO: per unit weight where the weight is in tonnes and CO; is

Measured ip kg. Alternative unit to express embodied COz is as total amount of CO> per unit

V . .
olume where the volume is in m°>.

In the ypjt used to express ECO», the amount of carbon dioxide is determined by using
differen; emission factors. These emission factors occurred either during the building’s life
cycle considering from the initial design to refurbishment or alternative place where emission
happeneq is during destruction of the building. The reason for measuring these emissions is
10 create carbon life-cycle for buildings. In this way, carbon life-cycle can be used in

IOWering carbon dioxide in buildings. Lemay (2008) recommended that the amount of ECO,

Meagier :
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is subject to the quantity of cement used in the mix. When concrete is compared with
different building materials, it is found that the amount of ECO» in concrete is lower than the
other materials. The figures of this ECO; found in concrete are reported as 95kg for C28/35
unreinforced or 110kg for C28/35 reinforced COa per tonne (Costas Georgopoulos and

Andrew Minson, 2014).

United Kingdom Quality Ash Association (UKQAA). (2010) reported the amount of ECO;
included per tonne of the main materials of the reinforced concrete. Indicative values reported
in Table 2.1 is taken from “cradle-to-factory-gate™ excluding the energy needed for carrying
the materials from the manufactured area to the concrete plants. GGBS is a material used in
the production of iron whereas PFA is a product used in generating power plants. Therefore,
both GGBS and PFA can be called as by-products. Therefore, since such by-products are
Manufactured and land filled, the influence they create an environment due to the production
of iron and electricity is not taken into consideration. On the other hand. the effect is taken
Into account during the development procedure from granulated slag to GGBS. Beside of
this, in order 1o use PF A, additional further procedure is not needed. Thus. it can be stated

that PFA creates less environmental hazard then others.

Table 2-1 Embodied CO2 after UKQAA (2010)

Materials Embodied CO:2 Kg/tonne
Portland Cement CEM 1 913
GGBS 67
PFA 4
Limestone 75

Even all three sections of the sustainable development namely; environment. economic and
social are equally important, from the construction aspect. environment is the one which has
the highest influence. Cement is important constituent material in the concrete and due to

cveral factors including the constraints on the accessibility of natural minerals. which are
e ———
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used as sources in the production of cement and emission of CO,. which is realised during the
production of cement, part of the cement can be substituted by other by-products namely:

PFA, GGBS and silica fume. Managing such by-products eliminates the requirement of

landfill.

In the concrete industry sector, The Concrete Centre (2010) suggested that the Portland
ceément covers majority of the total energy used in the production of concrete such as 74%.
Therefore, both cement sector and ground granulated blast furnace slag sectors are promised
to control climate change agreements (CCA). Both of these sectors have made CCA with the
government, so that the industries in such sectors have to undertake programs to reduce their
energy usage. In the case that such sectors fail to undertake programs to reduce energy.

industrieg should pay financial penalties to the government.

Since the cement sector consists of the majority part in the manufacturing of the concrete, a
care should be taken in this area and CCA helped to decrease the energy usage in the
Manufacturing of cement by increasing the CCA performance by 44.8% within 10 years (i.e.
from 1990 o 2010). At the end of this period. industries in cement sector have achieved and
¢ven went beyond of the target CCA performance requested which was 30%. When the same
time period js considered. the ground granulated blast furnace slag sector has also increased

its CCA performance by developing grinding and hence decrease the energy usage by 16%.

Since UK buildings account 50 per cent of total UK CO> emissions on daily basis, it is very
important to exceed the concept of embodied CO> emissions of construction materials in
Cnergy proficiency and focus on effective emissions of buildings for a long term. Significant
amount of energy can be saved by considering the intrinsic thermal mass over the lifespan of

the building. In this way, both heating and cooling conditions are reduced (The Concrete

Centre, 2011),

P
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22 The Focus on Thermal Mass

Thermal mass is defined as the capability of a building material to store heat energy. In the
building with high thermal mass, firstly. heat is absorbed when the building is exposed to sun
or daylight, then the absorbed heat is stored in a thermal storage and afterwards, the heat from
the storage is used to maintain the temperature inside the building by realizing the heat from
thermal storage when the temperature inside the building is dropped. A material having high
Specific heat capacity. high density and moderate thermal conductivity is classified to be a

useful material that can be used as a thermal mass material. The reason of preferring;

A high specific heat capacity is to maximise the amount of heat that can be stored in
every Kg.

High density is needed for the same reason as well, so that when the material is
heavy, it can absorb more heat.

Moderate Thermal conductivity because this will allow the rate of the heat flow to
be approximately in both heating and cooling cvcles of the building.

Thermal mass affects the building in two ways. Firstly, it balanced the interior temperature by
taking the average of peak temperatures during the day and night. Secondly. it maintains the
interior temperature to be kept at constant temperature; therefore it postpones the occurrence
of peak temperature in the building. Thermal mass delayed this process more in heavy weight
bu“di“gs than lightweight buildings. As well as this, thermal mass have made the heavy

Weight building to achieve lower peak temperature than light weight building. This behaviour

18 called thermal inertia.

Yannas ang Maldonado (1995) explained thermal inertia as the capability of the building to
Slore and realize the heat in total. As thermal inertia increases for a building. the rate of

changing the inside temperature decreases. This change can be in both ways, either increasing

M
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the indoor temperature or decreasing the indoor temperature. By using this ability, thermal
inertia can decrease the rate of heat flow to the indoor environment. As well as this, thermal
inertia can be used in winter periods to keep the heat inside the building. Thermal inertia
enables the heat that is absorbed and stored to be realized at a slower rate to the indoor

environment when the heat is needed at the interior of the building.

Construction materials such as brick, stone, concrete are classified to be heavyweight
Materials, The advantage of such materials is their feature of joining both high storage

€apacity and moderate thermal conductivity specifications.

On the other hand, materials such as wood also have high storage capacity but do not have
Moderate thermal conductivity. Instead, wood has low thermal conductivity. This means that
the rate of heat flow during the absorption and while realizing the heat is restricted. Having
high rate of heat flow is equally bad as having low rate of heat flow. Therefore materials such
4 steel which has high thermal conductivity are not preferred. The reason is when the heat is

absorbed ang realized rapidly, the heat flow cannot be coordinated to the natural heat flow of

the building,

pOpularity in analysing thermal mass in buildings have been increased due to effect that it
Creates on decreasing space conditioning energy of buildings. specifically reducing the
amount of energy used in cooling of buildings. There are two main reasons why thermal mass
IS 1nore important in cooling energy rather than heating energy. First is the effect of climate
ChangeS, since the global warming is occurring in everywhere, it is more important to
Maintain the ¢ool weather rather than hot weather. Second is the construction of new
buildings which should be carried out without damaging the environment such as made with

Z€ro carbon and using less fossil fuel than before (Roberts, 2008).

e ——————
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A study is conducted in the UK to examine the effect of climate changes on functioning
¢nergy and carbon dioxide emission. The effect is investigated on both lightweight and
heavyweight types of houses. The main aim of the study was to look at the effect of thermal
Mass on the balance between embodied and operational CO2. As well as this, the effect of
climate change on the same balance is evaluated. A single house is selected and four different
Measures of thermal mass is used to compare the effect of each. Different measures of
thermal mass are ranged from timber framed with brick veneer house which is a type of light-
Weight construction to a block walls and hollow-core suspended floors which are the type of

heaVY-Weight construction. (Hacker, De Saulles, Minson and Holmes, 2008)

When the house is newly built, the residence was passively cooled in summer. However,
When the temperature exceeds the threshold value, air conditioning is introduced to prevent
Overheating. When thermal mass involved in the building, better heat control is achieved and
Overheating in summer can be controlled for longer periods. Hence. having thermal mass in
buildings postponed the inclusion of air conditioning in the lifecycle of the building. Energy
Needed for functioning of the building and energy needed for cooling are also found to be
decreased relative 10 increase in thermal mass. This is because thermal mass has an
advantageous effect on the energy stored by the structure of the building. When heavy weight
houses are compared with light weight houses. it can be concluded that heavy weight houses
have Up to 15% higher initial embodied CO> then light weight houses. At the beginning of the
lifecycle, thig difference is balanced due to the savings in functioning CO> emissions. Total
savings in functioning CO; emission over the total lifecycle of the building is found to be

around 179 in heavy-weight construction.

It is confirmed with several studies that increase in thermal mass prevents having extreme
temperature conditions inside the buildings. Considerable amount of research have been
Onducted in this area that suggests that when the building has high mass. this eliminates the

ﬁ\
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eXtreme variations caused in indoor temperature and maintain more stable temperature

(Balaras, 1996; Barnard, et al., 2001; Tompson. 2006).

22.1 Influence of Thermal Mass on Cooling Energy Consumption

When warmer climates are taken account in Europe. the advantages of thermal mass is
clearly demonstrated. Nowadays, the interest is to look at other regions where the climate
changes are occurring in the direction towards overheating. Since using thermal mass
decrease the need for cooling. applying their thermal mass to commercial buildings is another
interest rajsed. When the weather is warm, the heat absorbed by heavyweight materials such
as concrete walls and floors prevent the unnecessary temperature rises and by this way,
Overheating s kept under control. As a result of the effect of thermal mass. if the building is
Naturally ventilated, thermal mass ensures that maximum comfort is reached. However. if the
bu“ding IS air-conditioned, thermal mass ensures that peak cooling load is reduced and
delayed. The structure of the building permits large amount of heat to be absorbed given a
little increase in the surface temperature. This feature of heavy weight materials is important

In the sense that low surface temperatures can be used to create cooling effect given that the

residents are accepted to stand for a slightly higher air temperatures.

If the cool night air is permitted to circulate in the building, this will then cause the heat that
is stored in the thermal storage during the day to be removed during the night. In the UK.
since the ajr temperature at night is approximately 10 degrees less than the air temperature at
day time, the heat stored at thermal storage is realized at night and hence the cycle of heating
and cooling operated well. The variation of the temperature during the day time usually more
than 5 degrees, therefore night cooling in the UK is moderately dependent on the differences
between the tempe

rature readings during the day. Over the 21* century. the effect of global

Warming decease the change in the temperature during the day. This means that temperature

M\‘
casuring Thermal Mass in Sustainable Concrete Mixes 15










Chapter 2: Desk Study - Understanding Sustainability and Thermal Mass

of thermal mass because heat stored in thermal storage is thrown away at hollow times.
Hollow times are usually the periods when the internal gain of heat energy is minimized

because there is no need to provide comfort (Balaras, 1996; Barnard, et al.. 2001; and Yang

& Li, 2008),

222 Influence of thermal mass on heating energy consumption

Increase in fuel costs together with harder conditions on performance means that the desire to
Use passive techniques is higher than usual to heat homes and offices. Comfortable low
energy solutions are obtained by considering design, orientation. glazing and thermal mass
together to apply such passive techniques. When thermal mass is applied in passive heating
designs, the capability of thermal mass enables thermal mass to decrease fuel consumption.
By this way, in winter period, heat absorbed from south facing windows are maximised and
When this is combined with heat obtained from cooking, light, maximum benefit is achieved
from thermal mass. During night time, as the temperature decrease. the heat stored by using
Solar passive energy techniques are used to maintain the temperature of the building and to
eliminate the need for extra heating. By this way, it is estimated that 10% of the fuel can be

*aved and when more advanced solar techniques are used such as sunspaces, this figure can

80 up to 30%,

2221 Winter Day

During the day in winter period. if thermal mass is used in a building. this can result the
absorption of heat from the south facing windows by floor and walls of the wilding. Whereas.
n the evening time when the effect of sun is dropped, the temperature is started to decrease

Which wil] affect the heat flow making the heating tlow to be reversed and passed back into

the room,

M\\
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* Observing an increase in fabric energy efficiency and reduction in carbon usage over
the lifecycle of the building.

* Developments in day lighting of the building, enhancing ventilation process, so that a
greater quality of air is achieved.

* Postponing the time lag and decrement factor to decrease the amount of heat gained

during summer,

Providing comfort at summer time as well by eliminating the risk of overheating.

Obtaining estimation for proofing when the effects of climate changes are taken into

account,

Cutting down the need for advance and expensive techniques to decrease the amount

of carbon dioxide.

Added value for the properties and increase the sale prices.

224 Thermal Comfort

Therma] comfort is defined as the feeling of satisfaction when the body's internal
'emperature matches with the environmental temperature. According to BS EN ISO 7730-
2005, thermal comfort is expressed as *...that condition of mind which expresses satisfaction
With the thermal environment.” This means that the person under this situation will not feel
100 hot or 100 cold. For instance, if a person is walking up the stairs while wearing a coat. that
Person may feel 100 hot and similarly, another person at the same environment in a seated
Position wearing a t-shirt might feel too cold. This means that the concept of thermal comfort
is differen; from person to person. According to Health and Safety Executive. an environment
IS classifieq as ‘reasonably comfortable’ when at least 80% of the people existing in the
NVironment are happy about their thermal comforts. Therefore. evaluation of thermal
comfort is made by examining the occupants at the environment to observe their satisfaction
level abgy their thermal comfort. Hence analysis of thermal comfort is complex and difficult.

M\
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Analysis of thermal comfort provides important information to combine the properties of
thermal efficiency with the design of the buildings that is needed. This will then help to
Create right thermal comfort levels for the residents. Increase in knowledge of thermal
comfort. can help to provide effective and efficient designs of the buildings (Andris

Auliciems and Steven V. Szokolay, 2007).

225 Thermal Bridging

The term called thermal bridge is used to explain the heat loss or gain when the heat is
transferred between the building materials. When there is no or little insulation in the
bui]ding, heat loss or gain will be observed by conduction through the clear parts of the cover
and hence the concept of thermal bridge in unnecessary to be considered (CIBSE, 2006).
Therefore, thermal bridging was not considered in the past even in calculations. However. in
the recent years, improvements in building regulations result in increasing the popularity of
taking thermal bridging into account. If the building is well insulated, thermal bridging

became a significant factor that should be considered in assessing the overall performance of

the building.

The biggest challenge came into when bridging materials such as steel beam is used at or
close to the surface of the cover. By this way, heat can be conducted through the material
from one side to other. Conduction of heat can be minimized or prevented if the design is
Made in 4 way. so that the effect of thermal bridge will not be greater than 10-15% of the
total heat Joss resulted from conduction (S M Doran & Gorgolewski, 2002; Way & Kendick,
2008), When materials are used in a building, conductive materials should be insulated to

#void the direct contact with the external air from surrounding environment.

E\\
®asuring Thermal Mass in Sustainable Concrete Mixes 2




Chapter 2: Desk Study - Understanding Sustainability and Thermal Mass

22.6 Thermal Mass and Legislation

In 2005, the UK. the Energy Saving Trust report stated that building regulations did not focus
on the main concern regarding on overheating in urban houses (Energy Save Trust, 2005).
After 2005, it is started at Part L of the building regulations to consider overheating for
buildings only. Standard Assessment Procedure (SAP) assumed low level of thermal mass
Tegardless of the type of the material used in constructing the building. This value can be

used to suggest overheating. However, the estimate does not consider the rate of heat flow.

This assumption involving in Part L and Part F of the building regulations is changed to
consider thermal mass ( Department for Communities and Local Government. 2009). The new
regulation is launched in 2010. According to new regulations. Part L. the passive designs of
buildings are taken into account to generate code for sustainable homes (CFSH) ratings. This
change in regulations will motivate people to apply passive measurements such as thermal

Mass in the construction of houses.

Agreements with current government, policies sate that by 2016, the construction of all new
houses should be made with zero carbon. In order to achieve this goal. the design at the

Underneath is needed to be changed such as improving fabric performance.

Towards the target for 2016, amendments on Part L of the building regulations in 2010 and
2013 have made main actions on the way to zero carbon (Department for Communities and
Local Government, 2010). These also helped to make improvements on airtightness,
insulation and in use of zero carbon technology. Achievements specified in Part L of the
bl‘i]ding regulations are studied from the concrete and masonry housing point of view. The
Performance of different fabric and services options are highlighted on using SAP 2009
Modelling. When considering fabric performance of housing, medium and heavy weight

“Onstruction plays an important role in thermal mass. This is why Government's new Fabric
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Energy Efficiency Standard [FEES] for zero carbon homes included the importance of fabric

on heavy weight construction performance.

Table 2.2 shows how Part L of the building regulations restricts the emissions from new
houses. The way of stating the conditions needed on performance will be changed in 2016
and will be reported as kg CO2/m?*/year instead of percentage development compared to
Previous standard. This will go along with the required fabric performance target that is given
in FEES and expressed in terms of Kwh/m?*/year. New Homes and Community Agency
[HCA] design standards are established by government in November 2010 (NHBC.
December 2010). By this way. reasonable housing can use HCA land or fund to complete
¢ode for sustainable Homes Level 3. The condition for code for sustainable homes level 3 is

to achieve 259 decrease in emission (Thermal Performance Part L1A, 2010).

Table 22 Part L performance requirement [ Thermal Performance: Part L1A from The
Concrete Centre]

———

Year Percentage change

2010 25 % less than Part L 2006 *

2011 25 %% less than Part L. 2006 *

2012 25 % less than Part L. 2006 *

2013 44 % less than Part L. 2006 *

2014 44 % less than Part L 2006 *

2015 44 % less than Part L. 2006 *
2016 (Subject to < 10Kg CO2/ m? /year (detached house)**
public consultation < 11Kg CO2/ m? /year (detached house)**
in 2011) <14Kg CO2/ m? /year (detached house)**

(*) In addition to measures taken to address party wall heat loss (where
~applicable)

* . .
%) Plus allowable solutions to achieve zero carbon performance

Emission factor is the Table 2.3 that shows the amount of carbon dioxide obtained in kg per
KWh of energy from a range of fuels. Emission factors have changed in SAP 2009 to update
the standargs using the up to date data. The results show that emission factors are increased in
W ypes of fuels mainly electricity reflecting increase of 23%.

M\._
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Table 2-3 Revised CO2 emission factors. (Source: Table 12. SAP 2005 and Table 12. SAP

2009)
SAP 2005 SAP 2009
Fuel

ue (CO2Kg/kWh) (CO:Kg/kWh) Change
Main gas 0.194 0.198 +2%
Heating Oil 0.265 0.274 +3%
Wood pellets 0.025 0.028 +12%

Grid suppli

' supplied 0.422 0.517 +23%

—_clectricity

OPPOSing to the assumptions made before, it can be stated that due to air circulation in the
Cavity and party cavity walls can be a cause of heat loss (J. Wingfield. D. Miles-Shenton and
M. Bell. May 2009). If this air flow is not limited. it can result to large amounts of heat loss.
This difﬁculty can be overcome by blocking the cavity and as wells as this. using effective
sealing at the outer part of cavity. After these protections, U-value shown in Table 2.4 can be

assurned.

Table 2-4 U-valyes for party walls (as detailed in Part L) [Thermal Performance: Part L1A
from The Concrete Centre]

Party wall construction U-value (W/ m’K)
Solid 0.0
Unfilled cavity with no edge sealing 0.5
Unfilled cavity with edge sealing 0.2
Fully filled cavity with edge sealing 0.0

T o . . . .
he restriction of heat at the party wall is 0.2 as shown in Table 2.5. This means that. in this
cas . C o )
¢ the control of sealing is minimum. The Building Control Bodies are the ones who

d . . b
etermine how effective the sealing is.

Table 2.5 Backstop U-values in Part L: 2010 [Thermal Performance: Part L1A from The
Concrete Centre]

Element Part L 2006 (W/ m*K) Part L 2010 (W/ m?K)
External walls 0.35 0.3
Party walls N/A 0.2
Floor 0.25 0.25
Roof 0.25 0.2
Windows 2.2 2.0

ﬁ\_
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2.3 Principles of Heat Transfer in Buildings

This chapter presents some concepts of energy transfer in a building as well as the influence
of the mass on it. It covers the flow of energy through the building’s envelope and the storage
Of energy in the mass for later utilization. While taking account overheating in houses, the
factors that cause overheating should be considered. In this chapter. the conception of energy
transfer in buildings is considered.

When there is a thermal storage inside the building, this allows great quantities of heat to be
collected and released gradually per unit volume. By this way. interior temperature will be
kept under control. In broad definition, any material which has the ability to absorb, store and
release the heat can be defined as thermal mass. Therefore, in order to measure the thermal
Mass, as well as the fundamental features of the material namely: thermal conductivity,
Specific heat capacity and density, heat transfer mechanism of the material should be
Considered.

Heat balance s obtained when the heat is gained due to solar radiation and released as a
fesult of convection and radiation. After this heat balance. the procedure of heat transfer is
Started 10 be observed during the day time. Heat gained from external walls over the time and
the temperature raises depending on the material used. Boundary conditions are also affecting
the amoyny of heat gained from external walls. The gained heat is then transferred through the
Walls to the inside surface. However. the opposite procedure takes places during the night
Ume where the outside temperature is lower and additionally, there is no supply of solar
fadiation. In this way. the temperature at the walls gets lower but again the amount of
decrease in temperature depends on the thermal properties of the material used and boundary
Conditions,

The heat balance is achieved when heat is transferred from the condition where the

Cmperatyre is high to the condition where the temperature is low. Therefore. having a higher

Moo .
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Speed of wind increases the convective heat loss. As well as this, having a greater air
Movements inside the wall increases heat loss and results in intemperance of the heat that is
Collected. This means that. by the aid of the structure of the walls. increasing the thermal

mass of the building will result in decreasing the rate of heat transfer procedure.

231 Thermo physical Properties of Materials
The speed of conduction of energy is based on the material itself. density of the material,
ability of the material to absorb the energy and ability of the material to transfer the energy.
Thus, the main features of a material in thermal analysis should consider density, specific
heat capacity and thermal conductivity.
* Density (p) is the mass of the material occupied per unit volume (kg/m).
* Specific heat (c) is the amount of energy needed to generate a temperature difference
in a mass of material (J/kg?C).
* Thermal conductivity (3): is the capacity of the material to conduct heat at a unit
thickness of material with both surfaces at a unit temperature difference (W/m°C).
Change of the temperature of the material and/or the change in the moisture content of the
Material cause thermal properties such as density, specific heat capacity and thermal
cOnductivity to be depend on time. Several authors have reported lists containing building
Materials and their thermodynamic features. The list by Energy Simulation in Building
Design (Clarke. 2001) is represented at Table 2.6 where materials are split into different
Eroups, 1t can be concluded that these properties can vary based on the sample. test procedure

and accuracy of the performed test
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“asuring Thermal Mass in Sustainable Concrete Mixes 26




Chapter 2: Desk Study - Understanding Sustainability and Thermal Mass

Table 2-6 Thermophysical properties of common construction materials (Clarke, 2001)

———

Thermal Conductivity Density Specific Heat

Material (J/ m°C) (Kg/ m3) Ca[])(a;)lg) J/
Block - Masonry medium weight 0.6 1350 840
Brick - aerated 0.3 1000 840
Brick - inner leaf 0.62 1700 840
Brick - outer Jeaf 0.96 2000 650
Brick - reinforced 1.1 1920 840
Cement (regular) 0.72 1860 840
Cement fibreboard 0.082 350 1300
Cement screeq 1.4 2100 650
Ceramic tiles 1.20 2000 850
Concrete — heavyweight 1.3 2000 840
Concrete — lightweight 0.2 620 840
Concrete - medium weight 0.32 1060 840
Earth (common) 1.28 1460 880
Expanded polystyrene (EPS) 0.035 23 1470
Gypsum Plasterboard 0.16 800 840
Hardwood 0.05 90 2810
PVC (regular) 0.16 1380 1000
Sand 1.74 2240 840
Softwood 0.17 550 1880
Stee] 45 7800 480

Therma conductivity of the building is the feature that describes how simply the heat is
transferreg from the cover of the building. Temperature is the factor affecting the thermal
onductivity and in anisotropic materials, as well as temperature. direction is an additional
factor affecting the thermal conductivity. However, the size of the effect can be small over a
Substantja range of temperatures.

The reciprocal of thermal conductivity is known as thermal resistivity. Thermal resistivity is
4 Measure of how much a material is opposed to conduct heat. Thus, a negative association
eXists between conductivity and resistivity of the material. The reciprocal to conductivity. is

thermpg) resistivity which is how much a material resists conducting heat as shown in equation

belO\N:
1
r= y Where: r= resistivity (m°C/W), A= thermal conductivity (W/m°C) (1)
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Conductivity and resistivity are both based on factors such as I degrees temperature change
between the two surfaces through 1 second time period when a sample of Im material is used
having Im thickness. However. the effect of changing the thickness of the layer of the
Material on conductivity and resistivity is not considered. Therefore. when the same material
is taken into account. even using thin or thick layer of the material result in same
conductivity. the actual amount of heat conducted by the sample will be different due to the
distance where the heat has to be transformed.

Generally, when materials used for insulation purposes considered against materials having
high thermal conductivity, these materials will have lower specific heat capacity and even
Much lower thermal conductivity. As well as this, gathering of heat do not happen in these
Materials and by this way. they have the capability of decreasing unwanted heat transfers. In
thermal insulation, air can be used as a good insulator if it is trapped in the right way in
flumerous very small fibres so that the air with poor conductivity will not support convection
and will prevent radiation. Any material having the similar properties of poor conductivity
With no reinforce of convection and radiation is classified as being a good insulator. The heat
transfer procedure in thermal mass can be described in four stages:

At the firgy stage. heat is absorbed by the surface of the material when a radiation of heat is
feeived from a body such as sun. Then. at the second stage. the conduction of heat is
occurred from a warmer surface to the cooler areas such as the inner sides of the material. At
the third stage. heat is radiated back to the space if the surface of the material is warmer than
the environment where the material exists. This makes the material to start cooling down
4gain. Hence af the final step. heat is conducted from the warmer inner sides of the material
10 the surface of the material.

The following part. two types of heat transfer calculations in buildings namely: steady-state

8nd dynamic heat transfer calculations are explained stating the difference between the two

\
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alue; U=W/L=1/R (4)
Thermal conductance. transmittance or U-Value; U=M/1

Where:

U= conductance (W/m? °C )
R= resistance (m2°C/W)
A= conductivity (W/m°C)
L= thickness (m)

. - . =AT'R (5
COnductance and Resistance in Fourier's law  q=UAT or q

Where:
9 = heat flux ( W/m?3) )
U = conductance or U-Value (W/m? °C)
R-valye (m? °C/W)
T'= temperature difference (°C)

: oy larke. 2001: p. 8: BSi.
In addition for a multi-layered wall the equation can be written as (Clar
2003):

. =/ +R3+R3....+Rn] (5)
Heat flyx through a multi-layered wall in steady-state q=AT/[R;
Where-
9 = heat flyx (W/m?)
T= temperature difference ( "C‘)
R= resistance or R-value (m? °C/W) S
. i t capacity of the s:
When the density of the material is multiplied by the specific heat cap
i Capacity (VHC) of the
Material, the resultant value will represent Volumetric Heat p o
ituation insi the wall, VHC of the
Material, When the temperature is considered to be a situation nsist on
| ility of the wall to
ateria] i multiplied by the thickness of the wall to evaluate the capability
P PR ' taking the ratio of the
Store energy per unit surface area. Thermal diffusivity is evaluated by taking
ility all to conduct heat
ability of the wall to store heat energy relative to the ability of the wall
energy_

at: WL]= peL?/ 2= LYD (6)
Ability 1o store energy divided by ability to conduct heat: peL/ [J/L]=p

Thermg) diffusivity D= wpe (7)
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Thermal effusivity &= [ pe]'? (8)

Where; 0
= specific heat capacity of material (kJ/kg."C)

P= density of material (kg/m?)

L= thickness of material (m)

~=Thermal C onductivity (W/m°C)

D= Thermal Diffusivity (m?/s)

&= Thermal Effusivity (j/m*c)

As can be demonstrated from the above equations, thermal diffusivity suggest the rate at
Which heat is transferred through the middle of the wall and therefore. thermal diffusivity is
an important concept on investigation of thermal mass of the material. In the material with
high thermal diffusivity, heat at the surface of the wall is transferred quicker than a material
having low thermal diffusivity (Clarke, 2001). By this way. a material with high thermal
diffusivity is also reacting to temperature differences quicker than a material with low
therma] diffusivity (Kalogirou, Florides et al.. 2002).

The Thermal Effusivity is also known as Thermal Inertia and it is the value estimated by
taking the square root of the quantity obtained from multiplying thermal conductivity. density
and Capacity of the material. Thus, it is used to show the ability of the material to interchange
®Nergy with its environment. It describes the performance of the thermal transfer when two
Materials are contacted together. When the material has high thermal effusivity, this means
that the material can be able to react more promptly to absorb the heat from the surface
(Kalogiroy, Florides et al.. 2002). To sum up. diffusivity considers the heat transfer from the
centre of the material whereas effusivity considers the heat transfer from the surface of the
Materja].

Even therma) diffusivity and thermal effusivity are used to describe the thermal mass of the
Materia], considering only those two properties are not entirely enough. Therefore. as well as
taking accoun these factors, time lag and decrement factor are concepts that needs to be

“Oncerned about,
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Primarily. in the case when both sides of the wall have the same temperature. incident rise in
the external side will result in heat flux to be delayed and hence being different from the heat
flux estimated by using steady state equations. The time difference where delayed of heat
flux has occurred is known as time lag and it is equal to L/6D. When the process of heat
transfer will follow an exponential distribution and will be approaching towards L°/6D.
However, due to the nature of the distribution. it will never be L*/6D exactly. Even
theoretically. time lag is approaching to infinity. in practice: this time lag is needed to be
determined. so that the lag will be kept same. The time lag where the lag is kept same is the
time Constant. Time constant is achieved when the 36.8% of the total heat is transferred
(Childs. Courville et al.. 1983).

In order 10 calculate this heat flux in steady state equations. the wall's R-value is used as a
Parameter and thermal mass of the wall is not considered. Therefore. it can be stated that total
heat flow through the wall does not affected by thermal mass. However. thermal mass does
affect the time lag that determines how long the heat is transferred to the internal surface.

In situationg where there is no time lag to attain the steady state condition while a change in
the temperature is obtained. then there will be difference between the actual peak heat flow
and the heg flow predicted from the steady state equation. This reduction of heat flow is
¢alled Decrement factor. For instance. in single layered homogenous wall. increase in L¥/D
Will cause an increase in decrement factor as well. (Childs. Courville et al., 1983)

Even, if time lag took place then steady state condition hardly. Seldomly it is found in
buildings. Thus, in order to forecast the effect of thermal mass, the researchers should carry
Ut dynamic calculations.

The dpproach called Response Factor Method developed by Brisken and Reque in 1956 is
Used in building analysis in order to overwhelm the problem of estimating the heat flux at a

Point i the cycle. This appreach uses the principle of superposition. By this way. individual

M\_
asuring Thermal Mass in Sustainable Concrete Mixes 32




Chapter 2: Desk Study - Understanding Sustainability and Thermal Mass

temperature pulses at various heights are added to reconstruct the cycle (Davies, 2004).

There are two sub types of response factor method namely: Time-domain and Frequency-
domain response function. Both types of response factor methods are based on transient heat
domain transfer and intra-zone energy zone flows. Both of these methods are well known in
history going back to 1970s and are used to decide the thermal performance of buildings
(Davies, 2004).

Numerous methods are existing for the evaluation of dynamic performance of the building.
The modest method depends on a method called Admittance Method is based on a variation
of the frequency domain method which is generated by the United Kingdom Chartered
Institute of Building Services Engineers (CIBSE). This method is formed by adapting the freg
domain method. Therefore. CIBSE admittance method is also a type of cyclic model. In this
method, the underline assumption about the intervals of the data points is different. Cycles
are assumed to be harmonic based on 24 hours of intervals.

As well as this, other assumptions include using material’s admittance. time lag and
decrement factor to describe the dynamic outcome. By this way, the model generated is
used to create prompt evaluations about the maximum summer time temperatures,
determining the required cooling loads and deciding the obligations of preheat. On the other
hand, the simplicity of the model resists the model to be used in the forecasting of
SUmmertime overheating. The main reason of this limitation is that the model cannot evaluate
the magg accurately. (CIBSE 2006)

Therma) admittance is a measure that describes the amount of heat that move across a
Material, |p steady state condition. admittance is the same as U-value in walls. However,
When the condition is time dependent. admittance is different from U-value. Since thermal
Admittance s changing based on the thermal mass of inner layers of the materials, it can be

used as 5 sign to thermal mass. Admittance tends to be high if the thermal mass of the
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Material is high and vice versa. If the structure of the material is multi-layered. admittance is
evaluated by considering the layers close to internal surface and hence it can be seen as a
dynamic U-value calculated based on internal space only.

Milbank (1974) conducted a research to investigate the thermal response obtained from
buildings as a result of cyclic energy inputs. This thermal response is examined by the aid of
admittance method in the study carried out by Milbank. As a result achieved from his study,
Milbank concluded that the admittance method used is mainly manual and in the evaluation
of thermal response. this method request to provide a balance for diverge range of needs for
Calculations,

After simple calculations are carried out. temperature distribution obtained from conduction
Process through the building element is investigated. This investigation suggest that, usually.
emperatyre distribution is either under a condition where the change of temperature over
time and over the variation of energy is steady-cyclic meaning that the variation occurred in
emperatyre can be repeatable over a certain time or temperature distribution can be under the
Condition where the change in temperature and energy is different in an irregular manner
from one day to another.

Admittance method can provide a solution to steady-cyclic cases. However, in cases where
the change is unpredictable. solution is complex. Hence, different methods such as response
factor shoulg be used. Heavy materials such as concrete. brick or stone can store large
Proportion of cyclic energy due to having large capacity at the internal surfaces. Therefore,
Such materials have high admittance values which then results in small amount of
tempf-‘!’ature swing in the room. The unit for admittance (Y) is W/ m? K and the values of
admittance for some constructions components are reported in CIBSE Guide section A3.

The to14) admittance of a room can be evaluated by the total of the products of all room

Surface areag (A) and their corresponding admittance values (Y). symbolized by the

M\
€asuring Thermal Mass in Sustainable Concrete Mixes 34




Chapter 2: Desk Study - Understanding Sustainability and Thermal Mass

Succeeding expression:
TAY (9)
The units wi]| be. then. given by W/ K.

According to Balcomb (1983). the admittance can be evaluated by:

Y=\1‘-\2“f;"° (10)

Where P represents a period of 24-hour cycle.

Generally. in materials having high density. high thermal conductivity is observed. Hence,
Such materials are classified to be good for heat storage. Furthermore. in steady-steady
conditions. the value of admittance agrees with U-value. However. the meaning of
admittance and U-value is different as explained in Petherbridge (1974): "Whereas thermal
ransmittance is the reciprocal of thermal resistance under steady state conditions (i.e. U =
I/R), admittance is the reciprocal of impedance under the corresponding cyclic conditions.™
The concrete centre stated thermal admittance can be seen as a measure of thermal mass.
However, it is well stated that it can be misleading if it is not used by intense care. When
therma admittance is compared with estimations obtained from more advanced modelling
fechniques, since these techniques uses the real climate data. using thermal admittance
instead can result in biased results around 50% of underestimation of the actual peak cooling
“@pacity (Saulles, 20009).

Caleulation procedures of thermal admittance are described in CIBSE Guide A and British
Standards 13786:2007 (BSI, 2007). The complete list of values of thermal transmitiance,
thermg] admittance, decrement factor and surface factor are delivered in the CIBSE Guide A.
By this way. thermal properties of these materials and their use in buildings are described in
these guidelines. For instance. traditional bricks have admittance around 3W/m’K and timber
frame has an admittance of 0.75W/m?K. Thermal dynamic properties including admittance.

“onductance and decrement factor values of commonly used walls in construction industry is
S ———
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lustrated in Table 2.7.

Table 2-7 Admittance. conductance and decrement factor of some common wall
constructions (CIBSE, 2006)

Construction Admittilnce Conductance Decrement
(W/ m*K) (W/ m’K) factor
Deflse concrete wall (19mm render, 50mm
mineral wool insulation between battens. _
200mm dense concrete block. 13mm dense 332 0.70 0.16
plaster)
Solid brick with insulation (19mm render,
S0mm EPS insulation. 200mm solid brick. 4.23 0.54 0.12

13mm dense plaster)

Brick and block cavity wall (105mm brick.
S0mm EPS insulation. 100mm lightweight 2.98 0.

wn
o
e
FN

)

~3ggregate concrete block, 13mm dense plaster)

Precast concrete panel wall (80mm dense
concrete. S0mm EPS insulation, 100mm dense 2.61 0.56 0.17
———__—concrete. 12.5mm plaster board)

Timber frame wall (105mm brick. 50mm
airspace, 19mm plywood sheathing, 95mm c
R . ) ) 0.39 .
Mineral wool insulation between studs. 0.75 0.58
~——___12.5mm plasterboard)

Heat fluy predicted by both types of calculations namely: state steady calculations and
dynamic calculations are followed a sine curve over time. However. in state steady
Calculations, the heat flux is also affected by changes occurred at external temperature. For
this Teason. time is delayed and the actual heat flux is resulted out of the phase. Although
Mass does not affect the mean heat flux at steady state condition, mass can affect the time lag
by fequiring more time for heat to be transferred to inner space when the mass of the material
is high,

For the reasons explained so far, it can be concluded that taking thermal mass into account
"Sults in decrease in the change of heat flux through the wall. On the other hand. the
“Apability of thermal mass enables arranging of maximum and minimum temperatures by

altering the heat flux through the wall.
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ot ' arameter of
Childs. Courville and Bales. 1983 are generated an estimation to evaluate the p

. ux and time lag.
heat flux amplitude ratio. This parameter is based on greatest heat {1 g

) 5 12 (1]
Parameter of heat flux amplitude ratio: [(L?) / (a/P)]"* (11)
Where:
L= thickness of material (m)
U= thermal diffusivity (m¥s)
P=time period for one cycle (s)
g at flux amplitude
Parameter showing the dependency between some wall properties and the heat flux amp

fatio as proposed by Childs, Courville and Bales (1983)

[(RpeL) / P} or [(peL) / (UPY]™2 (12)
Where:
R= resistance (m?°C/W)
= conductance (W/m? °C )
P= density of material ( kg/m3) ‘ .
= Specific heat capacity of material (kJ/kg°C)
= thickness of material (m)
= time period for one cycle (s) .
N S onent 1s
Total heat flux js formed from two components. The heat flux at the first comp
‘ dent on U-value
Calculated by using steady state equations where the heat flux is only depen
here heat flux
and not on the thermal mass. On the other hand. at the second component where the he
. d by using
is changing, the heat flux is affected from thermal mass and hence calculated by I\
| «cle is affe fi U-value
dynamic heat flux equations. Overall, the total heat flux over a cycle is affected from

i is affected from both
only and pot from thermal mass whereas the peak heat flux and time lag is affe

U-Value and thermal mass.

]he I f 1he va and the heat flux amplitude ratio is
Clationship betwcen the propexlies (0] wall I

n 1 T ; i rease ne unit in the

ega iVCly pmponional 10 U-Value. ‘his means that when an increa of o

o 1l be the same
Prodyct of pcL is compared with a decrease of one unit in U-value. the effect will b
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on the heat flux amplitude ratio. Although both ways result in the same influence on the heat
flux amplitude ratio. a decrease in the U-value will trim down the maximum heat flux while
an increase in the product of pcL will not have this effect. Thus, when the effects of U-value
and thermal mass on the maximum heat flux are compared. it is concluded that U-value has a

greater influence then thermal mass.

Negative relationship between the product of pc and thermal diffusivity is stated. This means
that when a material has a low value of product of pc. this material will have high thermal
diffusivity. However, at the same time, a low value of the product of pe will not result in
higher capacity to keep heat of the material. Hence. in order to look at the speed of the heat’s
Penetration in the wall. a better measure should be considered. A better indicator that is the
Product of J.pc is considered which is known as Thermal Penetration [J/m*°C]. In real cases.
temperature of the inner surface increases after the heat is absorbed by the surface and
followed by a decrease to maintain the temperature at the original state. This process is
explained that, the transformation of heat energy is following a wave curve with decreasing

amplitude over time. Thus. the concept of thermal penetration is vital to be considered.

It can also be defined that the material should be subject to radiant or convective heat energy
until the maximum energy storage limit is obtained. The reason for this is to gain the greatest
adVantage from building’s thermal mass. After the energy storage limit is achieved. the heat
‘nergy recuperated from the inner space of the material or released to the environment. The
ideal temperature to apply this process is in totally passive form is when large diurnal
'emperature differences are observed. If the temperature difference between night and day

lmes is very large, then the stored heat is released by using night time ventilation.

During the transformation of heat energy through the wall: Time lag should be taken into

account in daily cases because having a large time lag limit can be made difficult to apply

e ————
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thermal mass. In cases when the time lag is more than 12 hours. transformation of heat
€nergy to the inner space continues while there is no space to take more heat energy in. For
this reason, thermal mass overwhelm with the heat. This can be unfavourable in winter period
Since the continuous heat intake result in requiring longer time periods to heat the space. On
the other hand, over heating is not observed since a very small amount of excess heat is
released to cause air temperature to rise. This means that the energy balance of the whole

building should be taken into consideration very carefully.

24 Use of Different Types of Cements and Recycled Coarse Aggregate in the

Building Concrete
In this section, different types of construction materials such as GGBS. PFA. SF and also
RCA were explained. Different types of cements and Recycled coarse aggregate are used
With some parameters and conditions such as types of aggregate, water cement ratio [W/C],
Moisture content and temperature to determine the effects of Thermal Mass on concrete. The
following review summarises findings of some researches such as Steiger and Hurd (1978),
Ramazan Demirboga (2003) and X.Fu, D.D. L Chung (1997). which are used to illustrate

how these parameters affect the effectiveness of thermal mass of the concrete mixes.

241 Use of Different Types of Cements

The establishment of Portland cement went back to 19" century and at today’s world. this
“Ment material became the vital part of the concrete. As well as this. there are some other
Materials known as supplementary cementitious materials. mineral admixtures or additions
that are ygeq instead of proportion of Portland cement in concrete mixes. Binary cements are
the MiXtures containing only one type of supplementary cementitious beside of Portland
Cement whereas blended cements are the mixtures containing one or more type of
Supplementary cementitious beside of Portland cement. Blended cements are also known as

C : . .
omPOSIIC cements or combination cements.
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Pozzolanas can be either natural materials obtained from resources such as volcanish ash and
Pumice or can be artificial materials obtained from resources such as PFA. silica fume and
blastfurnace slug which they have been widely applied as supplementary cementitious
Materials. Pozzolanas can be classified as cementitious material if and only if they are
Presented in latent form. Otherwise. if pozzolanas are used in alternative forms. they will
have no or little cementitious value. By this way, if pozzolanas are used without converted,
they do not add any strength to the concrete when mixtures with water. However. when
Pozzolanas are converted to finely divided form. then they can add strength to the concrete by

Teacting with calcium hydroxide when there is an existence of moisture.

NOWadays. finely divided pozzolanas are used to replace Portland cement due to the
¢Conomic reasons. Since, Portland cement is expensive, if part of the Portland cement can be
"eplaced by other materials such as pozzolanas. then the cost of the production of the concrete
Will be reduced. Beside of this reason. the amount of energy required to process Portland

Cement is very high and hence. the damage caused to the environment is huge.

There are two main reasons for this huge environmental damage. One is due to the
consumption of large amounts of natural raw materials that produces lots of greenhouse gases
Ad the other is removal of industrial waste materials such as PFA. silica fume or ground
Eranulated blast furnace. Whereas, pozzolanas are widely and readily available without
feqQuiring large amount of energy for processing. Therefore, pozzolanas are used in the
manufacturing of concrete and can be used to achieve greater performance concrete if the

I‘i Y . .
ght amounts are used in concrete mixes.

24.1.1 Pulverised Fly Ash (PFA)
Uniteq Kingdom Quality Ash Association (UKQAA) (2004) described PFA as a by-product
that ig solid and can be achieved at power stations. PFA is produced when electrostatic and
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Mechanical means from flue gasses of furnaces are discharged with pulverised bituminous
coal. This process is carried out by exhaust gases and as a result of this process. fly ash is

Produced as fine particles.

In order 1o generate electricity at power stations. coal is used as a fuel. When this coal is
fired, steam is produced from coal, and then this steam is used in a turbine to create
electricity. During the process of fire to obtain steam from coal, by-product called fly ash is
achieved. In the UK. the main combustion method used is pulverised coal combustion,

Therefore, fly ash can also be called as pulverised fuel ash.

In this combustion type. firstly. the coal that is crushed into very finite particles is burnt. and
then these burnt particles are moved to the boiler furnace with the aid of air. After that. the
finite coal particles burnt in 3-4 seconds in the boiler furnace to result in ash. These ash

Particles are then moved to the furnace part via flue gases. While this processes of movement

Carried out, the ash particles are started to cool down.

By this way, those ash particles are formed a solid substance that are carried by combustion
gases. Finally, fly ash content is released from flue gases using electro-statically precipitators.
Fly ash obtained from this process can be used either directly in concrete mixes or can be
S0rted if it is mixed with water up to 18% to form conditional form of fly ash. Transportation

'S also easier if the fly ash is in the conditional form.

The Properties of ash are different if the ash is obtained from pulverised fuel combustion or it
is obtained from other types of combustion. The reason of coal grinding process in the
Production of PFA is to give PFA fine particles of a reasonable consistent size. Beside of this,
USag

¢ of combustion in high temperature is to discharge and abolish the hydrocarbons and the

ash before the formation of PFA as a solid substance.
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This production procedure is followed over the years. However. environmental concerns
increase on reduction of gaseous emissions at power stations. The developments to reduce the
83s emissions have not affected the way that PFA is generated. Only a small increase on loss
On ignition (LOI) is observed. The developments to decrease the gas emissions include using
low NO, burners. flue gas de-sulfuration and developed combustion efficiency. PFA has been
applied for a wide range of applications in construction. For instance. due to technical.
€Conomic and environmental reasons. PFA is extensively to be used in concrete in the UK

Concrete industry.

BS EN 4501 (2012) explained that fly ash is a fine powder containing spherical, glassy
Particles ang generated from firing pulverised coal. Pulverised coal can contain co-
“ombustion materials in this process. When the pulverised coal is burnt alone or together with
¢0-combustion materials. this process enables the fly ash to have pozzolanic properties and to

Contain mainly SiO» and ALOs.

Hydration of cement is formed from hydrated calcium silicate and calcium hydroxide. The
key constituent in this mix is Si02. CSH is formed when glassy amorphous forms of silica,
aluming gng iron that are found in PFA are mixed together and joined with calcium
hydroxide and other soluble alkalis such as potassium. When all PFA is mixed with other
Materials, pozzolanic properties of PFA cannot be observed straight after. This is due to
Chemica] reaction of glassy material on PFA only starts to form when the pH of water goes
above 137, By this way. alkalinity of water is increased and hence. hydration of Portland
“ment started 1o form. This reaction is more rapid at the surface of the material where the
Particles act as nuclei. However, when the pH is increased to the appropriate level. reaction of

PFA Particles started and hence more particles started to diffuse away. This results in

deCrease in capillary porosity and therefore finer pore structure. Since reaction of molecules
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in PFA is occurring slowly. prolonged wet curing is needed and therefore. curing is more

effective on PFA concrete compared against PC concrete.

24.12 Ground Granulated Blast furnace Slag (GGBS)

GGBS is 4 type of by-product and this product is achieved when the iron is produced in the
blast furnace. Since GGBS is widely available in enormous quantities. it is appropriate to use
in ready-mix concretes. in the manufacturing of site batched concrete and in precast
Production. Ironore. coke and limestone are mixed in the right proportion in blast furnace at
2000 degrees. At this process. iron ore is converted to iron and then, it drops to the bottom of
the blast furnace. The slag is then reduced in large volume of water quickly. The procedure of
Slaking improves properties of cementitious materials and generate granules. These granules
are similar to coarse sand particles. GGBS is then formed as a result the process of grounding
© fine power of dried granulated slag. GGBS is a white-coloured material with the bulk
density being 1200 kg/m?3. Jones (2011) suggested that GGBS was first produced in Germany
in 1865 and nowadays. more than 200 million tonnes of GGBS material are used per year

around the world.

AcCOrding to BS EN 197-1 (2011) when the melted slag is cooled speedily. granulated blast
funace slag is generated. While around two third of the proportion of Granulated furnace
Slag Contains calcium oxide, magnesium oxide and silicon dioxide together. the other one
third contains aluminium oxide with other small compounds. The ratio of sum of calcium
OXide and magnesium oxide relative to silicon dioxide should be greater than one. GGBS is

then Created by finely crushing this granulated blast furnace slag.

2413 Silica Fume

Mlcmsilica or condensed silica fume are alternative names to silica fume. Silica fume is also

2 by-product that is produced from silicon and ferrosilicon in electric furnaces. Silicon and
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ferrosilicon are mixes obtained from high puity quartz and coal. These materials are used in

Variety of places such as in the manufacturing of aluminium, steel. computer chips and

silicones,

During the blending of silicon and ferrosilicon. high quartz is reduced in the electric furnaces
and hence the outflow of SiO gas is used to produce silica fume. The SiO gas that has leaked
€ombined with oxygen in the air and the resultant molecules condense to form a fine particle
Which is called silicon dioxide (Si0»). This molecule models the largest part of the smoke or
fume from furnace. The thinness of silica fume causes silica fume to have low bulk density
(200-300 kg/m?) and hence this increase the difficulty and cost of handling of silica fume

(ACI 234 R Guide, 2006).

Therefore, silica fume is either provided in densified form or in the form of slurry (EN
13263.1), Densified silica fume is formed from micropellets that are agglomerates of the
distinet particles which are generated from aeration. By this way. the bulk density of
densified silica fume is around 500-700 kg/m* which is greater than undensified silica fume.
On the other hand, slurry contains same proportion of water and silica fume by mass. The
bulk density of silica fume in the form of slurry is normally between 1300 to 1400 kg/m’

(ACI234 R Guide, 2006).

Silica fume particles are generally very small being less than 1 um in 95% of particles.
According to ACI 234 R Guide (2006) for the applying of Silica Fume in Concrete, it is
®Stimated that when 15% of the cement is replaced with silica fume material, around 2000000
Particles of silica fume are present for each grain of Portland cement. Physical and chemical
Properties of silica fume in concrete are mainly occurred depending on particle size and

having high silicon dioxide content (>85%) of silica fume.
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When silica fume contains high amorphous silicon dioxide SiO2, the chemical properties of
silica fume will include very reactive pozzolan materials. When the Portland cement starts to
react, the discharge of calcium hydroxide is obtained. CSH is then formed when this calcium
hydroxide reacts with silica fume. CSH develops the hardened properties of the silica fume

Concretes,

When silica fume reacts with calcium hydroxide. silica fume dissolves in few minutes and
immediately after the water is saturated with calcium hydroxide. on top of the silica fume
Particles CSH is started to form. This process has a high speed. For instance, if silica fume
consist of 10% of the total mass of the concrete material. this means that around one half of
the silica fume reacts in 1 day. whereas two thirds reacts in 3 days and the rest of the silica

fume is observed to react slowly such as three quarters reacting in 90 days.

242 Useof Recycled Coarse Aggregate

The most important constituent in a concrete when volume is concerned is aggregates and
therefore these aggregates have substantial influences on engineering properties as well as
ha"i“g major consequences on the final cost of concrete mixtures. Furthermore, increase in
demang ip construction industry have resulted in reduction in available natural resources to
be useq In construction if such buildings. For instance, the amount of natural resources used
in Construction industry is greater than 165 million tonnes per year. On the other hand.
4round 109 milljon tonnes of demolition are created per year in the UK. Out of this figure of
“Xcesses from destruction. 60 million tonnes are generated from concrete. This value also
Shows  thay the main material used in the construction of buildings is still concrete and
addilionally. the feature of the concrete to absorb natural mineral resources have increased
the Significance of recycling rubble concrete. Using recycling rubble concrete maintain
Matural resources and replacing proportion of the aggregate by the destroyed concrete
disregard the requirement of disposal. The greater the proportion of aggregates replaced by
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recycled materials. the more sustainable the concrete is. As well as this. such usage can also
Minimize the discharge of the amount of carbon-dioxide and reduces the energy consumption
in the Production of concrete. As a conclusion. since extracting of virgin aggregates causes
vast damage to environment and beside of this need huge amount of energy in the process of
CXtraction and crushing, the popularity of using recycled aggregates obtained from

demolished constructions instead of natural aggregates have been increasing. (Mukesh

Limbachiya, 2012).

Primary and recycled crushers and screens from such demolishes are used to decrease the size
of the remained concretes to have maximum 0.4m size. At this process. hydraulic shears
Might be used 1o cut the steel reinforcement. If it is required. After that. the material is
Pressed in g primary jar grinder. This is done in order to generate rubbles that are maximum
7Smm in size. The rubbles obtained are then carried down under an electromagnet. The
Purpose of this is to get rid of any remain reinforcement that are gathered in to the recycled
Materia], Finally, after all these procedures, rubbles that are remaining displayed via sequence

ofappmpriate monitors.

Al the Primary display. materials that are fine as like dirt and gypsum are detached and
Stored, so that they can be recycled to be used for alternative purposes. After that. the
Material which does not contain any dirt is distracted on a conveyor belt in order to be
femoveq manually. Furthermore, in order to decrease the size of the cleaned concrete
f®mainder, remain concrete is transported to the secondary cone presser. This will allow to
control the size of remain concrete at maximum 20mm. The next step is to take away the final
Materials by the aid of air separation unit. Finally, the material is then displayed into different
Size Proportions such as; 20-10 mm, 10-5mm, and <5mm. The main purpose of this

S€paration of the final material to various size fractions is to provide a clean and properly

8raded RCA
e ——————
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The information about using the maximum amount of recycled aggregate in a concrete is
Started to be recognized by both national and international standard bodies. For instance. at 1
June 2005, B 882 (Specification for aggregates from natural sources of concrete) is changed

with EN 12620-] (aggregate for concrete).

While, obligations that are needed for the excellence and categorization of aggregates used in
Concrete are expressed in BS 882. EN 12620 described the possessions of aggregates and
fi

lier aggregates that is used in concrete which are achieved from natural. manufactured or

fecycled materials and mixtures of all of the aggregate types used in the manufacturing of

Concrete.

ConSUmption of recycled aggregate in concrete are described in BS 8500-2 in clause 4.3. At

this Standard, two different groups of recycled aggregates are classified namely:

* Recycled Concrete Aggregate (RCA) which mainly contains crushed concrete and

* Recycled Aggregate (RA) that consist greater amount of masonry

RA can only be used in concretes which have a maximum strength of C16/20. These classes
Of concretes contain concretes that have same properties of cube strength of 20 N/mm->. RA is
also limited 1o be used on only slightly coverage situations. Whereas, RCA can be used in
“Oncretes having maximum strength of C40/50 only in the mildest exposure conditions.
These classes of concretes contain concretes that have the same properties of cube strength of
SN/ mm?. RCA can also be used in broader range of coverage situations compared against
RA, Usually, if the concrete is exposed to conditions such as sea water or de-icing salts or

s . . : .
Cvere freezing or thawing or in extremely aggressive ground. then RCA is not authorised to

be :
used in sych concretes.
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243 Effects of Different Types of Cements and Recycled Coarse aggregate on The
Thermal Properties of Concrete

2431 Effects of different types of Cements on Thermal Properties of Concrete

DDL. Chung (2002) state that replacing cement by silica fume is found to reduce the density
of the concrete. If the silica fume added is raw material. then this increases the specific heat
“apacity of the concrete. Y.Xu. D.D.L. Chung (2002) suggest that when silica fume is
included i cement. this results in decrease in thermal diftusivity as well as increase in

Specific heat capacity and further decrease the thermal conductivity.

The thermal conductivity of water is 25% more than the thermal conductivity of air. For this
feason. when the small holes in the air are replaced with water or moisture. this results in
inCreasing thermal conductivity. Steiger and Hurd (1978) suggested that water absorption
Causes the weight of the concrete to increase by 1% per unit weight and hence results in 5%
rise in thermal conductivity. Higher the cement content exists in the concrete. the higher the
thermg] conductivity resulted. At the same time. thermal conductivity of the concrete gets
higher if he aggregate used in concrete have higher thermal conductivity. For instance, if SF
IS used a5 an aggregate. this reduces the thermal conductivity but increased the specific heat

Capacity of the concrete.

Or instance, it is reported that thermal conductivity of crystalline silica is around 15 times
&reater than thermal conductivity of amorphous. Therefore, concrete containing crystalline
Silica haye less thermal conductivity than concretes containing amorphous. If amorphous
silica g used as a compound in the generation of the concrete. it can be used to reduce the
therme] conductivity. The main purpose of using admixtures such as SF in making the
conerete is 1o lower the speed of hydration, develop the mechanical properties of the

“Oncrete, reduce the reactivity of alkali aggregate and decrease the permeability of concrete.
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However, the impact of each admixture on thermal conductivity is different and should be
investigated separately. Ramazan Demirboga (2003) found out that SF is the factor to have
“aused a decline in thermal conductivity. When the Portland cement is replaced by SF. the
higher the percentage of cement replaced. the lower the thermal conductivity achieved. This
is because replacing cement by SF reduces the density of the concrete content. Hence

Teduction of density of the concrete causes a decline in thermal conductivity.

Such decrease is also reported to suggest that there is an association between density and
thermg] conductivity where the thermal conductivity increases as the density gets larger.
Usually Portland cement is replaced by SF or at 10, 20 or 30%. It can also be stated that the
highest decline of thermal conductivity is achieved at highest rate when the Portland cement

'S replaced by SF at 30%. (Gul et al.. Akman Tasdemir ef al. Lu-Shu ¢f al.)

X.Fu, DD. L Chung (1997) state that when 15% of Portland cement is replaced by SF. it can
decrease i thermal conductivity up to 46%. Addition of further SF content improves the
decline of thermal conductivity. The differences in the percentage reductions can be

Xplained by being exposed to different testing conditions and moisture contents.

2432 Effects of Types of Aggregate on Thermal Properties of Concrete

Kook-Hap Kim et al (2002) clarified that when the volume of all parameters are kept same.
*Xposing the specimen to different temperatures such as 20. 40 and 60 degrees. resulted
increage in the volume of fraction of aggregates from 0 to 0.71. During this process. moisture
content s either wet or completely dry. When the volume of fraction of aggregates increases.
after 4 Certain point. the temperature where the same is exposed or the moisture content of the
SPecimen does not make any difference in terms of effect in thermal conductivity. At such
“ases, linear increase is obtained in thermal conductivity. Therefore. concretes containing

large amounts of aggregates have higher thermal conductivity.
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Kook-Han Kim et al (2002) described an alternative method of measuring thermal
conductivity by separating fine aggregate fractions from the total aggregates. This study is
Carried out on four sets of materials where the results are reported for each set. It is concluded
from the results that only slight increase is observed by using larger amount of aggregate
fractions. This is explained by the fact that fine aggregate has a greater thermal conductivity
Telative to the coarse aggregate. When the fine aggregate is added to the concrete mix. this
€an cause the aggregate in the mix to be distributed evenly and this can be the alternative
feason. This research is shown how the aggregates are affected the thermal conductivity. This

18 the reason that thermal conductivity is one of the main factor of the thermal mass of the

Concrete.

Yunsheng Xu and D.D.L Chung (2000) compared the inclusion of sand against silica fume
and conclyde that lower values of specific heat capacity and greater values of thermal
COnductivity can be obtained when sand is used instead of silica fume. Sand has larger
Particle jze compared to silica fume. Therefore, sand has lower interface area relative to

Silica fume and hence the diffusion through the border is easier for silica fume than sand.

PrOperties of sand: having low specific heat capacity and high thermal conductivity can be
due 1o small interface area because slippage at the interface effects the specific heat and as
Well as this, this interface corresponds as a thermal barrier. When SF is added in the cement
COntent, this increases the specific heat capacity of the specimen by 7%. On the other hand.
inch‘ding sand in the cement mix reduces the specific heat capacity by 13%. Beside of this,

SF ang sand had reverse effects on thermal conductivity as well.

For instance, addition of SF reduces thermal conductivity by 38% and inclusion of sand
NCreases the thermal conductivity by 22%. The opposite effect of SF and sand is primarily

N . sy N o 7
baseq on having smaller interface area for sand and vice versa for silica fume. When the

W
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Properties of sand are compared with silica fume, high reactivity of silica fume can be seen as

a factor that generates the difference in the effect of adding sand or silica fume together.

However, relativity should not be a main property in consideration because relativity

improves the interface. making the interface to be stronger and hence resulting reduction of
Specific heat capacity. This contrasts with the observed influences. When sand is included in
the mix 10 replace proportion of cement. both the reason for reduction of heat capacity and
increase in thermal conductivity are explained to be having greater homogeneity in sand
Particles compared against within cement paste. The highest factor that affects the thermal

“Onductivity is the type of the aggregates.

K.J.Mun (2006) reported the thermal conductivity to be between 0.593-0.7333 W/m K in
their study. In lightweight aggregate with the highest mixing ratio of sludge. production of
internadly calorific organic materials and gas creates increase in maximum porosity levels and
hence this causes decline in thermal conductivity. Thus. lowest thermal conductivity is
chieved in lightweight concrete with highest mixing ratio of the sludge. However. if only the
CTushed stones are used in the mix. then the thermal conductivity is reported between 1.50-
1.60 W/m.K. The benefit of using lightweight aggregates such as sewage sludge over the
Ordinary concrete is the capability of lightweight aggregate to make the insulation effect
Stronger than ordinary concrete. The specific heat capacity of the concrete is defined as the
Quantitative heat energy stored in that concrete. The amount of heat stored in the concrete is
based on the mass of the material and also the characteristics of the material. Even if the
thermay conductivity of two materials are same such as fine aggregate and coarse aggregate,
the amount of heat stored is different. Since fine aggregate has lower mass and size. specific
heay Capacity is lower in fine aggregate when assessed against coarse aggregate. It the value
of specific heat capacity is multiplied by density. then volume heat capacity (VHC) is

Obtained.
——
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2.4.3.3 Effects of Water Cement Ratio on Thermal Properties of Concrete

The water cement ratio is important for thermal properties of the concrete. Since
Water/cement ratio directly affects thermal performance of the concrete. low water cement
ratio resulted for the concrete to be denser. For instance. Kook-Hand Kim et al (2002)
Suggest the reason for thermal performance being affected by W/C ratio as the quantity of the
dggregates in the concrete mix. According to Kook-Hand Kim et al (2002). the amount of
dggregates should be added to the concrete mix based on the amount of cement in the mix.
When the amount of cement is increased and hence low W/C ratio is obtained. the thermal
onductivity of the concrete increases. This is due to the feature of the cement that is having
higher thermal conductivity value then water. On the other hand. decreasing the amount of
Water, decreases the specific heat capacity of concrete and the reason for this is water having
A greater specific heat capacity value than cement. The other researchers Renga Rao
Krishnamoorthy and Juvinia Augustine Zujip (2013) found that thermal increase in thermal
“Onductivity is obtained when reduce water cement ratio is used and this is explained due to
“®ment having greater thermal conductivity compared to water.

2.4.3 4 Effects of Moisture Content on Thermal Properties of Concrete

Kook-Han Kim et al (2002) suggested that when all materials in the cement paste are
Considered. the main affecting factor is found to be moisture state. Thermal conductivity is
decreased hugely when the moisture state is changed from saturated to fully dry. The reason
for this huge variation is when the concrete is fully saturated, air voids filled with water and
that makes the thermal conductivity to be greater than the thermal conductivity of the air. It is

also important to forecast the moisture content all over the concrete.

When the thermal conductivity of water is compared with thermal conductivity of air, it can

be concluded that since thermal conductivity of water is 25 times greater than thermal

—
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conductivity of air. the thermal conductivity is resulted as higher values in saturated condition
than dry condition. Steiger and Hurd (1978) stated that water absorption increases the one
unit weight of the concrete by 1% and hence thermal conductivity of the sample increased by
5%. M.I. Khan (2001) explained that when rocks are compared. higher speed of increase in
therma] conductivity is achieved for the ones having high absorption proportions with

Maximum saturation state relative to the ones at the dry state.

For instance. siltstone having the absorption of 1.99% proved that thermal conductivity is
increased around 48% more when it is at maximum saturation condition. the increase in
therma] conductivity will be small relative to dry condition. For instance. basalt and quartzite
have absorption rates 0.4% and 0.3% respectively. The difference in the increase in thermal
Conductivity they create at maximum saturation is 0.65% and 0.60% respectively relative to

dry condition.

Table 2-8 Physical properties of Portland cement and types of aggregate (M.1. Khan. 2001)

Material Specific Gravity Absorption (%)
Ordinary Portland cement 3.15 -

Sand type | 2.69 5.20
Sand type Il 2.70 4.70
Basalt 2.70 0.30
Limestone 2.69 0.80
Siltstone 2.66 1.83
Quartize 2.67 0.25

Table 2-9 Thermal conductivity of the rocks in dry and saturated states (M.I. Khan. 2001)

Thermal conductivity (W/mK)

Type of concrete

Dry Fully Saturated
Basalt 4.03 4.30
Limestone 3.15 3.49
Siltstone 3.52 5.22
Quartize 8.58 8.03

N —
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The rate of increase in thermal conductivity increases as the moisture content increases.
However. this rate of increase happens up to a point which is about 4.5% of moisture content
by weight. After this point. the speed of increase in thermal conductivity started to decrease.
When the increase in thermal conductivity is compared between the change of aggregate
from the dry condition to 50% saturated condition and the change of aggregate from 50%
Saturated state to fully saturated state. it is reported that the thermal conductivity increases
More while changed from dry to 50% saturate. Whereas the change from 50% saturated to

fu”)" saturated is found to be not significant (M.l. Khan, 2001).

2.4.3.5 Effects of Temperature on Thermal Properties of Concrete

Kook-Han Kim et al (2002) studied the impact of temperature on thermal conductivity of the
Concrete and samples of cleaned cement paste. From their study. it is concluded that there is a
Negative relationship between the temperature and thermal conductivity in both concrete
Samples and cement paste samples. This means that the higher the temperature of the sample.
the lower the thermal conductivity of the specimen. Same conclusion is also reported by
Morabito (1989). As well as considering specimen at temperatures above the room
©mperature is also important. For instance. in the cases of curing or recoding. moisture
Content of the sample will be lower due to the specimen losing water. Therefore. the density

of the sample decreases in such situations than heating the sample.

When the temperature is low. the specific heat capacity increases as the moisture content
rises. This pattern of increase in specific heat capacity continues until around 500 degrees and
beyond this temperature. the specific heat capacity started to decrease until around 1000
degrees. Thermal diffusivity is defined by thermal properties of the concrete. For instance.
dggregates that show an increase in thermal diffusivity are basalt, rhyolite, granite, limestone,
dolerite and quartzite. Elements that affect the thermal conductivity of the concrete are found
10 have similar impact on thermal diffusivity of the concrete.

e ——
Measuring Thermal Mass in Sustainable Concrete Mixes 54




Chapter 2: Desk Study - Understanding Sustainability and Thermal Mass

25 Summary of main findings

* The aim of the sustainability is to prevent the damages occurred in the environment.
In terms of construction. concrete is found to be the most sustainable material. The
reason for this is the ability of concrete to have less change to the environment when
compared against steel. The embodied energy consists of 3% of the total energy in
construction of the house where the lifecycle of the building is estimated to be around
100 years. On the other hand. embodied energy in commercial buildings is found to
be between 3% to 15% of the total energy (The Concrete Centre. 2010). Cement is the
important constituent material in the construction of concrete and to generate one tone
of Portland cement. 4GJ of energy is needed. During the manufacturing. the process
realize around 0.89% to 1.1% tone of carbon dioxide. Due to downsides of producing
cement such as high energy requirement and lack in availability of minerals. cement is
needed to be mixed with other materials such as silica fume. GBS and PFA. These
products are called by products. In the UK. concrete industry have made agreements
with Concrete Industry Sustainable Construction Strategy (CISCS) and the concept of
the CISCS state that "By 2012. the UK concrete industry will be recognised as the
leader in sustainable construction, by taking a dynamic role in delivering a sustainable
built environment in a manner that is profitable. socially responsible and functions
within environmental limits™.

¢ In the buildings. thermal mass prevents the huge variations in the temperature inside
the building in either heating or cooling direction. The ability of thermal mass to act
as a buffer avoids the extreme conditions of maximum and minimum temperatures
inside the building. By this way. the demand on extra heating or cooling is minimized
and hence lowers the fuel consumption. Beside of this. carbon dioxide emission is

reduced as well. To get the maximum benefit of thermal mass. the surface of the

g
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material should be exposed to heat to permit heat transfer. The thicker the walls of
internal environment. the greater the benefit obtained from thermal mass. Thermal
mass generates energy savings based on climatic location and energy efficiency of the
specific building. If the interest is to use higher energy saving systems. several factors
such as the performance of the building materials, design and the effect of climate
changes should be considered. In order to meet all the requirements. the whole
building is needed to be designed in such a way to maximise the overall performance.
The main parameter is materials of the building including the structure should be
carefully considered. These issues arise specifically for the thermal mass in concrete
and these issues are important challenges that are needed to be addressed.

* The approach of thermal mass is started to be used from the carliest days to provide
fresh and more comfortable environment. Overheating in summer is a growing
problem and using thermal mass can overwhelm this challenge by saving the energy.
Every material has a different speed in conducting and storing this heat energy which
is already absorbed. This speed is based on the properties of the material namely:
conductivity. density and specific heat capacity. When thermal mass absorbs the
additional heat from the space, this will decrease the temperature at the space and
reduce the temperature difference between interior and exterior environments. By this
way. change in heat flux while transferring though the wall is reduced. Hence. this
will then move the time at which the minimum and maximum heat fluxes are
observed. Subsequently, resulting a lower interior temperature difterence move the
time at which the peak temperature is achicved and this can also supply saving of
energy for a HVAC system. The time delay can be described as time lag known in
thermal mass. Thicker materials with having higher resistivity will be longer to

conduct heat flux. Decrease in cyclical temperature at the interior surface when
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compared with exterior surface was described by decrement factor. Relationship
between thermal mass and all other factors was complex. Therefore. it can be
analysed in dynamic simulation software.

* Ramazan Demirboga and Rustem Gul (2002) stated that Low density of Light Weight
Aggregate Concrete results in decrease in thermal conductivity of the concrete. When
the SF content was increased in the dry condition of Lightweight Aggregate Concrete,
this results in reducing unit weight of Lightweight Aggregate Concrete and hence the
thermal conductivity. SF was the main component that results in the maximum
decline of thermal conductivity. Yunshang Xu. D.D.L Chung (2000) explained that
inclusion of sand was resulted a reduction in the specific heat capacity and also rise in
the thermal conductivity of the concrete. This effect of sand was found to be the
reverse effect resulted in inclusion of silica fume. Rise in thermal conductivity was
observed to be higher when sand was added if the cement paste has already consisted
silica fume. However, decline in thermal conductivity was achieved to be decreased
when silica fume is added if the cement paste already consists of sand. The impacts
mentioned here are related to the small area of the border among the sand and cement.
This area among silica fume and cement was used as a large area to have the
decreasing effect of thermal conductivity and to increase specific heat capacity of the
concrete. Renga Rao Krishnamoorthy and Juvinia Augustine Zujip (2013) suggested
that water cement ratio was a factor which influences thermal conductivity of the
concrete. According to the results obtained, thermal conductivity was found to be
increased when water cement ratio was decreased. The reason for this impact was the
increase in aggregate content of the sample when the moisture was included in the

cement paste.

N —————
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3 Research Programme and Experimental Details

3.1  Introduction

This chapter briefly outlines the experimental programme devised to meet the research
Objectives. This chapter is divided into two main sections: the first section covers the phases
of the programme ot work. whilst description on experimental work including materials used.
mix proportions. preparation of specimens and testing procedures used are covered in the
Second section.

32 Overall Research Programme

The research programme is divided into three main phases: Phase 1. 2. 3 and 4 are shown in
Figure 3.1. There are four briefly described below. The main part of the research programme
looks 4 the thermal properties of concrete such as thermal conductivity. specific heat

Capacity and density.
Phase 1. Aggregate Characterisation

The physical properties of aggregates tests were done. Such as particle size distribution (BS
EN 933.2 (1996) and BS EN 933 Part 1 (1997)). particle density (BS EN 1097-6(2000). BS
EN 932-1(1997). water absorption (BS EN 932-2(1999)). and moisture content (BS 812: Part

109) tests were determined.
Phase 2; Fresh Properties

The main aim was to measure the workability for the concrete mixes using Slump (EN

12350-2 (2009)) and compacting factor (BS 1881: Part 103) tests were done.
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Phase 3: Hardened Properties

The hardened properties included compressive strength (EN 12390-3 (2009)) such as cube
(IOOXIOOXIOOmm). cylinder (150x300mm) and flexural strength (EN 12390-5 (2009)) such

as beam (100x100x3500mm) were tested at 7 and 28 day.
Phase 4: Thermal Properties

The thermal properties were main research applications which it is included thermal
onductivity (BS EN 1SO 8990:1996 and BS EN 1934: 1998) such as slab (75x300x300mm).
SPecific heat capacity such as cube (70x70x70mm) and density (BS EN 12390-7. 1097-6)

Such as cube (100x1 00x100mm) were tested at 28 day.

\ -
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3.3 Mix Proportions

Throughout the research experiments. the CEMI concrete mixes were designed following
Steps described in BRE mix design procedure (Building Research Establishment. 1997).
Concrete mixes were proportioned using different proportion of PFA. GGBS. SF and RCA.
aS replacement of PC and coarse aggregate respectively. In total. 28 concrete mixes were cast
in three different groups namely: Group A, B. C. The 28-day characteristic strength concrete
Mixes in Group A and B were designed as class C40, whilst design characteristic strength of
Group C was class C50. These concrete strength were selected as they commonly adopted in
the practice for commercial. residential and multi-storey buildings concrete structure (floors.

Walls and columns) constructions.

All of the concrete mixes in Group A were designed by containing only 100% natural
48gregate content with CEMI cement. On the other hand. all Group B concrete mixes were
Proportioned using 30% RCA as direct replacement of natural aggregate. In Group C
oncrete mixes were designed to have minimizing water-cement ratio. The main aim is to
Understand the effect on thermal properties wher: minimized the water in the concrete mixes.
In this group. from the 8 mixes. 4 mixes are designed to have 100% natural aggregate content
8 like in Group A and the other 4 mixes are designed to have 70% natural aggregate plus

30% RCA content as like in Group B. Table 3.1 is shown the mix proportion of all group

Mixeg.

ACCOrding to British Standard, the percentages of different types of cements were used in the
Concrete mixes. For instance. PFA is up to 30 %, GGBS is up to 65% and SF is up to 20%
feplaced in the concrete mixes. However, British Standard gives permission to use up to 15 %
added siljca fume in the concrete. The main reason of using 20% silica fume content is to
Understand the effects on thermal properties more clearly. On the other hand. RCA was
applied 30% in the concrete mixes. However, British Standard allows using 20% in the

——
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concrete. The main aim for this is applying RCA material more in the building structures

confirming to EN 132631-1 by mass combined in the concrete mixer as per BS 850.

e ——
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3.4 Experimental Details

34.1 Materials

3.4.1.1 Cement

Portland cement (PC) used in this research is selected based on BS EN 19701 (2011) and this
cement is categorized as CEM-1. The quantity of the cement is bought in the amount that is
required for the tests. so that long term storage is prevented. In this way. the possible contact
of cement with humidity is minimized. Beside of this, bought cement is stored in a laboratory
environment for the same reason. Tables 3.2 and 3.3 show the physical and chemic properties

of Portland cement respectively. Lafarge is supplier of the Portland cement.

Table 3-1 Physical properties of Portland cement

Physical properties of Portland cement

Surface Area 300-450 m*/kg
Setting time initial 80-200 minutes
Apparent particle density 3080-3180 kg/m’
Bulk Density Aerated 100-1300 kg/m*
Settied 1300-1450 kg/m’

Table 3-2 Chemical Properties of Portland cement

Chemical properties of Portland Cement

Sulphate 3%
Chloride 0.07 %
Alkali 0.8 %
Tricalcium silicate 53 %
Dicalcium Silicate 28.7 %
Tricalcium Aluminate 10 %
Tetracalcium Aluminofferite 8%
CaO 65 %
SiO» 20 %
AlO3 5%
MgO 1 %
FeaO; 2%
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3.4.1.2 Pulverised Fly Ash (PFA)

PFA is used according to BS-EN 450-1 (2012). PFA is used as the second component in the
concrete production in addition to cement. PFA used in this research that is the most common
'¥pe of PFA used in the UK is classified as CEM IV according to BS EN 197-1 (2011),
Tables 3.6 and 3.7 show the physical and chemical properties of PFA respectively. CEMEX

is the supplier of PFA material.

Table 3-3 Physical properties of Pulverised Fuel Ash

Physical properties of Pulverised Fuel Ash

Odour Virtually None
Particle Density (Specific Gravity) 1.8t02.4
Solubility in water Less than 2 %
Bulk Density (g/cm?) 1.1t0 1.7
Alkalinity — Ph 9 to 12 when damp
Dielectric Constant 1.9-2.6

Table 3-4 Chemical properties of Pulverised Fuel Ash

Chemical properties of Pulverised Fuel Ash

Component Typical % by weight
Si02 (%) 59
ALO3 (%) 21
Fea0s (%) 3.70
CaO (%) 6.90
MgO (%) 1.40
Na>O (%) 3
K20 (%) 0.90
TiO2 (%) 0.9
SO3 (%) 1

Cl 0.1

The PC/PFA cement was used in this research project was a combination of CEMI PC
confirming to BS EN 197-1(2011) and up to 30% PFA confirming to EN 132631-1 by mass

combined in the concrete mixer as per BS 8500.

———
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3.4.1.3 Ground Granulated Blast furnace Slag (GGBS)

GGBS used in the research was based on BS EN 15167-1 (2006). GGBS can be easily found
in the UK and classified as CEM lII according to BS EN 197-1 (2011). Tables 3.4 and 3.5
show the physical and chemical properties of GGBS respectively. Hanson is the supplier of

GGBS material.

Table 3-5 Physical properties of Ground Granulated Blast furnace Slag (GGBS)

Physical properties of Ground Granulated Blast furnace Slag (GGBS)

Fineness (m*/kg) 450 - 550

Bulk Density (kg/ m?) 1000 — 1100 (loose)
Relative density (Specific gravity) 2.9

Colour Offwhite

Table 3-6 Chemical properties of Ground Granulated Blast furnace Slag (GGBS)

Chemical properties of Ground Granulated Blast

furnace Slag (GGBS)
CaO 40 %
SiOa 35%
AlO3 12 %
MgO 10 %
Fe O3 0.2 %

The PC/GGBS cement was used in this research project was a combination of CEM 111 PC
confirming to BS EN 197-1(2011) and up to 65% GGBS confirming to EN 132631-1 by

Mass combined in the concrete mixer as per BS 8500.

3.4.1.4 Silica Fume (SF)

In this research. silica fume is used based on EN 13263-1 in a slurry format, Slurry form of
silica fume is liquid containing 50% water and 50% silica fume powder. This shurry is stored
in close-fitting containers. so that the contamination among slurry ad air is prevented. In this

way. worsening of silica fume over time is minimized. The supplier of the silica fume is

—

Mcasuring Thermal Mass in Sustainable Concrete Mixes 66



Chapter 3; Experimental Details

Elkem Materials Process Service B.V. from Netherlands. The physical and chemical

Properties of Silica Fume are shown in Table 3.7 and 3.8 respectively.

Table 3-7 Physical properties of Silica Fume

Physical Properties of Silica Fume

Specific gravity 222

Fineness (>45um, %) 3-5

Specific surface (m*/g) 151035

Bulk Density (kg/m? 1320 to 1440
Surface Area (m*/kg) 13000 to 30000

Table 3-8 Chemical properties of Silica Fume

Chemical properties of Silica Fume

Si02 (%) 92.9
AlLO3 (%) 0.69
Fe 03 (%) 1.25
CaO (%) 1.73
MgO (%) 0.4
Na;O (%) 1.19
K20 (%) 1.22
TiO2 (%) <0.01
SOz (%) 0.3-0.7
Loss on Ignition (%) 3.5

The PC/SF cement (CEM 1I/ A-D) was used in this research project was a combination of
CEMI pC confirming to BS EN 197-1 (2011) and up to 15 % SF confirming to EN 132631-1
by mass combined in the concrete mixer as per BS 8500. And also applying 20% SF in the
Concrete.

3.5 Types of Aggregates

Generally. the type of aggregate as defined by BS EN 12620:2002 +A1:2008 comes in the

form of natural, manufactured or re-cycled.

~——
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3.5.1 Fine Aggregates

In this research. fine aggregate used in the concrete mixes are based on BN EN 12620-
1(2009) where it consist of graded natural sand with maximum particle sizes of 5 mm

according to BS 882:1992,

3.5.2 Natural Coarse Aggregate

Throughout the research experiments. Thames valley natural aggregate was used in concrete

Mixes with the maximum size of 20 mm according to BS 882:1992.

3.5.3 Recycled Coarse Aggregate

RCA is obtained from managing the remained. unwanted concretes and from the concretes
that will be destroyed. The proportional size of RCA was used as 20-5 mm. The Day
Company is producer. RCA is included of crushed concrete. hydrated cement paste and also
is dirtied with minor quantities of masonry, lightweight materials. gyvpsum. metals. plastics.
glasses and other substances obtained from various sites within Greater London. According
0 Annex B of BS 8500 Part 2 [2006], RCA sample were stated in Table 3.9.

Table 3-9 Typical component materials present in RCA and comparing with BS8500-2 limit.

Proportions mass ~ BS 8500-2 maximum

Components present % mass %
RCA & unbound aggregates 77 100
Masonry 10 100
Asphalt 9 10
Fines 2.6 3
Light weight material 0.5 1
Foreign materials [Metal, 0.9 1

plastic, glass, wood]

——
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3.6  Water
The tap water was used for the production of concrete mixes throughout the work

3.7 Superplasticiser (SP)
Superplasticiser is used in order to achieve the required workability. This material is taken

from Grace Construction Ltd and it is classified as ADVA 655. It conforms to the
requirements of BS EN 934 Part-3 (2009) as stated by supplier. Grace Ltd.

3.8 Aggregate Characterisation 3.8

3.8.1.1 Particle Size Distribution 3.8.1

The test sieves applied in this research conformed to the requirements as specified in BS EN
933-2 (1996). The grading was identified as the cumulative percentage passing by weight
through the sieves as explained in BS EN 933 Part 1 (1997). In order to perform sieve
analysis. a filter containing small holes is used to split the dry aggregate. Initially. proportion
of dry aggregate is taken where the weight of this sample is known. Then. the aggregate is
Stparated by gradually unlocking the small holes on the filter specified above. After the
aggregate is split, the weight remained at each filter is evaluated and the result obtained from
cach sieve is weigh against the total weight of the aggregate. Hence, particle size distribution
€an be stated as a proportion of total weight remained at each sieve. Such results are
Presented in a table or on a graph. Particle Size Distribution test includes separating the
aggregate into various particle sizes. Particles are separated in descending order in size
through the sequences of filtering processes. The size of the holes and the number of filters
are chosen depending on the feature of the sample and the requested accuracy. The amount of
Particles remained on different filters are based on the initial weight of the aggregate. The
Particles retained at each filter are measured both individually and cumulatively.

Dispense either the washed and dried or directly dried sample of aggregate into the filtering
column. This column contains several holes of filters attached together where these filters are

positioned from top to bottom where the size of the holes is decreased in the same

S—
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arrangement. Different filters are separated by the aid of a pan and a lid. Then. the column is
vibrated either by using a man power or mechanical power. After that. filters are taken
SCparately and each filter is vibrated manually to confirm that all of the material is been
Processed. At this point. before carrying on the process by using the same filter. all the
Material that passed to the next filter should be removed. There is a capacity of the filters that
depends on the area of the filter and the size of the hole on the sieve. A portion is calculated

by using the formula:

Where;
A = the area of the sieve (mm?)
d= the aperture size of the sieve (mm)

Weight of the material remained after filtering from the sieve containing the largest hole is
Measured and defined as R1. After this process, step 5 is repeated for all filters resulting in
R2, R3. R4, etc. values. Mass of the materials remained at each filtration process found at
Step 5 are documented at test data sheet. The mass of the materials remained at each filter is
then evaluated as a portion of the total weight dry weight. Then. values from step 7 are used
to calculate the cumulative portions If the difference between the cumulative mass of the
Material remained from all filters and the original dry weight is greater than 1%, then the
Process should be performed again. Calculate the cumulative percentage of the original dry
Mass passing each sieve down If the sum of the masses retained Ri + Ra + ... differs more

than 1% from the mass M. the test shall be repeated.

——
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2(1999). The excellence of concrete depends on the quality of the aggregate. Therefore,
characteristics of the aggregate used in making the concrete have a significant impact on the
condition of concrete. The feature of the aggregate that affects the concrete most is the
Water/cement ratio.

Mechanical power of the concrete is obtained from water that aids hydration of the concrete.
However. using the correct dose of water is vital because using more water than needed can
increase the porosity of the concrete. This results in reducing the mechanical performance
and durability. On the other hand. using less water than needed can cause partial cement
hydration which can then result in decreasing the fresh concrete’s workability. Three
different types of densities namely: apparent particle density (pa). particle density on an oven
dried basis (prd) and particle density on a saturate and surface dried (pssd) are calculated by
using the corresponding masses of the aggregate. Afier that, the following equations are used

10 evaluate water absorption figures in Mg/m®.

Apparent Dentsity - pa = v L)
Oven Dried Density - prd = ;;‘f!;_—“i (15)

M1

Saturated Surface — Dry Density - pssd = Wiz s U0

100 (M1 - M4) (17)
M4

24 hours Water Absorption - WAz4 =
Where pw. is the density of water at the test temperature in M g/m?

M= the mass of the saturated and surface dried aggregate in air in grams.

M:= the mass of the pyknometer containing the sample of saturated aggregate and water in
grams,

M;= the mass of the pyknometer filled with water only in grams.

M.= the oven dried mass of the aggregate in grams.

—
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3.83 Coarse aggregates
The sample of the aggregate was sieved and washed by using 31.5mm and 4mm sieves. The

Feason for this process is to get rid of the particles that are very thin and very thick. After the
filtration process. the sample is plunged in the water in a pyknometer. The water in the
Pyknometer should be around 22+3 degrees. The air taken in is detached by spinning and
vibrating the pkynometer slowly at the fallen position.

Then. pyknometer retained in water for one whole day where the temperature of water is kept
at 22+3 degrees. After a day. pyknometer is taken out from the water and again air inside the
Pyknometer is detached by using the same procedure described above. By this way,
Pyknometer is completely full up with water. The pyknometer is left at outside to dry and the
dried weight is measured. This measure is called as Ma. Then. temperature of the water is
Teported. The variation in temperature of water recorded from changing Mz to M3 should not
€Xceed 2 degrees.

When the water was removed from the aggregates, the drained aggregates are relocated in a
dry tray and are left to attain surface dried aggregates. For the aggregates to be surface dried.
dggregates should be positioned in the tiay in such a way that aggregates are not more than
One stone deep. As well as this condition, the tray should be placed on somewhere away from
direct sunlight. Surface dried condition is obtained when all the visible water is evaporated
but when the aggregates are still humid. Weights of such aggregates are measured and the
Mmass is recorded as M. After measuring the damp weight, same aggregates are placed in
Over with 110+5 degrees temperature to obtain fully dried condition. Fully dried condition is
achieved when the weight of the aggregates do not change. This fully dried mass is classified
as My. Calculations using the above expressions are performed to obtain value for water

absorption.

—
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3.8.3.1 Fine aggregates
The sample of the aggregate was washed by using 4mm and 0.063mm sieves for the PUIpOSE

of removing particles that are very thin and the particles thicker than 4mm. For the fine
aggregates, initially the process explained for coarse aggregates is applied up to recording the
Mcasure for Mi. After this point. the drying procedure of the fine aggregate was different
from the coarse aggregate. After the measure of M3 is recorded. sample of wet aggregate was
distributed equally like a constant layer in a tray. Then the tray was kept in a warm
environment. so that the water at the surface can be vanished.

Aggregates are then blended continuously to make sure that all of the surfaces of the
aggregates are dried and aggregates are not stick to each other. Aggregates are then stirred
and left at the room temperature to cool down. Afterwards. the metal cone was used to
determine whether the surfaces of the aggregates are dried or not. The metal cone has two
Sides; a side with large diameter and a side with small diameter. The cone was placed in a
Position that the side with the larger diameter is faced at the down in a tray. Sample of the
aggregate was roughly placed inside the cone and tamper is used 25 times to fill the cone.
Then, mould is slowly raised and if the cone does breakdown. this means that the aggregate is
dried. Otherwise, if the cone does not fall down, this means that the aggregate is not surface
dried ang drying process has to be performed again until the collapsing is obtained. The
Weight of the saturated. surface dried aggregate is measured and recorded as M.

After this measurement. the same aggregate is placed in an oven with the temperature of
10545 degrees. From time to time, weight of the aggregate is measured and when the
Constant weight is achieved, this means that the aggregate is dried completely. The complete
dried weight is recorded as Ms. Again, the same formulations are used to find several density
types and the value for water absorption.

The results of particle densities and water absorption tests for sand. natural aggregate and

recycled coarse aggregates applied in this research are shown in Table 3.12.

——
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Table 3-12 Particle densities and water absorption results of the aggregates applied in this
research identified in BS EN 1097 Part 6 (2002).

Oven Dried , . Apparent
Material A2b4s hrs {Wateo; Particle Density D S?l?—Parf\n:le 3 Partic:)c Density
orption [ %] [pra-Mg/m] ensity [psaMg/m?] [pu-Mg/m?|
Sand 0.70 2.58 2.60 2.65
RCA 3.35 2.40 2.44 261
NA 1.35 251 2.55 258

3.9 Moisture Content
According 1o BS EN 1097-5 (2008). moisture content which is defined as a proportion of the

oven dry mass of the aggregates is estimated. In order to regulate the quantity of water in
Concrete before the production of mixes, the amount of water in each aggregate type namely;
Coarse apgpregate and fine aggregate are decided by using the aggregates as stored in
laboratory conditions. For the evaluation of the quantity of water in such aggregates. a sample
of aggregates are taken from the storage and weighted. Then, these aggregates are placed in a
tray and afterwards. this tray is maintained in the oven at 105 degrees. The aggregates are
Continued to keep in the oven until the mass of the aggregates are stabilised. Finally. the
Variation in the amount of mass is calculated and hence water content is decided. In the case
When water content is greater than water absorption, the quantity of water content that will be
decreased from the mix will be approximately the same as the variation calculated amongst
Water content and water absorption.

3.10 Concrete Mixing Procedure

Norma]ly, aggregates were kept in the laboratory where the temperature is around 20 degrees
and relative humidity is around 35%-55%. Concrete mix proportions are changed to ensure
the process of water absorption of the aggregates. In order to generate a concrete mix.
WinGET Crocker type concrete mixer is used. This mixer which is shown in F igure 3.3 has
the capacity of 198 kg. The mixing process is performed in accordance to BS 1881-125. The

Procedure in this standard is described in 11 steps at the below;

—————
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and non-absorbent. The total height of the mould is approximately divided into four sections
and each section is filled with fresh concrete mix to form four layers. By the aid of the
lamping rod. each layer is pushed 25 times where the strokes are allocated equally throughout
the cross-sectional area. Then. top layer of the concrete is pushed down and by the help of a
trowel, concrete is smashed into the level. After that. the mould is directly taken out in a
vertical direction. This processed is carried out slowly. A drop in the height of the concrete is
observed and the variation among the height of the mould and the highest point of the
concrete is measured. The variation measured in step 7 is defined to be the slump of the

concrete. The unit of the slump is in mm and should be recorded throughout the test.
3.122 Compacting Factor

According 10 BS 1881: Part 103, the formula to evaluate compacting factor is (i.e..
COmpacting factor = my/my). As can be seen from the Figure 3.6, firstly, the top hopper is
totally Joaded with the concrete. Then. the concrete filled is released in to the lower hop and
then falls down into the cylindrical mould. Compacting factor is calculated by using the
Overloaded concrete. Compacting factor is determined by taking the ratio of concrete in the
Cylinder (myp) relative to the concrete that is totally compressed in the cylinder (my). Concrete
that js totally compressed in the cylinder is obtained as a result of filling the four layers and

Pushing the concrete down either by the aid of trowel or vibrating equipment.

—————
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3.14.2 Specific heat capacity
Thermal properties of concretes are examined in specific heat capacity. so that it can be
determined how much mass is needed per unit for one unit increase in temperature of the
Sample. By this way. specific heat capacity can be used to explain association between heat
and temperature variation. Specific heat capacity is found by performing an experimental
Procedure in an insulated box. This box consists one stainless steel bucket which is
approximately about half of the bucket. This specific heat capacity equipment is developed
by trained technicians from Kingston University.
First step of experimental procedure is to put heated 70x70x70mm cube of concrete in to the
Water. Records of temperature of the sample, water and air are kept constantly until all three
¢lements have the same temperature. After that. observed values from three elements are used
' evaluate the value for specific heat capacity by using the formula stated below:

Q=cm AT (18)
The specific heat capacity is found by using the following formula and known values for the

Specific heat capacity of water. the stainless steel bucket and air.
Cc mc ATc¢=Cs msATs+ Cw mw ATw+ Ca ma AT+ [Mu L] (19)

Ce = Specific heat capacity of concrete
Me = Mass of Concrete sample
ATc= Temperature difference of concrete sample [before test temperature - after test
temperature]
Cs= Specific heat capacity of Stainless steel bucket
s = Mass of Stainless steel bucket
AT, = Temperature different of Stainless steel bucket
Cw = Specific heat capacity of water
mw = Mass of water
ATw = Temperature different of water
Ci = Specific heat capacity of air
Ma = Mass of air
ATA = Temperature different of air
w = mass of water in air (evaporated water)

= specific latent heat of water

————
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Table 3-13 Known Specific Heat Capacities [ASHRAE Applications Handbook (SI)-2003; F.

Tyler. 1970].

Known Specific Heat Capacities

Material Specific heat capacity [Jkg'K™! |
Stainless Steel 18Cr/8Ni 502
Water at 20, 30, 40, & 50°C 4181.6.4178.2. 4178.3. 4180.4
Air at 20 to 100°C [Dry] 1006

This table is shown the related specific heat capacity value by depends on the temperature

3.142.1 Preparation of Specimens

After casting of the required concrete sample in dimensions of 70x70mm. the sample was

Needed to be prepared. Before testing the specific heat capacity. when the sample is taken

from the oven. it was left to cool down and then the dry mass of the concrete is measured. A

Sample is kept at room temperature and a hole was opened on the top of the concrete having

3-4mm diameter and 40mm depth towards the down of the cube. After 24 hours of the

Casting process. the sample was first demould and then curved. After curing procedure, the

Sample is dried in the oven for 18-24 hours at 105°C £ 5°C.

3.14.2.2 Test Procedure

The following steps should be attained one day before carrying out the test.

1. Oven is pre-heated at suitable temperature (i.e.100°C) and the sample was

placed in this pre-heated oven in order to reach a constant temperature.

2. Since the same stainless bucket was used for all specific heat capacity

experiments, mass of the stainless steel bucket is constant and it was measured only

once. Then. approximately half of the bucket was filled with water and the total mass

of the stainless bucket with water was measured. After that. the mass of water can be

———————
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determined by subtracting the constant mass of stainless bucket from the total mass of
bucket with water.

3. Bucket with half-filled water was placed inside the insulated box. Where the
front of the insulated box was kept open in order to achieve constant temperature of
bucket and water.

4. Connect the thermometer to the bucket with water to check the temperature.

After overnight stay, if the temperature is constant. the bucket with water was now prepared
for testing. However, before the start of testing. weight of the bucket with water should be re-
Measured to aware of any variations in mass of water due to evaporation that might occur
Overnight.

If any changes in the mass of water were observed, new values should be used instead. Three
thermometers were used in this experiment. One is placed in water which was inside the
bucket in order to measure the temperature of water. The second one was placed in insulated
box to measure the temperature of air and the last one was placed in the sample via a hole on
the top of the sample which was taken from oven. Greater accuracy could be obtained in

Measurements by using a stop watch.

Before the sample was placed in the water, all three measurements of air, water and sample
are recorded for the measurement time being equal to zero. Afterwards, records of all three
Measurements were kept at regular intervals. First measurement at time being equal to 1 was
at 5" minute of the experiment. Variations in temperature of sample, air and water are
¢valuated under the assumption that both stainless steel bucket and water have the same
femperature variation: the formula above could be used to find out the specific heat capacity

of the concrete.

S —— . .
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3.14.3 Thermal conductivity

Thermal transmittance is represented by U-Value and it provides information on the amount
of heat that is being conducted out by the substance. Greater U-Value indicates greater heat
loss. In the recent years. the UK government established a standard which is called EPBD to
be applied in construction of new buildings. The main aim of this standard is to develop
energy performance standards and to reduce U-Value figures. According to BS EN SO 8990:
1996 and BS EN 1934: 1998, a method called “hot-box™ is developed by Dundee University
in order to measure steady-state thermal transmission properties.

Kingston University laboratory technicians are trained to develop the thermal conductivity
€quipment for this research. This equipment contains two sides: heating side and cooling
side, Heating side is achieved by using 40W light bulb and cooling side is achieved by using
a fridge. Both cold box from cooling side and hot box from heating side needs to be
insulated. As wel] as this. the box which includes the sample is also insulated. This
€Xperiment with two sides are designed on a trolley where both fridge and cold box is kept

fi hi oo .
xed, while designing the hot box and sample box in a way to move towards and away from

the fixed part of the apparatus.

(40xCounter Reading] "
Time between readings

®p
By using the heating side of the equipment, total power input (¢P) is calculated by using the
Measurement obtained from thermostat of hot box and timer counting. Timer counting is used
to determine the proportion of the time needed to maintain constant temperature with heat
Source generated by 40W light bulb and a fan that is used to circulate the air.
Insulated box is open at both ends. At one open end. a fan is attached to the fridge whereas
the other open end contains the sample box. This sample box has an open end as well and

designed in a way that can be opened from top to place the sample inside the sample box

After the sample is placed, thermocouples are sealed at both sides of the box. Same amount

N ————
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The experiment is started and the figures from the channels are recorded. Temperature values
of air and surface of the sample are recorded by using the software called Edam 5019
Whereas the power provided to the hot box and voltage of the sample are recorded by using
the software called simple logger 1I. The current is set to 100mV/A. Connection between PC
and equipment is achieved by clicking the button of EDAM software. When the test tab is
selected, temperatures from thermocouples can be seen on the PC screen. After validating
that the software is working properly. both control panel and fridge can be switched on. The
sample is then left for 4 or 5 hours. so that temperature values from thermocouples will be
Stable. After the figures are found to be stable enough. the power and temperature of the
Sample is recorded constantly at regular intervals for at least one hour. The results obtained
€an then be used to evaluate thermal conductivity.

The time needed to obtain constant temperature patterns from thermocouples will depend on
the sample material and dimensions. Trial and error process is used to examine this time
Tequired 1o stable temperatures. On the other hand. type of the sample also affects the amount
of data needed to obtain accurate results for thermal conductivity. The time is aimed to be at
least 30 minutes in this study.

First]y, these recorded data is used to calculate power which is represented as a fraction of
time that voltage has been applied to the heater. The voltage data is exported to the Excel in
Order to perform the calculations.

If the fraction obtained from power calculation is multiplied by 40 which is the power rating
of the heater used in this study and the 3.2W which is the power rating of fun is added to the
Value calculated. This figure at the end will provide the average heat flow and the unit will be

in joules per second. Details about recording and exporting the data for the calculation of

Power is explained in next section.

S ———
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3.14.3.3 Recording and down loading data from the simple logger

When the temperature figures from the thermocouples are obtained at constant level. voltage
data is recorded by using the software as well as keeping the manual record of temperatures
obtained from thermocouples at the EDAM window. The temperature figures are recorded
manually in every 5 minutes. However, voltage data is obtained by selecting start recording
real time data section from the top down menu under file in simple Logger I programme.
Suitable file name is given to the recorded data when it is asked. In order to finish recording.
select stop recording real time data from the same pathway. Recorded data is originally CSV
file and this file is exported to excel spread sheet to perform calculations of thermal

conductivity.

3.14.3.4 Calibration of Hot Box

The main aim of the “hot box™ apparatus shown in Figure 3.15 is to examine heat transfer
components of the sample when the temperature figures are achieved at constant level.
Sections of the hot box equipment showing the heat components namely: Qp. Q1. Q3 and Qq

are examined in calibration of the equipment and shown at the figure below.
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temperature are not resulted to be uniform especially the effect can be seen more towards to
the borders of the box. From this. it can be concluded that in practice. it is impossible to
reduce Qs and Qs to zero. therefore heat flow will be Q1=Qp-Q3-Q4. By using this total heat
flow equation. Q; can be found and hence. thermal conductivity of the specimen can be

calculated.

The main purpose of the calibration of the equipment is to find the linear regression equation
to estimate Qs. This linear regression equation is found by using five samples with known
thermal conductivities. By this way. in total heat flow equation. only one unknown is left for
calculation which is Q. The specimens with known thermal conductivities are examined
using the hot box equipment. Therefore, as a first step. these five samples are sent to Dundee
University. so that the actual thermal conductivity values are measured by using the
calibrated equipment. Those samples that have been sent to Dundee University are used as
reference samples and the corresponding thermal conductivity results are used as reference
thermal conductivities. By using these reference values. flanking loss (Qu) is calculated for
each sample. Then. a linear equation is found to model the relationship between flanking loss
(Qs) and total heat loss (Qp). Afterwards. this equation is used to estimate the flanking loss

(Qa) values for other samples.

General equation to estimate heat transfer is;

Q =0, +Q3 + Q5 21)

If thermal conductivity is known, Q; can be calculated. Therefore, Qi can only be calculated
accurately for the reference samples where the thermal conductivities are known. The

formula to calculate Q is;

Q, = A, + U, + AT (22)
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Where A, is the area of the sample.
U, is the thermal transmittance of the specimen and

AT is the temperature difference between the hot side of the equipment and cold side of the

equipment.

d = 0.075m which is the thickness of the samples.
Qp is calculated by using the formula;

Q, = (At X 40) + 3.2 (24)

Where:

The proportion of time difference (At) is found by taking the ratio of the readings where the
values are observed equal and greater than 1 relative to the total number of readings.

Therefore. the equation used to calculate the proportion of time difference is:

At =n—:—1 which represents the proportion of time that is calculated by using the values
obtained from readings characterized by “n™.

The value of Q; can be calculated for every sample using the above equations.

The formula to calculate Qs is;

Q; = A; + Ug + AT (25)

Where Aj; is the area of the hot box equipment. the area of hot box which is estimated to be

around 0.8266 m?>.
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U; is the thermal transmittance of the hot box equipment and

AT is the temperature difference between the hot side of the equipment and the room

temperature.

Up=—21 (26

Rgq+~Rso ~R +R;

Q3 can also be calculated for every sample.

Qs is unknown and needs to be estimated in order to leave only the Q) to be unknown.
The formula to estimate Qy is:

Q,=A,+U,+ AT (27)

However. Qy cannot be estimated by using the above formula since the area Ay and Uy is
undefined. Therefore. Qi is found for the reference samples and the corresponding Q4 values
are estimated by subtracting the sum of Q3 and Q; from Qp. Then. a linear relationship
between Qs and Q, is assumed since Qp= Q; + Q3 + Qi. After that. a linear equation
explaining this association is formulated by using five reference samples. The linear equation

describing this association is found to be:

Qs = (0.9763 x @,) — 6.2516 (28)

Where 0.9763 is the parameter of Q, that is estimated to describe the relationship between Qg

and Qpand -6.2516 is the intercept of this model equation.

Furthermore. this linear regression equation is used to estimate Qs for each sample and then
Qi is estimated for each sample by subtracting the sum of Q3 and Qg from Q,. Once. Q is
estimated for each sample, this value of estimated Q is used to estimate thermal
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conductivities of each sample. Formulas that are used to estimate thermal conductivities by

using Qy are:

Qs =(0.9763x Q,) — 6.2516 (31)
A = Exposed area of the sample = 0.04m"

AT is the temperature difference between the hot side of the equipment and cold side of the
equipment and d = 0.075m which is the thickness of the samples. After this. X is found for

each sample using the above formula. This formula is from the Fourier heat flow equation on

Steady flow condition.

———
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4 Fresh and Hardened Concrete

4.1 Introduction

Engineering performance of binary cement concrete. where Portland cement is partially
replaced with various percentages of GGBS or PFA or SF has been evaluated in this chapter.
Many factors such as the type of materials. amount of materials used in the concrete mixes.
the features of these materials all have impact of the workability of the concrete. Detailed
explanation on how to perform the workability tests are already explained in chapter 3. In this
chapter. the results obtained from workability tests such as slump test and compacting factor
tests are explained. In addition to this, features of fresh concretes having the same
compressive and flexural strengths are considered. Concrete made was cured in water-tank
(20°C) described in Chapter 3. The compressive and flexural strength of concrete containing

GGBS, PFA and SF was recorded at 7 and 28 days.

4.2 Fresh Concrete

4.2.1 Slump Test

Reference slump range for a concrete is between 60 to 180 mm. In this research. since low
water/cement ratio is used, workability of the concrete is decreased. Therefore. additional
superplasticiser called "ADVA 655 is used. This superplasticiser is provided from Grace
Construction Ltd. By this way, reduced workability is increased to obtain the maximum
workability value. This procedure is applied for Group C concrete mixes. Then, the values
obtained as a result of slump test are recorded in Table 4.1respectively for different concrete
mixes. From this table. it is concluded that al the slump values are resulted within the
acceptable reference slump range. Both natural aggregate concrete mixes and recycled coarse
aggregate mixes are found that RCA concrete mixes are decreased the slump more than NA

concrete mixes.
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In this research. it is found that when GGBS is added 1o the concrete mix. slump test results
in greater values. In the GGBS concretes. the cementitious particles are distributed evenly.
this eliminates the particles at the surface of the concrete to absorb water during the mixing
process. Therefore. particles at the surface of the concrete which are smooth and dense take
in small amount of water which will then increase the slump value. Hence. this shows that the
workability of such concretes is increased due to the addition of GGBS content.

As like in addition of GGBS content. similar relationship is resulted in the workability of the
concrete by the addition of PFA. The higher the PFA content. the higher the workability of
the concrete. This is due to the reduction of water/cement ratio in the concrete mix when the
PFA is included. When the amount of PFA is increased in the concrete mix. the effect of
plasticising of the concrete is increased. This increase in plasticising effect is obtained as a
result of spherical shape. smooth glassy nature of finer sized particles and the distribution
particles in PFA.

On the other hand. when silica fume is included in the concrete mix. it results in decrease in
slump value. Therefore. it can be concluded that silica fume resulted a lower slump value
relative to the concrete mixes containing GGBS. PFA or PC. This result can be explained by
an increase in water absorption due to the feature of silica fume which is containing particles
having large surface area. Thercfore. superplasticizers are used in such concrete mixes in
order to achieve a slump value within the reference range. so that the workability can be kept
equivalent to OPC concrete mixes.

Table 4-1 Slump and compacting factor values of Groups

——

GROLP A GROUP B GROUP C
o, Stump (‘on‘lp‘acting No. Slump Con‘lp‘aqing No. Slump (‘\\l‘\'pflclil\g pl::!lflkl:u
{(mmj) Factor {mm) Factor (mm) Factor (ml/100Kg)
Al 180 0.98 Bl 170 0.97 Cl 103 0.97 -
A2 165 0.96 B2 150 0.97 2 110 0.98 -
A3 170 0.94 B3 145 0.94 3 100 0.98 -
Ad IS5 0.97 B4 150 0.98 C4 115 0.98 -
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AS 165 0.92 B> 140 0.96 s 100 0.96 -
Ab 170 0.94 B6 165 0.97 Co 90 0.97 180
A7 180 0.94 B7 155 0.97 7 90 0.98 205
A8 120 0.95 B8 110 0.98 C8 73 0.96 390
A9 110 0.97 B9 95 0.96 - - - -
Al0 100 0.96 B10 90 0.97 - - - -

4.2.2 Compacting Factor

The reference ranges for compacting factor is the range of 0.92 1o 0.98. The compacting
factor results obtained from all mixes used in this research is reported in table 4.1. When
different mixes are compered in terms of compacting factors. it can be concluded that unlike
the slump test. there is a significant difference in compacting factor among the mixes. It can
be seen from the tables that. for the concretes with low slump value, compacting factor is
resulted to be large. The reason for this is explained due to the nature of the test where the
compacting factor test is more precise to low workability compete against high workability.
The results indicate that compacting factor of PFA mixes are slightly less than PC mixes.
However. this result cannot be used to state that PFA mixes are less workable than PC mixes
because when PFA mixes are compared against equivalent PC mixes. it is observed that PFA
mixes contains greater amount of cement materials.

When compacting factor results achieved from silica fume are compared against results
obtained tfrom OPC mixes. silica fume is found to result similar compacting factor with PC
mixes. However. it is concluded that since particles in silica fume have large surface arcas
and the mixes containing silica fume have less amount of cement. PC mixes have a higher
workability than silica fume.

4.3 Hardened Concrete

4.3.1 Compressive Strength of the concrete mixes

The compressive strength of the concrete mixes cured in water tank. Three samples from

cach type of specimen are tested for cach mix. This means that three concrete cubes
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between the cement mortar and the coarse aggregate. contributing to the strength of the
concrete (Maage. 1986). This is the main reason that 15% SF with RCA was greater
compressive strength than other concrete mixes.

The particle size and surface area also increase the rate of reactivity. SF has very fine particle
size (0.1-0.3 pum) compared to that of GGBS (10-20 pm). Hence. the rate of pozzolanic
reaction of SF is noticeably higher than those of GGBS. Hence. SF starts to pay much
contribution to the strength enhancement at an early stage in hydration compared to GGBS.
However. it is clear from the test results that sufficient quantities of CH should be available
before getting the benefit of SF.

PFA replacement levels was consistently lower than other mixes at 7 and 28 davs. The figure
demonstrate that also an increase in PFA content further reduced the strength. As all the
mixes were cast with the slump was similar, the reduction in the strength of PFA mixes is
considered to be the result of slower pozzolanic reaction of the PFA in these mixes. Finally
the research was considered only the same compressive strength (C40 and C30) in the all
mixes,

4.3.2  Flexural Strength of the concrete mixes

For each concrete mix flexural test was performed after curing for 7 and 28 days. The
flexural test was performed on the dimensions of the beams (100x100x500mm). The flexural
strength test was applied three specimens from each mix. From figure 4-4 to 4-6 show the
results of the concrete mixes respectively from group A. group B and group C (Flexural

Strength Results are available in Appendix 9).

[ ——
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in the concrete mix. greater water content is needed than the PFA mixes. Theretore, using
PFA mixes instead of RCA mixes reduce the demand of water in concrete mixes. When silica
fume mixes are compared over all types of mixes. silica fume mixes are found to have the
lowest slump value. This is because in silica fume mixes. large surface area of the silica fume
particles requires to use more water content which will then increase the water content in the
mix and hence result in the reduction of slump value. The etfect of having low water cement
ratio specifically in group C conclude that superplasticizers are needed to be included in the
mixes containing silica fume.

The laboratory test results were explained that SF content concrete mixes were increased the
compressive and flexural strength of the concrete. Specially. 15% SE content concrete was
helped to improve the compressive and flexural strength with using 30% RCA content in the
concrete mix. because of chemical and physical effects contributed by SF. Chemical effect is
largely because of the pozzolanic reactions between calcium hydroxide (CH) obtained from
the hydration of PC and the amorphous silica present in SF to produce secondary calcium-
silicate-hydrates (C-S-H). On the other hand. PFA content concrete mixes had greater
compressive and flexural strength results than GGBS content conerete mixes. On the other
hand. if GGBS and SF content concrete mixes were investigated. the particle size and surface
area also increase the rate ot reactivity. SI' has very fine particle size (0.1-0.3 um) compared
to that of GGBS (10-20 um). Hence. the rate of pozzolanic reaction of SF is noticeably
higher than those of GGBS. Hence. SI starts to pay much contribution to the strength
enhancement at 7 days in hydration compared to GGBS. However. it is clear from the test
results that sufficient quantities of CH should be available before getting the benetit of SF. As
mentioned before. this research was considered only the same strength and flexural strength

n all of the mixes.

[e—
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S Thermal Properties of Concrete Mixes

S.1 Introduction

In this chapter. twenty eight mixes are examined to understand that how different tvpes of
cement materials (PFA. GGBS. SF) affect the thermal properties of concrete. Secondly. types
of aggregates are used to identify the effects of thermal properties on the concrete. 30% of
natural aggregate was replaced by recycled coarse aggregate to analvse the effect of thermal
properties. Thirdly. Water-cement ratio of mixes can be investigated. In other words.
especially Group C concrete mixes were minimized the water cement ratio to define the

effects on thermal properties of the concrete.

According to BS EN ISO 10456:2007 tests relating to thermal namely: thermal conductivity.,
density and specific heat capacity of the concrete are carried out and results are reported
given that moisture content of the mixes are kept at constant value by using the dry
conditions of all materials before casting. By this way. the effect of moisture content is not
taken into account. Curing condition where the concretes were kept was water tank is 22
degrees. The concrete samples were tested after 28 day of curing. Before testing of each
concrete sample. samples are dried by using oven that is ranged between 100-110 degrees of

temperature until the unit weight of the concrete is observed to be constant.

There is not too much available information about thermal properties of concrete. However.
this research provides deeply investigation related about thermal properties of concrete
construction matenals. This chapter is helped to identify the different type of cement
materials and type of aggregates are improved the thermal properties of concrete hence

developing the thermal mass of the concrete for future.
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The tests results were done for different types of cement materials used separately in the
Concrete mixes. Such as PFA., GGBS and SF materials were replaced with different
Percentage in the cement content of the concrete mixes. The first concrete mix is 100 %
Portland cement (A1) to be control mix. PC was replaced by GGBS. 45 (A2). 55 (A3). and 65
(Ad4) % in the concrete mixes. PFA was replaced part of Portland cement by 10 (A5). 20
(A6). 30 (A7) % in the concrete content. SF was added in the cement content by 10 (A8). 15
(A9). and 20 (A10) % in the concrete mixes. In all of the concrete mixes were used only
Natural coarse aggregate to make the concrete mixes. This section aim is to compare the
different types of cement materials with different percentages used in the concrete mixes. In
other words. the different types of cement materials how can be affected the thermal
Properties of concrete hence thermal mass of concrete. Such as thermal conductivity. specific
heat capacity and density of the concrete were done to analyse the thermal properties of

concrete,

Since. replacing cement by PFA or SF reduces the density of concrete content. When the
Portland cement is replaced by PFA, GGBS or SF, an association of the higher the percentage
of applying different types of cement material, the lower the thermal conductivity achieved.
PFA. GGBS and SF have lower density than PC content concrete. it is related to the different
types of cement materials have higher air-void content. This is the reason that increasing
different types of cement materials in the concrete decrease the thermal conductivity of
Concrete. This is because the density decreased with increasing types of cement materials
content. Hence reduction of density of the concrete causes a decline in thermal conductivity.
Such decrease is also reported by R. Gul, H. Uysal and R. Demirboga (1997). Akman and
Tasdemir (1977) and Lu-shu et al. (1980), whose suggested that there is a relationship
between density and thermal conductivity where the thermal conductivity increases as the

density gets greater.

—————
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The results are shown that when SF. GGBS and PFA are used instead of PC percentage the
thermal conductivity and density are decreased. When the percentage of PFA content in the
concrete mix is increased to 10 (A5). 20 (A6) and 30 % (A7) by replacement of PC. this
results in the reduction of the thermal conductivity value by 9.8. 10.9. 12 % respectively.
When the PC is replaced by GGBS. 45 (A2), 55 (A3). 65 % (A4) replacement of PC decrease
thermal conductivity by 4.5. 6.5, and 7.6 % respectively. On the other hand. when 10 (A8).
15 (A9) and 20 % (A10) of PC is substituted with SF. this interchange reduces the thermal
conductivity by 2.2. 6.5 and 8.7 % correspondingly. As a result of this. it can be concluded
that the higher percentage of cement replaced. the lower thermal conductivity is achieved.
However. it is the also vital to take account the chemical and physical properties of cement
replacement. For instance, the percentage of GGBS content in concrete mix is higher than SF
concrete mix but the effect of SF is higher than the GGBS. As well as this. replacing cement
by silica fume reduce the thermal conductivity of the concrete. The main reason is silica fume
and PFA are more reactive material than GGBS. Silica fume is mainly based on amorphous
(non-crystalline) silicon dioxide (Si02). The individual particles in silica fume are very small
in size such 1/100th amount of a mean cement size. This property of silica fume and in
addition to this. having fine particles with large surface area and high SiO2 content. enables
silica fume to act as an extremely reactive pozolan when this material is used in the

production of concrete.

————
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When silica fume is used as a replacement of part of the PC. the specific heat capacity of
concrete is increased as well. For example. when the portland cement is replaced by Silica
fume. 10 (A8). 15 (A9). and 20 % (A10) . this interchange of cement increased the specific
heat capacity of conctere by 3.9, 6.1 and 8.3 % respectively. Y.Xu. D.D.L. Chung (2002)
State that when silica fume is added in cement, this results in reduction in thermal diffusivity
and simultaneously improve the specific heat capacity. Therefore. this causes a reduction in
the thermal conductivity of the concrete. The reason for this reduction is explained as the
boarder among the silica fume and cement acting as a barrier relative to heat conduction. That
13 why silica fume content in concrete decrease the thermal conductivity.

Increase in the specific heat capacity of the concrete is also achieved when PFA is added to
the content of concrete. For instance. if the portland cement is replaced by PFA. 10 (AS), 20
(A6) and 30% (A7) admixtures of cement results in increase the specific heat capacity of
concrete by 3.1. 7.9. and 10.3 % respectively. However. the results of the experiments
concluded that Silica Fume concrete mixes are shown higher specific heat capacity than PFA

concrete mixes. 10 % Sf(A8) is found to have greater specific heat capacity than 10 % PFA

(AS).

———
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GGBS is used in the concrete as an alternative to PC. For instance when reduction in the
Silica fume and GGBS concrete are compared that Silica fume is used 20 % of cement
content in the conrete has greater thermal diffusivity value than 45 % GGBS of cement
content in the concrete.

From the results. it can be concluded that when 10 % of PC is replaced by PFA. this results
decrease in the thermal diffusivity of concrete more than the same amount of the silica fume
replacement However. 20 % of PC is replaced by PFA in the concrete has the thermal
diffusivty resulted to be less than the same amount of silica fume concrete. This means that
When the amount of PFA is increased in the concrete with decreasing in thermal diffusivity as
well as increasing the specific heat capacity more than the same amount of SF concrete mix.
In other words. Silica fume has greater density and thermal conductivity value than PFA.
Beside of this. thermal diffusivity is concluded to have indirect proportional with the specific
heat capacity of concrete. The laboratory results are observed that the density of concrete is
slightly decreased with increasing the different types of cement material. The results are also
identified that the density and thermal conductivity have a direct proportional. In other words.

the density of concrete is increased with increasing thermal conductivty of concrete.

3.2.2  Effects of Recycled Coarse Aggregate on the Thermal Properties of Concrete
ESSensitially, aggregate types are investigated by using Natural coarse aggregate and
Recycled Coarse aggregate. In this section, the natural coarse aggregate was replaced 30 %
by Recycled coarse aggregate used in the all of the mixes (Group B). Firstly RCA content in
the concrete mixes were investigated to understand the effects on the thermal properties of
the concrete. Secondly, 30% RCA content with different types of cements were applied
together to analyze the influence of the thermal properties of the concrete.

Group B concrete mixes were used same different types of cement with using same

Percentage in the concrete like Group A. The first concrete mix is included 100% Pc with
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The results are reported that when 30 % RCA and PFA is added in the concrete mixes. this
decreased the density by 4.7. 4.5 and 4.1 % when compared against A5. A6 and A7 concrete
mixes. On the other hand. if the 100 % PC and 30 % RCA content concrete mix is compared
against PFA and 30 % RCA content mixes. Bl is found to decrease density greater than PFA
and 30 % RCA content mixes. Examination of GGBS and 30 % RCA content concrete mixes
showed that the density of the concrete is decreased when such mixes are used. For instance.
When 30 % RCA with the cement is replaced by GGBS by 45. 55 and 65 %. this interchange
results in decrease in the density by 5.3. 5.8 and 5.6 % by observing with A2. A3 and A4
concrete mixes. 45 % GGBS and 30 % RCA content concrete mix is equally decrease the
Same percentage when compared against 100 % Portland cement with 30% RCA content
Concrete mix. Whereas. when 45 % GGBS with 30 % RCA content concrete mix is used. the
decrease in density is observed less than the other GGBS concrete mixes. Because of the
Porous and less dense residual mortar lumps that is adhering to the surfaces. When the

Particle size is increased. the volume percentage of residual mortar will increase too.
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10 (B8). 15 (B9) and 20 % (B10) of replacement of PC is decreased the thermal conductivity
23.3.20.9 and 22.6 % respectively. The results are provided that B8 concrete mix is greater
decreasing than B9 and B10 concrete mixes. This is because the density reduced with
increasing SF and PFA content. RCA concrete has less density by means of SF and PFA is
Possibly related to the higher air content. and partly to the amorphous structure of SF and
PFA. From the study conducted by Fu and Chung (1997). it can be concluded that when silica
fume is used with light weight aggregate. the effect on concrete will be increase in air void
Content.

As well as this. applying GGBS with 30 % RCA in concrete mix is decreased the thermal
conductivity of the concrete mix. For example, in the concrete mix containing 30 % RCA
With the cement is replaced by GGBS. 45 (B2). 55 (B3). and 65 % (B4) of replacement of
Portland cement is decreased the thermal conductivity 21.7. 23.9 and 23.3 % by observing
from 45 (A2). 55 (A3) and 65 (A4) with 100 % natural aggregate concrete mixes. The results
are shown that 55 % GGBS with 30 % RCA concrete mix is decreasing the thermal
conductivity more than B2 and B4 concrete mixes. The test results are shown that up to
Certain point adding GGBS such as 55% in the concrete content decreased the thermal
conductivity more than 65% GGBS content in RCA concrete mixes. in other words. after
35% GGBS, cannot be affected thermal conductivity compared against 65% GGBS.

At the same time, the results are provided that 10 and 20 PFA % with 30 % RCA concrete
Mixes are decreasing the thermal conductivity greater than 10 and 20 Silica Fume with 30 %
RCA content concrete mix. However, 45 GGBS with 30 % RCA concrete mix is greater
thermal conductivity than all of the PFA content with 30 % RCA concrete mixes. This is
because PFA is more affective material than other different types of cement materials.
Additionally. the researchers also reported that the thermal conductivity decreased due to the

decrease observed in density of the concrete. Lu-shu et al. (1980) mentioned that thermal
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such as 10%. 15% and 20% is replaced by silica fume. the mix containing 30 % RCA with
the the silica fume results in increase in the specific heat capacity by 11.2. 11.8. and 12.7 %
by comparing against 10, 15 and 20 % Silica Fume with 100 % Natural aggregate. At the
Same time. the laboratory reults are identified that 10 % silica fume with 30 % RCA concrete
mix is resulting a higher increase in the specific heat capacity than the other silica fume
Contents with RCA concrete mixes. This is because RCA and SF used in the concrete mixes
have greater air-voids than RCA content conrete mix (Al).

On the other hand. GGBS with 30 % RCA content concrete mixes are resulted an increase in
the specific heat capacity. From the test results obtained. it is shown that when 30 % RCA
Wwith the cement is replaced by GGBS. 45. 55 and 65 % of replacement increased the specific
heat capacity by 12.4. 12.4 and 7.6 % by investigating with A2. A3 and A4 concrete mixes.
However, 45 % GGBS with 30 % RCA content concrete mix is equaly increasing the specific
heat capacity with 55 % GGBS with 30 % RCA and 100 % Portland Cement with 100 %
Natural aggregate content concrete mixes. As well as this. 65 % GGBS with 30 % RCA
Content concrete mix resulted in an increase in the specific heat capacity less than B2 and B3
Concrete mixes. The main reason is when greater quantity of GGBS content in the concrete
mix is used, this results in increase in the air-voids in the concrete and hence affect the
Specific capacity value directly. In other words, increasing GGBS content in the concrete is
Increased the specific heat capacity of the concrete.

The observation is made that 30 % RCA with the portland cement is replaced by PFA. 10, 20
and 30 % of replacement is increased the specific heat capacity 16.6. 12.2 and 13.5 % by
defining with A5. A6 and A7 concrete mixes. the results are shown that 10 % PFA and 30 %
RCA content concrete mix is increased the specific heat capacity greater than other mixes. on
the other hand. B6 concrete mix is increased the specific heat capacity less than Bl concrete

mix. It can be possible that RCA content was not known exactly how much materials such as
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lower density and thermal conductivity value hence greater specific heat capacity of the

concrete.

Conversely. the greatest decrease in thermal diffusivity is observed when PFA with 30 %
RCA content is used in concrete mixes. For instance. when 30 % RCA with the Portland
cement is replaced by PFA by 10, 20. 30%. this replacement decreased the thermal ditfusivity
of concrete mix by 32.6. 31.8, and 32.6 % which are defined by BS. B6. and B7 concrete
mixes. The results showed that B5 concrete mix decrease the thermal diffusivity with the
Same amount as B7 concrete mix. The reason for this is related about the thermal properties
of concrete mixes. In other words. it is related mostly related about the thermal conductivity

and specific heat capacity values of the concrete mix.

If GGBS is added to the concrete mix with 30 % RCA content. this addition decreases the
thermal diffusivity of the concrete mix. For example. when 30 % RCA is added with GGBS,
by 45 (B2). 55 (B3) and 65 (B4) %. this addition decreased the thermal diffusivity by 29.8,
23.3 and 26.8 % when contrasted against A2, A3 and A4 concrete mixes. Likewise. results
also explained that B3 concrete mix decreased the thermal diffusivity less than B2 and B4
Concrete mixes. As well as this, Bl concrete mix is found to decrease the thermal diffusivity
Mmore than B2 concrete mix when the figures of this decrease are compared. The laboratory
results are proven that PC concretes have greater thermal conductivity and lowest specific
heat capacity value. However, GGBS concretes have less thermal conductivity and better

specific heat capacity compared with PC concretes.

Instead. when Silica fume is added to the concrete with 30 % RCA content. this addition
decrease the thermal diffusivity of concrete. For instance. when 30 % RCA with the Portland
Cement is replaced Silica fume by 10, 15, and 20%. this interchange with Portland cement

decrease the thermal diffusivity by 16.3. 26.1 and 27.3 % respectively which are defined by
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B8. B9 and B10 concrete mixes. The results obtained conclude that. using 10 % of silica
fume with 30 % RCA content (B8). decreased the thermal diffusivity approximately 1.5 times
more than B9 and B10 concrete mixes. As well as this. it is found that B8 concrete mix
decreased the thermal diffusivity less than B1 concrete mix. This is because B8 concrete mix
has lower thermal conductivity and higher specific heat capacity comparing against Bl

concrete.

3.2.3  Water — Cement Ratio Effects on Thermal Properties of Concrete

In this section. water cement ratio is minimized to investigate the effects on the thermal
Properties of the concrete mixes. For each different type of cements and recycled coarse
aggregate were used in the concrete mixes. There are 8 mixes made to analyse the influence
on thermal properties such as specific heat capacity. thermal conductivity and density of the
Concrete mixes. This eight mixes are chosen from Group A and B. Group C is divided into 2
sections. The first section was only used 100 % Natural coarse aggregate. Such as 100% PC
With 100 % NA (C1). 45 % GGBS with 100 % NA (C2). 20 % PFA with 100 % NA (C3). 20
% SF with NA (C4). The second section of Group C was 70 % NA with 30% RCA in the
Concrete content, Such as 100% PC with 30%RCA (C35). 45 % GGBS with 30 % RCA (C6).
20 % PFA with 30 % RCA (C7). 20 % SF with RCA (C8). Investigation was made by
Comparing C1 and A1, C2 and A2, C3 and A6. C4 and A10. C5 and B1. C6 and B2, C7 and
B6, C8 and B10 are compared in pairs due to each pair generating by using the same
Mmaterial. There are 2 different water cement ratio applied to investigate the effects on the

thermal properties of concrete mixes. The water cement ratio ranges are 0.5 to 0.6 and 0.3 to

0.35.
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PFA is used with NA with 0.30 of water cement ratio concrete. this increases the thermal
conductivity 8.78 % greater than the concrete containing 20 % PFA with NA with 0.49 water
Cement ratio. The concrete mix containing 20 % Silica Fume and Natural aggregate with 0.35
Water cement ratio increase thermal conductivity 7.26% more than the concrete mix

containing 20% SF and NA using 0.57 water cement ratio.

Kook-Hand Kim et al (2002) stated that W/C ratio is a significant factor that affects the
thermal conductivity. Because the water cement ratio is vital to produce denser concrete.
When the concrete is heavier (denser). thermal conductivity of concrete is increased with unit
Weight of concrete. Since. the amount of aggregate uced in cement is affected by W/C ratio. it
is vital to determine this ratio. The reason is the thermal conductivity of aggregates has
greater than water. When the cement that has low W/C ratio is added to the paste. thermal

conductivity rises due to the cement having greater thermal conductivity compared to water.

As well as this. the investigation is carried out for the Recycled coarse aggregate concrete.
The results showed that when RCA is used with minimizing water cement ratio: it is achieved
to improve the thermal conductivity of concrete. For instance. Group C when 100 % PC with
RCA concrete mix (C5) is used. this increase the thermal conductivity 6.94 % more than
Group B. containing 100 % PC with RCA concrete mix (B1). The highest increase in thermal
Conductivity is obtained as increase in 15.38 % by using silica fume and RCA content in
Concrete when compared against B10 and C8. On the other hand. W/C ratio is minimized in
different type of cements concrete mixes to improve the thermal conductivity of concrete
Mmixes. It is significant to mention that RCA material has less thermal conductivity than
Natural aggregate. However, water cement ratio is minimized to improve the thermal
conductivity of RCA content concrete. In other words. cement content is increased and make
denser of RCA content concrete. It is helped to develop greater thermal conductivity of RCA

content concrete.
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3.3 Practical Implications

Thermal properties of concrete construction materials are very important. This study provides
information on how the concrete materials will be used etficiently in the construction
industry. In other words. when the designing of concrete mixes for housing. commercial.
residential and multi-storey buildings. Thermal properties of concrete mixes namely specific
heat capacity. thermal conductivity and density are main actor for saving energy consumption

in the buildings.

This research is helped to minimize the CO> emissions and energy consumption in the
building concretes. Beside of this. research opens up the opportunity to discuss the various
thermal properties of concrete materials simultancously and hence finding the optimal

thermal mass to concrete the best thermal comfort in the concrete buildings.

For instance. different types of cements and aggregates materials identitied in this research
are used to decide the effect of such materials on thermal properties of concrete. The results
achieved from this research can be used to suggest the kind of materials can be applied in
either dense or light block. concrete slab. beam. floor or wall of the building concrete

Components.

5.4 Summary of main findings

The laboratory tests results were analysed that PFA content concrete mixes were decreased
the thermal conductivity more than other type of cements content mixes (such as SF and
GGBS). 30% PFA content in concrete mix has greater reduction thermal conductivity of the
Concrete mix. On the other hand. 15 % SF was decreased the thermal conductivity equal
Percentage (6.5%) with 55% GGBS content concrete mix. Thermal conductivity of concrete
is related about the types of material chemical properties. The laboratory results are shown

that 10 and 20% SF content concrete has greater specific heat capacity than 10 and 20% PFA
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content concrete. 65% GGBS content concrete mix has greatest specific heat capacity of the
concrete mix than all of the mixes. However. GGBS content was greater than SF and PFA
content in the concrete. Therefore. Silica Fume content concrete mixes are more specific heat
Capacity values than other types of cements content concrete mixes. When the thermal
diffusivity is taken into consideration. 20% SF content concrete mix has higher thermal
diffusivity than 45% GGBS content concrete mix. It can be found that 10% PFA content
concrete mix has decreased the thermal diffusivity more than 10% SF content concrete mix.
However, 20% PFA content concrete mix has less thermal diffusivity than 20% SF content

concrete mix.

When 30% natural aggregate is replaced by recycled coarse aggregate. the concrete mixes
have more lightly. It means that the concrete mixes are less dense than NA concrete mixes.
From the test results. the recycled coarse aggregate are affected thermal properties of
concrete mixes more than the different types of cements content concrete mixes. RCA
tontent concrete mixes have greater specific heat capacity value than NA content concrete
Mixes. The laboratory results are identified that 10 % silica fume with 30 % RCA concrete
Mix is resulting a higher increase in the specific heat capacity than the other silica fume
contents with RCA concrete mixes. Recycled Coarse aggregate in the concrete is decreased
thermal diffusivity in all mixes. By using 30 % RCA with 100 % PC content. concrete mix
Tesulted in a decrease in the thermal conductivity by 26.9 % when compared against 100 %
PC and 100 % Natural aggregate mix. Likewise. results also explained that 55% GGBS with
30% RCA (B3) concrete mix decreased the thermal diffusivity less than B2 and B4 concrete
mixes. As well as this, Bl concrete mix is found to decrease the thermal diffusivity more than
B2 concrete mix when the figures of this decrease are compared. It is found that B8 concrete

mix decreased the thermal diffusivity less than BI concrete mix.
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The thermal properties of concrete mixes results are provided that Water cement ratio was
Minimized, The results explained that W/C ratio is minimised with increasing the thermal
conductivity in all types of concrete mixes. The highest thermal conductivity values are
achieved in Group C. The reason for this is Group C has the W/C ratio between 0.3 and 0.33.
Instead. 100 % PC concrete mix (Cl) is the concrete mix where the highest thermal
conductivity is obtained. From Group C. 45 % GGBS with NA concrete increase the thermal
conductivity 5.80 % more than the concrete containing 45 % GGBS with NA using 0.57
W/C. When 20 % PFA is used with NA with 0.30 of water cement ratio concrete. This
increase the thermal conductivity 8.78 % greater than the concrete containing 20 % PFA with
NA with 0.49 water cement ratio. The concrete mix containing 20 % Silica Fume and Natural
aggregate with 0.35 water cement ratjo increase thermal conductivity 7.26% more than the
concrete mix containing 20% SF and NA using 0.57 water cement ratio. As well as this, the
investigation is carried out for the Recycled coarse aggregate concrete. The results showed
that when RCA is used with minimizing water cement ratio: it is achieved to improve the
density and thermal conductivity of concrete. The highest increase in thermal conductivity is
Obtained as increase in 15.38 % by using silica fume and RCA content in concrete when
COmpared against B10 and C8. On the other hand. W/C ratio is minimized in different type of
Cements concrete mixes to improve the thermal conductivity of concrete mixes. The
1abOratory results showed that W/C ratio is minimized when the specific heat capacity of
Concrete mixes are decreased. The lowest decrease in the specific heat capacity is obtained as
3.9 % by using 100 % PC with 30 % RCA content concrete mix (C3). Whereas. when the w/c
ratio minimized such as in the GGBS concrete mix (C2). the specific heat capacity is
decreased by 14.8 % that results in the highest decrease in specific heat capacity in all the
mixes. The results are defined that when minimizing water — cement ratio is applied in the

concrete: the thermal diffusivity of the concrete is improved.
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6 Thermal Dynamic Calculation

6.1  Introduction

In this chapter. the excel spreadsheet is set up to calculate the thermal dynamic properties of
concrete mixes by applying the thermal properties data (thermal conductivity. density and
Specific heat capacity) of the concrete mixes. Factors which affect the thermal storage are
taken under examinations that include thermal admittance. decrement factor. areal heat
Capacity and thermal transmittance. The main aim of this chapter is to understand the effects
of different types of cement materials. recycled coarse aggregate and water- cement ratio of
the concrete mixes on the thermal admittance and hence thermal mass. the thermal
transmittance and decrement factor of the concrete mixes. Before setting up the excel
calculator, the thermal dynamic properties are calculated theoretically. That's why BS EN
ISO 13786:2007 standard is used to calculate those parameters.

BS EN IS0 13786:2007 suggests that thermal performance of the component can be defined
When the component dependent on changing boundary conditions such as variable heat flow
rate or changing temperature on either or both of the boundaries. Variation of boundaries
taken into account in this standard is only sinusoidal boundary condition where the changes
In temperature or heat flow on these boundaries are considered. Thermal admittances and
thermal dynamic transfer properties are concerned about associating cyclic heat flow rate and
cyelic temperature changes.

Thermal admittance associate heat flow rate to temperature changes that it is occurring on the
Same side of the component. The thermal dynamic transfer properties depend on physical
Measures of one part of the component to other. By using previously indicated properties. the
heat Capacity of a given component is described that measures the heat storage of the

Component,
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6.2 Underline Theory for Thermal Dynamic Calculation

According to EN 13786:2007 standard. thermal admittance is classified as the proportion
amongst the complex amplitude of the heat flux density across the wall surface. This is also
called as adjacent m-zone. On the other hand. same standard defines the periodic thermal
transmittance as either the proportion of complex amplitude of the temperature of the m-zone
Or as the temperature of the zone n given that the temperature of the alternative side is kept at

constant,

AT

nxp

Periodic Penetration Depth [8] is

— (EN 13786:2007) . In uniform substances which have

Infinite width, deepness is reduced by the element of “e™. e is the base of natural logarithms;

e=2.718...

Again. same standard is used to classify heat transfer matrix Z for each layer as the
association between the temperature and heat flux in one side of the component external side
¢, with the same physical quantities on the other side. for example the internal side I (EN
13786:2007) (See Appendix 9.3 for more detail)

¢ [Zn Zl:] x Ql]

Another representation of the concept is: — = Zay Zas &

o

L

The periodic penetration depth for the material of the layer [6]. is calculated from its thermal

Properties and the period of variations [T] applying Equation of penetration depth. Then. the

) | R

ratio of the thickness of the layer to the penetration depth is defined to be €=

o

In this case, the specific heat capacity of the layer is ignored. The thermal resistance of air

layer consisting convection, conduction and radiation. The heat transfer matrix is
Z, = {(1) —f“]. The thermal resistance of the air layer may be evaluated by using ISO 6946.

e ———
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In building elements. the layer 1 is described as the inner layer. The heat transfer matrix is
defined by the formula Z,, = Z¢. 7Z Zgy where Z¢; and Zs, are elements from heat transfer
matrix. Those heat transfer matrices indicate the limits of the building component and

1 - . . . - .
Zs= [O f’] where Rg displays the surface resistance of the limit of the component.

Containing convection as well as radiation. Figures for surface resistance are in agreement

with 1SO 6946.

2y Z,a
Zy= [211 zl] 5 Z 5 Z g oo zZ,2.2,

A figure of surface resistance that is suitable to location of the component is used to evaluate
the heat transfer matrix and also the features of the building. Vertical location which is heat
flow horizontal is used to calculate the heat transfer matrix if the location of element is
unknown. In the situation where the limits are considered individually. the periodic heat
Capacity of the element can be estimated by ignoring the limits of the element. The dynamic
thermal characteristics of any component are four periodic thermal conductance’s. Lmn is
Complex number relating the periodic heat flow into a component to the perindic
emperatures on either side of it under sinusoidal conditions and also two heat capacities. Cm

Which modulus of the net pcriodic thermal conductance divided by the angular frequency.

. -Zss -2.. . ) . .
The thermal admittances are Yy; = . and Y,, = — where Y11 is for the internal side of

am n
4 2

the component. while Y»2 is for the external side. The time shift [At] of admittance. is: Aty =

r
27 Ar8(Y nm) with the argument evaluated in the range 0 to 2= radians.

There is a relationship between periodic heat flow and differences in periodic temperature

When the differences in temperature are equal at both parts of panel.

e ——
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. T 2. -1 e T2
The areal heat capacities are K, = ;' - l andK, = ?1 = l These equations apply to
both external elements and to internal partitions.
. . . . . 1
On the other hand. the periodic thermal transmittance is given by Y;» = == and the

Lom
e

FPeriodic Thermal Transmittance (Y.,
222 where the thermal

decrement factor is given by F= -
v Thermal Transmittance iUy}

transmittance. Uy is calculated in accordance with 1ISO 6946 ignoring any thermal bridges.
Calculation of Uy is performed by neglecting dependency while estimating the dynamic
characteristics. The rule state that the decrement factor should always be less than 1. In the

ime range from -2z to 0. change in periodic thermal admittance is shown by Aty = marg(Zin).

6.3 Application of Method

Parameters investigated were internal thermal admittance. external thermal admittance,
Periodic thermal transmittance. internal areal heat capacity. external areal heat capacity and
thermal transmittance. The main purpose was to assess the factors affecting the dynamic
thermal properties of concrete. This is done by using Microsoft Excel program. However.
before setting up the program itself. an example in appendix D1 of BS EN ISO 13786-2007 is
used to formulate a foundation for the program. In this section. firstly the example that is
used to form the foundation of the excel spreadsheet is explained and after that. detailed
informa[ion is provided on how to set up the excel spreadsheet for the thermal dynamic

Calculations for this research.

6.3.1 Single layer component example

In the single layer component example used. because the research tests samples were single
layer slab to make testing. This example was used from BS EN ISO 13786 to develop the
foundation of excel spreadsheet to calculate the thermal dynamic properties of the research

Samples. A concrete made up with a 200mm wall is used. The physical characteristics of this

e ————
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The functioning of this program should be validated by using an example tfrom BS EN 1SO

13786:2007 where the validation of this programme is explained in the next section.

6.4  Validation of Excel Calculator Results
Firstly. the program is set up by using the example mentioned in BS EN 1SO 13786 that is
explained in appendix A. Then. results obtained from the example and some of the concrete

samples are compared by using both Concrete Centre calculator and excel calculator.

The results shown in Table 6.3 concluded that since the difference obtained between the two
results are less than 0.5. both results are found to be similar and hence the results achieved
from concrete samples are validated. The reason for the difference of less than 0.5 is due to
the rounding made to 2 decimal place in Concrete Centre calculation where the exact value is

used in excel calculator.

Table 6-3 Validation of Thermal Dynamic Properties

Concrete Centre

NO BS EN ISO 13786 Calculator Excel Calculator
Thermal Decrement 'lntcrnal Decrement Internal Decrement
Admittance Factor Thermal Factor Thermal Factor
Admittance Admittance

D1* 5.70 0.514 5.70 0.51 5.70 0.514

Al - - 4.45 0.92 4.19 0.87

Bl - - 4.26 0.90 4.03 0.86

Cl - - 4.45 0.94 4.18 0.88

DI* = Example from BS EN ISO 13786

6.5 Results & Discussion

In this section. the study investigated the thermal dynamic properties of the concrete mixes.
The laboratory test results were used to calculate the thermal dynamic properties. In other
words. thermal properties of concrete mixes were applied to evaluate the thermal dynamic
Properties of the concrete mixes. The results obtained from previous chapters were taken into
consideration to calculate the thermal dynamic results. The main aim is to evaluate the value
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of thermal admittance and hence thermal mass of the concrete. This is the reason that the
excel spreadsheet was developed by applying thermal performance of building components —
Dynamic thermal characteristics-calculation methods (BS EN ISO 13786). Thermal
properties of 28 mixes were applied to calculate their thermal dynamic properties. This
research was provided the thermal properties of concrete such as thermal conductivity,
specific heat capacity and density of concrete. After that. in this chapter. these thermal

properties were used to find the thermal dynamic properties of concrete mixes.

In this section. thermal dynamic properties were calculated. Thermal dynamic properties
results are shown in Appendix B. This section was taken account into thermal transmittance
(U-value). Decrement factor and Thermal admittance hence thermal mass of the concrete
mix. The reason for taking these factors into consideration is to describe the heat transfer
inside the buildings. such as through walls or floors. by using the U-value. Additionally.
decrement factor is also important in expressing the heat transfer since as mentioned in
chapter 2. it is the proportion of maximum heat flow of the external surface of the element
per unit degree of external temperature swing through the walls per unit change in the
variation of external and internal temperatures until it reaches to the steady state condition of
heat flow. Furthermore. another vital concept in explaining the heat transfer is thermal
admittance value where it represents the quantity of energy going out from the internal
surface of the element into the room per unit degree of temperature swing. However, such
condition only occurs when the internal temperature experiences periodic oscillation and at
the same time external temperature is kept at constant level. In the following section, the
effects of different types of Cement materials, Recycled Coarse Aggregate and Water-
Cement ratio were examined on the effects of Thermal Admittance Value. U-value and

Decrement Factor of Concrete.
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6.5.1 Effects of different types of Cement, Recycled Coarse Aggregate and Water-
Cement ratio on U-Value
Since U-Value is mainly a measure representing the heat loss through a structural element.
the effect of various different types of cements. recycled coarse aggregate and water cement
ratio on thermal transmittance (U-value) are examined in this research. U-value is also
defined as the inverse of R-value where the R-value is a measure expressing the residence to
heat flow via given thickness of material. Before continuing the discussion. it is also
important to state that the thickness of the sample is also a significant concept on U-value of
the concrete. However. all of the concrete samples have same thicknesses in this research
which is 0.075m. This is the reason that the thickness is not considered in this study. The
main aim of this study is to understand the effects of different types of cement materials.
types of aggregates and when minimizing the water-cement ratio how it affected the thermal
transmittance of the concrete mixes. In other words. thermal conductivity of concrete mixes
Wwas taken into consideration to examine the effects of thermal transmittance value of

concrete mixes.

6.5.1.1 Effects of different types of Cements on U-Value of Concrete Mixes

The different types of cement materials are used in concrete mixes and the effect of using
such materials is decreasing the thermal conductivity with decreasing the U-value of concrete
mixes in all groups [See Appendix B]. This is directly affected the U-value of the concrete
mixes. In other words. Thermal conductivity is increased with decreasing R-Value with
increasing the U-value of the concrete mix in all groups. The following figure is shown the

thermal conductivity against the R-value of the concrete mixes in Group A.
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When concretes containing 100% NA with 100 % PC (A1) is compared with 30 % RCA with
100 % PC concrete mix (B1). it is found that in B1. the U-value is 8.3% less than A1 concrete
mix. On the other hand. the greatest decrease in U-value which is 11% of U-value in B7
concrete mix (30% PFA + 30% RCA) by comparing with A7 concrete mix. This is because
PFA and RCA have lower thermal conductivity. Hence when RCA and PFA used in the

concrete together. the reduction is higher than applying PFA and RCA separately.

When 30% RCA content with the cement is replaced by PFA. 10 (B3). and 20% (B6)
replacement of PC is resulted in reduction the U-value 9.9. and 10.7% by making observation
with A3 and A6 concrete mixes respectively. When GGBS with 30 % RCA are applied in
concrete mix. decrease in the U-Value of the concrete mix is observed. The main reason for
this is GGBS has lower thermal conductivity. For example. in the concrete mix containing 30
% RCA with the cement is replaced by GGBS. 45 (B2). 55 (B3). and 65 (B4) % of
replacement of Portland cement is decreased the U-Value 9.4, 9.3 and 9.8 % by observing
from 45 (A2). 55 (A3) and 65 % (A4) with 100 % natural aggregate concrete mixes. The
results are shown that 55 % GGBS with 30 % RCA concrete mix is decreasing the U-Value
less than B2 and B4 concrete mixes respectively. It means that 55% GGBS with 30% RCA
has greater thermal conductivity than 45 and 65% GGBS with 30% RCA content concrete

mixes.

As well as this. when Silica Fume and Recycled coarse aggregate are used in concrete mix. it
Is concluded that both materials decrease the U-Value of the concrete. For instance. 30 %
RCA content with the cement is replaced by Silica Fume. 10 (B8). 15 (B9) and 20 % (B10) of
replacement of PC is decreased the U-Value 9.1. 8.2 and 9.3 % respectively. The results are
Provided that B9 concrete mix is decreasing at a lower rate than B8 and B10 concrete mixes.
This is due to the factors present in RCA material. In other words. RCA material is containg
different materials such as wood. cement paste and ete.

———
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The Figure 6.16 is shows the change of thermal conductivity as changing the R-value of
Group C concrete mixes. The laboratory results are explained that minimizing water-cement
ratio in the concrete mix is increased the thermal conductivity of concrete mix. This is the
main reason why Group C concrete mixes have the lowest R-value over all concrete mixes. In
other words. Group C concrete mixes are denser than Group A and B concrete mixes.
Therefore. Group C concrete mixes have greatest thermal conductivity value which results in
decreasing the R-value of concrete mixes at Group C. If minimizing water-cement ratio is
investigated with different types of cement materials and recycled coarse aggregate content
concrete mixes. minimizing water-cement ratio shows an increase in thermal conductivity
With decreasing R-value of concrete mix by using different types of cements materials and
RCA content concrete mixes. For instance. when Al. Bl and Cl concrete mixes were
Compared. C1 have the higher thermal conductivity with lower R-value than Al and Bl
concrete mixes. On the other hand. types of aggregates are shown to affect thermal properties
greater than different types of cement materials and minimizing water-cement ratio of the
concrete mixes. Minimizing water-cement ratio is only improved the thermal conductivity of
concrete mixes. However. the reduction in density and thermal conductivity depends on types
of aggregate used. The reason for this is due to aggregates having greater thermal

conductivity value than different types of cement materials and water.
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will still improve thermal conductivity and hence the U-Value of the concrete. The laboratory
results provided that when water-cement ratio. RCA content and cement replacement
materials are considered. water/cement ratio is act as a main actor of atfecting the thermal

properties of the concrete.

6.5.2 Effects of different types of Cements, Recycled Coarse Aggregate and Water-
Cement ratio on Decrement Factor

Decrement factor is a significant feature affecting the ability of the concrete to store the heat.
This factor can be evaluated based on thermal properties of the concrete namely: specific heat
capacity. thermal conductivity and density of material. Thermal properties of concrete mixes
were applied to find the decrement factor of the research concrete mixes. In this section.
different types of cements. types of aggregate and water cement ratio were investigated the
effects on the decrement factor of the concrete mixes. In following section. Decrement factor
against the specific heat capacity and thermal conductivity of the concrete mixes were
considered by applying different types of cements. recycled coarse aggregate and minimized

water cement ratio of the concrete mixes.
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When the effect of change in thermal conductivity on thermal admittance is investigated in
group A concrete mixes. Al concrete mix (100% PC + 100% NA) have 0.921 W/mK thermal
conductivity value and thermal admittance 4.19 W/m°K is taken as a control mix. In this
group of concrete mixes. the laboratory results shows that increase in decreasing the thermal
conductivity of the concrete mixes. increases the thermal admittance in GGBS content
concrete mixes compared against control mix. Increasing the GGBS content in the concrete
mix from 43 to 65% have increased the thermal admittance value of the concrete mixes from
0.24% 10 2.15% given that a decrease in thermal conductivity is observed from 4.45% to
7.60% compared with control mix. On the other hand. even further decrease in thermal
conductivity is observed in concrete mixes containing PFA instead of GGBS. resulting in
decrease in thermal admittance. having a greater decrcase in the thermal admittance with
increasing the reduction in thermal conductivity of PFA content concrete mixes. However.
this increase in the reduction of thermal admittance is achieved up to a certain point where
PFA was about 20% and beyond that point. further increase in PFA and further decrease in
thermal conductivity does not provide any additional effect on thermal admittance. Using
10% SF with further decrease in thermal conductivity has approximately same effect in
thermal admittance as 45% GGBS compared to control mix (Al). Decreasing the thermal
conductivity and increasing the silica fume to 15 and 20 % have result in decrease in thermal

admittance by 0.24 and 0.48 % respectively.
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Thermal Admittance is related to Thermal Diffusivity of the concrete. This is the reason that
thermal diffusivity (calculated by specific heat capacity. density and thermal conductivity) is

important in thermal dynamic properties of the concrete mixes.

PFA concrete mixes decrease the thermal admittance value more than others in group A. The
reason for this is PFA being more effective than other cement replacement materials. Since.
PFA concrete mixes have lower density and thermal conductivity than other cement
replacement material concrete mixes and at the same time have greater specific heat capacity
than other cement replacement material concrete mixes. PFA concrete mixes have lower

thermal admittance than others.

Beside of this. GGBS concrete mixes have greater moderate thermal conductivity. density
and specific heat capacity than PFA concrete mixes. Therefore. as GGBS content increase in
concrete mixes. it increases the thermal admittance values. This can be shown in Appendix B.
However. when silica fume content in concrete mixes is around 10 %. a slight increase in
thermal admittance is observed compared to Portland cement coneretes and when 20% silica

fume is used in concrete mixes. a lower value of thermal admittance is obtained compared to

Portland cement mixes.

S
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Since RCA content concrete mixes have the lowest thermal conductivity. highest R-Value is
observed in such concretes and hence this decreases the thermal admittance values. When R-
Value is <0.117 m*.K/W. thermal admittance values are observed slightly similar or little bit

less than this R-Value.

Specifically. when R-Value of B8 (10% Silica fume) is 0.109 m*.K/W. thermal admittance is
observed to be 4.02 W/m°.K and when R-Value of Bl (PC) is 0.104 m>.K/W. thermal
admittance is observed to be 4.03 W/m°.K. When B8 is compared against B1. it is concluded
that using silica fume in B8 together with RCA content increase the R-Value and decrease the
thermal admittance. When silica fume is used together with PC instead of RCA. it increases

the thermal admittance. This shows that RCA is more effective than Silica Fume.

On the other hand. when PFA is used in concrete mixes. either with PC or RCA. it decreases
the thermal admittance in both types of concrete mixes. This means than even RCA is an
effective material in decreasing the thermal admittance. PFA is even more effective than

RCA.,
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RCA content concrete decrease the thermal diffusivity in all mixes in group B. This is due to
RCA material being lighter than normal concretes. PFA content concrete mixes have lower
thermal admittance and reasons for this depend on thermal properties of concrete. For
instance, PFA directly decrease thermal conductivity and density and hence. lower thermal
diffusivity and thermal admittance are observed in PFA concretes. Specifically. B7 concrete
mix (30% PFA + 30% RCA) has thermal diffusivity of 2.91[m*/sec]x107 and this is the
lowest thermal diftusivity of all mixes in group B. Even B3 has thermal diffusivity of 3.14
[m¥sec] x107is different with B7. Both BS and B7 results in same thermal admittance value

which is 3.98 W/m'K.

When GGBS content is used together with RCA. it increases the thermal diffusivity more
than using either silica fume or PFA together with RCA. When GGBS is used together with
30% RCA (B2. B3). thermal admittance value obtained is the same as B1 that is PC together
with 30% RCA. However. thermal diffusivity of Bl is greater than B2 and B3. It is shown
that using RCA and different types of cement materials in concrete mixes make the concrete
lightweight. However. applying the properties of material in designing of concrete mix is

given lightweight concrete as well as same or similar thermal admittance value.

6.5.3.3 Effects of using Water/Cement Ratio on Thermal Admittance of Concrete Mixes
Minimizing water/cement ratio decreases R-Value because water/cement ratio is direct
Proportional to thermal conductivity and as well as this. 1t is indirect proportional to R-Value.
It means that minimising water/cement ratio in concrete mixes decrease the R-Value and
thermal admittance of concrete mixes. Comparing this against other groups. the lowest

thermal admittance and R-Value is observed in group C.
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After such comparison. since thermal diffusivity is calculated by using thermal conductivity.
specific heat capacity and density values simultaneously. in the following section. the effect
of minimizing water cement ratio on thermal conductivity. specific heat capacity and hence
on thermal diffusivity is explained by using various concrete mixes. These effects are then

compared against the varying thermal admittance values across the different concrete mixes.

When the effect of thermal properties in concrete mixes Al and C1 containing the same
percentage of PC and NA are compared. it can be concluded that when water cement ratio is
minimized in C1 (w/c=0.35) compared against A1 (wW/c=0.37) increase in thermal diftusivity
from 5.16 [m*/sec]xx107 to 6.15 [m/sec]x x107 have resulted with increasing in thermal
conductivity is from 0.921 W/mK (A1) to 0.99 W/mk (C1). Hence this increase in thermal
conductivity influence thermal admittance slightly by decreasing thermal admittance from
4.19 (A1) 10 4.18 (C1) W/m°K. 0.01 unit of decrease in thermal admittance might also due to
decrease in specific heat capacity from 785 J/KgK (A1) 10 686 J/KgK (C1). To sum up.
minimizing water cement ratio improves the density. thermal conductivity and reduces the
specific heat capacity of concrete. Therefore. similar results are observed in thermal

admittance.

Results obtained when concrete mix A2 with thermal conductivity 0.88 W/mK. thermal
dit‘fusi\'ity 4.66x10-7. and thermal admittance 4.14 W/m-K. it can be seen that minimizing
the water cement ratio has from 0.57 (A2) to 0.35 (C2) increased the thermal diffusivity and
hence resulted an increased in thermal conductivity by 5.8% and this creates a decreased in
the thermal admittance by 1.43 %. This might also be the effect of decreasing the specific
heat capacity from 836 J/KgK (A2) to 712 J/KgK (C2). When concrete mixes A6 with
thermal diffusivity 4.36 [m*/sec]x107. thermal conductivity 0.82 W/mK and thermal
admittance 4.14 W/m K compared against C3 with thermal diffusivity 3.23 [m*/sec]x107,
therma conductivity 0.89 W/mK and thermal admittance 4.12W/m-K. it is shown that

N —————
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minimizing the water cement ratio from 0.49 (A6) to 0.30 (C3)resulted in increase in thermal
diffusivity which will then decrease the thermal conductivity by 10.98% and 0.48%. Hence
decrease the thermal admittance. This decrease might due to the change in specific heat

capacity of the concrete mix from 847 (A6) to 727 (C3) J/KgK.

The concrete mix C4 is contrasted with A10 and this association suggest that using minimal
Water cement ratio as 0.35 in C4 instead of 0.57 in Al0. have improved the thermal
conductivity by 9.88% with increasing thermal diftfusivity from 4.39 (A10) to 5.57 (C4)
[m*/sec]x107 which in turn decrease thermal admittance by 0.97%. This can be due to
decrease in specitic heat capacity from 850 (A10) to 690 (C4) J’/KgK. Concrete mixes C5 and
Bl are compared where C5 has thermal diffusivity of 4.13 [m/sec]x107. thermal
conductivity 0.77 W/mK. thermal admittance value 4.07 Wm°K and Bl has thermal
diffusivity of 3.80 [m*/sec]x 107, thermal conductivity 0.72 W/mK. thermal admittance value
4.05 W/m*K. Minimizing water cement ratio from 0.59 in Bl to 0.35 in C5. resulted a
increase in thermal conductivity with increasing thermal diffusivity by 6.49% and at the same
time resulted a decrease in thermal admittance by 0.98%. it is also possible that this reduction
might due to decrease in specific heat capacity from 882 (B1) to 848 (C35) I/KgK. Thermal
conductivity of B2 is 0.67 W/mK with thermal diffusivity 3.34 [m*/sec]x107. thermal
admittance is 4.03 W/m°K. On the other hand. thermal conductivity of C6 is 0.73 with
thermal diffusivity 3.86 [m*/sec]x107. and thermal admittance is 4.04 W/m*K. When these
concrete mixes are compared with each other results have showed that. minimizing the water
cement ratio from 0.59 (B2) to 0.35 (C6) have increase the thermal conductivity by 8.96%
Which will then increase diffusivity and simultaneously increase the thermal admittance by
0.25%. As well as this. specific heat capacity decreases from 940 (B2) 1o 868 (C6) I'KgK in
such mixes. When concrete mix B6 with thermal conductivity 0.61 W/mK with thermal

diffusivity 3.03 [mz/scc]xl()J, thermal admittance 3.96 W/m-K compared against concrete
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mix C7 with thermal conductivity 0.70 W/mK. thermal diffusivity 3.70 [m?*/sec]x107, and
thermal admittance 4.01 W/m°K. Using minimal water cement ratio as 0.30 in C7 instead of
0.51 in B6 has resulted an increase in thermal conductivity by 14.92% with a slight increase
in thermal ditfusivity as well as increasing thermal admittance by 1.26%. On the other hand.
when concte mix B10 is compared C8. minimizing the water cement ratio from 0.59 in B10
t0 0.35 in C8. increase in thermal conductivity by 15.38% which in turn creates an increase in
thermal diffusivity has improved from 3.18 (B10) to 4.04 (C8) [m*/sec]x10”trom B10 1o C8.
As well as causing an increase in thermal admittance by 0.59% from 4.03 W/m*K in B10 to
4.05 W/m’K in C8 concrete mixes. from the laboratory results are shown that the specific

heat capacity of concrete mix in B10 has 938 J/KgK is decreased in C8 has 850 J/KgK.

6.6  Practical Implications

The main aim of this research is measuring the thermal admittance hence thermal mass of
concrete mixes. According to BS EN 1SO 13786:2007 standard was used to develop the
thermal dynamic calculation to use the excel spreadsheet. This research enables the use of
different types of cements and aggregates efficiently in the building construction such as wall

or floor in the construction industry.

The excel spreadsheet provides to calculate the thermal dynamic properties. Such as U-value
or decrement factor of the concrete can be evaluated. The laboratory thermal results are used
o calculate thermal dynamic properties of the research concretes. At the same time. the
Spreadsheet can be applied in construction industry such as block or brick manufacturing
Companies can be used this excel spreadsheet to calculate their products thermal dynamic
Properties. It can also be helped for their customers to choose right product for their buildings
and also it is good for the company to sell their product more because of the product
Specifications are clearer.
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The research concretes can be applied in the concrete construction industry for the
commercial. residential and multi-storey buildings. For instance. the research concrete mixes
can be used in external wall. internal partition. and party wall of the buildings. On the other
hand. this research is given that 30% Recycled coarse aggregate content concrete mixes
might be applied in the building structures. Such as Group B (30% RCA content mixes)
concrete mixes have slightly less thermal admittance value with Natural aggregate concrete
mixes. Extensive background gained from this research opens up an opportunity to improve

the using recyeled aggregate content in building concrete construction

The rescarch is helped to Sustainable concrete construction industry applying the materials to
build more sustainable buildings with minimizing energy consumption and providing optimal

thermal comfort in the buildings for best living area.

6.7 Summary of main findings

Different types of Cement materials increase the R-value with decreasing U-value of the
concrete mixes. Especially PFA content in concrete mixes has the lowest U-value and the
highest R-value of the concrete mixes. The highest U-value is obtained when Cement
replacement material is Silica Fume. However. GGBS content in concrete mixes have greater
R-value than Silica Fume content in concretes. When R-values are reduced based on thermal
Mass benefits have also been published for commercial and high-rise residential buildings.
ASHRAE/IES Standard 90.1-1989 (American Society of Heating. Refrigeration and Air
Conditioning Engineers 1989) and DOE. "Energy Conversation Voluntary Performance
Standards for New Commercial and Multi-Family High-Rise Residential Buildings:
Mandatory for New Federal Buildings'. When Recyeled Coarse Aggregate content in
concrete mixes is examined. it is concluded that RCA content in concrete decreased the U-
Value more than types of cement materials of concrete mixes. The results are defined that
When both RCA and different types of cement materials are used in the concrete mix. U-value
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of the concrete mixes decreased more than using cither of them separately. On the other hand.
when water-cement ratio is minimized. all tvpes of concrete mixes increased the U-value of
the concrete mixes. In other words. low water-cement ratio helped to increase the U-value of
concrete mix. That's why water-cement ratio 1s more vital than RCA and different tvpes of

cement materials content in the concrete mix.

The results are explained that when types of cement materials are compared with the
decrement factor value. there is no significant difference between the mixes. When
consideration is done by checking thermal conductivity and specific heat capacity of concrete
mixes. it is found that thermal conductivity of concrete is increased with increasing the
decrement factor value and specific heat capacity of concrete decreased with decreasing the
decrement factor of the concrete mixes. Beyond the specific heat capacity of 750 J/Kg K.
decrement factor of the concrete mix decreased suddenly. On the other hand. RCA content in
concrete decreased the decrement factor of concrete mix. When the specific heat capacity of
concrete mix is greater than 850 J/Kg.K. decrement factor of the concrete is decreased
significantly. However. decreasing in thermal conductivity of concrete mixes is also
observed. Beside of this. minimizing water cement ratio increased the decrement factor value
and minimizing water/cement ratio improved the decrement factor of the RCA and different

types of cement materials content in concrete mixes.

On the other hand. when GGBS is used in concrete mix: it increases the thermal admittance
more than all groups. PFA content in concrete mixes have the lowest thermal admittance
value than all mixes. Silica Fume concretes has similar value of thermal admittance with
Portland cement concrete mixes. RCA content in concrete mixes have the lowest thermal
admittance values than other natural aggregate content in concrete mixes. Thermal
admittance does not need to have high or low thermal conductivity of concrete mix. The
imponancc is to have a moderate thermal conductivity. The results are provided that thermal
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admittance is increased with high specific heat capacity. high density and moderate thermal
conductivity of the concrete mixes. Those factors are vital for improving thermal admittance

of concrete mix.
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7 Conclusion & Recommendation

7.1 Conclusion

This research is aimed to investigate effects of the different tyvpes of cement materials,
recyeled coarse aggregate and minimizing water cement ratio on the thermal properties of
concrete mixes. These factors are taken into consideration to compare the effects of the
materials on the density. specific heat capacity and thermal conductivity of the concrete.
After the laboratory test results of concrete mixes are applied to calculate the Thermal
Admitance. and other thermal dynamic properties such as U-value and Decrement factor of

concrete mixes.

Thermal properties of concrete mixes are considered by applyving thermal conductivity.
specific heat capacity and density of the concrete mixes. In order to find out the effect of
different types of cement materials. Recycled Coarse Aggregate [RCA] and water cement
ratio on thermal properties of the concrete mixes. thermal properties of all of the concrete

mixes are tested. The results are given and discussed in Chapter 4. Main points tound are:

e The results are explained that different types of cement materials are affected the
thermal properties of concrete. PFA 1s the more effective material than Silica Fume
and GGBS in the concrete mix. When investigation is done by Silica Fume and
GGBS. Silica fume is more affected than GGBS. It is needed to highlight that the
amount of material is important. However. the material atfectivity (such as chemical
reaction of the material) is more important than amount of the material in concrete
mixes. The laboratory results are shown that all of the different types of cement
materials are decreased the thermal conductivity and thermal diffusivity of the

concrete comparing with Portland cement concrete mix. On the other hand. different
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tvpes of cement materials are increased the specific heat capacity of the concrete

mixes.

e  When RCA content in concrete mix are presented. it makes the concrete lighter than
natural aggregate concrete mix. In other words. RCA concrete mixes are not denser
like natural aggregate concrete mixes. Because RCA is contained other materials such
as wood. cement paste and ete. as well. RCA concrete mixes are decreased the
thermal conductivity and thermal diffusivity of the concrete mixes. At the same time
RCA is increased the specific heat capacity of the concrete mixes. It RCA and
different types of cement materials are compared. RCA is decreased the density and
thermal conductivity more than different types of cement materials concrete mixes.
On the other hand. RCA concrete mixes are increased the specific heat capacity more
than the different types of cement materials concrete mixes. When Both RCA and
different types of cement materials are used in concrete mix together. the reduction of
thermal conductivity and thermal diffusivity is greater than applying both RCA and
different types of cement materials concrete mix separately. The results are proofed in
Chapter 4. According to rescarch results. when RCA and different types of cement
materials are used. water-cement ratio has to be considered to improve thermal

conductivity and thermal diffusivity.

e Water- Cement ratio is the main actor on the thermal properties of the concrete mix.
The reason is; minimizing water-cement ratio 1s made the concrete denser than the
normal range of water cement ratio in concrete mix. Water-cement ratio is improved
thermal conductivity and thermal diffusivity [Group C concrete mixes] more than
other factors |Group A and B concrete mixes]. That's why the design of the concrete
mix has to be considered with the water-cement ratio for improving the thermal
properties of concrete mix. Minimizing water-cement ratio is provided to increase the
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density and thermal conductivity of the concrete mix. The first reason is: thermal
conductivity is increased with increasing the density of the concrete. The second
reason is: the cement has greater thermal conductivity value than thermal conductivity
of water. As well as this. minimizing water-cement ratio is helped to increase the unit
weight of concrete [mass of concrete]. It means that minimizing water-cement ratio is

minimised the porosity and air in the concrete mix.

After the thermal dynamic calculator is set up in excel. The concrete mixes results are used to
calculate thermal admittance hence thermal mass. the U-value. and decrement factor of the
concrete mixes. The calculation is made by using thermal conductivity. specific heat capacity

and density of the concrete mixes. The results obtained from the calculations conclude:

e Different types of cement materials concrete mixes decreased the U-value of the
concrete mix. Since U-value of the concrete mix is related with R-value of the
concrete. R-value of the different types of cement materials concrete mixes are
greater than other mixes. It means that the different types of cement materials
concrete mixes have lowest thermal conductivity value. This is the main reason
that the different types of cement materials has the highest U-value in Silica Fume
concrete mixes when compared against other the different tvpes of cement
materials concrete mixes [GGBS. PFA]. On the other hand. RCA is decreased the
u-value of the concrete mixes more than the different types of cement materials
concrete mixes. The reason is RCA content in concrete mixes have lowest thermal
conductivity of concrete more than all groups of the concrete mixes. The other
factor is water-cement ratio of the concrete mix. When water-cement ratio is
minimized. thermal conductivity of the concrete mix is increased with increasing
U-value of the concrete mixes. Water-cement ratio is the vital for improving
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thermal conductivity and U-value of the RCA and the different types of cement

malterials concrete mixes.

The results from the thermal dvnamic calculator are defined that there is no
significant difference in decrement factor of the concrete mixes. The consideration
is taken by using thermal conductivity and specific heat capacity of the concrete
mixes. The results are provided that thermal conductivity is increased the
decrement factor. However. the specific heat capacity is decreased with reducing
decrement factor of the concrete. The result is shown that when the specitic heat
capacity of 750J/Kg. the decrement factor is decreased slightly. On the other hand.
RCA concrete mixes are decreased the decrement factor of the concrete mixes.
The main reason is RCA content in concrete mixes have highest the specific heat
capacity value more than other concrete mixes. However. water-cement ratio is
minimized with increasing the decrement factor value of the concrete slightly as

shown in Chapter 5.

Thermal admittance value is affected by thermal conductivity, density and the
specific heat capacity of the concrete mix. In other words. thermal diffusivity is
taken consideration for the thermal admittance value. The calculation is shown
that GGBS content in concrete mixes have highest thermal admittance value than
all other mixes. PFA content in concrete mixes have lowest thermal admittance
value in all groups. However. Silica Fume content concrete mixes are similar
thermal admittance value with Portland cement. On the other hand. RCA content
concrete mixes have low thermal admittance value. Water cement ratio is helped
to increase slightly of the thermal admittance value. However, the thermal
admittance is required to have high specific heat capacity and high density and

moderate thermal conductivity of the concrete mixes. The chapter 5 is provided
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that these tactors are important for developing or arranging the thermal admittance

of the concrete mix.

As an application of this thesis. results obtained from laboratory section and hence the
calculations carried out afterwards can help in performing conceptual design of framed
buildings including options such as floor slabs and walls. Additionally. investigations of
various materials used for concrete contribute in specifyving which materials are more suitable
10 use than others in sustainable concretes. By using this thesis. awareness about
sustainability in concrete is improved to make further recommendations to construction

professionals. Moreover. further research on thermal mass is encouraged.
6.2 Future Recommendation

The lack of knowledge is identified about the effects of recyveled coarse aggregate and
different types of cement materials on thermal properties of concrete. Theretore by this
thesis. it is recommended that the microstructure of such materials has to be explored.
Specifically GGBS material is suggested to investigate further. Beside of analysing the
microstructure of such materials. since a gap in the available knowledge about the specific
heat capacities of the building materials is found. it is also acclaimed to analyse and
Investigate specific heat capacity. Finally this thesis proved that thermal propertics of

materials are very important in building construction and needed to be discussed deeply.
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9 Appendices
9.1 Appendix A- Compressive strength results

Table 9-1 Compressive strength of all groups of concrete mixes

———

_ Compressive Strength [N/mm?]
Mix No. 7 Day 28 Day

— Cube Cylinder Cube Cvlinder
Al 35 28 45 38
A2 27 23 42 35
A3 26 22 42 36
Ad 24 20 41 35
A3 30 25 41 34
A6 29 24 41 34
A7 29 25 40 34
A8 33 29 44 37
A9 31 26 44 36

- A0 30 26 43 37
Bl 27 23 39 33
B2 22 19 42 36
B3 21 18 37 31
B4 21 17 40 34
BS 26 22 42 36
B6 25 21 41 35
B7 24 21 39 33
B8 28 24 42 35
B9 30 26 41 35

- BI10 26 22 38 32
Cl1 44 3 55 435
2 41 34 51 44
C3 42 35 53 45
C4 43 37 54 44
Cs 45 38 54 43
Cé6 40 34 49 42
Cc7 44 37 48 41

- C8 41 35 52 44
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C6 1.0 5.0
C7 45 1.9
. C8 4.2 5.5

9.2 Appendix B~ Excel File Calculations

For a period of 24 hours:

6 =0.144mand § = 1.393

Periodic penetration depth:

AT
ax pxc

From3.12.7. 6 =

R
| 1.8x24x3e600
\} 3.14x2400x1000

e
{ 155520
!5536000

=0.1436556392 = 0.144m

¢ = Ratio of the thickness of the layer to the penetration depth.

_ laver
S (per depth)

0.2m

= = 1.393
0.1436556392m

By using the information provided. the elements of the heat ransfer matrix are needed to be

calculated. The standard heat transfer matrix is in the format of:

(.,
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Where Z1,. Z1>. 7 and Z»» are the elements of the matrix. Detailed calculation of each

element is given at below including formulas used to calculate each element.
Zyy, = Z,, = cosh(¢) X cos(¢) = jsinh(1.393) X sin(1.393)

= 0.3780619283 + 1.859508622;

2y = 2 [sinh(¢) cos(£) sin(¢) = j(cosh() sin(§)) (sinh(¢) cos(e))]

-0.144
Z,,= 5% 18 [sinh(1.393) cos(1.393) + cosh(1.393) sin(1.393)

+ j(cosh(1.393) sin(1.393) — sinh(1.393) cos(1.393))]

~0.144
Z, = [2.438065276 + 1.769780955/]
2x 138

Z,.=-0.09752261104— 0.0707912382;

Z,, = ;—[sinh(f) cos(¢) — cosh(¥)sin(¥) + j[sinh(&) cos(¥) + cosh(¥) sin({)]]

8
Z,, = 5143 [sinh(1.393) cos(1.393) — cosh(1.393)sin(1.393)

+ j(sinh(1.393) co0s(1.393) + cosh(1.393)sin(1.393)]

8
Z, = ——[-1.769780955 + 2.438065276; ]
0.144

Z,, = 22.12226194 — 30.47581595]

Z2; = cosh(¢) cos(§) + j(sinh(¢) sin({))

Z., = cosh(1.393) cos(1.393) + j sinh(1.393)sin(1.393)

N
[
"0

I

0.3780619283 + 1.859508622j
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Heat Transfer Matrix

Zn 21~] [Qx]
= - = -~ x x
[221 Z:: X ql Zee Zs- z Zsl

-Q’!)'

(8]

where Z_, and Z_, are heat transfer matrices of the boundary lavers given by;

z, = [1 —R,] z, = [1 —0.13] 7, = [(1) —-01.04]

So at the end of the calculations. heat transfer matrix is formed as:

[1 -0.13]_ [0.3788 + 1.858] —0.09725——0.0754j]x[1 _0_04]
0 1 ]X[22.16—30.55j 0.3788 + 1.858/ 0o 1

Internal thermal admittance is found by using the elements Z1) and 7> from the heat transfer

matrix. The formula to find internal thermal admittance is:

Detailed calculation is given as below:

n =

—(0.508 + 3.08))
—0.046 — 0.545]

¥, = —(5.535105519 + 1.3992933{)

w
¥, =5.707435

-
-

m

On the other hand. external thermal admittance is calculated by using the elements Z» and
21> from the heat transfer matrix. The formula used to find external thermal admittance is

; o ST S
givenas Y,, = —3&  Detailed calculation is given as below:

S ————
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~2.502 + 5.830;
e |

- —0.046 — 0.545;
w
Y., = 11.59949438—
m-

The parameter called periodic thermal transmittance uses the 72 element from heat transfer

. ~ . 1 . N .
matrix to perform the formula ¥, = — —— in order to calculate the value for this parameter.

-
-

Detailed calculation is given as below:

1
Vi, = —
- —0.046 — 0.545j
w
m-K
The formula K, = ; lz"z‘—ll is used to find internal areal heat capacity. For this calculation.
T

-
2%

elements of Z1) and 7> from the heat transfer matrix. Detailed calculation is given as below:

—0.508 + 3.08] — 1
—0.046 — 0.545/

T

K =—x l
2
T

K! = ——X 5.707
2n

K, = 86.10567197

kj
— where T = 24x3600
m-K

Z..-1

The formula X, = ;—l l is used to find external areal heat capac ity. For this calculation,

T fen

elements of Z»2 and 7> from the heat transfer matrix. Detailed calculation is given as below:

—2.502 + 5.830] — 1 T kj
K, = — X 12.435 K, =171.0527534—
—0.046 — 0.545) 27 2n : mK

T
K“ =—-—X
© 2m

L —
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x e

Thermal transmittance (U) value is calculated by U = =W hereR =

(R+rsi+rse)

K is the thermal conductivity and it is given as 1.8 W/mK. The information about surface
. . . Yy, . . . . . - . 5 . .
resistance is given as 0.13m"K/W inside which i1s defined as rsi and 0.04m-K/W outside

which is defined as rse.

<
ta

[=02m k=182 rsi=0132E%  rse=0042% Rr=Z=0.111
mK w w 18
1 w
U= ‘ U=356—
0.111 +0.13+0.04 m-K
Decrement factor which is called as Fs
Periodic Thermal Transmittance (Y;.) 1.83
F= , = F=——=0514
Thermal Transmittance (U) 3.56

——
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9.3 Appendix B — Thermal Dynamic Results

Thick _ll),;”“d‘ti Areal Heat € ) - | Adm R-Val U-value Decrement
o N nckness erma real Heat Capacity ‘hermal Admittance -Value el .
Mix No. [mm] Admittance [KI/mK] [W/m-K] [M°K/ W] [W/m K] Factor
|W/m K]
Internal I:xternal Internal External
Al 75 347 98976 116749 4.19 6.37 0.081 3.98 0.87
A2 75 3.38 97181 116482 4.20 6.52 0.085 3.92 0.86
A3 75 3.33 96162 117344 4.24 6.73 0.087 3.89 0.86
A4 75 3.29 95450 118237 4.28 6.91 0.088 3.87 0.85
AS 75 3.33 95477 113166 4.11 6.27 0.090 3.84 0.87
A6 75 3.30 094825 113703 4.14 6.41 0.091 3.82 0.86
A7 75 3.28 94492 113595 4.14 6.43 0.092 3.81 (.86
A8 75 342 98104 116899 4.20 6.48 0.083 3.95 0.87
A9 75 3.36 96432 115509 4.18 6.47 0.087 3.89 0.86
Al0 75 3.32 95550 115080 4.17 6.51 0.089 3.86 0.86
Bl 75 312 90348 108835 4.03 6.24 0.104 3.65 0.86
B2 75 3.00 87595 107433 4.03 6.35 0.112 3.55 0.85
B3 75 2.98 87071 107198 4.03 6.37 0.113 3.53 0.84
34 75 2.92 85873 107059 4.00 6.48 0.117 3.49 0.84
BS 75 2.92 85531 104975 3.98 6.25 0.119 3.46 0.84
Bo6 75 2.87 84336 103736 3.96 6.22 0.123 3.41 0.84
B7 75 2.84 83649 103710 3.98 6.28 0.125 3.39 0.84
B8 75 3.06 88771 107740 4.02 6.27 0.109 3.59 .85
39 75 3.02 88118 107959 4.04 6.36 0.110 3.57 0.85
B10 75 2.95 86456 106716 4.03 6.38 0.115 3.50 0.84
Cl 75 3.59 101806 116984 4.18 6.11 0.076 4.07 0.88
2 75 3.51 99656 115438 4.14 6.13 0.081 3.99 0.88
C3 75 3.43 98133 114381 4.12 6.15 0.084 3.94 0.88
4 75 3.48 98667 113668 4.10 6.00 0.083 3.95 0.88
Cs 75 3.22 92727 111058 4.07 6.28 0.097 3.74 0.86
Co 75 3.14 90832 109325 4.04 6.25 0.103 3.67 0.86
7 75 3.09 89431 107751 4.01 6.20 0.107 3.61 0.86
C8 75 3.19 91848 109917 4.05 6.22 0.100 3.70 0.86
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9.4 Appendix C - “Measuring Thermal Mass of Sustainable Concrete mixes”

Measuring thermal mass of sustainable concrete mixes

O Damdelen'. C Georgopoulos'. M C Limbachiya'
'Kingston University. London, UK
Correspondence: hKOSIRY 12 ¢ Kingston.ac.ub

Abstract: Thermal mass is currently evaluated with “admittance™ which is the ability of the
clement to exchange heat with the environment and is based on specific heat capacity.
thermal conductivity. and density. The aim of this study is to evaluate the effect of thermal
properties namely: density. specific heat capacity and thermal conductivity on thermal mass.
The objective of the study is to carry out laboratory experiments by measuring such thermal
properties of concrete mixes with various percentages of Ground Granulated Blast Furnace
Slag (GGBS). Pulverized Fuel Ash (PFA). Silica Fume (SF) and recycled coarse aggregates
[RCA]. The results obtained from these tests would contribute to the evaluation of how such
thermal properties influence the thermal admittance and hence the thermal mass performance
of sustainable concrete elements in a building system.

Kev words: Thermal Mass. Thermal Admittance. Thermal Properties. Sustainable Concrete.

1. Introduction are increasing every year due to increase in

One of the challenges in sustainable
development is to optimize the energy
efficiency  of buildings during  their
lit‘espan.' Modern concretes offer both low
embodied CO> with the use of cement-
replacements & recycled aggregates and
reduced operational CO2 with the intrinsic
property called “thermal mass™  that
reduces the risk of overheating in the
summer and provides passive heating in
the winter [1]. Sustainable construction is
becoming more popular as this sector
corresponds to the world changing needs.
Variations concerning global warming are
the most important factor in which
construction industry is exposed to. The
purpose of those variations is to ir]crease
the life of the residence by lowering CO:2
emissions and to increase the use of
natural resources. Environmental problems
created in construction industry can be
overwhelmed by  decreasing  both
embodied and total energy usage for the
construction products. Energy
consumption figures in European buildings

air-conditioning and heating usages as a
result of greater standards of living [2].
Examination of thermal mass can be used
to prevent or minimize temperature swings
in the building and can also be used 10
eliminate the need for energy consuming
for air conditioning systems.

Thermal mass which is also called
thermal inertia is related to the storage
material. Storage material is the mass of
the building including walls. partitions.
ceilings and floors where all have high
heat capacity. The most important factors
associated to heat storage (i.e. thermal
mass) are thermal conductivity (4).
specific heat capacity (¢) and the density
(p) of the concrete.

Thermal mass can explain the ability of the
concrete to store the transferred heat/cool.
Thermal mass can be determined by
thermal  diffusivity (a) of the building
material that can be expressed as;
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a=— (h

The higher the 2 and the lower the product
of p and c. the higher the heat storage
capability of the material. As a conclusion.
the usefulness of thermal storage depends
on several parameters. such as materials’
propertics. the exposed surface area. the
thickness of the storing clements and its
location and orientation within  the
building (as an external or an internal
partition) [3].

The storage capacity of the slab is
determined by the thickness of the
penetration depth. If a building has a
natural ventilation system with a concrete
of thin penetration depth (i.e. 50mm ~
75mm). it is operationally efficient for heat
transfer and storage.

Daily temperature cycle which is called
sinusoidal cycle has a period of 24 hours.
The slab reacts to variations occurred in
this daily cycle. According to CIBSE
Guide (1999). exchange of heat and cool
over the cycle is measured by thermal
admittance that can be defined as [4]:

_ Uswing

8
~ Tswing (<)

Y

From the above definition of thermal
admittance. it can be resulted that for a
given temperature variation. heat/cool load
that can be absorbed by the slab has a
direct relationship  with  the  thermal
admittance.

Since heavy materials such as concrete.
brick or stone have a large. internal
exposed capacity. those materials were
storing greater part of the daily energy
cycle. High admittance of those materials
results in small temperature swing in the
room. The unit for admittance (Y) is W/
m®> K. Admiuance values for several
construction components are given in
CIBSE Guide section A3 [5].

Materials having a high density will have a
high thermal conductivity and therefore
these materials are classified as good for
heat storage.

The aim of the admittance method is
predicting indoor temperature and by this
way. evaluating  peak  environmental
temperature for any proposed building.
Details about the technique of this method
can be found from CIBSE guide. section
A8 [6].

Performance of the system is highly
atfected by thermo-physical properties of
the materials. Therefore. high density in a
building material indicates high thermal
conductivity such as having a building
with poor thermal resistance. On the other
hand. insulation materials have a low
thermal conductivity and high thermal
resistance. This indicates that those
materials can be used for insulation
purposes but not for heating. Efficient heat
storage material should have high density.
thermal capacity and thermal conductivity
[7.8].

2. Experimental &
Methodology

Research

By using each cement replacement
material separately, such as Silica fume
[SF]. Pulverized Fuel Ash [PFA]. and
Ground granulated blasted slag [GGBS)
will be illuminating the factor that how
these cement replacement materials may
aftect the thermal properties of concrete.

2.1 Experimental Design
2.1.1 Preparation of Mixes

The mixes used in this study are described
in table 1. There are 8 difterent specimens
that can be classified in into two sections,
namely: coarse aggregate and recycled
coarse aggregate concretes.
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Table 1. The mixes prepared for the
measurement of thermal propertics.

I\'hx Definition
No.
100% Coarse Aggregate OPC
Al concrete
100% Coarse Aggregate
A2 | OPC/GGBS [45%] concrete
A6 100% Coarse Aggregate OPC/PFA
[20%] concrete
8 100% Coarse Aggregate OPC/SF
A [10%] concrete
BI Recycled Coarse Aggregate[30%)]
OPC concrete
Recycled Coarse Aggregate[30%]
B2 | OpPCIGGBS [45%] concrete
Recycled Coarse Aggregate[30%]
B6 OPC/PFA [20%] concrete
Recyeled Coarse Aggregate[30%]
B3 OPC/SF [10%] concrete

2.1.2 Materials

The following materials were applied to
produce concrete mixes.

e Ordinary Portland cement [OPCJ: A
single source [Lafarge Cement] of
Class 52.5 N OPC confirming to BS
EN 197-1 was applied.

e Ground granulated blast-furnace slag
(GGBS): A single source (Civil-
Marine) of GGBS confirming to BS
6699/BS EN 197-1 was applied.

e Silica fume [SF]: A single batch of
silica fume confirming to EN 13263-1
was applied.

e PFA is used according to BS-EN 450-1
(2012). PFA used in the UK is
classified as CEM 1V according to BS
EN 197-1 (2011).

e Graded natural sand with a maximum
particle size of 5 mm and complying
with the requirements of BS EN 12620-
I (2009) was used as fine aggregate in
the concrete mixes.

e Two types of coarse aggregate will be
used in the study, Natural Aggregate
[NA] and Recycled Coarse Aggregate
[RCA]. Natural Aggregate used was
Thames Valley gravel with a size
fraction between 20 to Smm. The RCA
used was obtained from processing
concrete  debris  from  demolished
congrete structures. The size of fraction
of the RCA is between 20 to Smm (the
supplier for fine and coarse aggregates
is Day Company [BS EN 2620:2002
Classifving Aggregates].

2.1.3 Mix Proportions

Table 2 and 3 give the mix proportions for
the test concrete mixes. All of the mixes
applied in the study were designed to have
a slump of 60-180 mm. which is the range
of acceptable slumps according to EN 206-
1. As well as this, the range of the
compacting factor of fresh concrete mixes
was determined. All the mixes applied in
the study were designed to have a
compacting factor of 0-3s.

Table2. Mix proportions for natural
aggregate concrete mines.

Constituent Proportions, kg/m3

Mix No. Al [ A2 | A6 | A8
FA 85 |8 (84 |85
NA 180 | 180 | 189 | 180
RCA - - - -
orc 50 275143 |45
GGBS - 25 - -
CRM | PFA - - -
SF - - - 5.0
FA/CA 0.4710.47 1047 | 047
W/C 0.5710.57 1049 0.57

Table 3. Mix proportions for recycled
coarse aggregate conerete mixes.

Constituent Proportions, kg/m3

Mix No. 'BI |B2 |B6 |BS
PFA 87 |87 (87 |87
NA 123 123 {122 1123
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thermal conductivity values are calculated
by using the equation below:

=23 xd
AxAT

Where:

Q1=0Qp—0Q;— Q4

Qs = (09763 x Q,) — 6.2516

d - Thickness of the sample

A = 0.04m?[Exposed Area]

AT - The temperature difference between
the hot side of the equipment and cold side
of the equipment and d = 0.075m which
is the thickness of the samples.

Qp - The total heat input.

Q, - The heat transferred from hot side of
the equipment to cold side of
equipment through the specimen.

the

4.0 Experimental Results & Discussions

Q3. The heat loss from hot side of the
equipment to the environment

Q4- The flanking loss that is the heat lost
through the gap between the specimen and
the equipment during the experiment.

3.3 Density of Hardened Concrete

Hardened concrete density is determined
cither by simple dimensional checks.
followed by weighing and calculation. or
by weight in air/water buoyancy methods.
[BS EN 12390-7, 1097-6].

The density of hardened concrete
specimens such as cubes and cylinders can
be quickly and accurately determined
using a Buoyancy Balance.

The thermal properties of concrete mixes were measured. The values of the measured

properties are summarized in table 5.

Th | Snecific H T | Compressive
. . erma Specitic Heat erma S y
Mix | Density | copguctivity | Capacity Diffusivity l éjf:,ﬁ’,";
No. | IKg/m’l | wim K] 1V/Kg K| [m¥sec)x10”7

7day 28 day
Al 2270 0.921 785 5.2 35 15
A2 2255 0.880 836 1.7 27 12
A6 2220 0.820 847 4.4 29 41
A8 2265 0.902 816 4.9 33 44
BI 2150 0.720 882 38 27 39
B2 2135 0.670 940 33 22 12
B6 2120 0.610 950 3.0 75 11
BS 2140 0.690 907 3.6 24 12

Table 3. Density.

specific heat. thermal diffusivity and thermal conductivity of concrete.
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Figure 5. thermal conductivity against
thermal diftusivity.

Figure 5. represents that the thermal
conductivity is directly proportional with
thermal diftusivity. It is observed that both
of these parameters are simultancously
increasing.

5.0 Thermal Dynamic Calculation

The excel file is set up to calculate the
thermal dynamic properties of concrete
mixes by applying the thermal properties
data (thermal conductivity. density and
specific heat capacity) of the concrete
mixes. Factors which affect the thermal
storage are taken under examinations that
include thermal admittance. decrement
factor. thermal transmittance [U-value].

The main aim of this section is to
understand  the effects of cement
replacement  materials  [CRM].  and
recvcled coarse aggregate of the concrete
mixes on the thermal transmittance and
decrement factor of the concrete mixes.
Before setting up the excel calculator, the
thermal dynamic properties are calculated
theoretically. BS EN ISO 13786:2007
standard is used to calculate those
parameters [12]. The thickness of the
samples i1s 0.75mm [constant]. The results
are provided in Table 6.

AMix R—\V;}Iug t -g\’/alu'c \(lj::;i?;:]“ Decrement
No [m K/WY [W/m.K} W' K| Factor
Al 08! 398 1.19 087
A2 085 392 420 (.86
A6 091 3182 4.4 1 86
A8 083 395 420 087

Bl 0104 J6s 1.03 0.86
B2 012 355 .03 083
16 0123 341 396 084
B8 0.1M 359 102 083

Table 6: Thermal Dynamic Propertics of
Concrete.

Especially PFA content in concrete mixes
has the lowest U-value and the highest R-
vilue of the concrete mixes. The highest
U-value is obtained when Cement
replacement  material is  Silica Fume.
However. GGBS content in concrete
mixes have greater R-value than Silica
Fume content in  concretes.  When
Recycled Coarse Aggregate content in
concrete  mixes is  examined. it s
concluded that RCA content in concrete
decreased the U-value more than Cement
replacement materials of concrete mixes. It
is found that thermal conductivity of
concrete is increased with increasing the
decrement factor value and specific heat
capacity of concrete decreased with
decreasing the decrement factor of the
concrete mixes. Beyond the specific heat
capacity of 750 J/Kg.K. decrement factor
of the concrete mix decreased suddenly.
On the other hand. RCA content in
concrete decreased the decrement factor of
concrete mix. When the specific heat
capacity of concrete mix is greater than
850 JKg.K. decrement factor of the
concrete  1s  decreased  significantly.
However.  decreasing  in thermal
conductivity of concrete mixes is also
observed.

On the other hand. when GGBS is used in
concrete mix: it increases the thermal
admittance more than all groups. PFA
content in concrete mixes have the lowest
thermal admittance value than all mixes.
Silica Fume concretes has similar value of
thermal admittance with Ordinary Portland
Cement concrete mixes. RCA content in
concrete mixes have the lowest thermal
admittance values than other natural
aggregate content in concrete mixes.

6.0 Conclusions

Laboratory experiments are carried out to
determine the thermal properties of the
concrete namely: thermal conductivity,
specific heat capacity and density. Results
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obtained from these tests are used to make
inferences on how cach of the thermal
properties affect the thermal admittance
and hence the thermal mass of the
concrete. Main findings are reported as:

The results obtained proved that cement
replacement affected the density and
thermal conductivity of the concrete. For
instance. when the cement is replaced by
PFA. it is found to decrease the thermal
conductivity in a direct proportional
manner and thermal diffusivity of the
concrete. As well as this. all cement
replacement materials are increased with
increasing the specific heat capacity of the
concrete. The results also showed that
CRM content is important in considering
the effect of thermal properties of the
concrete. However, the chemical and
physical properties of the material are

more important than the amount of

material in the concrete such as PFA.
Thermal properties are also affected by the
types of aggregate. In this research Natural
Aggregate is replaced by Recycled coarse
aggregate. The results are described that
RCA content affect the thermal properties
of concrete. RCA content increased with
decreasing the density. thermal
conductivity and thermal diffusivity of the
concrete. On the other hand. RCA content
increased with increasing of the specific
heat capacity of concrete. The laboratory
tests showed that RCA content decreased

the density and thermal conductivity of

concrete more than CRM content. Beside
of this. when RCA and admixture content
increased in the concrete mix. this
increases the specific heat capacity of the
concrete.

It 1s concluded that cement replacement
materials increase the R-value with
decreasing U-value of the concrete mixes
less than RCA content concretes. The
results obtained explain that when Cement
Replacement materials are compared in
terms of decrement factor value. no
signiticant difference is found between the

mixes. When the value of thermal
admittance is concerned. it is found that
this value does not need to have high or
low thermal conductivity of concrete mix.
The importance i1s to have a moderate
thermal conductivity. The results are
provided that thermal admittance s
increased with high specific heat capacity.
high density and moderate  thermal
conductivity of the concrete  mixes.
Therefore. those factors are found to be
vital for improving thermal admittance of
concrete mix.
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