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Abstract

Abstract

This work addresses the use of an electromagnetic wave sendetermine moisture
content within building fabrics. Building materials that require a special mixing ratio such
as concrete, mortar and membrane layers will be subject to significant effects when expose:
to unpredictable weather changesing to the excgs of the acceptable moisture content.
The acceptable moisture contéexel varies with various builing fabrics and exceeding

this level will affectthe overall performance of building constructions. The project proposes
using a novelelectromagnetic (EMsensor to monitor, in a neafestructive manner, the
signal reflected from building structures in real time to deterexeeedeanoisture content

level. This project involves the design and construction of an EM sensor operating at two
frequency range2GHz to 6GHz an@GHz to 12GHz at a power of 0dB This research is

a new approach for monitoring moisture in buildings which has not been investigated before.
The simulation software High Frequency Structure Simulator (HFSS) was used to model the
microwae sensor. The pyramidal horn antemaschoseras the preferred antenna for this
work owing to higher gain, directivity and overall performance. Different building materials
and structures have been made in a laboratory environment to determine theofevel
moisture content, as well as to determine the modes of building fabrics failures owing to
membrane failure, a pipe burst and ground source. Finally, a graphical user inte&$ace
developed and used to control the sensor parameters as well as fyesiweep, to capture

the data from the sensor. Based on the findings of this project, the EM wave sensor could b

used to determine the moisture content of building fabrics in alasimuctive manner.
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Chapter % Introduction

Chapter 1 Introduction

Building construction represents one of the largest, single ineastoh national resources.

The succes®f such economies is therefore heavily dependent upon the satisfactory
performance of its construction@loore 1992) Building materials are the material
foundation for all construction engineering. Various buildings and structures are constructed
by all kinds of building materials on the basis @ reasonale design. The varieties,
specifications and qualities of building material are directly related to the applicability,
artistry and durability of buildings and also the cost of projattiang 2011)Failures in the

built environment occur for a variety of reasons and on a variety of sBalexcess othe
acceptable moisture content in building mateiisihe primaryfactor of deterioration and,
combined withdiurnal temperature variation, has the greatest influence upon the overall
performance of building materials. Moisture can influence external walling in all its states,
i.e. as a solid (ice, snow); liquid (wirdtiven rain) and gas (water vapour). Most
corstructional defects, e.g. movement, cracking, fungal attack, chemical reaction, are

initiated and aggravated by the presence of moig&tiding 2011)
1.1 ProblemStatement

In recent yeargsherewas an increase in the need to implement sustainable solutions in
building fabrics and structure$o achieve the optimum life span of these structures it is
important to monitor parameters such as moisture content, indogetature profiles,
influence of vibration and material fatigu€his is especially important for construction
forms that are sensitive to environmental influendesonsistent performance of building
materials that cannot withstand changing conditiems activities around themwiill result

in the building not functioning as intend@ehillipson et al. 2008) Building materials that
require a special mixing ratio such as concrete, mortar and membrane layers will be subjec
to significant effects when exposedawariety ofweather change®ailey andBradford(

2005) through their study regarding defects in rodfgghlightedthat moisture and water
penetration was due to factors other than environmental problems. Moistureh&aar t
permeates porous building materials such as bricks, concrete, wood, mortar and rock woo
insulation.One of the most important performance parameters is the moisture content of

building materals It is necessary to investigate the moisture coriieoause moisture and

1
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water penetration has a negative influence on the physical, chemical and biological corrosior
processes taking place inside these matdriddsr o mi cko & Shepaetdl 201
2012)

Currently,moisture content is being measured by surveyors using commercially available
devices.However the techniques requirdrilling into building materialyDavies & Ye
2009)for further analysis. Another disadvantage of these techniques is the requirement of
taking a longtime to conductthe measuremest Therefore, approaches have been
investigated by McCann and For@@001)to use nordestructive techniques to measure

moisture content although,abemethod provided unsatisfactory results.
1.2 Novelty

This thesis describesrvel approach tdevelop a nomestructive electromagnetic wa

(EM) sensor to determine the moisture contertiudk building materialsn real time(data
obtained from the sensor will be analysed during the measurement and the result will be
instanty displayed on graphical user interface (GUIhis research wilil undertake
experimental work to demonstrate the potential use of EM waves to provide surveyors time
efficient and accurate measurements in a -ehestructive mannerLimitations of
commercially available devices are destructive/require contact with a iahatemw
penetration capability and unable to identify a source of the excess motatdigonally,

some of the devices are limited to a specific building fabriws, the novelty of this
investigation is to develop a contactless method for instantndietgion of an excess
moisture content level imariousbuilding fabrics.In addition, proposed method will allow

to penetrate through a building material in order to identify the source of the excess moisture
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1.3 Aim and Objectives

The aim of this PhDs to develop a novel nedtestructive electromagnetic wave sensor to
determine theexcessmoisture contenénd the factors effecting measurementsanous

building fabrics.
The objectives of this project are:

A To investigatehecurrent cormon problemsnd sensing methods in determgn

moisture content in building fabrics

A To design a simulatiomodel ofEM sensor

A To identify potential factors effecting EM measurat) namely foreign objects
and various building materials

A To developanEM wave sensaio determine excessoisture content of building
fabrics

A To determinethe waterproofmembrane failure in a concrete flat roof structure
based on the case study

A To developaprediction model to identifihe excess moisture content of building

fabrics

1.4 Ovewiew of thesis

Chapter 2 is the review of the literatutieat consists offour sedions namely built
environment, current methods to determine moisture content of building fabrics,
commercially avadble devices anithe EM measurement approadh the built environment
section moisture content of building fabrics, different building fabrics, types of wall
structures ancconcrete flatroof structure will be discussed’he current methods to
determinghe moistureontent of building fabricwiill discuss different noestructiveand
destructive measuremetetchniquesAll the methods will be explained and analys€de
commercially available devices section shows devices that arentymiged by surveyors.

EM measurement approach shows the different research undernakericrowave
spectroscopy fieldo determine moisture content of different material which could be

potentially used to monitor the moisture content in building fab@tspter 3 is the EM

3
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approach and Aeoretical modelling. First sectioof that chapter will explairthe EM
spectrum, different types of antennas and digtephoperties. The second sectiminthat
chapterpresents theoretical modelling HHigh FrequencyStructure Simulato(HFSS
softwarewherethe theoretical model of developed sensor will be discusBeel.thrd
sectionpresents the preliminary experimievhich was undertaken to show the poterufal
microwave spectroscopy to naestructive measuremsnof building fabricsChapter4 is
devoed to experimental methodology for identificatiohbuilding materials and foreign
objects. In this chaptéasboratory expemental setups will be presentesidachieved results

will be explained Data analysistechniqueswill be presented to achieve accurate
measurementdJndertaken experimentsill be discussedin chapter5, an experimental
methodology for monitoring moisture content of building fabmgl be presented. This
chaptemwill demonstrate thexpermental setups and the obtairredults will be explained

In addition,the prediction models for an excess moisture determination will be presented
Chapter6 is devoed to experimental methodology for detection of defects in concrete flat
roof structure.n this chaptetaboratory expemental setups will be presentesthieved
results will be explainedData analysigechniqueswill be presented to achieve accurate
measurementChapter7 consists ofthree secions namelyconclusions limitations and
future work.In conclusios sectionthe whole thesis will be summarisékthe future work

section showsecommendationthatcould be implemented to improvevel technology
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Chapter 2 Review of the Literature

It is important to improve the overall performandebailding structurego avoidlarge
refurbishment costs well as an increased risk of building collapse, which may agusg

or even deatho occupantgBrimblecombeet al. 2006) Algo Centre Mall, a retail hub for

Elliot Lake, Ontario, wasonstructed in 1980 he two stoesstructure had 190,000 square
feet of floor spaceccupied bycommercial units as well as a hotel. A prominent feature of
the compéx was a roof top parking de¢kigure2.1). Throughout the life of the mall there

had been reports of water leaking into the occupied units. This water presence and damag
had been so severe that drip tarps were put up in plain sight of the etstbinis water
infiltration led to a variety of serviceability problems and, eventually, to businesses leaving
the mall. The collapseccurred on June 23, 20IPhe chemical process of corrosion has
several parts. In this case a metallic surface was expoaeacetectrolyte. The deing salts

acted as the electrolytes, and had been dissolved into solution with the presence of wate
The solution then migrated through the roof top parking deck and settled on a connection of
the frame. After a lengthy exposutene, the chemical process deded the frame
connection and Bk to collapse. The water presence below was an indication of the water
movement through the structure's siificDonald 2013)

Figure 2.1. Algo Mall Collapse. [Adopted from (McDonald 2013).]
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This chapter islevoted to a literature revieBection2.1 consists of background knowledge
of built environmentwhilst section2.2 illustratescurrent methods to determine moisture
content in building fabricsSection2.3 consides commercial devices used by surveyors
while undertaking measurements. Sectd consists of electromagneti€l) wave
approach where microwave radiation is lexed in different research fields. Secti@arb

concludes the literature review.

2.1 Built Environment

2.1.1 Moisture Content of Building Fabrics

Moisture is involved in most building problems. The most serious tend to be structural
damageowing to wood deterioration, unhealthy fungal growth, corrosion and damage to
moisture sensitive interior finish€Singhet al.2010) Avoiding these problems requires an
undersanding of moisture, the nature of materials, and mmistureinteracts with materials
(Straube 2002)

2.1.1a The Science of Damgss

It is significant to understand the physic¢klalim et al. 2012) and chemical processes
(Young 2007)hat are the root cause of dampness. Water, in liquid or vapour is all around
us. One of the physical properties of water is that it expands rather tharctsonthen

freezes.
Moisture in buildings cause a problem because:

A It will expand and contract as the temperature fluctuates, possibly causing cracks,
and degradation of material over time.

A It enables the house dust mite population to rise, and moaldsotv which is

detrimental to human health.
A Damp timber can be subjected to dry or wet rot.

Most construction materials such as plasters, bricks, concrete, timber or insulants are porou:
with their relative porosity being related more or less to tHeinsity. Those materials

function well within their own particular safe range of moisture content, depending on the

6
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location of the material in the construction and the function it is required to carf@mogt

et al.2008) Damp in a material usually refers to its content of free moisture it is

not chemically bound to the material. A small amount of mogsin a material should not

be a concern. However, when porous materials are subject to persistent high humidity ol
when moisture has arrived from an outside source by soaking through, the material may b

damp enough to suffer a probléBurkinshaw & Parrett 2004)
2.1.1b Moisture Meement through Materials

Traditional masonry structures take in and give out moisture. Some building elements, for
example masonry external walls, are designed to take in moisture during rain and give it ou
again later by evaporatidhourencoet al.2014) This cycle of change in moisture content

can be harmless, but it can be problematic if high or lowl$esf moisture are allowed to
persist for too long. In the UK, no porous material will be completely dry because the air
always contains some moisture, and the porous material will take in some of it via various
physical or chemical processesch as Vapour pressure diffusion, Capillary attraction,
Hygroscopicity, Diffusion, Osmotic pressure, Wind pressure and Gré®itskinshaw &
Parrett 2004)

2.1.1c Acceptable Moisture Level

A brick at the wall face obtains 10% actual moisture content after rain; in this case there may
be no prokem for a building to then dry out later. However, if a similar brick located in the
inner thickness of the wall were to achieve persistent moisture content of above 3%
problems could result in damp plastetamaged decoration or damp timbers which could
lead to timber rot. Dampness exists where there is sufficient moisture ite@ain® cause
problems for thamaterial, adjacent materials, the buildingtbe users of the building
(Burkinshaw & Parrett 2004 is important that materials do not become visibly damp, and
do not feédamp to the touch, until they are quite dangerously damp. Wood, for example,
does not feel damp below 30% moisture content (at arourtcdb®B8% relative humidity),
although rot will develop at 20% moisture content and all®@@&VI International Pty 2000)

2.1.1d Sources of Moisture

It is significant to identify the source of the moisture in order to terminate the source and

solve dampness probleniSanders & Phillipson 2003The source is responsible for the
7
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greatest amount of the moisture present which can be identifizadbynination process or
by a monitoring process. Sources of moisture in buildings can be variodissome

examples are given ifiable2.1 (Burkinshaw & Parrett 2004)

Table 2.1. Source of moisture in buildings. Adopted fr¢Burkinshaw & Parrett 2004)

Moisture source Typical examples
Air moisture condensation| Cooking

Heating
Penetrating dampness Rainwater, snow

Leaking external rainwater goods
Internal plumbing leaks Longterm breakdown of plumbing joints
Burst pipes

Below-ground moisture Underground plumbing leaks

Leaking ponds

2.1.2 Building Fabrics

Materials fall into three categoriestural, manufactured and neMatural materials such as
stone and timber have been used for centuries as building materials. However, because the
are natural materials, they are of variable quadityl often contain significant defects.
Secondly, mnufactured materials such as steel and aluminium alloy are produced under
carefully controlled factory conditions, with frequent testing and monitoring throughout the
manufacturing process. The third categis new materials, such as fibre reinforcement
composites. These are highly manufactured materials, but unlike steel, have not been i
existence long enough to be fully underst@®dward 2009)Same types of building fabrics

are presented in the following sections.
2.1.2a Brick

Bricks, in one form or anothehave been in use for thousands of years for constructing
different types of buildigs.At first, bricks were swried but after further investigation it
was found that firing them considehalncreased their streng{Rautet al.2011) Clay is a
natural mateal formed due to the weathering of rocks and consists mainly of two minerals:
silica (SI®) and alumina (AI0s). Theusualsize of the clay brick is 215 x 102.5 x 65 mm.
Clay usually shrinks on drying and firintiperefore brick manufacturers alldar shrinkage

by making the bricks originally bigger than the final proditdi 2012). The properties of
clay bricks are variablglthoughgood bricks are generally free from crackayé a good
texture and are well burnt. The strength of clay bricks can be up to 18GN/iouin
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considerably lower strengths are adequate for the loads that are usual in sdiatjsuilhe
Building Regulation§Gwynne 2010yequire only 2.8N/mrhfor inner walls of twestorey
houses. The compressive strengths of engineering bricks are at least 70.0 and 50.0N/mm
The durability of bricks can by affected by the absorption of thterwd he limits for water
absorption for engineering bricks are 4.5% and(3&ward 2009)Clay bricks can contain

salts like sulphates of sodiuand calcium. Porous bricks absorb water through their surfaces
and the water dissolves these soluble salts. During the drying off process in the warmel
season the salt solution moves to the surface of the brick. The water evaporatesaleaving
white powdermn the surfaceas shown irrigure2.2. This effect is known as efflorescence.

The salt deposit on the surface does not cause any damage and it can be removed by brushi
the surface of the brickwork. If the efflorescence is headyoccurs below surfaces, it could

result as crumbling of unddired bricks.

Figure 2.2. Efflorescence effect on red brick.

2.1.2b Autoclaved Aerated Block

Autoclaved Aeratedconcrete (AAQ, also known a Aircrete,is a versatile lightweight
construction material. Compared with normal concrete, aircrete has a low density and
excellent insulation properties. The density of aerated concrete is achieved by the formatior
of air voids to produce a cellularstture. Voids typically are between 1mm and 5mm across
and give the material its characteristic appearance. This type of concrete corfiaiais. 80
Aerated concrete blocks have strengths between 3 to 9NFhis type of building material

is a grat therm&insulator ands oftenused to form the inner leaf of a cavity wall. Another
common use of aerated concrete iIs struct

cured in a large pressure ves@éamad 2014)It can be produced using a wide range of
9
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cement materials such as Bamd cement, lime and pulverised fuel ash or lime and fine
silica sand. Most of the time a small amount of gypsum is added. Aerated coloe®teot
contain any aggregate arall the main components are reactifl@scher Innovative
Solutions 2012)

2.1.2c Timber

Timber is one of the main materials used in the construction efig@rdomestic buildings
(Kadir et al. 2015) Timber is an organic material obtained fromaturetrunk trees cut to
suitable sizes. The moisture content of the raw wood is reduced by the seasoning proces
Seasoned timber is lighter, stronger, easier to work with and easier to finish with
paint/varnish. Seasoning may be natural (air seasoning) or artificial (kiln seasoning). After
this process wood is known as timber and it is ready to use as a consimatgoial. There

are two types of timber: softwood and hardwood. Softwood is obtained from evergreen trees

whereas hardwood is obtained from deciduous (éedi 2012).

Timber is alight material with the density of different species ranging from 160 to
1250kg/ni. Although all species of timber are composed of the same substances, the
differences in their microstructure affect the values of density. The densities of the most

commony used softwoods in the UK range from 380 to 550 Rg/m

Timber is a lightweight but strong material with a high strehgtiight ratio both in tension

and compression. There is a large variation in the strength as there are so many differer
species of timér. Generally, the strength of timber is directly proportional to its density, and
inversely proportional to its moisture content. Defects such as knots can also affect timber
strength. The tensile strength of timber ranges between 2.5 and 13.8N/henmodulus of
elasticity of timber ranges between 4600 and 18000N/ifBS 52682:1996) (Seward

2009)

2.1.2d Cement

Cement is one of the most importaonstruction materials and is used in the production of
concrete and mortar. The most commonly used type of cement is known as Portland cemer
because the colour of solid cement resembles natural Portland stone. Portland cement |
made from two raw matils: chalk and limestone. Both are natural materials: chalk occurs

as a soft rock whereas limestone occurs as a hard rock. Cement may be manufactured eith
10
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by a wet process or by a dry process. The wet process requires a large volume of water t
make theclayi chalk slurry, which in turn consumes more energy than that of the dry process
in evaporating the water. The dry process is therefore the preferred method where feasibl
(Seward 2009; Virdi 2012)

2.1.2e Concrete

Concrete is used in the construction of many building elements. It can be found in housing,
industrial and commercial buildings, bridgesads, airport runways, foundations, tunnels
and drainage systeni®omone & lliston 201Q)It is a composite material made by mixing
together cement, aggregates (sand and/or gravel) and water. The proportion of thes
ingredients affects not just the strength but also #se &ith which concrete can be placed
and compacted. Cement is responsible for the strength of concrete, but it is not used withou
the aggregates because it is the most expensive ingredient of concrete. Its volume in concre
is kept to a minimum, as péne mix design, because cement shrinks after setting and
hardening. This may happen in concretes in which the amount of cement used is far more
than what is required. Aggregates help to reduce the cracking in concrete. Concrete is likely
to be stronger thmneat cement if is properly made. The raw materials of concrete are

cement, fine aggregate, coarse aggregate and (&aerard 2009)

Concrete is made by mixing the raw materials in correct proportions. A chemical reaction is
initiated when cement comes into contact with water. This is known as hydration, and is
responsible for the setting and hardening of cement. Cement needs waseitifgy and

hardening, therefore concrete is never allowed to dry out during the first 2 to 3 weeks. This

is known adicuring of concrete(Virdi 2012).

The proportions of aggregatesement and water for a particular mix depend on the part of
the building where it is to be used. It is therefore important to mix the constituents of concrete
in the correct proportions so that the final product has the required workability and strength.

A typical concrete mix for a strip foundation of a tatorey house is 1:3:6.

The quantity of water used in making a concrete mix is perhaps the most important factor in
influencing the workability of fresh concrete and the strength of matured conthete.
amount of water in a mix is expressed as the w/c ratio accordikgquation 1(Seward

2009)
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. AT T 1T THHT HY
w/c ratio =T

T "HHD H 1 (1)
The density of concrete depends on the type of aggregate used. Aggregates with a highe

density improve the density of concrete to 2400 RgAmhtweight aggregate produces
concrete with a densityss than 2000kg/fn

Concrete is very strong in compression but weak in tension. The strength of concrete is
affected by several factors such as voids, wegenent ratio, fine aggregate or shape and
texture of aggregates. Voids are the spaces occupieddrge aggregate which is the sum

of the volume of solids and the volume of air voids. To obtain dense concrete, the voids mus
be filled with fine aggregate, which is possible by compaction. The most important factor
that affects the strength of concretets wi/c ratio. If the volume of water used is more than
the optimum requirement, then the excess water remains free while the concrete is still in
semifluid state. As the concrete becomes solid, the excess water evaporates leaving void
which make tk concrete weaker. Therefore, there must be an adequate quantity of fine
aggregate in the mix to fill the voids between the coarse aggregate. The shape and texture
aggregates also affect the strength of concrete. The crushed aggregates interloak into or
another and produce a higher strength than uncrushed aggi(&atesd 2009)

2.1.2f Reinforce bar (steel)

Reinforced concrete structures anade of steettrengthenindpars and concret€oncrete

has a very high compressive strength but has low tensile stress and is alsavbhetas

steel has a high tensile strength and is malleable but has a low compressive strength therefo
the combintion of concrete and steel createsstaong composite material. The steel
reinforcement is fabricated out of steel bars or mesh sfi€atayanniset al. 2016) The
reinforcemenstructureis designed to satisfy the requirements set in Euroc¢Berdpean

Union 2004) The main bar carries the tensile load to each support where the load is then
transferred into the columns these bars are the largestdngiag from 8mm up to 40mm

in diameter. The link bars run perpendicular to the main bars in order to tie them together.
The other main reason for the link bars is to resist shear stress therefore making the concre
less brittle. Link bars are generaliyaller in diameter than the main bar ranging from 8mm

to 25mm Additional Steel reinforcement is also used locally around connections where

beams, columns or slabs mé@ondet al.2006)
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2.1.3 Types of Wall Structure

Building structures are built from different fabrics owing to building design, furetditgn
performance as well as climate influence. Types of wall also depends from their functionality
in the structure such as inner walls or outer walls. This sectiosistf different types of

wal | for further | nves tuéngean thecelectranfagnétic (EM)d i

sensor.
2.1.3a Brick Wall

Masonry bricks is a construction in which uniform unit bricks, are laid on top of one another
to build up a structure such as a brick wall. Bricks are joined by mortar layers. Brick is a
popular medium for constructing buildings, bricks can be laid irewdifft bond patterns.
Brick walls are commonly used as an outer wall of cavity waltpure2.3 presents a solid

(i.e. not cavity) brick wall structure built in tlnglish bond patter(Brick Southeast 2006)

queen closure—,

. a course of headers

S acourse of stretchers

Figure 2.3. Brick wall structure. [Adopted frorfinterior Shapes & Designs 201B)
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Brick walls have some limitations. Bricks absorb water easily, therefore, it causes
fluorescence when not exposeckir, also rough surfaces of bricks may cause mold growth

if not properly cleaned.
2.1.3b Aerated Wall

Aerated block walls are created from aerated blocks that are joined with thin bed mortar.
Components can be used for walls, floors and roofs. Oftateglewalls are used as the inner
part of cavity wall{Kus et al. 2004) Figure2.4 illustrates an example of the aerated wall

in a real environment.

~

Figure 2.4. Aerated wall structurd.Adopted from(Thomas Armstrong LTD 2018)

Aerated blocks have some limitatiossich ajower strength than mosbuocrete products
in load bearing applications and requireinforcement Also aerated blocks require a
protective finish as the material is porous and would deteriorate if left expdiseid2012;
Domone & lliston 201Q)

2.1.3c Phsterboard Wall (Dot and Dab technique)

Dot and Dab is a technique that was developed to replace traditional wet plastering. This
method has low cost, fast installation, quick drying time and ease of finishing. The dabs of
plasterboard adhesive should nev® more than 25mm thick. Each dab should be
approxmately 250mm in length and 50 mm wid&gure 2.5a presents the dot and dab

installation techniqueyhile Figure2.5b presents a complegection of thavall.

14



Chapter 2 Review of the Literature

(a) (b)
Figure 2.5. (a) Dot and Dab installation technig(e) Dot and Dab empleted wall section.
[ Adopted from(HubPages 2015)

Plasterboard is pressed onto the adhesive until the spirit level indicates that the wall is
straight. It is required to leaer 24 hours for th@lasterboard adhesive to set fully before
attempting to skim the wall with finishing plaster. The disadvantages of thempt and

dab method is the thermal bypass created between plasterboard and wall. All the cracks i
the wall allow outside air tflow around behind the linings, cooling them and the home
(Virdi 2012).

2.1.3d Block and Brick cavity wall

A cavity wall is essentially made of two walls separated by a continuousahepace
(cavity) and anchored together with metal ties for strength. Cavity walls are lighter and have
higher thermal resistance than solid masonry walls. They also protect against rain penetratio
in wet climates. Insulation materials are usually addsitle the cavity to further increase

its thermal resistanc&his is done by either filling the whole existing cavity by, for example
injecting polyurethane foam; or partially by installing a board of insulation material during
the construction stage. Wiaut insulation, the whole cavity becomes essentially an air space

of finite thickness across which heat is transferred by conduction, convection and radiation
15



Chapter 2 Review of the Literature

(Al-Saneeet al.2003) The walls are commonly masonry such as bricks or concrete blocks.

Figure2.6 illustrates a block and brick cavity wall diagram.

Inner Wall

\

Insulation

\

Outer Wall

Figure 2.6. Block and brick cavity wall. [Adopted froiffirstcall 2014)]

A cavity wall is designed and built as a moistdeterrent system. This system takes into
account the possible moisture penetrattmough the outer wall. Moisture will penetrate a
masonry wall where hairline cracks exist between the masonry unit and mortar. Water which
runs down the exterior wall surface will be drawn towards the inner cavity due to wind
pressure exerted on the exberof the wall and the negative gsire present within the
cavity (Henset al. 2007) Providing a clean air space will allow this moisture to flow
unobstructed down the cavity face of the outer wall. Flashing installed at recommended
locations will then divert this moisture back to thelding's exterior through weep holes.
Proper drainage of moisture will reduce the chance of efflorescenceeandthaw damage
(Masonry Advisory Counci2002)
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2.1.3e EcoMech Insulation Wall

EcoMech insulation wall is a new industrial wall designed and supplied by EcoMech
Structurally Insulated Panels Ltd Company for investigation of the waterproofness of their
outer wall design. EcoMech uses tradiab8tructurally Insulated PaneS(P) techniques,
enhancing structural strength and thermal efficiency by use of precision engineered steel
magnesium oxide board, and structural polyurethane. This type of structure enables the
reduction of the overall ti;mand costs of the building development processure 2.7
illustrates an EcoMech wall samglecoMech 2014)

Figure 2.7. EcoMech wall sample.

2.1.4 Concrete Flat Roof Structure

A flat roof is one which is almost level in contrast to the many types of sloped roofs. Any
sheet of material used to cover a flat roof is known as a membrane and the primary purpos
of these membranes is to waterproof the roof #@&H8 & RILEM 1987). Figure 2.8

illustrates a concrete flat roof structure.
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Figure 2.8. Concrete flat roof structure. [Adopted frq@helas Roofing 2007)

Cracks in the roof parapet wall, and damage to the waterproofing membrane are the commo
defects of roof construction that require frequent maintend@aitey & Bradford 2005; Lo

et al. 2005) De Silva and Ranasingl{®anasinghe 2010nhvestigated maintainability of
concrete flat roofs and found that the causes of defects for concrete flat roofs were design
construction, maintenance environment, as shown Trable 22. About 50 multistorey
buildings were randomly selected to identify maintainability problems of their flat roofs,
which comprisedresidential buildings (46%), commercial buildings (30%) and office
buildings (24%). The ages of the building sample spanned from 5 to 25 years. A condition

survey was carried out to explore the existing defects and their éRamasinghe 2010)

Table 22. Causes of defects for concrete flat roofs. [Adopted ffganasinghe 201Q)

No | Defects Design| Construction Maintenance Material/ No. of
Environment| defects

1 | Splitting * * * 64

2 | Blistering of * 34
waterproofing
membrane system
Joint failure * * * * 43

4 | Crack on roof slab| * * * * 66
Crack at roof * * * 38
drainage

6 | Water leakage * * 38
through the slab

7 | Mechanical * 33
damage
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Membrane layers that had been installed on a flat concrete roof revealed durability problems
in the long term. Durability of membrane layers will be affected by environmental conditions
such as extreme heat, biological agents, Ultraviolet radiation, chlemaactions and
material compatibility to roof constructiai€IB & RILEM 1987). Thus, the choice of a
suitable damp proof membranes and regular monitoring are required to mitigate problems o
damage tahe membrane. Building defect investigations tend to commence when there are
signs of damage that directly or indirectly interfere with the function of the building and the
activities within it. For instance, buildings using composite materials exposatptar and

salt content will give a reaction when in the presence of tricalcium aluminate and high
moisture content over time. Less flexible composite materials require plasticizer to react
with other substances. This plasticizer may not be permanemtibiddsappear in the long

term owing to changes of temperature and surrounding weéfilen 1995) The
surrounding environment and weather characteristics such as acidic rain and extreme he:
cause reaction to the composite material. This reaction will lead to increased expansion an

shrinkage, which result in cracks on the surface of concrete structures.

2.2 Current Methods to Determine Moisture Content of

Building Fabrics

Measurements of the moisture content are very important to extend the lifespan of the
building. There is a lot of research undertaken in this area owing to the high cost to refurbish
buildings. The current methods to determine moisture content of building fabrics will be
presented and reviewed. Sect@2.1considers radlogical measurements, sectig.2.2
illustratesultrasonic measurements, sect®B.3considers gound penetrating radar, section
2.2.4 presentselectrical measurements, while secti®@12.5 describes physical property

measurements.

2.2.1 Radiological Measurements

2.2.1a Neutron Method

Neutrons interact mainly with the hydrogen nuclei and give a direct measurement of water
content by wlume. Higher energy neutrons emitted from a radioactive substance such as a
radium beryllium source are slowed and changed in direction by elastic collisions with

atomic nuclei. The process in which the high energy neutrons lose energy by kinetic
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collisions with surrounding nuclei is called thermalisation, the neutrons being reduced in
energy to the thermal energy of atoms in a substance at room temperature. Hydrogen havin
a nucleus osimilar size and mass as the nemthas a much greater thermiaigsefect than

any other element. A measurement of the thermal neutron density in the vicinity of a neutron
source will be a measure of the concentration of hydrogen nuclei on a volume basis
(Wittmannet al. 2008) and thus a measure of the water concentrafmllipson et al.

2007) The source and detector are placed in a probe. The neutron source is mounted in
lead shield at the bottom of the gas filled detector tube. The unit is constructed to be set ove
an access hole in the porauaterial, and the probe lowered through the bottom of the shield
into the hole. The resolution of the probenisnsufficient; it is impossible to measure
accurately the water content within 6 in. of the surf@iciency of high resolution makes

the masurement of water content distribution with depth in a soil inaccurate in detall, it
being impossible to detect accurately any sudden change in the préditenald & Britch

1969; Imal 2002)

2.2.1b Gamma Ray Method

Gamma rays interact with the orbital electrons of matter in three ways. Firstly, the
photoelectric effect, in which the whole of the energy of gamma rays is absdibeslthis
occurs at low energies. The ComptEffect, which is the scattering of gamma rays by
electrons at medium energiesd finally the creation of positreelectron pairs, becomes
important at high energies. Measuring the attenuation of gamma radiation enables us ftc
determine the density ohaterial. The essential components of that system are a source of
gamma rays, a detector, an amplifier, a discriminator and a device to record the pulses fron
the detector. The gamma ray method offeégh accuracy in the determination of moisture
contentat £1.0%. Therefore,there is no effect of temperature change or of dissolved
conducting materials. Unfortunately, there are high capital costs and precautions are
necessary with radioactive equipment. The gamma scattering method determines the
moisture content of concrete byeasuring the intensity of scattered radiation in limestone
concrete using amgeniouslybuilt goniometer and an HPGe spectroméWayakumaret

al. 2002; Bucurescu & Bucurescu 2011)
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2.2.2 Ultrasonic Measurements

Non-destructive sonic and ultrasonic testing methods arama@sive and have been used

in recent years in the assessment of civil engineering structures archfeafonic methods
referto the transmission and reflection of a mechanical stress wave through a medium at
sonic and ultrasonic frequencies. The mostniemnly used sonic methods are: Sonic
transmission method, Sonic/seismic tomography, Sonic/ seismic reflection method,
Ultrasonic reflection method and sonic resonance method. The detection of flaws by the
sonic transmission method is possiblging to thefact that sonic waves cannot transmit
across an air gap, which could being to a crack, void or delamination at the interface
between brick or stone and mortar. A propagating wave must find a path around the void,
resulting in attenuation and an increaséhe transit time of the signal. Data scatter from
sonic tomography has the effect of increasing the residual of tomographic velocity
reconstruction and may lead to identification of false anomalies. The accuracy of the velocity
reconstruction can be pnoved by a better understanding of the input signals, by a carefully
planned choice of position and number of the readstgsons(McCann & Forde 2001)

Sonic reflection method is not a method currently recommended since the resolution
achievable with the low frequency energy is poor and it is often difficult to distinguish
reflections from surface waves and refracted arriflslsCann & Forde 2001; Vun et al.
2007)

2.2.3 Ground Penetrating radar

Ground Penetrating Radar (GRRatechnique that uses electromagnetic waves to obtain
threedimensional images of natural or manmadrictures and subsoiGPR in civil
engineering is well established, it is used to locate buried services, detect voids or cavities
as well as location steel reinforcement in conct®tanacordaet al. 2015) Reci (2016)
investigate th&PR for the nordestructive evaluation of moisture content in wood material

by using direct wave method in wide angle radar reflection configuration, wher&BR
antenna is moved while the other is kept in a fixed position. The reflected signal is recorded
for different separations between transmitting and receiving antennas. Direct waves are
compared to reflected waves. It is observed that they show eediffeehaviour when the
moisture content varies, due to their different propagation pafhe relative dielectric

permittivity was measured by using the resonance technique at 1.26 GHz, and results wer
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compared to GPR measurements carried out with &H25 groundcoupled antenna. The
resultsshow that the reflected waves hgeod agreement with results available in the
literature. direct waves, the measured values of the relative permittivity turn out to be weakly
affected by the polarisation of the el®magnetic field.

2.2.4 Electrical Measurements

2.2.4 Electrical resistance measurement

Electrical resistance measurement is based on the faetittamaterial possessdsctrical
resistanceand that water content has a direct impact on the electricsistance ofthe
material, more water means less resistdndé¢a k s i enal. 20i1d) Measurement of the
electrical resistance issually carried out using neeedbaped electrodes. Two measuring
detectors are placdxy driving or drilling into a building element and electrical resistance as

a function of the electrical conductivity is measured. Wet materials have higher conductivity
and lower electrical resistance. The measuring device indicates the results according tc
different construction materials which can be converted into percentages of moisture.
(Wormald & BritcéaalRZ®@p9 ; Maksi movi i

2.2.54 LTCC sensor

Low Temperature Gé&ired Ceramic I(TCC) sensor with design and fabrication of an
inductorcapacitor (C) planar sensor have been made to monitor moisture content of the
most often used buildingwaterials(Radosavljevic 2012) The sensor can be used in the
following ways: it can be put into the building material through a small cut for already buil
walls or it can be buried in the plaster during the building wall process. Variation of the
water content in the tested specimens is measured wirelessly, with an antenna coil, trackin
changes in the sensor resotmfrequency( Ma k s i ehal.2014) This sensor consists

of two dielectric layers. The first layer has a screen printed LC structure and the second laye
hasawindowver the capacitordos electrodes. Th
moisture, which will then cause change of its dielectric constant and total capacitance anc
consequently the resonant frequency of the LC sensor. The sensor exhibits from0086 to 7
wide detection range of water absorption with high linearity and fast respadse k s i mo v
et al.2012)

22



Chapter 2 Review of the Literature

2.2.5¢ Time Domain Rigectometry (TDR)

The principle of TDR used for the measurement of moisture is to transmit an electromagnetic
signal down the parallel electrodes of a waveguide inserted into the dielectric material undet
investigation. The time taken for the signal tauratafter reflecting from the end of the
waveguide is measured. This gives a direct measure of the permittivity of the surrounding
material alongthe length of the waveguid@Vormald & Britch 1969) Current state of
researclof common aplications of TDR technique for monitoring moisture content in all
porous materials, regardless of their type, are not possible yet. The mehods further
investigatiorparticularly in the data acquisition process. General formulas for determination

of moisture content from measured relative peiwiiit are not yet availablé L er n1. 2 0 (

2.2.5 Physical Property Measurements

2.2.58 Thermal method

The thermal conductivity of a material increases with increasiemoisture content. One

of the methods used to determine the thermal conductivity is to suppbpe in the material

with a known heat input, and to measure the temperature rise at a fixed distance from the
heat source using thermocouples or thermistors. One advantage of thermal conductivity
measurements is that they are independent of the saéétint@f the porous body. However,
thermal conductivity does depend on environmental temperature which can be compensate
for, and also upon the density of the matemnaicessitating several calibration curves for
different densities of the material mes=a(Yunus & Mukhopadhyay 2011)

The thermal conductivity method suffers from the difficulty in obtaining reproducible
calibration curves, and each calibration curve is only viaida specific density of the
material. IR Thermography can be used to monitor the moisture content of buildings. This
method requires scanning all surfaces of a building and comparing it to the image of the
interested area. The identification of the daangas is achieved by the comparison between
the temperature of the dry and moist surfaces. One df thes r ma | techni gt
sensor(Davies & Ye 2009) The inventors of this sensor demonstrated adwestructive
technique for the measurement of moisture content within a material using thermal diffusion
wherein heat is delivered into a surface and the resulting temperature increase is detected
a distance from the injectigmoint. In theé p a d 6 sthod theoheatemaed temperature

sensor ar e fixed at t he surf ace of Tha t h
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preliminary resultsillustrate 0.01kg/kg accuracyThe device offers the benefits of the
traditional dual probavhich has the accurac§2% kg/kg(Ye et al. 2007) but with the
important advantage that no holes are required to be drilteé material of intere¢Davies

& Ye 2009) However,limitations aredependingon environmental temperatuesnd the
density of the material necessitating several calibration curves for different deoisities

materiab measured
2.2.% Vapour pressure

Measurement of the equilibrium relative humidity of air in contact with a porous body
enables us to deduce directly the water tension of the porous body, which can be correlate
with the moisture content.HE conversion of water tension values to moisture content
requires an individual calibration for each type of porous material and is not a reliable
procedure. Vapour pressure method requires very accurate measurements of the equilibriut
relative humidity letween the porous body and the surrounding\Wiormald & Britch

1969)

2.3 Commercially Available Devices

A moisture meter is an essentitviceused in many industries to detect moisture content
in building materials. Home and building imsctors depend amoisture meters to identify
potential problems and damage to structures from moisture atation. Woodworking
industries, such as furniture makers, use wood moisture metmsucea quality product.
Flooring contractors use moistungeters to determine ideal conditions when installing a
floor over a concrete slab or subflobfoisture meters can have an analogue or digital scale
to display moisture content in percenta¢@rainger 2012) Figure 2.9 illustrates

measurement methods for different moisture devices.
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Figure 2.9. Moisture meters and their measurement methods. [Adopted omkittrick
2015)]

There are three types of moisture meters used for the inspection of building and structure
materials nmely pintype, pin less and pin/pin lessfallone metersTemperature and
wood density affect the readings given by moisture meAdirmeters are calibrated to read

the moisture conteratt abou2(PC. Therefore, it is required to apply correction te theter
readings while device is used in different temperature raMpesufacturers include charts

that adjust for species and temperature variations. More expensive meters hawe built
species correction and temperature correction. Pin meters areensité/e to temperature
variations than pitess metersPinless meteraremore senisive to differences in density

of different species than pin metékunkittrick 2015) Summaryof factors affecting each

type of moisture metas presented imable2.3.

Table 2.3. Comparison of factors affecting each type of moisture meter. [Adopted from
(Moisturemeters 201Q)

Factor Pin less Meter | Pin Meter
Temperature No Yes
Chemicals No Yes
Wood Orientation No Yes
Moisture Gradient No Yes
Wet Pockets No Yes
Wood Species Yes Yes
WoodDensity Yes No
Surface Texture Yes No
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2.3.1 Pintype meter

Pintype moisturane t emeaswe percentage of moisture content at the depth of the head
of the contact pins. Pitype moisturemeter shown irFigure 2.10 has two pins on the
instrument, which are used to penetrate into the test surface at a desired depth. The readir
of moisture content is determined by measuring the electrical resistance between the tips c
the two pins. This method of inserting pins iatsurface is an invasive process for measuring
percentage of moisture content. Typically these moisture meters will read up to 5/16" depth
which is equal td0.79375 cm deptiiGrainger 2012) Pintype moisture meters use the
principle of electrical resistance to measure the moisture content in materials by measuring
the conductivity between the pins. The tips of the pins are relatively,slr@nsulated and
penetrate into the surface for a subface reading. With pitype meters, you can also
obtain a reading by touching the pins to the surface for testing. Mosyganmoisture
meters use a scale calibrated to wood, however this dv@saan that the meter cannot be
used to measure moisture in other substrates and materials. This type of moisture meter ce
also be used for, but not limited to: concrete, drywall, ceiling tiles and painted surfaces
(Smith 2015) When using the wood scale on a-pfpe moisture meter, the moisture content
percentage reading can range from 5% to 40% in oreistontent. The low end of this
reading falls into the 5 to 12% range, the moderate range will be 15 to 17%, and the high ol
saturated range will read above 17%. Scales for moisture percentage ranges are provided
the instrument instructions and shoudé consulted concerning measuring ranges for
particular surface materials. Piype meters are the only instruments that allow the inspector
to identify exact location of moisture at a given point. Using aype meter is an effective

way to determine #ndifference between shell and core moisture content. In some cases, the

depth of the reading exceeds the length of the pin on the meter. Many meters are equippe
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with a connection option to add accessory probes that can be inserted further into @substra

for more accurate core or depth detec{i@Grainger 2012)

Figure 2.10. Pin-type masture meter. [Adopted frorfGrainger 2012}

2.3.2 Pin less moisture meter

Pin lessor nontinvasive moisture meteFigure2.11) operats on the principle of electrical
impedance. This meter provides a famstructive measurement of moisture in wood and
other substrates, such as concrete and gypsum. Scales on tterseaneesimilar to that of
pin-type meters, where the wood scale reads moisture content percentage at 5 to 30%, ar
nonwood materials moisture content percentage is read on a relative scale of 0 to 100%. Pii
less moisture meters are capable of readingoup typical depth of 3/4" (1.91cm) or 1"
(2.54cm) into a subsurface. These are useful for detecting problem moisture accumulatior

where visual indicators are naxistent (Grainger 2012).
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Figure 2.11. Pinless moisture meter. [Adopted frai@mith 2015)

2.3.3 Pin/ Pin less/ Alin-one moisture meter

ThePin/ Pin less/ AHin-one moisture metellustrated onFigure2.12is atype of moisture
meterwhich utilizes both methods for measuring moisture content in surf&oese this

type of meter offers the option to measure moisture content in substrates using both methoc
of reading moisture, one meter may be able to identify problem areas and then also be use
to pinpoint the exact location where moisture damage or adationu is occurring.
Essentially, this type of meter would utilize the same scales of moisture content for wood
and noawood substrates and allow the end user the versatility necessary for a full inspection
in determining areas where moisture is an is&raifiger 2012).

Figure 2.12. Pin/ Pin less/ Alin-one moisture meter. [Adopted frof@rainger 2012)
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2.4 Electromagnetic (EM) Waves Measurement Approach

Microwave radiation can be used in different fields and within different industries. Currently
the most known device that is using microwave radiatitimeeisnicrowave oven. Microwave
radiation can also be used to transmit signals such as mobile phone calls. Microwave
transmitters and receivers on buildings and masts communicate with the mobile phones ir
their range. Certain microwave radiation wavelengihss through the Earth's atmosphere
and can be used to transmit information to and from satellites in orbit. Microwave radiation
has interested many researchers, WendWigndlinget al. 2009)used microwave sensor
technology for monitoring and detection of ethanol in water/ethanol mixtures i non
destructive manner. The tests haeeib realized using samples of water/ethanol mixtures
going from 0% ethanol (pure water) until 100% ethanol. Every sample alcohol concentration
is determined by its unique frequency, magnitude, and phase. Also, microwave spectroscop
wasinvestigated by Muadov(Muradovet al.2014)to monitormeat drying process reat

time. The results of the researdamonstrate aignificant linearmrelationshipbetween the
reflectioncoefficient and weight loss of the meat sample. The weight cdahwle drops

down dramatically first week and then keegpsadily decreasing. Likewise, an amplitude
shift is greater at thbeginning of the drying process and then the shift stabilisdsoth
researches there is an interesting relationship between the water and the microwave
spectroscopy which could be exmd in building environment for detection of the moisture

content in building structures.

2.5 Summary

Theliterature review started focusing on moisture content of building fabrics to investigate
the causes of the dampness, their chemical and physical mecassvell as the movement
through building materials. The acceptable moisture level and the most common sources o
moisture in building fabricsvas studied. Also, different types of building fabrics used in
modern building have been reviewed which endibie to understand concrete flat roof and
wall structures and their mechanical and chemical prope8isgion2.2 was devoted to
current methods to determine rstnire content in building fabrics. Current methods can be
organisedinto categories: Destructive measurements and-éi&structive measurements.
The neutron method is destructive measurement wighnon-sufficient resolutionthat

makesmeasurmentinaccurae. The advantage of current destructive measurements is the
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accuracy of the resultsNon-destructive measurements have lower accuracy and
repeatability than destructive measurements but they do not damage building material tc
process with measuremts. Armther disadvantage ofcurrent non destructive
measuremenisuch as the gamma ray medhis high cost and risk ohdiation.The gamma

ray method offers high accuracy in the determination of moisture content at +1.0%.
Unfortunately, there are high capitaosts and precautions are necessary withoeadive
equipment. Sonic measurement methods require further improvementotthacy of the
velocity reconstruction. Sonic reflection method iser¢currently recommended since the
resolution achievableith the low frequency energy is naafficient and it is often difficult

to distinguish reflections from surface waves and refracted arri@atsund Penetrating
radar shows promising results, this method requires further investigation. Measurement is
limited to specific surfacenamely wood Electrical resistance measuremeprovides
accurate results but require drilling into material which rsake measurement destructive
also the penetration depth of the measurement is limited to the length of the electrodes an
further extension equipment has to be used to extend the penetration ldepth.
Temperature Gérired Ceranic sensor has to be implened into the measured sample via
prepared hole or sensor has to be implemented inside of the measured material during it
manufacturing proces3ime Domain Reflectometry method requires further investigation
particularly in the data acquisition proce&gneral formulas for determination of moisture
content from measured relative permittivity are not yet availdliie.thermal conductivity
methodrequiresto supply a probe in the material with a known heat input. Thermal
conductivity does depend on enviroental temperature and the density of the material
necessitating several calibration curves for different densities of the materials measured. A
Apadd sensor uses ther mal conductivity m
probe technique hosver the limitation will be the same as the standard thermal conductivity
method. Vapour pressure requinéividual calibration for each type of porous material and

is not a reliable procedure. Vapour pressure method requires very accurate measurements
the equilibrium relative humidity between the porous body and the surroundinghair
limitations of the current research methods are list&tbile 24.
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Table 24. Limitations of current research methods to determine moisture content in building
fabrics.

Neutron Method Drilling Required, Penetration depth up to 15¢cm, unable to detect sudden changes
Gamma Ray Method High capital cost, Radioactive equipment
LTCC Sensor Put into material through a cut or buried in the material during building process

Time Domain Reflectometry Drilling Required, this technique requires further investigation
Ultrasonic Method Cannot transmit across an air gap ( Ash block, modern bricks)
Thermal Method Drilling Required, temperature dependent, calibration required

Section 2.3 illustrated commercially awilable devices to measure moisture content in
building materialsCommercial meters are highly depended on different factors namely,
temperature, orientation or material species. Also current moisture rheterdimited
penetration depth during their measurem&ht disadvantages of commercial devices are

summarised id able 25.

Table 25. Limitations of commercially available devices to determine moisture content in
building fabrics.

Do umtons |

Pin-type moisture meter Drilling Required
Measurement limited to length of pins
Unable to identify source of failure

Pin less moisture meter Contact Required
Penetration depth approx. 2.54cm

Unable to identify source of failure
Section2.4 illustrated the different research undertaken in microevapectroscopy filed to

determine moisture content of different material which could be potentially used to monitor

the moisture content in building fabrics.
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Chapter 3 Electromagneticapproach

and Theoretical modelling

Currently, microwave spectroscopy is used in multiple industrial projects as discussed earliel
in section 2.4. Presented results identify electromagnetic (EM) waves as a potential
technique for nomestructive measurement to determine the moisture content of building
fabrics in redtime. This chaptetells about electromagnetic approach and theoretical
modelling. Section 3.1 consists of the electromagnetic spectrum theory. Se@i@n
considers fundamental parameters of antennas namely radiation pattern, gain and directivity
Different types of antennas are illustrated in se@i@nSensor design and simulation results
aredescribed in sectioB.4, while section3.5 consists of dielectric properties of selected
building materials namely sand, water, and cem8ettion3.6 shows the preliminary
experiment undertaken to identify different building materials in-aestructive manner.
Section3.7 summarises the electromagnetic approach and theoretical moadeltimgsults

from the experiment.
3.1. Electromagnetic Spectrum

The spectrum oélectromagnetic waves ranges from the longesbradives through the
infrared and optical regions and on taays and gamma rayScott 2005)Microwaves are

radio waves with wavelengths ranging from one meter to one millimetre, or equivalently
with frequenciesbetween 300 MHz (0.&Hz) and 300 GHZSarwate 1993)Figure 3.1
depicts the full electromagnetic spectrum from longegawp to Gamma Rd$orrentino &
Bianchi 2010) The electromagnetic wavelength in vacuum is measured by following
Equation2 (Bakshi & Bakshi 2009)

)

<t
-

where:

c is the velocity of light equal tod0® (ms?)
fis the frequency (Hz)

32



Chapter 3 Electromagnetic approach and
Theoretical modelling

Wavelength (meters) The Electromagnetic Spectrum
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Figure 3.1. The electromagnetic spectrum. [Adopted frilrawrenceet al.2012)]
Table 3.1 presents electromagnetic spectrum and applications which are operating in a

specific range of the radio frequency.

Table 3.1. Electromagnetic spectrum and applicas by radio regulations. [Adopted from
(Sorrentino & Bianchi 2010}

Frequency | Band | Wavelength Applications

3-30 kHz VLF | 10-100km | Navigation, sonar, fax
30-300 kHz | LF 1-10 km Navigation

0.33 MHz MF 0.1-1 km AM broadcasting

3-30 MHz HF 10-100 m Fax, CB, ship communications,
30-300 MHz | VHF | 1-10 m TV, FM broadcasting

0.33 GHz UHF |0.2-1m TV, mobile, radar, wireless LAN, microway

devices
3-30 GHz SHF | 10-100 mm | Radar, satellite, mobile,

30-300 GHz | EHF | 1-10 mm Radar, wireless communications, microwave ren
sensing
0.33 THz THz | 0.1-1 mm Terahertz imaging
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3.2. Fundamental Parameters of Antennas

In order to describe the performance of the antenna it is required to use the fundamenta

parameters of antennammely as radiation pattern, gain and directivity.
3.2.1 Radiation pattern

The radiation pattern of an antenna is defined as a mathematical function or a graphica
representation of the radiation properties of the antenna as a function of space coordinate:
distribution of the power radiated from the antenna (transmitting antewpawerreceived

atthe antenna (receiving antenna) as a function of direction angles from the gStadiaa
Khandakelet al.2010)

Radiation pattern lobe is the portion of the radiation pattern bounded by regions of relatively
weak radiation intensity. Lobes can be categorised into Main lobe, Minor lobes, side lobes

and back lobes as shownFigure3.2 (Rodrigo 2010)

Tkudiuli(m
intensity

|

Half-power beamwidth( HPBW)
IFirst null beamwidth(FNBW)

_~Major lobe

HPBW

FNBW

Minor lobes

A Side lohe Back lobe

m w2 0 T 0

Figure 3.2. Radiation Pattern Lobes. Adopted frgRodrigo 2010)

A major lobe is a clear peak in the radiation intensityrounded by regions of weaker
radiation intensity. Minor Lobes are any radiation lobes othem e man lobe. A Side

lobe is a radiation labin any direction other than tk@ection of intended radiation, while

the Back lobe is the radiation lelogosite to the ma lobe. HalfPower Beamwidth
(HPBW) is the angular separation in which the magnitude of the radiation pattern decrease
by 50% (or-3 dB) from the peak of the main beam. First Null Beamwidth (FNBW) is the
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angular separation from which theagnitude of the radiation pattern decreases to zero

(negative infinity dB) away from the main begdRwodrigo 2010)
3.2.2 Gan

Antenna gain relates the intensity of an antenna in a given direction to the intensity that
would be produced by a hypothetical ideal antenna that radiates equally in all directions anc
has no losses. The gain is a measure of how much of the powecésntrated in a particular
direction(Roy & Puri 2015)

3.2.3 Directivity

Directivity is a ratio of the radiation intensity in a given direction from the antenna to the

radiation intensity avaged over all directionSadia Khandakest al.2010)
3.3. Types of Antennas

Antennas have been around for a long time used in radio systems. An antenna is defined &
a transitional structure beéen freespace and a guiding device. The guiding device or

transmission line may take the form of coaxial line or a waveguide, and it is used to transport
electromagnetic energy from the transmitting source to the antenna or from the antenna t
the receive There are different types of antennas which can be used to transmit and receive

a microwave signal:
3.3.1 Wire Antennas

Wire Antennas have various shapes such as a straight wire (dipole), loop, or helix. This type
of antenna is one of the most commoteanas which can be found in lots of applications
such as cars, buildings, ships. Egamplejoop antenna is a directional type antenna which
has one or moreomplete turns of conductors. The loop antenna has a very low radiation
resistancéGohet al.2006)

3.3.2 Aperture Antennas

Aperture antennas are most common at microwave frequencies. There are different types c

aperture antennas such as pyramidal horn, conical horn or rectangular wayBglades
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2005) Horn antennas providedti gain, wide bandwidth and loWoltage Standing Wave

Ratio (Y/SWR). There are three types of rectangular horn antennas narqanie sectoral

horn Figure 3.3), E-plane sectoral horr~{gure 3.4) and Pyramidal hornF{gure 3.5). A
microwave horn antenna produces a uniform phase front with larger aperture than the
waveguide, hence greater directivity. A horn antenna consists of a rectangular metal tube
closed at one end, flaring into an opemded gramidal shaped horn on the other side
(Vijayakumaret al.2009) The microwaves are introduced into the waveguide by a coaxial
cable attached to the horn antenna. Aperture Antennas are often used for higher frequenc
applications than wirgype antennagHuang & Boyle 2008)Pyramidal horns are ideally
suited for rectangular waveguide feeders. The head of a horn antenna, acts as a gradu
transition from a waveguide mode to a fsgmce mode of the EM wa{oy & Puri 2015)

The horn antenna diagram is showiiigure 3.6.

Figure 3.3. H-plane sectoral horn. [Adopted frofNikolova 2014)]

1

>

Figure 3.4. E-plane sectoral horn. [Adopted frofiNikolova 2014)
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Figure 3.5. Pyramidal horn antenna. [AdoptediingNikolova 2014)]
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Figure 3.6. Horn Antenna diagram. Adopted frofRoy & Puri 2015)

One of the significant properties of the horn antenna is the angle at which the horn flares out
This affects many areas of the performance including the gain and directivity. The angle of
flare isshownin Figure3.7 and there can be a different angle for both thedae (E field)
andtheHp| ane (H field). edme&Searmal0i4)r ef err ed
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Figure 3.7. Horn antenna flare angle. [Adopted frgRoole 2015]

As the frequency used by a horn antenna increases, so does the gain and directivit
(Beamwidth dereases). The reason for this is that the aperture of the horn remains constan:
in terms of physical dimensions, but increases in terms of the number of wavelengths. As
antennas tend to have higher gain levels as they become larger, so it can intuitbeslg be

that the gain and directivity of the horn antenna will increase with frequency.

Pyramidal horns are normally constructed to provide optimal gain. The gain of a pyramid
horn antenna over an isotropic source, namely one that radiates equally iactibalican
be derived from following Equatio®(Poole 2015)

1+ e ®3)

where
A is the physical area of the aperture
& Is the wavelength

Q is the aperture efficiency and is a figure between 0 and 1

3.3.3 Microstrip Antennas

The Microstrip antenna, sometimes called a patcenaat, is defined as an antenna which
consists of a thin metallic conductor bonded to a thin grounded dielectric sufiStnage

2011) The metallic patch can take different configurations. The Microstrip antennas are low
profile, comfortable to planar and nonplanar surfaces, simple and inexpensive to fabricate
using printeecircuit technology(Korostynskaet al. 2014) There are many different
variations of shape for patch antennabs I
circle, ellipses, triangle, circular ring, and dipole. To design an antenna to teeabma

desired frequency is required to follow equation&7 (Ramna & Sappal 2012)
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Resonant frequency() of the rectangular Microstrip patch is given by Equation 4
(Chintakindiet al.2007)
4%
¥ wallll

The effective refractive index value of a patch is an important parameter in the design

(4)

procedure of a Microgp patch antenna. Thradiationtraveling from the patch towards the
ground pass through air and some through the substrate (tallgidg). Bah the air and
the substrates have different dielectric values, therefore in order to account this
necessary tdind the valueof effective dielectric constant. The value of the effective

dielectric constari is calculated usingquation5 (Ramna & Sappal 2012)

b b Is )

ar

L1l

Equation 6 gives the width of the Microstrip pa{tamna & Sappal 2@).

L
ar

where,
w = Width of the patch
0= Speed of light
- =value of the dielectric substrate
The length (L) oflhie patch is calculated usiggjuation7 (Afridi 2015).
d F v (7)

L |
3.4. Sensor Design and simulation results

The HFSS modebf the sensors used will be presented and analysed. Quality simulation of
sensor designs, which is based on horn antenna, prior to construction not only saves time
but also money. It is possible to derive a mathematical model for the fygquesmponsefo

a horn antennalhe changes in the building construction material properties in the time
domain make a design using a simplified mathematical formula impossible. Farathos,

a powerful simulation software package is required to assess possibiesdstigelling the
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sensorswas carried out using the High Frequency Structure Simulator (HFSS) software
(Ansoft 2005)

The ANSYS HFSS software is a higerformance full wave electromagnetic (EM) field
simulator br arbitrary 3D volumetric passive device modellilge HFSS software can be
used to calculate parameters such-@8d8ameters, Resonant Frequency andi&{@nsoft
2005; Maragoudakis & Rede 2009)

Figure 3.8 presents the HFSS model tbie horn antennayhich operates from-28 GHz.

The gain(G) of a pyramidal horn antenna is the ratio of the power intensity along its beam
axis to the intensity of an isotropic antenna with the same input power. The gain of the horn
antennavascalculated using Equation Ror any waveguide to be operational airdended
frequency, it must, as a critical condition, pass the frequendyf€uests for it to be
operational. The horn low cuiff frequency is the lowest frequency below which the horn
should not function, high cuoff frequency is the highest frequsnabove which the horn
would not function. The horn lowut-off frequency can be estimated using Equation 8
(Daniyanet al.2014)

f1.00 8 fr wgy | 8)
Using standard wavelength formula, low-afitfrequency is thexfore shown in Equation
9 (Daniyan et al.2014)

F
LI I A (9)
The horn high cubff frequency is given by Equation 10:
y-TlF 8 'H'=|=‘-' IEEl (10
Using standard wavelength formula the highattifrequency igDaniyanet al.2014)

1T (11)
In estimating the overall length of the horn antenna the wavelength inside the waveguide is
Wd as shown in Equation21the wavegide length is cut to 75% of W@Daniyanet al.
2014)

™ — (12

40



Chapter 3 Electromagnetic approach and
Theoretical modelling

The length of the waveguide is showrFigure3.8 (Daniyanet al.2014)

7foml ¢ Bul «B ™ (13)

It is to calculate the Flare size. The outer length of the hood H2 is 1.5 times the free spact

wavelength_as given by Equation 1@aniyanet al.2014)

5 8 f OO (19

Figure 3.8. HFSS model o& singlehorn antenna.

The 3D gain plo{Figure3.9) shows the value of the gain for the designed pyramidal horn
antenna. The radiation pattern of the antenna is one of the significant plots that provides
knowledge about the Beamwidth angleddelps in understanding the radiation caused by

it. Itis a far field radiation plot.
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is fully reflected from the metal plate.

Figure 3.9. 3D Directive Gain Plotor asingle horn antenna

HFSSmodel of the EM wideband horn antenna and metal plate is shdwguire3.10. The
metal plate is placed in front of the anteandit can be seem this figurethat EM radiation

Figure 3.10. HFSS model o&single horn antenna with metal plate in front.

Figure3.11 (2-6GHz) andrigure3.12 (6-12GHz)demonstratéhe simulation results of the
HFSS model, which are proded by S-parametersnamely & (return loss). The S

parametersare complexscattering parametersghich describe the inpebutput relationship
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between ports (or terminals) in an electrical sysfEme.return loss is a numerical value that
indicates howmuch of the signal is reflected back and isegally calculated in dB. lthe
power of a reflected signal is close to OdBindicates higherreflection. Therefore, the

resuts in both examples illustrategh signalreflection

Return Loss Hom1_Antenna_ADKv1 &
10.00 (ORI a
- Curve Info
3 — dB(S(1,1))
— Setup1 : two_to_six_4000
500 — I
. fi
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500 — /' /
3 / |
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Figure 3.11. HFSSReturn loss against Frequency @& &Hzfor asingle horn antenna with
metal plate in front.
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Figure 3.12 HFSSReturn loss against Frequency allB GHz for a single horn antenna
with metal plate in front.

Measurement of the distance between the metal plate and horn antenna was simulated |
High Frequency Structural Simulation (HFS9Jleasurements were provided by S

parameters namelyiS.e. the gaph represents reflected power signal from the metal plate.
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The purpose of this measurement was to simulate the microwave spectroscopy
characterisation while the metal plate is moved away from the horn antenna. There are
different distances measured susiDanm, 15mm, 30mm and 60mm. Results are presented
in Figure3.13. While the metal plate touches the horn antenna (Omm distance) microwave
spectroscopy is fully reflected from the metal plate owing to its dielectric properties as a
consequence the reflected power level is close to 0 dB. While the metal plate is moved
further away from the horn antenna the reflected power decreases as well as there is
microwave frequency shift noticeably. The changes thought to be caused by the increase c
a distance between the antenna and the metal plate, which let to change ofeleagtia

of the signal.

HFSS Simulation of metal plate distance measurement

S,,(dB)

— 0 mm
— 15mm
— 30mm
-40H
— 60mm
T T T T T T T 1
2 3 4 5 6

Frequency (GHz)

Figure 3.13. HFSS Simulation od metal plate distance measurement.

44



Chapter 3 Electromagnetic approach and
Theoretical modelling

Figure 3.14. Experimental setupf asingle horn antenna and metal plate

Experimental setupf the laboratory experiment for metal plate distance measurement is
shown inFigure3.14. Results from theneasuremenf{gure3.15) show a good agreement
with the simulation resultsF{gure 3.13), namely decrease of a reflected power and

frequency shift owing to increased distance between the horn antenna and the metal plate.

S,, Metal plate distance measurement
0~
o I e,
Y \ \ \" /\A
| ' ~ [ "
I
o
=
vy -30+
— 0mm
4091 15mm
{|—30mm
— 60mm
-50 T T T T 1
2x10° 3x10° 4x10° 5x10° 6x10°
Frequency (Hz)

Figure 3.15. S;1 Metal Plate Disince Measurement.
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Figure 3.16. HFSS Model of a single horn antenna with water in front.

Measurement of distance between water container and horn antenna was simulated in HFS
(Figure3.16). The purpose of this measurement was to simulate the microwave spectroscopy
characterisation while water container will be moved away from the horn antenna. There are
different distanes measured such as Omm, 15mm, 30mm and 60mm. Results are presente
in Figure3.17. While water container touches horn antenna (Omm distance), the microwave
spectrosopy is fully absorbed by water owing to its dielectric properties. While the water

container is moved further away from the horn antenna, the microwave energy decreases &

well as there is a noticeable frequency shift.
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Figure 3.17. HFSS Simulation of water distance measurement.

Figure 3.18. Experimental setup of a single horn antenna and water.

Experimental setup of a single horn antenna and water in front is shokguire 3.18.
Results from laboratory measuremehtg(re 3.19) shows the frequency shift between
2GHz and 4GHz. The frequency is decreasing while the distance between the horn antenn
and the water container is increasing (Omm, 15mm, 30mm and 60mm). Alttioese
results didndét agree well with the si mul
Figure3.15. In both occasions, there is a decrease of a fregqpfeom 5GHz to 2GHz, which

is caused by the increase of a distance between the horn antenna and measured object.
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Figure 3.19. S;1 Water Distance Measurement.

The microwave sensavasmodelled and tested the HFSS softwarel-igure3.20 presents
the developedsensoy which consiss of two antennas. Theop antenna isused as a
transmitterand thebottom antenna is set up aseceiver Both antennas have been placed

at 32 angle to each other based on preliminary experiment presented in 8e@tion

The purpose of this design is to focus on the desired penetration depth and avoid the
interference with objects behind walls. The penetration depth of a concrete structure was
greater thar25 cm using a single horn antenna, which is illustraied proverin section

3.6.1 Therefore, it was essential to focus EM signal at the desidmatasurement area,
which will enableusto collect more valuable data from the reflected signal of a measured
object.In this case, only the significant information will be captufBue anglevasbased

on the required penetration depth of the electronetg wave throughouneasured wall

structuresin this setup the penetration depth is approximately 20cm.
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Figure 3.20. HFSS model of microwave sensor.

The simulatednodel of thefinal EM sensor and metal plate is showrfFigure3.21. The
metal plate is placed 2cm in front of the sertsoallow theEM radiationto bereflected

from the metal pl&and received by the bottom antenna.

49



Chapter 3 Electromagnetic approach and
Theoretical modelling

Figure 3.21. HFSS model of EM sensor with metal plate in front.

The analysis of the design withh1Sarameter is showm Figure 3.22 (in the 26 GHz
frequency rangeandin Figure 3.23 (in the 612 GHz frequency rangeThe simulation
results from both graphsgsenthereflected power from the metal plate transmitted by the
top antenna and received by the bottom antehhareflected power is around 0dBm,
which is lower tharhatwith a single horn antenna. This could be causesebgngle of the

horn antennas, which léd receivinga reflected power from the focused measured area of
the object.
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Figure 3.22. HFSSReturn loss against Frequency abZHz for EM wave sensor with
metal plate in front.
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Figure 3.23. HFSSReturn loss against Frequency aflB GHz for EM wave sensor with
metal plate in front.
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3.5. Dielectric Properties of Building Fabrics at Microwave

Frequency

Dielectric properties of materials have received increasing attention along with the use of
electromagnetic waves in the investigations ofemal and structural assessméhgilent

2006) Dielectric properties of a material correlate to other materials characteristics and may
be used to determine properties such as moisture content, blikydé&m-content and
chemical concentratiofStuerga 2006 Microwave imaging for buildig fabrics detection is
based on the contrast in dielectric properties of different types of materials and moisture
contentgKirshin et al.2013) Dielectric properties ahaterials are the relationship between

the applied electric field strength E (V)rand the electric displacement D (GJnn the
material. Characterization of dielectric properties of material can be implemented by the use
of a scalar effective complex meittivity -° (Equation15) to account for EM dielectric

losses and conductivity of the mate Bluyukozturket al. 2006)

: 4
(0]

a
(0]

(19

where- is the real part of* and represents the ability of a m@éto store the incident

EM energy through wave propagation, is the imaginary part of* and represents the
degree of EM energy losses in the material, j is the imaginary nuniber - - isthe
complex permittivity (F/m), © ,, ., IS the complex electric

1 ¢" @ the angular frequency (rad(8uyukozturket al.2006)

One method to determine the dielectric properties of the materials is the perturbation
technique Resonant cavities are high Q structures that resonate at certain frequencies. A
piece of samplenaterial affects the centre frequen®yand aiality factor (Q) of the cavity
(Balmuset al.2006) From these parameters, the complex permitti#ity or permeability

(* ) of the material can be calculated at a single frequency. The perturbation method
used to determine the dielectric properties of building materials. This method uses a
rectangular waveguide with irioupled end plates. For a dielectric measurement the sample
should be placed in a maximum electric field and for a magnetic meastyemen
maximum magnetic field. If the sample is inserted through a hole in the middle of the
waveguide length, then an odd number of half wavelengths (n=2k+1) will bring the

maximum electric field to the sample location, so that the dielectric propeairties sample
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can be measured. An even number of half wavelengths (n = 2k) will bring the maximum
magnetic field to the sample location and the magnetic properties of the sample can be
measured. Equatiorl6 determinesthe perturbation method rmula used dring

measurement.

t» I = = (16)
™

Quality factor (Q) formulas shown in Equation 17.

Fo (17

=

Bandwidth Figure3.24) is a measurement of the width of a range of frequencies determined

by Equation 18.

I+ W N (18)
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Figure 3.24. Bandwidth [Adoptedfrom (Tontechnik 2016)

Figure3.25 presents the experimental setup for dielectric properties measuresirgg the
perturbation methodDuring this experiment 2GHz to 3.5GHz wavegum@as used.
Different materialswvere tested namely cement, sand, water, cement and sand (mix ratio
1.1.5)Measured materials were placed intouglear magnetic resonan@MR) tube.The
NMR tube with selected material was inserted in the middle of the waveguide through the
0.5mm hole.
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Figure 3.25. Dielectric properties measurement experimental setup.

Buil di ng f rclpmoperties davedbeen Imeasured and calculated using formulas

15-17. The results are presentedable3.2.

Table 3.2 Building fabricsdielectric properties

Product Centre Frequency | F1 (GHz) | F2 (GHz) Real Imaginary
Description (GHz2) Part Part
Cement 3.03553 3.03465 | 3.03645| 2.8024 | 0.0071
Sand 3.039196 3.037600| 3.040373| 2.2479 | 0.0495
Cement and San 3.035934 3.034400| 3.037400] 2.7492 | 0.0857

mix ratio 1:1.5
Water 2.560515 2.5601 | 2.56094 | 76.981| -0.046

3.6. Preliminary experiment

The preliminary experimemwasset up to identifyif microwave spectroscopihat can be

used to dete¢tn a nondestructive manngdifferenttypes of construction materials, namely
timber, steel and concrete behind the plasterboard. In this experiment two horn antennas &
12 GHz have been useHigure 3.26). The top antennwasused as a transmitter and the
bottom antennaasused as a receive;: datawasrecorded bya Graphical User Interface

in LabVIEW, Figure3.27 illustrates results frorMicrowave test set Marconi 6280which

shows different microwave spectramhile various objects are tested.
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Figure 3.27. (a) Microwave spectrum for metal pipe displayaa Marconi screen, (b)
Microwave spectrum for brick displayed on Marconi screen
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3.6.1. Concrete Slabs Penetration Depth with a Single Horn Antenna

This experiment was conducted to calculate the penetration depth of pyramidal horn
antennas at a certain frequenmaynge, in the laboratory environment. In this experiment a
pre-cast concrete paving slab (600 x 600 x 50mm), grade 20 without any reinforcement bar
was used Figure 3.28 presents the block diagram of concrete penetration depth
measurementrigure 3.29 shows an experimental setup with the single horn antenna to
determine penetratiatepth.

(@) (b)
Figure 3.29. Experimental setup of concrete penetration depth measurement (a)-castpre
concrete slab (b) five preast concrete slabs.
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The measurements are provided byad8ameterg the frequency range between 2GHz and
6GHz,namely S, i.e. the graph representsflected powesignal from the concrete slabs.
There are different depths measured such as 5cm, 10cm, 15cm, 20cm anéi@oi@8.30

shows resultsfahe penetration depth by adding concrete slabs. There is a significant change
in the amplitude of the signal across the frequency range between 2GHz and 6GHz. This
change was caused by increasing concrete slabs as the microwave reflected energy h
decrased by a similar amount (approximately 3dBm) while the concrete layers have
increased. There was no further changednnduditional slabs were placed.

Concrete slab depth penetration

£
oa)
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o
<
() 1
o ol 1 Slab
7 —— 2 Slabs
1| — 3 Slabs
04| 4 Slabs
—— 5 Slabs
T T T T T T T 1
2.0x10° 3.0x10° 4.0x10° 5.0x10° 6.0x10°

Frequency(Hz)

Figure 3.30. Concrete slabsgmetration depth.

This experimentvasundertaken to confirrthe penetration depth of the single horn antenna
by increasing the amount of the concrete slaBesults shows that there is a significant
change in attenuation of EM signalfegquency betweeBGHz to 6GHz Results from this
experiment illustrated that the horn antenna penetration depdpproximately 25cm.
However, thethickness of thecommon building fabricss less 25cm and to avoid an

interference of an EM signal with external enwuingent,which would lead to falseesults it
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was essential to concentrate the EM signal within the measured building material. Therefore

an additional experimental work will be conducted using two horn antennas.
3.6.2. Concrete Slabs Penetration Depth with Two Hornefintis

To concentrate the EM wave spectrum within building fabhitievas required to distinguish
an angle between transmitter and receiver. Experimsatap(Figure3.31) comprises two
horn antennas with various angles (15, 33 and 45 degrees) directed to the concrete block
with a 2cm air gap (contactless measurement) and connected to the PC via VNA for date
acquisition using LabVIEW GUI. The measurements were thkem 19cm and 23cm thick

concrete blocks.

Figure 3.31 Experimental Setup to determine suitable angle between transmitter and
receiver (a) 19cm concrete thickness (b) 23cm concrete thickness.

The measurements are provided bip@ameter, i.e. a reflected power from the concrete
blocks. The spectrum is transmittiedthe concrete blockom the top horn antenna and the
reflected powefrom the concrete blocks received by the bottom horn antenflae results

from this experiment are shown kiigure3.32, i.e. a reflected power from 19cm and 23cm
concrete blocks with three different angles, namely 15, 33 and 45 degrees. The result:
demonstrate that there is a noticeable amplitude change of the spectrum around 4.5GHz wit
15 degrees between 19cm &8tm concrete blocks. This means that the penetration depth
of the horn antennas with 15 degreesd an
interference of the EM spectrum with an external environmamd provide false
measurementslowever, the thikness of the concrete blocks did not have any impact on
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the EM signal with T3h3usandt hde5 3d3e gdreegersebe sabn
this investigation.

Figure 3.32. Averagel data from the Bl sensor with 15, 33 and 45 degrees angle between
transmitter and receiver

3.7. Summary

The fundamental parameters of the anterwase identified and reviewed. Types of
antennas have discussed. The pyramidal horn anteasselected to determine moisture
cortent in building fabrics. The reason for this choice is high penetration depth and high gain
which enable to penetrate the building materials. Tiethematical model for the
performance othe sensoraisedwasevaluated and simulated using HFSS package. Once
the modelvascompleted, the antennas simulation shows good response for return loss, total
gain andoverall performance sensors hdeen constrcted and tested he pyramidal horn
antennas have been puaskd froman external supplierPreliminary experiment for
dielectric properties of building materials as well as theoretical model of designed sensor
gives a promising results. Undertakerperiment shows the potentiaf microwave
spectroscopy to nededructive measurements of building fabrics. Further tests will be
undertaken and presented in Chapter 4.
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Chapter 4 Identification of Building

Materials and Foreign Objects

This chapteprovides a methodology, results, data analysis and discussion on identification
of building materials and foreign objects within structuBafferent building materialge.g.

bricks ash blocks etc.) anfbreign objects (e.g. water pipelinaseta) timber and etc.)
within a building structure can interfere with an electromagnetic (EM) signal and cause faults
in measurements. Thus, it was essential to investigate an effect of different building materials

and foreign objects on an EM signal.

Sectiord.1consists of experiments ¢heck whether the miowave spectroscopy will detect
foreign objects behind the common building matertaétion4.2 shows the experiment to
determine the location of the foreign object behind the building fakatenmal. Sectior.3

considers experimental work to determine different building materials.
4.1. ldentification of Foreign Objects

This experiment was undertaken to itiigndifferent types of foreign objects that could be
found within building materials. Foreign objettaveto be taken into consideration during
electromagnetic (EM) measurements as they could affect the microwave spectrum and caus

the false readings.
4.1.1 Methodology

Microwave sensorwas connected to the Marcori200 microwave test kit and Laptop
interface to record the captured dathe frequency range during this experimeas setup
between 6GHz and 12GHBifferent foreign objects namely steel rotimber, concrete
block, plastic container filled in with water and gapwereplaced behindbuilding fabric
materials such gslasterboardcork board and ceiling plasterboafde microwave sensor
was placed 20mm away from the measured building naatmd 90mm from a foreign
object The block diagram of the experimental setughiswn inFigure4.1.
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Figure 4.1. Foreign Objects identification block diagram.

4.1.2 Results

Foreign objectdentification test results are presentefFigure4.2. Thefrequency range of

the measurments in this experiment isetween 612 GHz, which isequivalent to the
electromagetic wavelengths betweenzb5 cm. The neasurements were provided by S
parameters namely.5i.e. the graph represents received reflected power signal from the
measured matial. There are significant changesthe microwave spectrum when different
objects are placed behind the plasterboard. The reason for changes is the different dielectri
properties of the tested materialseir shape and their size. Microwasignalis transmitted

from the top horn antenna and travels through the air into the material, depended on dielectri
properties of that material and its absorbaageart of the signal will be reflected back and
part of the signal will go through the materialthe air and into the foreign object where
another part of the signal will be reflected. Reflected microwave wavelengths will be
measured by the second horn antenna. Cut off frequency for this horn antenna is 6.7GHz thi
is the reason of high noise lewlthe frequency range between 6GHz to 6.7GHz. The power
level for plastictube with water is betweeB0dBm to -35dBm at 8GHz, as water absorbs

the microwave signal. Metal pipe is reflecting microwave power at approx. 8GHz. Concrete
block absorbs microwav spectroscopy at approx. 9GHz tppower level is around
32.5dBn. Wood absorbs microwave spectroscopy at approx. 10Géipakwver level is
around-37.5dBn.
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Figure 4.2. Foreign objets identification behind plasterboard.

Figure4.3 showsresults withdifferent objects such @ametal pipea plasticcontainer filled

with the water, a concrete blocka wood andan air gap placed behindork board.The
purpose of this experiment was to validate if the microwave technique is able to distinguish
different surfaces of a wall. The main difference between two materditdestric constant

and chemical compositiomhich as a consequence affects microwave specirharefore,

the sameobject behind different materials will havdifferent EM signature This is

confirmed throughout the results showrFigure4.3.
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Figure 4.3. Foreign objects identification behind cork board.

Figure 4.4 presents the foreign objects identification test behind ceiling plasterboard
material. As can be seen frdfigure4.4 there are still significant changisthe microwave
spectrum whenceiling plasterboard isused for measuremenfhe foreign objects
characeristics is similar td-igure4.2 andFigure4.3 which enable to justify the microwave

characteristic for all independent foreign objects.
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Figure 4.4. Foreign objects identification behind ceiling plasterboard.

Figure4.5 illustratesthe measurements taken usimigle band horn antenné&s determine
foreignobjects behind the plasterboard. The measurements were repeated three times the

averagedResults show a clear distinguistetween foreign objectat frequency range
between 6GHz to 12GHz
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Figure 4.5. Foreign objects identification behind plasterboarsing wideband horn
antennas

4.13 Analysis

Microwave spectrumvasanalysed to determine the possibility to predict the foreign object
behind the specific material. The Pearson produmtent correlation coefficiemtasused

to prove the symmetry of spectrum received from the measurement of foreign object.
P e ar s oelaion coefitcient returns a value betwegrand 1, wherel means that there

IS a strong negative correlation and 1 means that there is a strong positive correlation

Pearson produghoment correlation coefficient formula is presented on Equation 19.

> « Be« Be B¢ (19)
Be Be = B¢ B«

Figure 4.6 shows the LabVIEW softwareleveloped to analyse re@ne microwave

spectrum and provide the type of material and foreign object based on Pearson correlation.
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Figure 4.6. LabVIEW Graphical User Interface.

Further datanalysisvas completed usingrincipal component analysis (Pt determine
different foreign objects behind the plasterboard. PCA is a statistical technique that has
found application irfields such as face recognitiomage compression, and icammon
technique for finding patterns in data of high dimendignreducing the amount dhe
variablegSmith 2002) PCA model was created based on repeatabilityusidg Matlak®.

The amplitude changes at 8.5GHz was selected as an optimalnitggioedevelop the
prediction model owing to the repeatability of the dataset. The data was imported into Matlab
software and PCA algorithm was applied to create a prediction n¥idate4.7 presents

PCA model for object identification behind plasterboasohg data presented &igure4.5.

PCA model clearly identify differentbpect behind the plasterboard. Water, concrete and
wood are closer to each other than metal pipe owirabsorption of the electromagnetic
waves by those objects whereas the latter object reflects the electromagnetic waves. Wate
has the highest dieleatrproperties among these objects therefore it is further away. Both
concrete and wood have similar dielectric properties however concrete block used during
this study had larger dimensions then wood sample. Thus, it absorbs more energy and it i

closer towater then the wood sample.
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Figure 4.7. PCA model for foreign object detection.

4.14 Discussion

Foreign objects identification experiment was carried out to identify if microwave
spectroscopy can be ustxpenetrate throughout building materials namely: plasterboard,
ceiling plasterboard and corkboard to determine foreign object behind. The HFSS simulation
shows that the position of the foreign object play important role in microwave spectroscopy
as therewere noticeable changes in the reflection coefficient of the microwave spectrum.
Results from the experiment confirms the HFSS simulatsme sectiorB.4) Different
objects as well as different building materials have their own unique microwave
characterisation owing to their dielectric properties, shape and possibility to absorb or reflect
the microwave waves. To identify the foreign object as well as differaterial Pearson
correlation was used. PCA model was createdo predict foreign object behind the
plasterboard.Based on the results from this experiment it is necessary to undertake
additional experiments to identify the location of the foreign objecidedify the type of

the building fabrics used in most current structures.
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4.2. Foreign Object Location Experiment

In Section4.1 results show that the microwave spaot can be affected by the foreign
objects. hereweresignificant changes the microwave spectrum when different objects
wereplaced behind thbuilding materials or when the building material was repladéus
experiment will be undertaken tdentify the location of the foreign object. The purpose of
this experiment is to find at what distance foreign object will start affecting the microwave

spectrum.
4.2.1. Methodology

The location of foreign objectgasmonitored in real time using a microwaveser. Linear
traversewasused to move objects in precise distances equal to 1cm to monitor changes in
the microwave spectrunihe frequency range during this experimeais setup between
6GHz and 12 GHz. Measurements were provided-pgrameters namely:S.e. the graph
represents received reflected power signal from the measured material. Microwave senso
was placed 20mm away from measured material. The experimental setup is presented i
Figure4.8.

Figure 4.8. Identification of Foreign Object Location block diagram.
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4.2.2. Results

It is significant to identify the location of specific objects behind the wall structuteasic
pipelineand timber constructiobecause it could allow to determine the area with the high
level of moisture content which could reduce overall costs of refurbishiif@atexperiment
wasundertakerto identify the location of anetal pipe behind the plasterboarfdherefore,

this experiment will show how the microwave spectrum is affected by a metal pipe at
different positions behind the materigigure4.9 presents the results of the test where the
steel barwvasmovwving to the left side byicm from the centre point of the sensbrgure4.10
showsthat trere is a strong polynomial relationship?€F0.994) betweethe amplitude shift

at 9.7GHz andneasured distancEigure4.11 presents the results of the experimenéereh
the steel bawasmoving to the right side byilcm from the centre point of the microwave
sensor. Datavascaptured at each stage of the movemeigiure4.12 shows that there is a
strong polynomial relationship {R 0.998) between the amplitude shift at 9.7GHz and
measured distancé&his shiftwascausedy the differentocation of the steel banat affecs

the microwave signal reflection angighich causes different response times twatld be

usedto identify the correct location of the material.
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Figure 4.9. Identification of steel bar locaticrmeasurement in left direction.
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Figure 4.10. Amplitude shift against measured distance to the left at 9.7GHz.
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Figure 4.11. Identification of steel bar locatiemeasurement in right direction.
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Figure 4.12. Amplitude shift against measured distance to the right at 9.7GHz.
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4.2.3. Analysis

Data captureth this experiment was analysed to identify if there is any relationship between
measurement of the location to the left and right direction. In both situations there is
significant change to the attenuation at 9.7GHz. When the distance between the aneasure
object and centre position increases, the attenuation of EM signal decreases with &
poynomial relationship.Figure 4.13 shows the comparison between measurements t
different directions. Gathered data enables to distinguish the differences between the

directions of the measured material.
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Figure 4.13. Metal pipe movement comparison at 9.74H

4.2.4. Discussion

This experiment was undertaken to confirm if microwave spectroscopy can be used to
determine the location of the metal pipe behind the plasterboard. Linear traasissed

to makeprecise movementahich were recorded by sdlfieveloped LabYEW software.
Results shows that there is a significant change in attenuation of EM signal at 9.7GHz.
Results from this experiment illustrate that the microwave spectrum has a potential use tc
determine the location of the measured object such as metal s method will be
investigated to identify the location of the reinforcement in the concrete and the results are
presented in sectiogh 3,
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4.3. ldentification of bulding fabrics

This experiment was undertaken to identify differboilding fabrics that are used for
building structures Currently building constructions are made franariety of materials
depending on the buil di nhadtsbe talemintd consideein t s .

during EMmeasurements as they could affect microwave spectrum and cause false readings
4.3.1. Methodology

An experimentwas conductedo determinedifferent building fabric materials using
microwave spectroscopyt was essgtial to build in the laboratory environment different
types of wall structures from different building fatstridhere were four wall structures built
as shown inFigure 4.14: two Brick walls, Ash Block wall anca Dot & Dab vall. All
structures were built on special platforms which enables toemrwall structures together
namely:Brick to Brick wallor Brick to Ash Blockwall. The test was undertaken to iti§n
differences between Brick wall, Ash Block wall, Dot & Dab wall, Brick to Bricklvand
Brick to Ash Block Wall.Measurements were provided by: parameter.e. the graph
represents received reflected power signal from the measured mategiflequency nage
during this experimenvassetup between 6GHz andGBz. The EM sensor was placed

20mmin front of the wall surfaceExperimental setup is presented-igure4.15.

Figure 4.14. Wall structures.
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Figure 4.15. Identification of building fabrics experimental setup.

4.3.2. Results

Different building structures such as AskoBk wall, Brick wall, Dot and Dab Brick wall

and Bick & Ash Block wall have been used determinef microwave technology enables

to identify different building material®Results show that the microwave spectroscopy has a
significant amplitude shift drequency between 9GHz and 10GHz, asdhat frequency
range there are frequency peak shifts due to different chemical and physical properties of thi
building fabrics. Those properties affeitte microwave responsehich could enable
identification of building structurs during the testFigure 4.16 shows the experimental

results at the frequency range between 6GHz to 12GHz.
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Figure 4.16. Building Structures identification test results.

4.3.3. Analysis

The experimentaresults in sectiod.3.2showthat there is a significant difference in the
attenuatiorof EM wave at 9.48GHZigure4.17). The difference in the attenuation is caused

by the dielectric properties of materials and their absorption and reflection of the EM signal.
The dielectric properties at 7GHz for the solid brick is(M@ierhofer & Wsstmann 1998)
Autoclaved aerated concrete block has alrttugte timegreater water absorption capacity
than clay brick due to its ane porous structurgsStojanovicet al. 2010) Aerated concrete
consists of a cement paste to which a small proportion of aluminium powder is added. During
the heating process the aluminium is oxidized producing sufficient hydrogen to aerate the
mix into a strong lightweight material. In this case &mdsmall water contents at 3 GHz

and 9 GHz the complex permittivity was found to vary betwe@rbZStavrou & Saunders
2003) Brick absorbs approximately45dB of microwave energy, ash block absorbs
approximately-41dB, brick and ash block wall absorbs approximai48dB and dot and

dap approximaly -36dB. These mults showthat the microwave spectroscopy can be used

to determine different building materials.
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Figure 4.17. Building materials at 9.48GHz.

4.3.4 Discussion

This experiment was undertaken to confirm if microwave spectroscopy can be used to
determine diffeent types of building materialThe test was undertaken to identify
differences between Brick Wall, Ash Block Wall, Dot & Dab Wall, Brick to Brick Wall and
Brick to Ash Block WallResults showhat there is a significant changetire attenuation

of EM signal at 9.48GHz. Results from this experiment illustrated that the microwave

spectrum has a potential use to identify different building materials.
4.4. Summary

In this chapter a sequence of experimental vwordetermine location of foreign objects and

the detection of different types of building materials was presented. The HFFS simulation
showed the potential use of EM waves to determine the location of theretkasaterial.

The experimental results confirmed the results from carried out HFSS simuls¢ien
section3.4). Results from sectiof.2.2shows that there is a significant change in attenuation
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of EM signal at 9.7GHz. Results from this experiment illustrated that the microwave
spectrum has a potential use to determinedbation of the measured object such as metal
pipe. Results from sectigh3.2shows that there is a significant change in attenuation of EM
signal at 9.48GHz. Relis from this experiment illustrated that the microwave spectrum has

a potential use to identify different building materials.
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Chapter 5 Monitoring Moisture Content

of Building Fabrics

Microwave spectroscopy in Chapter 4 was used to determine different building materials or
foreign objects. The results from those experiments are promising, electromaghgtic (E
waves respond to different foreign objects as well as to different building materials. In this
chapter experiments will be explored to monitor the moisture content in building fabrics.
Moisture content has to be monitored to prevent dampness of buitditegials and high
refurbishment costs. Measurements will distinguish unique microwave spectroscopy for
moisture content in monitored materials. Results from this experiments will be used for
further analysis. Sectio®.1 consists of experiment toheck whether the miowave
spectroscopy will distinguish moisture content level while monitoring the ceiling
plasterboard drying off procesSection5.2 shows the experiment to monitor the concrete
curing process. Sectidh3 considers experimental work to identify the waterproofness of
EcoMech Industrial wall material. Sectibr shows the experiment to monitor the concrete
slabdrying off process. SectioB.5 illustrates experiment conducted nmonitor concrete
behaviour during the drying off proceSectiorb.6shows experiment conducted to monitor
concrete behaviour during the drying off process, in a laboratory environGesmion5.7
summarise results from experiments undertaken to monitor the drying process of different

building materials.
5.1. Ceiling Plasterboard drying off

The moisture content of building fabrics is an important parameter in buildveysug. To
extend the lifespan of the building it is essential to monitor the moisture content of internal
and external building fabrick experiment microwave spectroscopy will be used to identify

if microwave technology could be a potential methodiétermine moisture levels in the

building materials.
5.1.1. Methodology

The preliminary experiment for the measurement of moisture content was conducted with

the use of Ceiling plasterboard. The material was soaked in water for two minutes and left
74



Chapter 5 Monitoring Moisture Content of
Building Fabrics

to dry off. The sensor was placed 20mm in front of the material. The weight of the sample
and microwave spectrum were recorded every 60 seconds by the program developed i
LabVIEW for aperiod of 24hours. Figure5.1 shows the experimental setup used during this

experiment.

Figure 5.1. Experimental setup of ceiling plasterboard drying off experiment.

5.1.2. Reslts

Experimental results for drying process of the ceiling plasterboard over 24 hours are
presented ifrigure5.2. Microwave spectrum and matenaight have been captured once

an hour. There is significant amplitude shift across 6GHz to 12GHz frequency range due to
the evaporation of the water. Water has high dielectric properties which atffects
microwave spectrum. A highamount of water enaé$greatempower loss of the microwave

energy and creates visible changes to the microwave spectroscopy.
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Figure 5.2. Ceiling plasterboard drying process over 24 hours.

Figure5.3 shows the direct comparison between weight loss and attenuation at 1083GHz.
changeand material weight losst the particular frequenajecreases linearly R 0918)

over the period of 24 hours.
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Figure 5.3. Ceiling plasterboard comparison between weight loss and attenuation at
10.3GHz.

5.1.3.

During drying of porous material, a critical level is defined in such a way that for moisture
contents above that level, liquid exists mainly as free water and as only bound water below
that level. The energy absorption is low when the moisture content is below critical and the

dielectric properties have values close to those of a skeleton porous material. Above the

Analysis

critical level the dielectric properties are much higher and have valuesrtiabveards that

of the free water. Hence, the dielectric loss will decrease as the material dries and

consequently the effectiveness of dielectric heating or drying reduces as the product drie:

out. There is a high linear correlation between material wdags and attenuation at

10.3GHz.Figure5.4 shows the prediction method using Partial Least Squares Regression
(PLSR) which is a technique that reduces the predictors to a smaller set of uncorrelated
components and performs least squares regression on these components instead of

original dataPLS regression is mainly used in chemical, drug, food and plastic industrie

A common application is to develop the relationship betvepectraimeasurements which

includes multiplevariablesthat are often correlated wite a ¢ h

oahdh chemical
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composition or other physiechemical propertiegMinitab 2016) Two model were
calibrated ér both EM attenuation and moisture content, The EM attenuation model has
good accuracyyith R? = 0.892and Root Mean Square Error of Prediction (RMSEB)97¢

for the validation set.
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Figure 5.4. Measured and predicted moisture loss from electromagnetic wave sensor.
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5.1.4. Discussion

This experiment was undertaken to confirm if microwapectroscopy can be used to
determine the moisture content of the ceiling plasterboard during the drying off process.
Results shows that there is a significant change in attenuation of EM signal across 6GHz tc
12GHz frequency range while the water evafgsdrom measured material. There is a high
linear correlation between material weight loss and attenuation at 10.3GHz. The prediction
model using PLS method has good accuracy, with B.892andRoot Mean Square Error

of Prediction (RMSEP¥ 3.97¢ for tle predictionset.

5.2. Concrete Curing Process

This experiment was conducted to monitor concrete curing process. The purpose for this tes
was to identify if EM sensor could monitor water evaporation from concrete. Curing has
strong influence on the propertie$ hardened concrete. Adequate curing will increase
durability, strength, water tightness, abrasion resistance, volume stability, and resistance tt
freezing. Exposed slab surfaces are especially sensitive to curing as strengtl
development andréezethaw resistance of the top surface of a slab can be reduced

significantly when curing is defecti&osmatkaet al. 2003)
5.2.1. Methodology

This experiment wasindertakenwhile concrete flat roof was being built. A microwave
sensor was plac&gbmmunder the concrete roof structure to monitor in real time the curing
process of the wet concrete owgenty-eightdays, data was recorded ev8f/minutesThe
frequency range during this experiment was 6GHz to 12GHgure 5.5 shows the

experimental setup of this test.
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Figure 5.5. Concrete flat roof structure curing process.

5.2.2. Results

The curing process of the concrete is a significant process due to the strengthening propertie
of concrete. lwasfound that most concrete requires a minimum of 28 days to finalise the
curing process. This experiment was conducted to monitor the chahdles concrete
properties by capturing the data every 30 minukégure 5.6 shows the results of the
experiment. The microwave spectrum has a visamlitude shift across the frequency
range between 6GHz and 12GHz due to changes in concrete dielectric properties caused
the water evaporating process.
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Figure 5.6. Concrete flaroof structure curing process.
5.2.3. Analysis

Dielectric properties are much higher on the begging of the experiment and have values tha
tend towards to the free water. The dielectric loss will decrease as the material will cure anc
consequently the effectimess of dielectric heating or curing reduces as the product dries

out.
5.2.4. Discussion

This experimentwas undertaken to confirm if microwave spectroscopy can be used to
monitor the concrete flat roof structure during curing process. Results shows that there i
significant change in attenuation of EM signal across 6GHz to 12GHz frequency range while

the water evaporates from measured material.

82



Chapter 5 Monitoring Moisture Content of
Building Fabrics

5.3. EcoMech Industrial Wall Structure

EcoMech panels were tested under four different scenarios with aralitmitie EMsensor
The tests varied fromusface testing of water contetd soaking the panel in water and
monitoring the drying process to enable calibration of the sensor techndibgge

experiments have been undertaken to identify the waterproofness of duenbetérial.
5.3.1. Methodology

The four dominant testing conditions are as follows:

5.3.1.1 External board water absorption

The aim ofthe test was to measure the water resistance capability of the external magnesiun
board surfacefigure5.7 showsthe section of the wall panel tested and howas wlaced

underneath the frame created to hold the experimental setup.

Figure 5.7. Sector of the wall panel tested placed in the framework.

Two glass pipes were fixed on the magnesium board surface to test itsesettance as
shown inFigure5.8. Each of the glass tubes was filled with 750 ml of water. Glass tube A
was directly attached to the surface of the panel and had its base fixed using silicon sealar
to avoid water leakage from the edges. Glass tube B was indirectly attachedudabe s

of the panel with an aluminium sheet in between the panel surface and the glass tube. Th

edges were again sealed using silicon sealant. The aluminium sheet was used to test ti
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difference between the absorbance with and without any intermedifdeesbetween the
panel and the tube (i.e. it was the control, allowing the accommodation of any significant

evaporation).

Figure 5.8. Glass tubes with 750ml water fixed on the experimental panel to tesatee
absorption of the surface.

The measurements were taken in terms of water absorption versus time for both the glas
tubes. An interesting parameter to test was the water ingress into the magnesium board. TF
results are presenteél Figure5.14. The results for water absorption on the surface of the
wall panel are presentéd Table5.1. The sart height of the water sample in both the glass
tubes is at 41.8 crrorrespond to 750mibith a decrease (absorption) to 38.8 cm in the case
of the glass tube directly attached to the surface of the wall panel without the aluminium

sheet.

84



Chapter 5 Monitoring Moisture Content of
Building Fabrics

Table 5.1. Water absorption data comparison, glass tubes attached to the board and the
aluminium surface.

hh:mm EcoMechBoard (cm) Aluminium sheet(cm)
00:00 41.8 41.8
01:18 41.6 41.8
04:10 41.4 41.8
08:52 41.1 41.8
23:42 39.5 41.8
54:48 38.8 41.8

It can be seen that the watesaiption of almost 3 cniT@ble5.1) was observed in the case

of theglass tube directly attached on the surfaicthe section of the panel compared to no
change in the water levels of the tube attached indirectly on to the surface through the stee
plate. This shows that the magnesium board surface allows water permeation and may absol
moisture/waterWater has peetrated through the surface of the magnesium board, causing
stainingi it was noted that this staining was not permanent and the board finish recovered

upon drying. The change in the water levels is also presentiee farm of a graph in

Figure5.9
42.0
] | ] [ ] [ ] [ ] ( } ( J
\.
41.5 \_
41.0 - "
E 405
< i
‘D 40.0
T i
39.5 [ ]
39.09[—m— Board \
1|—@— Aluminium -
385 T T T T T T T T T T T
00:00 01:18 04:10 08:52 23:42 54:48
Time (hh:mm)

85



Chapter 5 Monitoring Moisture Content of
Building Fabrics

Figure 5.9. Comparison of water absorption between the glass tubes dimectindirectly

connected to the surface of the panel.
5.3.1.2Internal insulation water absorption

This test was to determine the water absorption levels of the internal foam (polyurethane
insulation), particularly since magnesium board was found to belyeater resistantA
hole was drilled into the magnesium board outer surface only to insert a glass tube througt

it. The experimentarrangement is shown kKigure5.10.

Hole drilled

for the Schematic
| of real-

glass tube time

insertion monitoring
system for
water

absorption

Figure 5.10. Experimental setup to monitor internal water absorption.

The process of water absorption was monitored using sechootegy in reatime. Results

are presented irfrigure 5.15. The results of the water absorption internally into the
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foam/polyurethane filling are presentedTiable5.2. The change in the water levels is also

presented itthe form of a graph ifigure5.11.

Table 5.2. Water absorption data comparison, glass tubes filled with water attached through
the hole into the foam as well as the other attached to the aluminium surface.

hh:mm EcoMechBoard (cm) Aluminium sheet (cm)
00:00 41.8 41.8
01:00 41.6 41.8
02:14 41.5 41.8
06:38 41.3 41.8
12:17 41.1 41.8
22:11 40.8 41.8
24:23 40.8 41.8

It shows that over the period ofeday there was a 1 cm decrease in the water levels hence

showing water ingress into the filling.
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Figure 5.11. Comparison of water absorption between the glass tubes passing through the
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surface of the panel into the polyurethane filling and attached indirectly on to surface of the

panel through stainless steel plate (no hole drill).

5.3.1.3 Surface spray and monitoring the drying process

Waterwas sprayed on the external magnesium board surface of the wall panel and data wa

recorded for the drying process through the usetiaal sensors as showmFigure5.12.

Water
spray on

the
surface of
the panel

(@) (b)

Figure 5.12. Reattime surface monitoring of the drying process using sensors.

The aim was to monitor the surface drying proadssater on the section of the wall panel.
It was also to study the robust performance of the sensors to capture the data, i.e. dryin

versus time. The results are presenteeigure5.16.
5.3.1.4 Soaking the whole panel and monitoring the drying process

A whole section of the wall panel supplied was soaked into the water anul dieft Data
was recorded every fiveninutes to monitor the drying of the panel (i.e. frtme sensor
systemand also from a set of weigly scales). For comparison purposes a conventional
engineering wall brick was also soaked and left to dry off for the same duaatimpanel

to monita the relative difference itherate of drying and sensor response. The absorption
of water was also calculated for both the wall panel and the conventional wallTireck.
section of the wall panel soakiedshown inFigure5.13.
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