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ABSTRACT
Moisture is one of the primary factors connected with the damage observed on the
envelope of buildings. The moisture states are normally dominated by moisture
transport processes within and between porous building materials from rain
penetration, rising damp or infiltration of water vapour that is normally
accompanied with heat transfer. The research into moisture transport behaviour of
building materials is extremely important for the characterisation of behaviour in
connection with durability, waterproofing, degradation of appearance and thermal
performance of building elements.
In the first stage of this research, commercial gypsum plasters were
experimentally investigated with their moisture transport specifications. The
hydraulic parameters including sorptivity, saturated conductivity and permeability
of water vapour were determined with new findings related with the dependence
of hydraulic parameters on water/plaster ratios, wetting-drying cycles and
additives. The results obtained were compared with other porous building
materials and recommendations for their manufacture and selection in building
construction were made.
Secondly, on the basis of comprehensive investigations of the dielectric properties
of gypsum plasters, an integrated automatic real-time monitoring system for
moisture transport processes was designed and successfully developed utilising a
pin-type resistance sensor and sensor array. The data acquisition, data analysis,
result display and saving are all integrated with the computer controlled interface.
The polarisation effects and temperature effects for various gypsum plaster
materials were compensated and realised by control options. The monitoring
system developed for moisture monitoring was directly applied in I-dimension
moisture transport processes and can easily be extended to the monitoring of 2 or
3 dimension moisture transport processes by embedding an appropriate sensor
array into materials.
In the third part of the research, on the basis of experimental investigation of
water absorption processes of uniform materials and two-layer composites, the
water diffusivity as functions of moisture content were determined� from
experimental moisture profiles for various gypsum plaster materials. The models
governing the moisture transport processes were formed based on extended
Darcy's law and experimental diffusivity functions. By applying the finite
element method and developed software, the non-linear partial differential
equations were numerically solved under specified boundary and initial conditions
in absorption processes. The simulation results achieved satisfactory agreement
with experimental moisture profiles for various materials and for two-layered
composites.
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CHAPTER

1 INTRODUCTION

Summary This chapter presents the formulation of the project into the
measurement and modelling of moisture transport within gypsum plaster

materials. A general overview and background into moisture, moisture transport
and building problems related to moisture are first presented. Through a brief
review of the research on moisture transport processes, the research objectives
and aims are determined and presented in this chapter.

1 .1 Moisture and moisture transport in buildings
It is well known that moisture is one of the dominant factors in relation to
problems in buildings, both during and after construction (Dill, 2000; Philipson,
2002). The problems are various and include rain penetration and rising damp.

These are directly related with durability, strength, waterproofing of building

elements, degradation of appearance and also thermal insulation abilities of
modem buildings. The identification and control of moisture problems is a major

task for building professionals (Philipson, 2002). Related legislation and guidance

for the building industry are also introduced to control, reduce or eliminate the risk
of moisture problems occurring within buildings.

The processes including water and leading to damage of building elements
depends on the moisture states and types of materials. In fact, both over wetting

and over drying may cause serious problems to construction elements and in
extreme cases may even cause failure of whole buildings. Too low a moisture

content may result in shrinkage, cracking and splitting or distortion of building
materials such as timber, cement plaster or concrete with potential loss of strength
or integrity. On the other hand, excessive moisture may cause damage to materials

or construction elements in many ways:
•

Blistering-usually caused by moisture migration to the surface of a

material below an impervious coating. This typically occurs on painted
surfaces or wallpaper.

•

Corrosion-this process requires the presence of air, water and a p H of
less then 1 2 (acid) to form and maintain reaction of metal with a solution.
In addition to the loss of strength, the corrosion of steel reinforcement
may even cause spalling of concrete blocks (Malan 2002)

•

Decay-rotting of wood in the presence of excessive water (e.g. wet rot
in wood at a moisture content of >25%).

Delamination-break down of the bond at the interface between two

•

different materials or two layers of the same materials

•

Freeze/thaw damage --caused by restrained expansion of water when it
freezes within voids.

•

Fungal infestation/growth-moisture support/sustain fungal infestations/
growth that develop within organic materials including those that are
fluffy, woolly or mushroom.

•

Mould growth-Superficial growth of fungus with vanous colours,

which commonly develops on the surface of most materials that become

permanently or intermittently damp or wet, typically under condition of
high relative humidity (>70%). Fungal or mould growth may cause

•
•
•

health problems (Nielsen, 200 1 )

Leaching-depleting of soluble products from within a material caused
by the migration of water through a material.

Loss of insulation-when materials get wet and so air pockets within any
materials fill with water. This result influences energy consumption.
Loss of strength/disintegration-occurs through the softening/swelling
of a material or through the loss of bond water between materials in
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composite in the presence of water, e.g. Plasterboard, chipboard etc.
•

Peeling- breakdown of the adhesion between a thin covering and
substrate at the surface, e.g. paints, wallpaper etc.

Figure 1 . 1 shows discolouring of indoor walls or roofs caused by mould growth
because of the moisture. Apparently, moisture monitoring and control are
important issues in building construction and maintenances.

The potential sources of moisture in building, as described by Dill (2000),
include:
Damp rising
Condensation
Rain penetration
Built-in water
Defective pluming
Pipe leakage
Spillage
Hygroscopic salt
Seepage
Flooding

Most building materials such as wood, concrete, brick, mortar or plasters etc are
porous (see Chapter 2). Moisture migration usually happens throug� the
connected pores within materials. It is often caused by one or more of the
following processes: capillary action, gravity, osmosis, vapour pressure or wind
pressure. Within porous materials, water penetration, capillary damp rising or
permeance of water vapour cause the moisture movement. Besides the external
factors such as wind pressure and hydraulic pressure, the moisture transport
performance of porous bui lding materials is dominated by their characterization of

3

•

t

•

(a)

(b)

(c)

(d)

Figure 1. 1 Mould growth, peeling ofplaster wall because of moisture. (a),
(c), (d) were extracted from the website of Environmental Protection
Agency of United States: http://www. epa.gov/; (b) extracted from Eclips
Ventilation data sheet, 1999)
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water transport, whatever in state of liquid or water vapour, or essentially by the

microstructure of materials. The macroscopic transport performance of materials
depends on the microstructure of porous materials (see Chapter 2). Hence, the
research into the moisture transport performance of porous building materials is
the most important way to understand moisture transport processes in building
elements and to predict moisture states of building elements. This is also the first

step towards the understanding of the associated deterioration mechanisms of
materials (Pel et al 1996). A good knowledge of various degradation processes

associated with durability cannot be obtained when the moisture transport is not

sufficiently understood. More insight into moisture transport may also give rise to

new technology for building maintenance and building design to produce

optimized material properties with expected moisture and heat performance of
buildings.

1.2 Origin of the project
The project originates from practical problems associated with internal plaster

coated walls. In the building industry, the conflicts or arguments about the

drying condition of internal plaster walls are frequent. There is often anxiety
about whether the walls have been dried enough to avoid possible problems

caused by excessive moisture as shown in Figure 1.1. Moisture state also affects

thermal insulation because thermal conductivity depends significantly on the
moisture condition of materials (Philipson, 2002).

An important fact should be mentioned that, from 1945 onward, gypsum plasters
started to dominate the market instead of lime and sand plastering (Doran, 1990).

The dihydrate of calcium sulphate, CaSO4.2H2O, is the raw material from which

the gypsum plasters are commonly manufactured; it is also the final stage in the
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setting of gypsum plasters. Gypsum plaster (GP) materials have many advantages
over traditional lime-sand-cement plasters such as being light in weight, they
have very short and controlled setting time, low shrinkage and they offer
excellent adhesion to a wide variety of wall surfaces. Further they have excel lent
fire resistance because they contain 2 1 % water of crystallization which absorbs
considerable heat, minimising the rate of temperature rise in and behind the
plaster. In addition, Gypsum plaster materials being premixed require only the
addition of clean water on site and so provide great convenience for field
application. That said, the problems with internal walls mentioned above are
much greater for gypsum plasters and it is for this reason that it is really necessary
an d important to investigate moisture relate d problems with gypsum plaster
materials for practical purposes for the building industry.
Additionally, it is essential to recognise that, the problems with plasters are
normally related with multi-layer structure. This is because the plaster layers are
never isolated from the background such as brick, concrete, cement paste etc. For
example, according to British Gypsum Ltd, the brick-undercoat plaster-finish
two-coat plaster system as shown in Figure 1 .2 is by far the most popular
plastering method in the UK (B G, 2003).
The Building Regulation entitled "Site Preparation and Resistance to moisture"
(BR, 1 99 1 ) recommends the application of layered wall structures, which are able
to increase moisture resistance to external and ground moisture source and
provide better thermal insulation ability. The typical external wall structures
include (Figure 1 .3):
•

Internal insulation

•

E xternal insulation

•

Cavity wal l : cavity fill insulation etc.
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Figure 1.2

Schematic diagram of the most popular two-coat plaster system

(Extracted/ram BG 2003)
Two or more layered composites commonly exist for the purpose of moisture

resistance and thermal insulation. For this reason, the research includes both

uniform materials and two or more layered composites when dealing with

moisture transport processes. Only a sufficient understanding of moisture

transport processes through layered composites may enable a fully understanding
of the reality of moisture related problems in buildings. In this research, the

development of proper experimental monitoring technique and the simulation

research of multi-layered transport problems by modem computer tools are the
key areas of the investigations.
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SOLID W ALLS
O UTS I D E

INSIDE

external
protection

cavity
insulation

insulation

interna l
protection
Solid wal l : internal insulation

Solid wall: external i n sulation

CAVITY WALLS

50mm
�-i---,M-<1 W.il•l-".-J--. insulation
norm inal _m
residual
cavity

insulation

Cavity wall : partial fill insulation

Cavity wall: cavity fill insulation

Figure 1 . 3 Wall structures for resistance to moisture by British Building
Regulation (extractedfrom BR 1 991)

1 .3 A brief literature review
Based on the fundamental questions of hydraulic properties of gypsum plaster,
monitoring techniques required for moisture transport and modelling and
simulation of layered-structure, a comprehensive search and literature review
was made through the website of Science Citation Index Expanded (SCie)
database•, published papers and world wide PhD thesis. The detailed review is
separately presented i n Chapters 3 , 5, 6 and 7 . The following outlines the main
results of the review.

• http://wok.mimas.ac.uk/
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1 .3.1 Serious shortage of research on gypsum plaster materials

Through using search engine from the database of the SCie website by various
combination of key words, a statistic result was obtained (Table 1 . 1 ) .

Table 1 . 1 Statistics ofresearch papers on Moisture Transportfrom 1 981-2001
Papers on
modeling

Papers on
wood

Papers on
concrete

Papers on
plaster

Other papers(Soil,
food, atmosphere,
ocean, chemistry )

Keyawords

Papers
matched

Moisture
transport

361

30

26

9

290

Moisture
movement

1 47

15

35

9

80

Moisture flow

103

21

10

6

0

65

Compared with the number of papers on concrete, wood, very few papers dealt
with plasters. A few experimental measurements of absorption rate and saturated
flow behaviour of gypsum plasters have been made, but systematic research into
the main hydraulic parameters of commercial gypsum plasters has apparently
never been made. As shown in Figure 1 . 1 , gypsum plasters in the presence of
ex c essive moisture frequently and seriously cause problems in building industry.
The possible reason for the ignorance of the problems with gypsum plaster is
perhaps that most of the previous researchers are from academic background and
they have not been fully aware of the seriousness of the problems in building
industry. This situation does not tally with the important role, and results in the
serious deficiency of available quality data of material properties on which
further mathematical modelling depends. For building engineers, there is little
data available on which the building industry can select materials and predict
wetting and drying behaviour of widely used plaster wall. In discussions with
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researchers at British Gypsum•, the biggest supplier for construction gypsum
plaster and plasterboard in the world, they confirmed that there are still no
specification data about the hydraulic transport property of gypsum products
available. Great interests about the research of moisture transport in gypsum
materials was shown. Overall, the research into the transport performance of
gypsum plaster materials is important whether for the building industry or
theoretical research.
In addition, because of the quick setting time and easiness for preparing sample,
gypsum plaster can also provide an excellent platform and the fastest way for
general research purposes in the development of moisture monitoring system,
,
monitoring of transport processes and so aiding computer simulation research.
1 .3.2 Demands for new real-time mon itoring technique for moisture
tr ansport

An appropriate real-time measuring system for moisture profile as a function of
time is the fundamental requirement for the experimental research of moisture
transport in materials. Various k inds of moisture sensors have been previously
developed for moisture measurement such as resistance sensor (Dai, 1 999),
capacitance sensor (Jazayeri, 1 999), microwave sensors (Malan, 2002) within the
M oisture Research Group (MORG) in Luton for long term moisture monitoring.
There are various other techniques including infrared reflectance sensor and the
application of nuclear magnetic resonance (NMR) imaging technique. However,
only a few of these sensors or methods have been applied to the monitoring of
moisture transport processes because of the large dimension and low resolution
or because of the high cost. The most frequently applied methods for moisture
• P rivate correspondence with Dr Keith Humphrey from Research Centre of BPB in 2002)
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transport monitoring are NMR methods (Gummerson, 1 997; Schoenherr and
Mocikat, 199 1 ; Pel and Brocken, 1 996) and the gravimetric method (Pang, 1996;
Rosenkilde and Arfvidsson, 1997, Chen and Choong, 1996; Hukka, 1999;
Kalimeris, 1 984).
NMR techniques utilize the principle that the hydrogen nuclei of water molecules
within the pores of the material will give rise to the NMR signal whose amplitude
is proportional to the water content in defined volume elements. It was first used
in research of unsaturated water flow (Gummerson et al, 1979). NMR imaging
techniques can realize real-time monitoring of moisture profile and obtain a
resolution of better than 2 mm in three dimensions. But a r:1ajor difficulty with
NMR method is that complications occur if the materials under investigation
contain large amounts of paramagnetic ions, as is the case for most building
materials (Pel, 1 996). It is also not able to recognize the contribution of free water
in pores and bonded water in hydrated molecules, where the later is not involved
in moisture transport processes under ambient temperatures. In addition, the
large volume of apparatus (magnet), high cost and running expenses, especially
the restricted sample size limits its application in field.
Gravimetric method is the second commonly applied method. It normal ly
involves the proc edure• of: slicing the sample in 1-D or 2-D and then weighing
the slices and finally determine moisture distribution. This is an economical but
destructive, unreliable, time consuming method. It is difficult to maintain the
origi nal moisture states and it is also not able to realize automatic real-time
mon itoring.

The procedure may be variable for different materials and researchers. (see the work by Pang,
1 996; Rosenkilde A and Arfvidsson, 1 997; Chen and Choong, 1 996; Hukka, 1 999, Kalimeris,
1 984 )
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In summary, there was a requirement to develop a kind of real-time monitoring
system with the features of simple, economical, field suitable and satisfied
resolution for the purposes of moisture transport research.

1 .3.3 Simulation of mass transport in plaster materials and multi-layer

composites

In the published literature, many articles have dealt with the modelling and
simulation of moisture transport processes in various kinds of homogeneous
materials such as wood (Pang, 1996), concrete (Li et al, 2002; Tenchev et al, 2001;
Dai, 1999), fired brick (Kalimeris, 1984), clay (van der Zanden et al, 1996) and

food, even chicken, pasta and sausages! For gypsum plaster, although it is a

widely used homogeneous porous media, there is still rare modelling and
numerical simulation work on either its wetting or drying processes. In the case

ofmoisture transport in multi-layer structures, some work has been carried out in

soil science by numerical or finite element method (FEM) (Hanks and Bower,
1962; Fork, 1970). However there is an important difference between infiltration
into soil and water transport in construction materials because they have much
finer pore structures than soil (Wilson, 1995). Wilson (1995) and Hall et al (1996)

investigated both two and n-layered problems by using the simplified Sharp Wet
Front (SWF) model which assumes a constant hydraulic potential at the wet front
and constant saturation throughout the wetted region. But it is apparent that for
many materials this technique is not able to give satisfactory results (see chapter
3 and chapter 5). So a numerical modelling and simulation for gypsum plaster

and layered structures is important for the understanding of moisture mechanism
and features of moisture movement in multi-layered structures. A comparison is

definitely needed with numerical simulation based on non-linear diffusion
equations of unsaturated flow (Hall et al, 1996).
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1 .4 Research objectives of this project and the layout of the thesis
In this project, the interests of the author will focus mainly on the research into

moisture transport process: characterization of transport properties of gypsum

plaster materials, development of an effective but economic real-time monitoring
technique for monitoring of transport processes and numerical simulation of
moisture transport through one and two layer composites. The temperature range
was restricted to typical ambient temperature and the isothermal assumption was

applied. This project is multidisciplinary and the objectives include computer
simulation and experimental investigation of moisture transport processes in
porous gypsum plaster materials. It aims to obtain transport parameters of gypsum

plasters, develop a real-time moisture monitoring system and to build up
appropriate models for simulating moisture transport processes in gypsum plaster

and multi-layer composites. It is expected to obtain a better understanding of the
moisture transport mechanism, and to get useful practical results for the building
industry. This project is of significance for both theoretical purposes and practical
applications.

The overall structure of the thesis and the main links between the chapters are
schematically shown by the layout of the thesis in Figure 1.4.

Chapter 1 provides the necessary background about moisture, moisture transport

processes and buildings, as well as justification and formation of the project based
on a briefly literature review.

Chapter 2 presents the specifications of materials under investigation, dependence
of macro performance of porous materials on their microstructure by showing
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some new SEM images obtained at the University of Luton, and also presents the
fundamental principles which will be applied in later chapters.
Chapter 3 describes the results of the hydraulic parameters of gypsum plasters

including soprtivity, saturated conductivity and permeabil ity of water vapour
which were determined experimentally by standard methods. The results were
also compared with other porous building materials such as cement-lime-sand
p l aster, mortar and concrete etc. This chapter aims to obtain basic transportation

specifications of gypsum plaster for practical applications in the building industry
and manufacturers of gypsum plaster products.

Chapter 4 is concerned with the investigation of dielectric properties of gypsum

plaster materials including polarization effects, temperature effects, dependence

of DC resistance of materials on elapsed time and spacing of embedded electrodes.
The Resistance-Moisture Content (MC) relationships for various commonly used

gypsum plasters were also obtained after considering polarization and

temperature effects. These results form the basis for the development of moisture
transport monitoring system utilizing pin-type resistance sensors in Chapter 5.

Chapter 5 shows the development of a real-time monitoring system for
measuring the moisture profile in moisture transport processes. This includes the
design of the sensor array for monitoring 1-dimenssion moisture transport
processes, hardware for the computer data acquisition (DAQ), compensation of
polarization and temperature effects and programming control software. The

result is an integrated and friendly interface monitoring system combining data
acquisition, data treatment and results display.

In Chapter 6, the experimental monitoring of water absorption processes of
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gypsum plaster materials was performed utilising the developed moisture
monitoring system (Chapter 5). Using the obtained moisture profiles, the
diffusivity as function of moisture content was directly determined by applying

Boltzman's transformation of moisture profiles and professional curve fitting
tools or numerical approximation.

Chapter 7 presents the procedures and results of modelling and simulation for the

moisture transport processes in uniform materials and two-layered composites
consisting of two dissimilar materials on the basis of Darcy's Law by using

diffusivity functions obtained in Chapter 6. The simulation results are compared
with experimental results and show high degree of agreement.
In the final chapter (Chapter 8), the findings and research outcomes from this

project are summarised and some recommendations are proposed for the building

industry when selecting gypsum plaster materials. Suggestions for further work
are also presented in this chapter.
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Figure 1.4 Thesis layout and outcomes of the project
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CHAPTER 2 BASICS AND FUNDAMENTAL PRINCIPLES
Sum mary This chapter comprehensi vely provides the necessary backgrou nd about

materials that were investigated, the micro-scale s basis of transport phenomen a and

required fundamental equations governing the particular processes of i nterest in

this thesis. The details included were felt to be neces sary for the understandin g of
moisture properties. The concept of plasters, types of gypsum plasters and their

physical and chemical propertie s, aggregates and add itives premixed and salts

within gypsum plasters are first presented. The micro structu re of gyps um materials

and their possible effects on transp ort mechanism were then inv estigated through

the use of SEM images. Various im portant concepts such as porosit y and moisture

content are also introduced. Fin ally, the governing principl es for transpo rt

processes are presented and some useful form ulae for dete rmining the hydraulic
parameters are derived.

2.1 Building plasters and gypsum plasters
2. 1 .1 Internal building plasters
Plasters may be defined as mat er ials desi gn ed to provide a durable, flat, smooth ,

easily decorated finish to intern al w alls or ceiling s ( Taylor, 1 995). From Pad field 's

work (Padfield, 1 99 8), it i s cle ar that internal plaster also has a role in regulating

moisture within the indoor env iro nment, e.g . at high relative humidity it adsorbs

moisture from the environment and at low relative humi dity it de s orbs moisture. In
this way, it moderates peak changes of rel ative humidity.

Historically, lime-sand plaster and cement-lime-sand plaster were the mam
plastering medium used in UK from the middle of the nineteenth century (Doran,
1 994). The situation changed from the Second World War when the vast rebuilding
17

programme demanded speedy construction methods. Gypsum plasters have
increasingly dominated the plaster markets.
To obtain the required characteristics, additives are normally premixed with
plasters whether these are cement based or gypsum based. Dense aggregates such
as sand and barites normally are applied in cement-based plaster and lime-sand
plaster. Barites can provide protection against electromagnetic radiation. The
lightweight aggregates in cement and gypsum based plasters comprise expanded
perlite and exfoliated vermiculite. Bonding agents or synthetic fibres are also
usually applied for purposes of retentivity of water, bonding or strength etc.
Because of the differences in composition of plasters, their perfom1ance in setting
time, strength, drying properties are variable.

Comparing with tradition lime-sand plaster and cement based plasters, gypsum
based plasters have sufficient hardness for further decoration, with extremely small
movement and controlled quick setting time.
2.1 .2 Building gypsu m plasters

Gypsum may exist in the following three forms depending on its hydrated states:
1 . Gypsum CaSO4 ·2 H 2 O

2. Hemihydrate or burned gypsum or CaSO4 . ½ H2 O (Plaster of Paris)
3. Anhydrous gypsum plaster or dead burned gypsum CaSO4

The gypsum found naturally is partly dehydrated to burned gypsum by heating it
between 90

c

and 150

cc.

Hardening the burned gypsum, CaSO4 · ½ H 2 O readily

reabsorbs water under solidification and reconverts under swelling to the previous
condition (CaS04 ·2 H 2O). When gypsum is heated above 500

cc,

dead burned

gypsum will be obtained, which only very slowly reacts with water. The hardening
process is fast; therefore retarder agents are normally added to allow enough time
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for field applications. The hardened gypsum consists of needle shape entangled
crystals (see Section 2.2. 1 ). This creates a connected pore system. From this
structure, the water transfer properties of gypsum can be qualitatively explained.
In practical manufacturing of gypsum plasters, different drying techniqu e are often

°
applied. Variatio ns of gypsum plasters in heating from 1 50 °C to over 1 90 C may
occur for retarders and bound water and such temperatures are used to alter the

plaster chemically. Drying to achieve constant weight at initially 45 °C then at

200 ° C will enable the determinatio n of physically and chemically bound water
respectivel y .
Building gypsum plasters are classified into gypsum plaster and premix ed
lightweight gypsum plasters as fo llows:
2.1 .2.1 Gypsu m plasters---excl ude p remixed lightweight gypsu m plasters BS
1 1 91 - 1 : 1 973
Gypsum plaster shall be one of the following classes:
Class A: plaster of paris (POP). Thi s is a form of hemihydrate without any added
retarder of set. It is manufactured in several grades for various industrial uses. The
sulphur trioxide content, expressed as a percentage by weight of the plaster as
received, shall be not less than 35 %. The calcium oxide content shall be not less
than two-thirds of the sulphur trioxide content, by weight. The sum of the soluble
sodium salt and magnesium salt contents , expressed as percentages of sodium oxide
(Na2 O), and magnesium oxide ( MgO), by weight of the plaster as received, shall be

not greater than 0.2 %. The freedom from coarse particles requires that the residue
on a 1 . 1 8 mm sieve complying with the requirements of BS 4 1 0 shall be not greater
than 5 % by weight.

Class B: retarded hemihydrate. This is a form of hemihydrate which contains an
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addition of a retarder (such as keratin made by cooking animal hair, horns, and hoof
in caustic soda solution or similar glue-like materials (Davey 1 96 1 ). Retarded
hemihydrate gypsum plasters shall be of one of the following types:
Type a: Underco at plaster (plaster for use with sand) i ncluding Brownin g plaster
and metal lathing plaster
Type b: Final coat plaster in clude Finish plaster and Board finish plaster
A most important application of class B plasters is the p remixed plasters containing
lightweight aggregates which are now very widely used.
Class C, anhydrous gypsum plaster is a m aterial consisting essentially of
anhydrous calcium sulphate (CaS04), produced by the dehydration of gypsum, the
set of which has been suitably accelerated.
Class D, keene's plaster is a gyp sum plaster of the anhydrou s class which is

characterized by being more easily brought to a smooth and true finish in
continuous plastered surface.

2.1 .2.2 Gypsum plasters--premixed li ghtwei ght plasters-BS 1 1 9 1 - 2 : 1 973
Lightweight plasters are defined as plasters consisting of suitable lightweight
aggregates and retarded hemihydrate gypsum plasters complying with BS 1 1 9 1 - 1 ,
Class B. Low-density aggregates, such as expanded perlite (produced from
siliceous volcanic glass) and exfoliated vermiculate (produced from mica) are the
most important ingredient of modern plasters, which are now almost always
premixed. The advantages of these plasters include low cost of transporting and
handling, improved fire resistance. The thermal insulation of walls or ceilings can
be improved and the i nternal surface temperature increased, thereby reducing the
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risk of surface condensation and pattern staining (Taylor 1 995).
Premixed lightweight plaster may be divided into the fo llowing types:
Type a: Undercoat p lasters including Browning p laster, Metal lathing plaster and
Bonding plaster
Type b: Final coat plaster or Finish plaster
For browning p laster, the sum of the soluble sodium and magnesium salt contents,
which are expressed as percentages of sodium oxide (Na2 O) and magnesium oxide
(MgO) by weight of the plaster as received, shall be not greater than 0.25 %. For
Metal lathing plaster, The sum of the soluble sodium salt and magnesium salt
contents, expressed as percentages of sodium oxide (Na2O), and magnesium oxide
(MgO), by weight of the plaster as received, shall be not greater than 0.25 % . For
Bonding plaster, the soluble salt content of bonding plaster is not l imited as this
type of plaster is used on backgrou n d c on diti o n s w here there is not su ffi cient water
to bring about efflorescence by transfer of soluble salts. Soluble salt content i n
Final coat plaster, namely the sum o f the soluble sodium salt and magnesium salt
contents, expressed as percentages of sodium oxide (Na2 O), and magnesium oxide
(MgO), by weight of the plaster as received, shall be not greater than 0.25 %.
2 . 1 .3 Gypsum plaster materials investigated in this thesis

Five types of gypsum plasters were chosen as the materials under investigation in
this project, Table 2. 1 . They are Plaster ofparis and Thistle gypsum plasters
manufactured by British Gypsum Ltd (British Gypsum, 2002).

Plaster of paris (POP) - BS 1 1 9t 1 - 1 , Class A. hemihydrate without any added
retarder of set. Plaster of paris is chosen to be as reference material to compare the
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effects of aggregates and additives to gypsum on hydraulic performance of building
plasters.

Thistle Browning undercoat plaster (BUP)t- BS 1 1 9 1 - 2 : Type alt: 1 973 .
Pre-mixed lightweight gypsum building plasters. This plaster was chosen as a
representative for undercoat plasters.
Table 2. 1 Gypsum plasters investigated in this thesis
Plaster of paris

Thistle Bonding
coat plaster

Thistle
Universal
one-coat plaster

Thistle
Multifinsh
plaster

Thistle
Browning
undercoat
plaster

Abbreviation
British
Standard

POP
BS 1 1 9 1 - 1 ,
Class A

BCP
- BS 1 1 9 1 - 1 :
Class B

UOP
B S 1 191-1:
Class B

BUP
BS 1 1 9 1 - 2 :
Type a l

Explanation

Hemihydrate
without any
added retarder
of set

Premixed with
aggregates and
additives in a
similar manner to
pre-mixed
plasters
conforming to BS
1 1 9 1 : Part 2 :
Type a3

Premixed with
special
aggregates and
additives in a
similar manner
to pre-mixed
plasters
conforming to
BS 1 1 9 1 : Part 2

MFP
BS 1 1 9 1 - 1 : Class
B : Types b 1 and
b2
A new generation
final coat plaster
and has specially
formulated to
perform equality
well on a variety
of background

Materials

Premixed
lightweight
gypsum
building
plasters

Thistle Bonding Coat plaster (BCP) - B S 1 1 9 1 - 1 : Class B, premixed with
aggregates and additives in a similar manner to pre-mixed plasters conforming to
BS 1 1 9 1 t: Part 2 : Type a3 : 1 973, although density is above range permitted in Type
a3 . This type of plaster was chosen as representative of bonding coat plaster.
Thistle Universal One-coat plaster (UOP) - BS 1 1 9 1 - 1 t: Class B, mixed with
special aggregates and additives in a similar manner to pre-mixed plasters
conforming to BS 1 1 9 1 t: Part 2, although density is above range permitted in Part 2.
This type of plaster was chosen as a representative as one-coat plaster for internal
plaster in BS 5492 : 1 990 (section 2 . 1 . 1 )
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Thistle M ulti-Finish plaster (MFP) - BS 1 1 9 1 - 1 : Class B : Types b 1 and b2: 1 973 .
Thistle gypsum multifinish plaster is a new generation final coat plaster and has
specially formulated to perform equality well on a variety of background. This type
of p laster was chosen as representative of newly developed premixed lightweight
gypsum plaster.
It must be noted that, the plasters of class B%
are hemihydrate gypsum plaster and are
premixed with retarders. Retarders may be subj ected with evaporation when heated
and this will influence sample weight and measured moisture content. It is therefore
recommended that, in any drying processes of retarded gypsum plasters, a
°
C be used (Dill, 2000).
temperature of less then 45%

According to the i nformatio n prov ided b y Brit i sh Gypsum * , the general

compos itio n of Th istle Gypsum plasters by B ritish Gypsum (UK) inclu des: calcium

sulphate hemihydrate, natural constit uents may include clay, limes tone and minor

amounts of quartz. Some prod ucts also contain perlite aggregate. Additives may

include minor amounts less than l % of hydrated lime or small amou nts (less than

3 . 5%) of cement. Thistle Hardw all, R enovating and Tough Coat, contain ground
blast furnac e slag.

2.2 Investigation of rnicrostru ctu re and state of water in porous gyps um
plasters
Knowledge of the relation b etween microstructure and macro transport properties
helps determine the factors affecting the transport processes and make it possible to
modify material composition for desired properties such as absorption or drying
rate, hydraulic conductance or water retaining ability (this will be further discussed
Private corre spon denc e w't
1 h n·irector

.

.

of R esearch Centre m BPB pie, Dr Keith Humphrey.
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in details in Chapter 3).
2.2.1 SEM image analysis of microstructure and state of water
In companson to cement or concrete, from the literature observed, the

microstructure of hardened gypsum plaster has undergone less investigation as

multi-crystal materials of hydrated calcium sulphate. In this section, the effects of
microstructure, lightweight aggregates and newly observed Alveolate-like structure
in gypsum plasters formed by additives on moisture transport were analysed based

on scanning electronic microscope (SEM) images taken by the SEM facility (ISA
1 00A SEM Machine) at the University of Luton

Commonly used gypsum plasters are normally retarded hemihydrated gypsum

plaster. When water is added, series of complex chemical reactions occur in the

setting process. The processes allow hemihydrate gypsum, CaSO4 · ½ H 2 O, to

absorb water until the final stage gypsum, CaSO4 • 2H2 O, is achieved. The hydrated

water contributes about 21% in weight of materials. The high percentage of
hydrated water provides the ability ofgypsum materials with high resistance offire

because water may absorb more heat, limiting the temperature increase. During the

setting processes, needle like crystals were form ed (Goossens, 2002) whilst the
materials become hardened and the heat of reaction causes temperature increase.

Figure 2.1 (a, b, c, d) shows the needle-like crystal structure of typical gypsum

plaster materials at different magnification ofSEM images. The scale ofneedle-like

crystal is ~ 2 µ m in width and 10 µ m (1 µ m =1o-6 m) in length which is smaller

than irregular shaped particles ofcement paste by a factor of 3 to 5 (Malan, 2002).

The particles in cement paste have average size of 1 5-20 µ m. The fine pores

between randomly oriented crystals is ofsimilar size with that of the crystals and
constitutes the main contribution to the total pore space within samples. At this
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(b)

( a)

(d)

(c)

Figure 2. 1 Scanning Electronic Microscope (SEM) images ofhydrated gypsum
plasters taken by SEMfacility in University ofLuton. (a) Bonding coat plaster
x2500, (b) Bonding coat plaster x J 000,· (c) Universal one-coat plaster x
2500,· (d) Multifinish plaster x250
scale of size, the fine pores make an important contribution for moisture transport

(Meng, 1 994a). The microstructure of gypsum plaster is apparently distinguished

with that of cement past or concrete in which "cement paste is formed from a

disordered aqueous suspension of irregularly shaped cement particles, which
undergo random growth due to hydration reactions" (Malan, 2002).

;,

According to solid state physics, the lattice constant within the crystal is normally ~
25

1

A ( 1 0- 1 0 m). This pore size does not allow water molecules go through at ambient

temperature. Figure 2.2 shows the matrix structure of universal one coat plaster.
The crystal particles form the solid matrix, which are bonded by molecule bonding
forces. The trapped air and extra water or heated water vapour wil l produce macro
scale voids (or pores) within the materials after setting (Figure 2.2). The gap size
between crystals within texture structure is of the order of nanometers. The scale of
pore size depends on water-plaster ratio and additives to gypsum. Some of pores are
visible to naked eyes but the majority of pores are at micro scale. Apparently, the

moisture transport performance of porous materials depends on the micro

characteristics of materials such as pore size distribution, connectivity of pores or
porosity (see Section 2.2.2).

Since gypsum plasters is slightly soluble in water (Taylor, 1995), when materials

absorbing water, the microstructure within material possible will be subjected to
changes, such as re-crystalline in wet and dry cycles, and cause slightly variations
of pore structure such as connectivity of pores or pore size distribution and change
the moisture transport performance. The relate phenomena have been observed in

the so-called "Effects of wet-dry cycles" on the transport performance of materials
(see Chapter 3).

It can be also apparently found from Figure 2.2 (see Appendix B for all SEM
images) that there is no visible sub-structure of solid matrix in the premixed

lightweight aggregates. This indicates that the aggregates ( expanded perlite or
exfol iated vermiculate) can be considered as non-permeable media for liquid water
and water vapour. In analysing the effects of microstructure on moisture transport

performance of premixed gypsum plasters, the premixed lightweight aggregates
have no contribution to moisture transport and so can be ignored.
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Premixed
lightweight
aggregates -�•

Un-hydrated

Solid
matrix

Coarse Pores

Figure 2. 2 Pores and solid matrix within universal one-coat gypsum plaster.
Magnification x250 (SEM image taken at The University ofLuton)
In the universal one-coat plaster, a kind of Alveolate-like structure within materials
had been observed. This is possibly formed by bond agents added in the plasters.
Alveolate-like structure is frequently distributed in the material (see Figure 2.3 a, b).
This area takes roughly about 30% of the intersection surface of the materials (see
pointed areas in Figure 2.3a and other images in Appendix B). Figure 2.3 (b) is the
enlargement of Alveolate-like structure of Figure 2.3 (a). The photo apparently
shows that the walls of Alveolate-like structure are film like planes and there are no
visible texture sub-structures for liquid or gas to go through. This means they are
low permeable film for liquid or vapour or high resistance to vapour and liquid
transfer. Note that the Alveolate-like structure in Figure 2.3 (b) has the same
magnification with the texture structure consisting of cluster of crystals in Figure
2. 1 (d). Comparing these two structure, it can be easily found that the texture
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(b)
Figure 2. 3 Alveolate-like structure within universal one-coat plaster. (a)
Magnification:

x 70,

where arrows

" � " point the frequently existed

Alveolate-like structure area within material; (b) Magnification: x250, The
magnified Alveolate-like structure
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structure by crystals provide very high percentage of interconnected fine or coarse
pores, whilst the walls in Alveolate-like structures significantly isolate the pores
from each other. These Alveolate-like structures are the most likely reason for the
low moisture transport rate of universal one-coat plasters compared with other
types of gypsum plasters. It possibly significantly reduces the connectivity between
pores and slows down the absorption rate; decrease the permeability of water
vapour (drying rate) and hydraulic conductivity (see chapter 3). But in contrast, the
non-permeable structure provides the plaster with water resistance.
2.2.2 Pore structure parameters
The microstructure of porous materials can be characterized by pore structure
parameters, which were classified under both macroscopic parameter and
microscope parameters by Dullien (1 992). The macroscopic parameters include
porosity, permeability, specific surface area, anisotropy of pore structure etc. The
microscopic parameters were related to the problems of topology of pore structure,
homogeneity

in terms of microscopic properties, pore size distribution and

3-dimensional pore structure reconstruction etc. An in-depth discussion of all the
microscopic parameters is beyond the scope of this thesis. Only the commonly used
parameters such as porosity and some results about pore size distribution are
discussed.
2.2.2.1 Definition of porosity
Porosity ( also called "voidage") <Pis defined as the fraction of the bulk volume of
the porous sample that is occupied by pore or void space. If the volume of solid
phase and bulk volume of the sample are Vs and Vb respectively, the porosity of the
material can be expressed as:
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(2.t1 )

It is important to distinguish the two kinds of pore or void space. One of them forms
a continuous phase within the porous material, called "interconnected" or
"effective" pore space. Another one consists of "isolated" or "non-connected"
pores or voids dispersed over the medium. Non-interconnected pore space does not
contribute to transport of matter across the porous medium. A third type of pore
also usually exists. There are "dead-end" or "blind" pores, which are
interconnected only from one side. Although these pores can be penetrated, they
usually contribute only negligibly to transport (Dullien, 1 992).
2.2.2.2 Experimental methods for determining porosity
There are various experimental metho ds to determine the porosity of materials. The
most commonly used methods are the followings (Collins 1 96 1 ; Scheidegger
1 974):
( 1 ) Direct method. This method includes the measurement of bulk volume of the
sample and then some how destroy all the pores and measure the volume of
only solid.
(2) Optical methods. This is based on the principle that the porosity of material is
equal to the "areal porosity" , provided that the pore structure is random. The
"areal porosity" is determined on polished sections of the samples by optical
instrum ents. It i s often necess ary to impregnate the pores with some materials
such as wax or plastic. But whenever small pores are present along with larger
ones, it is difficult to make sure that all the small pores have been accounted for
by the measurements.
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(3) Imbibition method. Immersing the porous sample in a preferentially wetting
fluid under vacuum for a sufficiently long time wi l l cause the wetting fluid to be
absorbed into all the pore space, at which time the sample is called saturated.
The sample is weighed before and after imbibition. These two weights,
combined with the density of the fluid and solid material, wi l l allow the
porosity to be calculated. The porosity can then be expressed as:

(2.2 )

where Vw and V are the volume of water and bulk materials; m,, , md are weight
of water and dry bulk material ; Pd and Pw are density of bulk dry material and
density of water. The disadvantage of this method is that a high pressure
difference from inside the pores (especial ly dead end and disconnected pores)
to external pressure of sample may destroy the pore structure.
(4 ) Mercury injection method. The bulk vol ume and pore space of the sample are
determined by immersion of the sampl e in mercury and then high pressure to let
mercury enter the pores. Because of the toxicity of mercury and high pressure
applied, great care is necessary. In addition, high pressure may also destroy the
microstructure of materials, especi ally for materials with lower stiffness l ike
gypsum plaster materials. So it is l iable for high pressure to destroy
microstruct ure of plaster materials.
In the present thesis, the modi fied imbibition method was app lied to determine the
porosity of plaster materials. The traditional imbibitions method may sometimes
take a relatively long time to reach complete saturation state. So the "effective
porosity" are often appl ied (Wil son and Hoff, 1 997; Hall et al 1 996) by using the
so-cal led "satiate state". A bar-shape sample o f material is put vertically on one end
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in a water tray to allow water absorption. The wet front of water was monitored
directly by naked eye. When the wet front reaches the top of sample, at which point
the sample is called "satiated", the weight of the sample was recorded and thus the
effective porosity can be calculated by using the density of water and bulk volume
of sample. It was believed that the "effective porosity" provides a more realistic
estimate of water content achieved during absorption (Wilson and Hoff, 1 997). But
the "satiated state" is sometimes difficult to determined visually because of uneven
visible wet front within non-uniform materials and for some materials on which the
wet front cannot easily be seen and recognized. Furthermore, according to the
author's experiments, for gypsum plasters, when the wet front j ust reaches the end
of samples, the water absorption process still continues. This will take several hours
until the weight of sample no longer has any significant changes. So, the sample
was allowed to continue to absorb water after the wet front reached the end of
sample; weighing the sample was carried out at 1 -hour time interval. The constant
weight is assumed when the difference of two successive weights is less than 0.5%.
By this method, the "effective porosity" was obtained in about one or two hours for
most gypsum plaster except univ ersal one coat plaster which needed longer time
because of its low sorptivity. Finally, equation (2 .2) was applied to determine the
effective porosity of materials.
2.2.2.3 Pore size distribution and its effects on the moisture transp ort
mechanism
Pore size distribution can determine the transport mechan ism within porous
materials . It is normally used in conj unction with experimentally determined "pore
size distribution", i .e. the distrib ution density of pore volume by some length scale
assignment to it. The general procedure for determining the pore size distribution
consists of measuring some physical quantity and its dependence on another
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physical parameter that is under control of the experimenter. For example, m

mercury porosimetry method, the volume of mercury penetrating the sample is

measured as a function of the pressure imposed on the mercury. The pore size is
calculated from this pressure by Laplace's equation of capillarity (Dullien, 1992).

p = 2a

(2.3)

C

where Pc is capillary pressure, that is the pressure difference across the fluid/fluid

(fluid/air) interface of mean radius of curvature r111, in mechanical equilibrium, and
cr is the interfacial tension.

Figure 2. 4 Two-dimension representation ofpores and pore throat
The definition of pore size depends on the definition of the pore because various

pore shapes exist within materials. A pore is defined as a portion of space bounded

by solid surfaces and by planes erected where the hydraulic radius of the pore space

exhibits a minimum (or minima). If the local minima, or the pore throats, can be

located and imaginary partitions erected at those positions as shown in Figure 2.4,

then the pore can be defined and their size can be defined by any arbitrary definition
of size of irregularly shaped objects. Even though the pore size distribution still

significantly depends on the experimental method (Dullien, 1992), the mercury
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porosimetry method classifies the entire pore volume as pores with the small pore

entry radius (at throat) (Meng, 1 994b). But it does to an extend indicate the pore

size distribution and make it possible to do comparison between di fferent materials
for analysing qualitatively the transport mechanism within the materials. Figure 2 . 5

presents the pore radius ranges and relevance fo r different transport phenomena.

The absorption of water can occur at the pore size of range 1 00 nm to 1 mm. If
pores are s maller then 1 00nm and greater then 1 mm, the capillary action will not
occur. Permeance may happen at a wide r range from l 00 nm to 1 cm or larger, but

sorption proce sses can only happen at very fine pores within a solid matrix of
materials at the size of 1 nm to 1 00 nm.
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Figure 2.6 shows the pore size distributio n of one type of

gypsum plast er (MP 75 SL,

manufactured by Knauff) and fired clay brick (RH RZ:
/
red c oloured brick
manufactured by B oral Nedusa, Lobith) meas
ured by Mercury Poro simetry method
(Pel, 1 995) - The pore size distributi on indic ates
that the gypsu m plaste r has a
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similar peak compared to fired brick, at a radius of ~ 1 o-6 m = 1 µ m. But at the peak

3
point, the cumulative volume of gypsum plaster is about 250 mm%
t 1 , it i s

substantially h igher than that of fired clay brick 1 75 mm 3 g- 1 • This implies possible

higher porosity of gypsum plasters (see Chapter 3). Because most of the pore size of
gypsum plasters ranges from 1 0- 7 to 1 0-5 m, namely O . 1 µ m to 1 0 µ m, according to
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2.2.3 Capillary pressure and dependence on saturation level
Capillary pressure as defined by Equation (2.3) results from the interfaci al tension
of a curved interface between two immiscible fluids which produce the
discontinuity in fluid pressure. Capillary pressure is the driving force for migration
of water in capillary absorption processes. The macroscopic capillary pressure is
the difference of the average pressures of air and water. Because the pores all have
different dimensions and shapes, the water will di stribute itself within the pores at
each macroscop ic pressure until an equilibrium condition is established. As a result,
the macroscopic capillary pressure is also a function of the l iquid water content.
The relation between the macroscopic capillary pressure and the moisture content is
called the capillary pressure curve, retention curve, or sorption curve. This curve
has to be determined experimentally .
Because the capillary pressure provides the driving force, which determines the
diffusion rate of moisture in absorption processes, the dependence of capillary
pressure on moisture content level implies that hydraulic diffusivity should be
highly dependent on moisture content. This characteristic of capillary pressure is
used to analyze the dependence of diffusivity on moisture content in Chapter 6.

2.2. 4 Definition of moisture content
Within moist porous materials, the water exists in four possible states:
( 1 ) B ound water with solid phase of materials
(2) Liquid phase water fi lling voids or pores
(3) Water vapour with in pores or adsorbed on the intern
(4) Ice
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al surface

The transport processes investigated in this project is restricted to normal
temperature. Neither bound water nor ice is considered in moisture transport
processes. The water vapour is considered only in the determination of permeability
of water vapour through gypsum materials. The moisture content in the present
research normally refers to water content within moist materials .
There are several ways to describe the moisture content u. Since the most common
way to measure the water content is by weighing the sample of materials in the wet
and dry states (this is also called gravimetric method), the moisture content is
commonly expressed as a fraction of the mass of dry matter. If the initial mass m of
moist material and dry state mass md of the sample are known, the moisture content
um of the sample expressed by mass is:

U

=

m - md
md

(2.4)

The dry weight of plaster materials in this thesis is determined in a similar way to
wood at which the dry weight is determined by standard procedure in British
Standard (Dai, 1999). The gravimetric method is the most reliable method of
measuring moisture and also often used as standard method to calibrate other
indirect MC measuring equipments. In the present thesis, the gravimetric MC is
frequently used in the calibration of Resistance-MC relationship. But there are
several apparent disadvantages with it because moisture content is dependent on the
relative density (specific gravity, SG) of the material under test and it is not possible
to compare the moisture amount within two samples by the MC value without
considering the SG of the materials. So the volumetric moisture content u v is also
often applied. It is defined as the ratio of the volume of contained water to the
volume of the sample examined. If Pd and Pw are the bulk density of material in a
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dry state and density of water respectively,

Uv

can be expressed as:

Pd
(m - md ) · pd = Um • -U v = -----Pw
md · P w

(2.5)

Neither equation (2.4) nor (2.5) is able to indicate directly the level of saturation of
the interested materials. Meanwhile, the saturation level of moist porous material
significantly affects the capillary pressure in real moisture transport processes as
shown in Figure 2.5 (Dullien, 1 992). For two layered hydraulic contacted materials,
it is not possible to predict correctly the transport performance through interfaces
without knowing the saturation level. In addition, in the computer simulation of
moisture transport through two-layered composite, the software cannot take into
account the difference in porosity of two layers and will not be able to predict the
correct simulation results, but assumes that they have the same saturation moisture
content (i.e. same porosity). This will be further discussed in Chapters 6 and 7.
To overcome the above problems, the so-called normalized moisture content (NMC)
u,. is also commonly used and applied in the present thesis. It defines as:

(2.6)

where u 111 is the moist ure content by mass, and u 0 and u111ax are the minimum and
maximum moisture content attained in a particular processes. Usually, u 0 and

Umax

are the dry state moisture content and moisture content at saturation respectively.
Normally, u refers to u,. later on in the present thesis except where indicated.
Apparently, the N MC is independent on the way it is obtained, whether measured
by mass or volume, although it is defined as the ratio of moisture content by mass in
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Equation (2.3). It can easily be seen that the range of u,. is: 0 s u ,.

s 1 and

is

dimensionless . It indicates the saturation level o f porous materials o r the percentage
of saturation. It is very useful in capillary pressure analysis and simulation of
multi-layered transport processes. Malan (2003) also concluded that "percentage of
saturation (normalized moisture content) is of great value in building materials as it
gives a real indication of the level of moisture content in terms of the m aximum that
can be achieved. It is of special importance if used as an early warning of potential
frost damage."
2.3 Fundamental principles governing transport processes
The principl es or laws governing the moisture transport processes vary w ith the

features of the real proce sses . Generally, moisture transport pro c esses may be very

complicated, which includes existence of multi-phases simultaneously such as
wate r vapo ur, liqui d water, bounded water and air, whilst the mass movement is
accompanied with coup led heat transfer. In thi s case complicated coupled mass and

heat transfer happens and coupled mass and heat transport equation group are

required. In the present thesis, simpli fied cases are considered, i.e. in most cases,

except for the determination of perme ability of water vapour, only liquid phase

exists and only isotherm al processes at ambient temperature are considered . In all

c ases of transpo rt processes, mass c onserv ation law and energy conservation law

are always the most fundamental princi ples to be followed. Also, in this thesis, the

well known Darcy's Law in its extended form for unsaturated transport pro c esses
has been applied to the determinatio n of sorptivity, saturated conductivi ty and

simul ation of moisture transport proce sses. To introduce the permeabili ty of water
vapour, Fick's diffusion law is also pre sented.
2.3. 1 . Mass conservation equation
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Let g = (gx,gs,gz) denote the moisture flux and u(x, y, z) denote the moisture
y
content per unite volume in porous materials. The equation for conservation of
mass is (Arfvidsson and Claesson, 2000):
(2.7)
For one dimension case:

au
at

(2.8)

If both liquid and vapour phases exist, the mass conservation equations for liquid

water and water vapour can be expressed separately as (Kalimeris, 1984):
Liquid water:

(2.8a)
Water vapour:

au _ _ agv - E
v ➔l
at - ax

(2.8b)

Where E1- v and Ev--+! are the evaporation rate of liquid water and condensation rate

of Water vapour respectively
.

2 ,3.2 Fic k's Law and water vapour permeability
This relates the diffusive mass flux ofvapour to average mass velocity (
Moyne
199 I). By introd
ucing an empirical resistance factor to gaseous diffusion through
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the porous media, the diffusive mass flux density of vapour relative to the mass
average vel oci ty is

lv

(2.9)

Jv -the diffusive mass flux density of vapour; J - empirical resistance factor to
di ffusion through the porous media; Dv-binary air-water vapour diffusion
coefficient. In its modem forms, the general Fickian approach assumes that the
moisture flow is proportional to the gradient of a moisture stat� variables (e.g.
moisture contents) or potential (Arfvidsson and Claesson, 2000).

g
where

g

- D (u m )V u m

(2. 1 0)

is the moisture flux (kg·m-2 ·s- 1 ), w is moisture content by mass, and D (u,,J

is diffusio n coefficient which is dependent on moisture content. In the one
di mensio n case ,

(2. 1 1 )

Where k(pJ = D(u 111 ) • :um is called water vapour permeability depending on
'Pv

vap o ur pressure. For a steady state and constant k through a cylinder sample with

secti on area A and lengtht/, vapour pressure difference !ipvt= Pv2 - Pv1 , integration
of

above equation (2. 1 1 ):
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g·

fd.x = g · l = -k · fdp

l

p�

v

= -k · 11pv

(2.s1 2)

Or

(2. 1 3)

If area of section of the cylinder sample is A, the flowed quantity of vapour /1M [kg]
at time Lit (s) is:

Mf = g · A · M =
Then

k

-

1 · !ipv

·A·M

·l
l:M-k = - -A · 11t · 11pv

(2. 1 4 )

The permeability of water vapour can be detennined using the above equation (2. 1 4)

through a water vapour transfer process under known water vapour pressure

difference on both ends of sample The water vapour pressure can be produced by
.
equilibrium vapour pressure of salt solutions (see Chapter 3), but it should be noted

that the permeability is dependent on
vapour pressure and the penneability obtained

by above equation (2. 1 4) is the value at the pressure Pv ·
2 ·3 ,3 Extended Darcy's Law
2 • 3 . 3 . 1 Extended Darcy's Law

Water transport was first investigated in soil physics in the nineteenth century.

Darcy ( 1 856) formulated a law of soil water migration as a result of experiments. In
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isotropic porous materials, materials which do not have any preferred direction of
flow by reason of their structure and in which, therefore, the flow is in the direction

of the potential gradient, more general statement of Darcy's Law is expressed as:
g=s K/1H
where

(2.15)

g is the vector flow velocity (flux density) of water and Ks is a parameter

known as the hydraulic conductivity. H is the total hydraulic head H=P/(pg)+z,

where P is hydraulic pressure, p is the density of water, g the gravitational
acceleration and z the height of water which produces hydraulic pressure by gravity

of water.

Darcy's Law was originally proposed to deal with the flow of water through
saturated materials. It was assumed that the Darcy's Law may hold for the flow of

Water in unsaturated media in a modified form in which K is a function of water

content.

Or

g =s-K(u)VH

(2. 1 6)

8H
gX = -KX (u) -

ax

8H
8y
8H
gz = -K.t(u)
OZ
gsy = -KY (u)

(2. 1 6a)

This is called extended Darcy's Law. Childs et al (1950, 1969) carried out
ex periment
s for the direct verification of Darcy's Law in unsaturated materials. The
applicabil
ity of the extended Darcy's Law to unsaturated building materials was
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suggested by Gummerson et al ( 1 979) and successfully applied by Kalimeris
(1984), Wilson (1992) and Pel (1995) et al.

Assuming that no evaporation occurs during water transport, namely Ei-.v =O,

combining equation (2.16) and the conservation law of mass equation (2.7), we can

Write

ou

= V · [K(u)v'H ]

at

8He 8K
8
8He 8
8He 8
= - [ K(u ) -] + - [ K(u) -] + - [ K(u)-] + az 8:::
oy oz
ox
ox oy

(2.17)

By introducing the variable D(u),

oH

D(u) = K(u)
au

(2.s1 8)

Equation (2.17) can be changed to:

au
at

- = V • [D(u)v'u]

[
ox

a
=-

[
au]
[
oy oz
oy

OUs EJK
a
OUs a
D(u ) -] + - D(u) - + - D(u) a
a ]+-

ax

'Z

(2.19)

'Z

Equation (2. 19) is
another form of the extended Darcy's Law for unsaturate d flow
Processes such as capillary water absorption processes caused by the gradient of
m oisture content.
The physical variable defined by equation (2.18) is called unsaturated diffusivit
y,
Which is a function of moisture content u. By comparing equation (2. 18)
and
equation
(2. 16), the flux density along the x axis was expressed by Kirkham and
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Powers (1972) as:

(2.19b)

This means that the flux of water (water flowing per unit time through a unit square
of imaginary plane perpendicular to the x direction) is equal to - D times the

moisture gradient, namely diffusivity determines the flowing rate of water within
materials at any particular moisture gradient. The knowledge of diffusivity enables

us to define the moisture flow under a moisture content gradient in a homogeneous

material and so the diffusivity is regarded as a fundamental hydraulic parameter of

material.

One should be aware that the diffusivity varies with the technique need for
determination of moisture content, whether by mass, by volume or normalized

m oisture content. For this reason, the method for determining moisture content
should be declared when presenting
diffusivity function or making any comparison

between different diffusivity results.

For horizontal one-dimension
flow, equation (2.19) takes the form:

(2.20)

Equation (2. 20) is
in the format of the diffusion equation. It is the fundamental
equation
describing horizontal flow in unsaturated porous materials. It can be
n umerically solved if diffusivity is known as a function of moisture content u.
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Hall ( 1 989) carried out a series of experiments aiming to investigate the effects of
gravity and capillary force on water absorption processes. The results showed that,
for many building materials, water absorption rates measured when place samples
in different directions were indistinguishable because the capillarity is dominant.
This is because of the relatively fine pore structures (typically 1 0·6 m pore size) and
the cap illary forces within construction materials are much greater than the
grav itational force (Wilson et al, 1 995). Hence, for construction materials, gravity
may often be neglected in the analysis. This allows for vertical capillary absorp tion
proc ess es in construction materials especially the low level capillary absorpti on
pro cesses , the gravitational force can be neglected in analysis and equation (2.20) is
sti ll valid . In the later chapters, the effects of gravity are ignored in capillary

abso rpt ion processes.

2 . 3 . 3.2 Saturated hydraulic conductivity
For saturated flow of water through porous materials, the Darcy's Law equation
(2.t1 5) may be rewritten as (Kirkham and Powers, 1 972):

Q=_

KS A (h2 - hi )
Z2 - Zl

(2.2 1 )

Where Ks is sat urated conductivity. Q is the quantity of water flowing per unit
ti me (mm 3
· min · 1 ) , A is cross section area, h rh i is hydrau lic head and ZrZ1 is the
thi ckness of
the material. The saturated conductivi ty is an important parameter of

o
P ro us material ' which characterizes the saturated flow rate of water in porous
m ateri als under
known hydraulic pressure. It is dependent on the microstructure of
m ateri al s a
nd visco sity o f water with solid materials. The saturated conductivity
can b e
det ermined using the constant water head method in which the hydraulic
r
P essUre is p rovided by gravity weight of a column of water (Wilson, 1 992)
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2. 3 . 3 . 3 Sorptivity of water in capillary absorption
It h as been shown that the solution of the fundamental diffusion equation (2.20) for
the case of horizontal capillary absorption of water into initially dry homogeneous
poro us material has the form (Kirkham and Pawers, 1 972; Swartzendruber 1 969):

x(u, t) = rp(u)t 2

(2.22)

q;(u) may be calculated from diffusivity data D (u) by a procedure proposed by
Phili p ( 1 965). Equation (2.22) is the most general form of the famous "t 1 12 Law" or

"✓t

Law" for the advance of moisture profile into a porous material. It predicts

that, for a absorption process, the moisture pro file of moisture content u vers us
di stance x advances as square root of time t 1 12 maintaini ng constant shape. The
mo is ture content versus distance profile, if plotted against rp = x t -½, will be
independent on distance and time and will collapse onto a u((f)) master curve. This
will be further discussed in Chapter 6.
the total amount of
water taken into the material by capillary absorption can be
obtained by the integra
tion of the equation (2.22):

i(t) = t

I

2

£' rp · du

=

S·t

I

2

(2.26)

Where S is called
sorptivity. The above equation indicates that the capillary
absorption
of water has linear relation with the square root of time . This provides a
strai ghtfo rw
ard method of measuring the sorptivity in simple one-dimension water
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absorption experiment. Sorptivity is also an important hydraulic parameter of

porous materials. It depends on the liquid and the microstructure of materials, and
also the initial moisture content of the materials (Hall et al, 1983).

2.4 Co ncl usi on
The description and clarification of gypsum plaster highlighted the physical and

chemical properties of gypsum plasters, the composition or premixed aggregates,

additives and salts. This will make it possible to analyse the effects of composites
on the moisture transport characteristics and so make it possible to get new type of

gYPsum plaster products with desired moisture (water, water vapour) transfe
r
properties.
Through the investigation of SEM images of gypsum plasters, the needle-like
crystals o f hydrated gypsum compound were observed and the gypsum materials

disp layed typical fine pores, besides
coarse pores, with average pore size of µm
(10-6 m) for strong
capillary pressures. The SEM images also showed different

m icrostructure caused by various premixed aggregates and additives, which may
result in dif
ferent transport behaviour. For example, the widely distributed
A lveol ate-like structure within universal materials may significantly reduce the

con ectivity
of pores and slow down the moisture transport processes such as
n
absorption or
drying rate.
It has b een

shown that the unsaturated flow theory based on extended Darcy's Law

migh t b e used to describe

water diffusion processes (such as capil lary absorp tion)

10 construction materials. For construction materials, especially gypsum p lasters,
gravity can
be neglected because of the fine pores and associated very high
capil lary
p ressure compared with gravity. In this theory, if the diffusivity as a
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function of moisture content was known, the transport behaviour or process can be

determined by combining both the boundary and initial condition. The diffusivity

can be determined directly from transient moisture profiles, as will be discussed in

Chapter 6.

Three important hydraulic parameters, sorptivity, saturated conductivity and water
vapour permeability, were introduced and experimental principles for determining

the three parameters have also been presented. The importance for characterizing
the moisture transfer of porous materials of the above three parameters, and the
values of three parameters of gypsum plaster materials and comparison with other

porous building materials will be discussed, determined or analyzed respectively in

Chapter 3.
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CHAPTER 3 EXPERI M ENTAL DETERM I NATION OF
HYDRAULIC PARAM ETERS OF GYPSUM MATERIALS
Summary To provide characterisation and fundamental data of hydraulic
parameters ofgypsum plasters, this chapter presents the experimental investigation

ofgypsum plaster materials in connection with their moisture transport properties,
specified by hydraulic parameters. Five typical commercially available gypsum
plasters have been experimentally investigated. The hydraulic parameters, namely

sorptivity, saturated conductivity and water vapour permeability ofcommonly used

gypsum plaster materials and a type of fired-clay brick were determined by
standardised experimental procedures. The effects of aggregates, wetting-drying

cycles, water/plaster ratio on sorptivity have been extensively investigated. The
results have been compared with other building materials such as traditional
lime-sand-cement plasters, concrete and brick. Recommendations about material

manu facturing and materials selection within the building industry are also
proposed in this thesis on the basis of
determined hydraulic parameters. In addition,
the experimental procedures for
determining the above parameters have also been

stan dardised on the basis ofprevious related work.

3· 1 In tro du cti on
Hydraulic parameters ofmaterials characterise the moisture transport performance
and also affect
therma l properties ofporous building materials in service because
the changes
of the transmittance of walls can be caused by variation of moisture
con tent. T
hey also make it possible for the building industry to compare various

b uilding

materials and construction elements in waterproofability, air penetration

ability, dry
ing rate etc. The parameters also make it possible for researchers and
b ui l ding
en gineers to predict the water transport rates when multi-layer composites
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are applied in construction. Hydraulic parameters of building materials have been

also appli ed in quality control in building material manufacturing such as fired clay

brick. However, thorough literature review has revealed that systematic research

into the various hydraulic parameters, including vapour permeability of typical
gyp sum plasters have apparently never been made. Commercially produced

products of building gypsum plasters still have no specifications about moisture

transport data available. This situation does not tally with the important role of

p laster materials in the contemporary construction industry and moisture related
problems, and results in the serious deficiency ofavailable quality data on which
further appli cation ofmathematical modelling depends. For these reasons, it was

fe lt essential to investigate moisture related problems with plaster for both

theoret ical purposes and practical applications.
3 . 2 Mate rials under investigation

The m ateri als investigated in this section are commercially available Thistle
premixed gyp sum plasters by British Gypsum as described by Table 2.3 in Chapter 2.

They are: (a) Universal one-coat plaster (UOP), (b) Multifi nish plaster (MFP), (c)

Bonding coat plaster (BCP), (d) Browning undercoat plaster (BUP) and (e) Plaster
of Pari s (POP)
which was used as reference materials aiming to compare the

functi on of premi xed different additives. Plaster of paris is used as reference of
material because there is no additives added. For the purpose of comparison, the

behaviour ofa common lightweight aggregates added clay brick was also observed

in the suction
test.

3 · 3 So rpti vit
y of gypsum plasters and measu rements
3 ·3 · 1 S hort literature survey
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So rp tiv ity is a basic hydraulic parameter, indicating the absorption rate
of w ater in
c ap i l l ary absorption processes. It is increasingly being used as a m
easu re of a
m at erial's resi stan ce to exposure to fluids ( especi ally moisture and reactive solu tes)

m aggress i ve environments (Lockington and Parlange, 2003) . Frequen tly it is
i nv o lv ed in the problems such as damp rising and rain penetration
rates with in
po ro us bui lding materials. The concept of sorptivity in porous materials
was frrs t

i n tro du ced by Phi lip ( I 95 7) in soi l physics resulti ng in the famous

equ ati o n (2.23 ).

s

" Ji

Law " by

(3 . %
1%
)

And
(3.2)
Wh ere i is th e mass of water taken into the materia l per unit area by capillary action
aft er e lap se d time, t,
and S is the sorptivity of the material. The above equ ation

i n d c at es th at
the sorptivity describes the cumulative volume of water absorb ed p er
i
uni t area of
th e i nflow face, during horizontal absorpt ion of water into the poro us
so l i d o f u ni
fo rm section. If the mass (g) of cu mulative water per unit area of inflo w
face is pl ott ed aga
inst the square root of time (mjnute) , a straight line s hould be

ob t ai n ed . This
property is used in the deter mmation of sorptivity of gypsu m
lll at eri al s. Th e s
orptivi ty i s a property characteristic of the material and it depends o n
th e val u e
of i niti al moisture content uo and final moisture content u 1 onl y, pro vid ed
th%t t e te
a h m perature remains constant (Kalimeris, 1 984). Normally, uo is tak en as the

o v en d ry w
ater co ntent, u , corresponds to vacuum saturation and the temperature is
adj u st ed to 200 c
by application of a small temperature correction factors. I n
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prac tice, the sorpt%
i%
vity is determined by the "e✓t Law" of equation (3 .2) by

reco rdi ng the inflow water i and elapsed time t .

Th e early application and measurement of sorpti vity in porous building materia ls

was made by Gummerson et al ( 1 980), Hall et al ( 1 983) and Kalimeris ( 1 9 84) et al.

Th e so rptivity of commercial clay brick, some types of masonry were

exp eri me ntally dete rm ined and the dependence of sorptivity on initial water content

w as al so rep orted. Wilson ( 1 992) investigat ed the dependence of sorptivit y of

ceme nt paste and plasters on the amount of mixed sand. Table 3 . 1 presents som e of
th e e xp eri m ental results by Klameris ( 1 984) and Wilson et al ( 1 995) for some

tYP i cal lim e stone, mo rt ar and cement paste. In recent years, thi s parameter has been

us ed to co ntrol the quality of brick in manufacturing ( Gurnmerson et al 1 980, 1 9 8 1 ).

I n a s i mi l ar way, it can al so be uti l ised as a means of characterisi ng the

Ta b le 3. J The sorptivity of some building po rous materials (extracted from
-Kalim eris, 1 984 and Wilson , 1 992)
L
Sol id clay Lepine St.-Maxim in Mortar% Cement Gypsum :
sand
Sand mix
13
1 :3:%
fine
Common limestone
3
mix
1:1
by
limestone
brick '
1 :3
volu me
Vol u m e
0.25
0.29
fracti on
0.39
0.24
0.3
� P oro si ty
densi ty
2.33
2.6 1
2 . 74
2 .67
(
_ g /c m 3 )
S o rp ti%
vity
6.8
29.7
2.5 7
s
4.6
1.19
0.99
1
12)
l__m m!mi n
Note s: 1 . B y the J
ackson Brick Co complied with standard : BS 392 1 .

-

2. M ix ture of ordinary Po rtland cemen t: hydrat ed lime: concrete sand.

3 . Water/cement rat io, w/c =0.6

s u cti o n of the back ground in plasterin g and rendering (Wilson, 1 992 ) . As for
co merci
al gyp sum p laster materials , whic h have b een dominant in the internal
m
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wall in Europe and America, neither the sorptivity value nor the suction

performance have to date been specified and investigated.
3 .3.2 Preparation of samples and measurements

In the present thesis, the sorptivity of commercial gypsum plasters was measured by

a standardised water absorption procedure based on the method applied by Hal l and

Tes ( I 986) and Wilson et al (1995) with known water-plaster ratios of samples.

D uri ng the water absorption process, the gravi tational force was neglected because

constr uction materials have a relative fine pored structure and the capil lary force is

much greater than gravity force subjected on inflow water (Wi l son et al, 1995).
So
the absorption water was driven only by capil lary force or by gradient of moistu
re

content as described by diffusion equation (2.20) in Chapter 2.

The samples of fi ve types of plasters were prepared as square bars, dimensi on 25
mm x 25 mm x
100 mm, by utilising a designed copper gang mould (Figure 3 .1). In
making the paste
of materials, thorough stirring ensured that a unifom1 and

Well-mixed paste of material was obtained. Then, the pastes were poured into the
gang moul d
and vibration of paste by stick and hand followed in order to eliminate
ai r b ub b l es,
conforming with BS 1192-2. Excess paste was scraped from the mould
and then left
to set in damp cloth, maintaining a humid environment to ensure there

Was su ffi cient water for setting. After setting for 48 hours in a damp environment,
the bars w
ere removed from the mould and dried to constant weight in a
Wel l - venti lated electric oven and the temperature was maintained at a temperature

between

38 -40 ° C, complying with the standard requirement (BS: 1191-2) to avoid

l oss o f w
ater of crystall isation from the calcium sulphate hydrate and premi xed
retarder
agents within materials. The dry masses and sizes of bars were used
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Figure 3. 1 Gang mouldfor preparation of cuboid bar samples ofgypsum plaster

Polythene fi l m
Sample bar

Waterfront

Distil led water

1
T

2 mm

tal setup foer th e determinatio n of
Figure 3. 2 Sche matic diagram of experimen
so rptivity thro ugh capillary abso rpt ion
y o samples was determi n ed
to d etermine the d ry set densit i es . The e ffect ive po ro sit f
equ atio n (2 . 2).
by th e m odi fi ed i mbibition met hod des cribed in Chapte r 2 and
er rem oval o f samp les from the
To m e asure th e sorptivity by cap illary abso rpt ion , aft
o e n , t he s amp les were sea led by polyth ene film and allowed to cool to room
v
te mp eratur t o e re the abso rptio n pro ces ses was isothermal . Afte rward , the
nsu
e
side wal l s an d top face of all samples were seale d to avo id evaporation loss of
one -dimens ion al ong t he bars. The
ab sorbed wate r and to ensu re that abs orptio n is in
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bars were then placed one end in a water tray to allow absorption (see Figure 3 .2).
The cumulative increase in the mass (g) of water was detem1ined by determination
of the mass increase (to + 0. 00 l g) at 1 0 minutes intervals and the test was stopped
after around 3 to 6 hours for high sorptivity samples (like Browning plaster) and low

sorp tiv ity materials (like Universal one-coat plaster) respectively. At the end of the

t ests, th e waterfront had reached the top of the bars and constant weight was
obt ai ned as de scribed in Chapter 2 to determine the effective porosity. The fi nal

m ass of each s ample and the time (minute) elapsed was used for calculati on of
e ffectiv e poro sity. From these measurements, the cum ulative water absorption per

u nit area throu gh the end of each bar was calculated and plotted against square root
o f ti m e. Th e sorpti vity, S, was determined from the slope of l inear regression lines

wh ere th e i nte rcept was set to be z ero. After samples were dried to constant value,
th e ab so rp ti on tests
were repeated again to investigate the effect of wet-dry cyc l es of

m ateria l s on sorptivi ty. To investigate the influence of water-plaster ratio in m ass

( w/p) o n th e abs orption behaviour, samples with high er water-plaster ratio s w ere
p rep ared an d tested.
3 .3 . 3 Results and analysis
Tab le 3 . 2 s ho ws the results of both the initial value of sorptivity and that afte r
W etti n g- d ryi ng cycles for gypsum plasters and fired clay brick. Table 3 . 3 lists the

s orp ti v i ty v al ues of plasters with higher wate r-plast er ratio to investigate the effects

o f w/p i n m ass
on sorptivity of materials .
(

1 ) C o mp ar iso n with other p orous building mate rials . The initial sorpti vity
V al u e s i n Table s 3 . 2 and 3 . 3 were measured at the first absorption tests j ust after the
s et%
t i ng of s am p les. The so rp tivity of comm ercial gypsum plaster produc ts rang es
o
fr m 0 . 9 to 1 . 1 mm · min - 1 12 when mixed with a norm al amount of w ater at which
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Table 3.2 Sorptivities ofplasters and brick
Water/plaster

Sorptivity(initial

Sorptivity after 1

Effective

value)

porosity0(%)

(mm ·min• 112 )

wet-dry cycle
(mm·min•112 )

ratio

Dry set density Volume fraction

MFP

0.48

1 .59

23 .7

l.1

l .5

BCP

0.4 1

1 .08

22.0

0.9

1 .2

UOP

0.53

1 .07

1 7.7

0.3

0.5

1 .70

20. ]

1 .2

1 .2

Sample

Fired clay Brick

(g·cm·3)

Table 3. 3 Sorptivities ofplasters with higher water-plaster ratio
Sorptivity(initial
value)

Water/plaster ratio

Dry set density

Volume fraction

(mass/mass)

g·cm·3

Effective porosity0(%)

POP

0.52

1 .37

29.6

2.6

MFP

0.56

1 .38

26.9

1 .9

BCP

0.62

0.9 1

29.4

1 .6

UOP

0.65

1 .00

27.2

0.9

BUP

0.82

0.65

25.8

2.6

Sample

(mm·min·112)

material paste just can be formed (see Table 3.2). Browning undercoat plaster
presents higher absorption rate, similar with that of plaster of paris. Comparing with
the sorptivity of other materials listed in Table 3 . 1 , most of commercial gypsum
plaster products generally display lower sorptivity, namely lower absorption rate,
than St.-Maximin fine limestone and tradition cement-sand plaster, but similar to
fired brick. This shows a comparable moisture transport performance of gypsum
plaster materials in service (comparable in terms of waterproofing, low rain
penetration rate and so on). So clearly gypsum plasters are suitable for finish layer in
plastering of internal wall with reasonable waterproofing ability. But where gypsum
plaster is mixed with sand, the sorptivity will significantly increase and so decrease
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the water resistance (Tables 3. 1 -3.3). So premixing sand with gypsum plaster

materials should be very carefully considered and limited in their application in

buil dings.
(l )

" .fi " Law. The absorption of gypsum plasters agrees with the " Ji " law very

W ell (Fig ure 3.3a), i.e. the uptake water per unit area is proportional to the square
root of time, where the square of correlation coefficient for linear regression is better

than 99.9% for all materials. This implies that the extended Darcy's law
and its
di fferenti al equati ons are able to satisfactorily describe water absorption processes

i n gypsum plaster materials. As discussed in Chapter 2, in a capil lary absorpt ion

P rocess, the moisture profile of moisture content u versus di stance x advances as
squ are root of time t 1 12
maintaining constant shape . The moisture content versus

di stance profil e, if plotted against (f) =

x t ½' will be independent on distance and time

and will collapse onto a u((f)) master curve. This feature is applied to the
determination of diffusivity as a function of moisture content in later chapters

( Chapters 6 and 7).

(J) Effect of water / plaster ratio on sorptivity. The sorptivity of materials
depends signifi
cantly on the water/plaster ratio (Tables 3.2 and 3.3 and Figure 3.4),
and not s
urprising ly, this behaviour is similar with that of cements and concrete
( Wil son et al,
1 995). Furthermore, the dependence on the water/plaster ratio in
plaster mate
rials is much stronger when extra water was premixed with gypsum
materi als (see table 3.3), which presents the sorptivity values of materials when they
are mi ed
x with extra water. For example, for universal one coat plaster, when the
Water/p laster ratio
increases by say 23 %, the value of sorptivity increases by up to
1 30
¾! According to table 3.2 and 3.3, the variation of water/plaster ratios will lead
to a result
that the sorptivity of plasters could be lower or higher than that of brick.
·
As a resu lt, thi s
. or an absorber
can make the plaster layer act as either a water b amer
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Sorptivity of gypsum plasters and fire clay brick
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Absorption process of gypsum plasters
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Figure 3. 3 (a) Dependence ofintake water i on square root oftime t 112 ofgypsum
plasters and.fire clay brick; (b) "Satiate " points are indicated by
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Effect of water/plaster ratio on sorptivity
0 .25
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�
·s;
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Multifi nish plaster

Bond i ng coat
plaster

Universal one
coat plaster

Materials
Figure 3 . 4 Effect of water/plaster ratio on sorptivity of gyps um plasters
(R efer to Table 3.%
1 and Table 3. 2/or the water/plaster ratios)

c o p a ed w it
m r
h brickworks. The dependence o f sorptivity on water/plaster ratio
res u lt s fro m th e fa
ct that extra water al lows t he formation of more macro pores when
th e

m at e ri al becomes d ry and the abso rption rate may increase .

(4 ) E ffe ct s of wet-dry cycles on sorptivity. It was discovered that the gypsu
m
·
·
P least er mat eri als displayed unexpected phenom ena when ex penen cmg
e
W t t i n g - dryi n g cycles: the sorptivity did not decrease as that in cemen t pas te

m �en. al s b uet bec ame even higher. For cem ent paste or cement-lime-s and p last er
m ateri al s , t h e so- ca l l ed " se l f sea lin g e ffec t" occurs (Hal l and Tse , 1 986) when the
m ateri als are subj
ected to wet-dry cycles and result in the lowering of abso rption
rate . Th e w
et -dry cycle effect of gyps um plaster material s may be caus ed b y two
ct
fa o rs . On e i s th e sol u bl e feature of gypsum material. Wh en the mat erial gets wet
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again after setting, a part of material is dissolved and leads to some changes of the
microstructure and this change increases the percentage of connected pores within
the material and so raises the sorptivity. The second factor is connected with
re-crystalline processes. After setting, some un-hydrated gypsum material may
exist and obstruct the routes of the pores to reduce the absorption rate.
(5) Effect of lightweight additives. Gypsum plasters are normally premixed with
lightweight aggregates including expanded perlite and exfoliated vermiculite (BS
5492, 1990). Comparing with plaster of paris without any premixed aggregates, the
lightweight aggregates in gypsum plasters reduce both the porosity and sorptivity
(Tables 3.2 and 3.3). The results qualitatively agree with the analysis by Hall et al
( 1993) about the non-sorptive inclusions to porous materials. According to the
analysis, the sorptivity S' after inclusion of non-sorptive aggregates has the
following relation with the sorptivity S before the inclusion:

{_ = [r(l - a)
s
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]

(3.2a)

Here y is defined by K� = y(a)Ks (where Ks and K; are saturated conductivity
before and after inclusion of non-sorptivive aggregates), a is the volume fraction of
inclusions in bulk volume of material. As non-sorptive material, the perlite
aggregates reduce the porosity and sorptivity when mixed with gypsum materials.
But the results also significantly display the dependence of sorptivity on the size of
aggregates. A typical example is the result of browning undercoat plaster and
bonding coat plaster. Both materials were premixed with a high percentage of
lightweight aggregates and low density observed. But because the bonding coat
plaster was mixed with coarse aggregate, typical size 1-2 mm, that is much greater
than the fine pores (~ 1 0 nm), the material shows a lower sorptivity compared with
plaster of paris. On the opposite side, the browning undercoat plaster was mixed
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with fine lightweight aggregate that has comparable dimension with fine pores and
so displays very high sorptivity.
For the case of universal one coat plaster, it was premixed with glue like agents and
it has been found from SEM images (chapter 2 and Appendix B) that an unique and
commonly distributed Alveolate-like structure within materials exists which may
significantly reduce the connections between pores and produce higher resistance to
water transmittance by capillary action.
(6) Validity of Sharp Water Front Model. The absorption test has shown the
limitation of the sharp wet front (SWF) model (Wilson, 1 992) when it was applied
and extended to porous building materials in describing the capillary absorption
processes. The SWF model assumes that the material behind the waterfront (see
Figure 3.2) is in saturation, namely the entirety of the material will be saturated
when the water front has reached the top of the sample. However, Figure 3.3 (b)
indicates that the samples are still absorbing water when the waterfront reaches the
top (positions at pointing arrows). At this time, the material is called "satiated" (see
page 3 1 to 32 for the definition of "satiate state") (Hall and Tse, 1 986). But it is far
from saturated. And an apparent distribution of moisture appears as the moisture
profile moves forward. An experimental investigation of real-time distribution of
moisture content and more accurate models are necessary. This is further discussed
in Chapters 6 and 7 where new model and simulations are made on the basis of
partial differential equations (PDE); a comparison with the SWF model is also
made.
3. 4 Measurement of saturated conductivity
3.4.1 Concept and short literature overview
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The saturated conductivity describes the flow rate through a column with unit

cross-section in the presence of unit potential gradient of hydraulic pressure. So it

also indicates the retention ability of the material for water. The measurement of

saturated conductivity is central to any complete determination of the liquid
transport properties of a porous solid (Straube, 2002). As discussed in Chapter 2,

the saturated conductivity was introduced in the extended Darcy's Law as
expressed by equation (2.21):

Q=

- K. A (h2 - h1 )

z2 - z1

(3.3)

The saturated conductivity can then be obtained as:
Ks =

- Q(Z2 - Z1 ) = - Mf · (Z2 - Z1 )
A (h2 - h1 )
Pw · M ·tA (h2 - h1 )

(3.3a)

where Q = the quantity of water flowing per unit time (mm3 ·min- 1 ), A = cross
sectional area (mm2 ), Ks

=

saturated hydraulic conductivity (mm·min- 1 ), h2 - h 1 =

hydraulic head (mm), Z2 - Z1 = thickness of the material (mm), Mf (g) and M(minute)
are mass of flowed water and associate elapsed time, and pw is the density of water
(for distilled water, it is 0.997x 1 0-3 g/mm3 at temperature of 22°C).
The general conductivity in unsaturated state can be expresses as K(u)=k P w g/ ll

kr(u) (Kalimeris, 1984), where k is called the liquid water permeabibilty, kr(u) is the
relative permeability which varies from 0 for completely dry material to 1 for a fully

saturated material and f'/ is the fluid viscosity. k is a measure of the readiness with

which a saturated porous material can transmit a fluid regardless of the properties of
the fluid. It is a function of the pore diameter, and depends only on the

microstructure or matrix structure of porous materials. When the material is
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saturated, kr(u)= 1 , and the saturated conductivity can be expressed as Kse= k P .,

g/

TJ . This equation shows that the saturated hydraulic conductivity depends on the
material matrix (k) and the properties of the moving fluids ( P .,

g/ TJ ).

Because of the difficulties to determine the moisture content dependence of
unsaturated hydraulic conductivity (Kalimeris, 1 984), the saturated conductivity has
more o ften been investigated as the parameter specifying the performance of porous
building materials when subj ected to hydraulic pressure. In the early stage of
investigation of building materials, Stull and Johnson ( 1 940) measured the saturated
conductivity for bricks as part of their study of certain properties of the pore system
in kiln-fired clay products utilising a high-pressure perrnearneter. Rose ( 1 963)
reported the values of saturated conductivity of Green brae sandstones and Portland
limestone obtained by a variable head penneameter, which is more adaptable to
materials of rather low hydraulic conductivity. Sharp ( 1977) reported details of a
high-pressure permeability cell used to investigate the fluid mechanics aspects of
the injecting system for damp proofing of a type of brick. Smith ( 1 982) obtained the
saturated conductivity of four limestone samples utilising a constant-head
permearneter. Kalimeris ( 1 984) detennined the saturated conductivity of several
types of lime stones, brick and mortars by applying the so-called Millington and
Quirk method ( 1 959, 1 96 1 , 1 964) based on utilising a statistical model between the
porosity and cross-section data controlling the flow in a porous material. Table 3 .4

Table 3. 4 Saturated hydraulic conductivity of some t}pical construction materials
(Extract from Kalimeris 1 984)
Solid clay
Common brick

Lepine
limestone

St.-Maximin fine
limestone

Mortar
1 :3 : 1 3 by volume

2.25

1 .5 1

1 499.56

334.59

Note: The density and other properties of materials can be found in table 3. 1
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lists some typical values of hydraulic conductivity by the permeability method
(Kalimeris 1984). In the present work, the saturated conductivity of commercial
gypsum plaster products were determined by a standardised constant water head
method.
3.4.2 Measurement of saturated conductivity of gypsum plasters

The constant water head method, which was initially applied by Wilson ( 1992), will
be applied and standardised to determine the saturated conductivity of commercial
gypsum plaster materials.
The cylindrical samples, of mean diameter 19 mm and length 20 mm were prepared
using polythene tube templates as shown in Figure 3.5. Two samples with the same
water/plaster ratio for each of five types of plaster were prepared. After setting for
48 hours in humid environment provided by damp cloths, the samples were removed
from templates and oven-dried to constant weight. One of the two samples of each

Figure 3. 5 Preparation of cylindrical samples using polythene tube
templates for saturated conductivity measurements. I -plaster of paris,
2-multifinish plaster, 3-bonding coat plaster, 4-universal one-coat plaster.
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type of plaster was used to determine the effective porosity by the modified
imbibition method as described in Chapter 2 and dry set density P d by gravimetric
method, whilst the other sample of each type of plasters was used to determine the
saturated conductivity.
In the measurement of conductivity, the curved surface of each specimen was first
coated with epoxy resin and then glued into the ends of polythene tubes. Great care
was taken in coating the curved surface and gluing the interface between sample and
tube to ensure they were fully and tightly sealed, thus avoiding leakage of water
from the coated surface and interface between sample and tube.
The vertical polythene tube was filled with water to provide a hydraulic head,
maintained at a constant water level of 500 mm from the upper face of samples. The
water that flowed through samples was collected by a bottle underneath the sample.
To avoid evaporation loss of collected water, the gap between the bottle and
specimen was sealed with polythene film. The elapsed time was recorded
immediately when the water started dropping into the bottle indicating that the
sample had become saturated. The collected water was weighed at a time interval of
1 hour. For each weight W at elapsed time D.t, the conductivity, K, was determined
using equation (3.3a). An average value of conductivity for each sample was
obtained within about 5 hours.
3.4.3 Results and analysis

Table 3.5 lists the results of saturated hydraulic conductivity for the 5 types of
gypsum plaster products. The conductivity of gypsum plasters varies from about
2.8 to 82 x Hr7 mm·min· 1 . Comparing with other materials listed in Table 3.4, the
conductivity of gypsum plaster products are comparable with those of fired brick
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and Lepine limestone, but far smaller than those of St.-Maximin fine limestone and
cement-lime-sand mortar. So gypsum plaster materials possess a comparably
higher ability to retain water compared with mortar and st-maximin limestone.
Table 3.5 Experiment results ofsaturated hydraulic conductivity ofplasters
Water/plaster

Volume fraction

ratio

Dry set density
(g·cm· 1 )

Effective porosity

Saturated Conductivity
( x 1 0 7 rnm-min· 1 )

POP

0.44

1 .45

1 8.66%

5.24

\1FP

0.37

1 .44

1 8.3 1 %

7. 1 2

BCP

0.5 ]

1 .00

21 .94%

2.87

UOP

0.54

1 .03

1 8.29%

1 2.57

BUP

0.76

0.64

22.95%

82.33

Type of Plaster

The hydraulic conductivity values show a significant dependence on microstructure
or the mixed aggregates of materials. The bonding coat plaster shows the lowest
hydraulic conductivity. This is because of premixed coarse aggregates, typical size
of 1 mm, with high percentage. The coarse aggregates are almost non-permeable for
fluids as shown by SEM images in Figure 2.3 in Chapter 2. Figure 3 .6 also shows the
coarse aggregates at sample surface of bonding coat plaster. The plaster of paris and
multifinish plaster displayed normal conductivity i.e. higher resistance to water
transmittance, which resulted from finer pore dimensions than that of other
materials. SEM images of plaster materials have shown that plaster of paris has a
finer microstructure or smaller pore diameter compared with other plasters. This is
because pure gypsum plaster may form better crystallisation. Multifinish plaster
shows similar relative low conductance with plaster of paris because of less fine
additives and fine pore microstructure. For the case of Browning plaster material, it
was premixed with higher percentage of fine lightweight aggregates and therefore
has the smallest dry set density, nan1ely about 40% of the density of plaster ofparis
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Figure 3. 6 Coarse aggregates (perlite) within bonding coat plaster after
sample. The picture was taken by optical microscope and digital camera,
magnification x20.
and multifinish plaster. We know that lightweight aggregates display non-permeable

feature and their states keep unchanged after being premixed with plasters and

setting. There is no doubt that higher percentage of fine aggregates will result in

lower percentage of the material and produce a higher porosity as indicated in Table

3.5. Apparently, this type of material will show the highest saturated conductivity

and sorptivity.

The dependence of conductivity of plaster materials on premixed additives and
microstructures helps to understand the transportation properties and also provides

effective ways to control the water conductance behaviour of materials for building
industry usage.
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3. 5 Measurements of permeability of water vapour
3.5.1 The concept of permeability and brief literature overview
Water vapour transport properties of building materials are important in the
prediction of the moisture and thermal performance of porous building materials
and so has significant effects on comfort conditions in the built environment. For
instance, a very low vapour permeance layer, called a vapour barrier, is usually
required on the inside of house walls in cold climates. The difference in vapour
pressure leads to moisture diffusion through the walls from inside to outside. The
result is the increase in thermal conductance of each wall element and hence the
overall thermal transmittance or U-value.
Permeability is highly dependent on vapour pressure. Standard test methods, such as
ASTM E96, provide a number of means to measure vapour permeability of porous
materials. To get specification of materials on the performance of permeability,
various vapour pressures may be applied depending upon particular climate
environments. For example, in dry climate areas, the dry-cup method is normally
utilized and, in contrast, in wet climate areas (particular in the UK), the wet-cup
method is applied. The wet-cup method (ASTM E96 Procedure B) is used to
measure the vapour permeance of a specimen exposed to relative humidity (RH)
1 00% RH on one side and 50%RH on the other. The dry-cup method (ASTM E96
Procedure A) measures the vapour permeance of a specimen exposed to 5 0%RH on
one side and 0% on the other. In practice, the dry cup method is used for materials
that will be in service under dry conditions (the average test RH is 25%), and the wet
cup method is used for materials used in humid conditions.
Previously, permeability determination experiments were mostly carried out for
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w ood for the purpose of making drying prediction at elevated tempe ratures. In

rece ntly y ears, more and more experiments have been done for other bu ilding
materials to predict drying rate or vapour p ermeance at ambient temperature.
Straube (2002) measured the vapour permeability of traditional plasters such as

Tab le 3. 6 Some permeability results of building materials (extracted from Straub e

2 002 and Goosens 2002).
1 :3
Cement:
Sand

1 :1 :6
Cement:
Lime:
Sand

1 .7

1 0.3

1 :1 :6
1 :2:9
cement:lime :sand cement: l i m e : sand
with s iloxane
with linseed oil
repellent
treatment
treatment

MP75SL
gypsum

k

( kg ·Pa· ' · s · ' ·m· '
x%
1%
0· ' 2 )

13.1

8.3

3.5

c eme n t -sand mix, cement-lime-sand mix and straw bale stucc o fi nishes . Goosse ns

(2 0 0 2) dete rm i ned t he permeab%
ity o f a type of paint ed Dutch gypsum plaster,
i l%

M P7 5 SL . T able 3 .6 lists some results fo r permeabi l ity for other build ing materia ls.

It i n d%
i%
cates that the plasters premixed with lime materials present much higher

p erm e ab ility for water vapou r and air than those without li m e . Althou gh

c e m e n t : s and plaster has lower permeabi lity than gypsum, it is not preferred to be
ap p lie d to i nternal bui lding walls becau s e of very high drying shrink age th at

p ro du c e s s ubstantial c racks following setting . These resu lts can be applied to t he
i n v e sti gat ion of m aterial select i on for di fferent clim ate environment i n w hi c h

v ap ou r/ai r resistance of walls. is required . However, although commonly used

mate ri als, whether in internal plasterin g materials or plasterboard , comme rc ia l

g yPs u m p l as ter have rarel y bee n i nvesti gated for their vapo ur permeability . In th e
c a e o f int erna l plastering, no data of gypsum m aterials can be cited an d used t o
s s
com p are the behaviour m vapour transmi ttan ce betw een tradit ional

cem e n t - l im e-sand and gyps um-based plas ters. The fo llowing experiments were
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used to determine the vapour transmittance properties of typical commonly used

and commercial available gypsum plasters in the UK.
3.5.2 Experimental measurement

The wet-cup method was used for water vapour permeability measurements since

the high humidity climates are more frequent in the UK. Figure 3.7 shows the
experimental setup for a group of samples. In the first step, round-plate shape

samples were prepared for five types of gypsum plasters with specially designed

round template, 78 mm internal diameter and 14 mm depth. Setting time allowed for

the samples was 48 hours, during which the samples were covered with damp cloths

to mai ntain a humid environment. After setting, the samples were removed from

templates. The sidewalls of samples were polished with wet and dry paper for

smoothing purposes. The top and bottom faces were also polished with fine wet and

dry paper until flat surface and even thickness obtained. Samples were then dried to

constant weight eliminating the extra water within materials. Ten samples for five

tYPes of materials were prepared and then divided into two groups for investigation

separately in two polythene containers to obtain average results. Ten polythene cups

with similar diameters with samples were chosen and filled with distilled water to

about 20 mm depth to create constant 100% RH. The sample was then placed over a

P olythene cup and glued to ensure a tight seale between the sample and cup walls.

During the sealing process, great care was taken to ensure that no liquid water came

i n contact with the sample during handling. The ten complete cup-sample
assemblies were placed in two sealed larger containers over a saturated salt (NaCl)

soluti on, generating a constant 75% RH. Because of the difference of humidity, a

di fference of water vapour pressure between internal and external of the cups was

P roduced and maintained by distilled water inside of the cup and salt soluti on

outsi de the cup. The large container was sealed to avoid air or vapour leakage.
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Polythene container

Distilled water

-.I
w

1 00% RH

Specimen

Cup

22· C, 75% RH

1 00% RH

Electric fan

1 00% RH

Figure 3 . 7 Setup of wet-cup method for determining water vapour permeability

1 00% RH

Electric fans were installed and used to speed up the process for reaching
equilibrium of vapour pressure after the covers were removed for weighing the
sample-cup assemblies. The sample-container assemblies were weighed twice a
week throughout a period of two months, and mass loss of the assemblies, L1M (kg),
or the mass of water vapour transmitted through samples was obtained. The
temperature of the system was maintained at 22±0.5 ° C in a conditioning room.
The mass L1M (kg) of transmitted vapour through samples was plotted against
elapsed time L1t (s) and the slope (L1M /L1 t) was obtained by linear regression for
each material. The permeability, kv (kg·Pa- 1 ·s- 1 ·m-1), of the sample was then
calculated using equation (2. 1 4) :

k =
V

_tiM
__._
l_
M·A·M

(3.4)

where L1P is vapour pressure difference (Pa) which can be derived from known
humidity as follows, A is area of cross-section of sample (m2), and / is the average
sample thickness (m).
The difference of v apour pressure L1P as function of relative humidity at a particular
temperature can be derived as follows. The relative humidity (mathematical symbol
1/f) at certain temperature is defined as:
pv
1/f = 
psat

where Pv is the partial vapour pressure on water, Psat is the saturated vapour pressure.
If the 1/f is known, the partial water vapour pressure takes the form of:

In the wet-cup experiment arrangement, the RH inside cup is 1 00% (produced by
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pure distilled water inside cup), the RH of outside cup is 75% produced by saturated
salt (NaCl) solution . Taking the saturated vapour pressure of water at 22 ° C to be
2.6442x 1 0 3 N m-2 (Kaye and Laby, 1 986), the difference of vapour pressure is:
3
2
M = �at - Pv = �0/ l - 1f) = 0.66 l x 1 0 (N m- )

Th e v alues of permeability were obtained by averaging the results of two groups of

samples.

3.5 .3 Results and discussions
Tab le 3. 7 summarises the results for the chosen 5 types of gypsum plaster produ cts.

T he pe rmeability of gypsum plasters varies within a small range of 1 .6 2 to 2.5 3.
x 1 0- 1 2 k g· p a- I ·s - 1 ·m - I

Ta ble 3. 7 Experiment results of vapour permeability of typeical gypsum plasters
12
1 1
Water/plaster ratio Permeabi lity (x 1 0- kg·Pa- ·s- - m - 1 )
Typ e of Plaster
POP

MFP
BCP

UOP

BUP

1 .62

0.505

1%
. 83

0.377

0.5 5 1

2.00

0 . 739

2. 5 3

1 .88

0 . 620

( 1 ) C om pared with the permeability of other building materials listed i n Table 3 .6,

all the gyp sum plaster materials display lower vapour permeance ability or namely

i ghe r vapour tightness than most other materials such as tradition al
h%
c em ent -lime-s and mortar and even linseed oil treated mortars. And UK m ade

g yps u m plaster is of higher vapour resistance than that of Dutch gyp sum pl aster
(MP7 5 SL).

(2 ) Among the five types of plasters, Browning plaster has the highest perm eab ility.
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This resulted from the fact that it consisted of a higher percentage of fine premixed
perlite aggregate forming more connected pores, allowing water vapour to be
transmitted through the material more easily. Plaster of paris presents the lowest
permeability because no aggregates was premixed which resulted in the smaller
p ore size distribution and high resistance to vapour transmittance through the
material.
( 3 ) Compared with traditional cement-lime-sand plasters, of which the vapour
permeability could be up to 1 8.9 x 1 0- 1 2 kg·Pa- 1 ·s- 1 ·m- 1 ( 1 8.9 ng·Pa- 1 ·s- 1 ·m- 1 ) (Straube,
20 02), the gypsum plasters investigated typically have much lower permeab ility an d
appe ar to be suitable for consideration as vapour barriers in cold weather. Th i s

feature of gypsum plaster is another advantage compared with traditio n
cement-li me-sand plasters.

3.6 Conclusions and recommendations
GYP su m plasters are important materials in the building industry and play important

rol es in moisture and thermal insulation in service as an i mportant wall com pon ent.

The h ydraulic properties of materials characterise their moisture transpo rt ( drying or

Wettin g) behaviour in service in building walls. The dependence of hydraulic

P aram eters of plaster materials on premixed additives and microstructures h elps us
to und erstand the transportation properties of plaster materials and prov ides

e ffecti ve ways to control the moisture transpo rt behaviour of materials for the

b ui l di ng industry. From experimental results, some important conclusions can be
summarised below :
( 1 ) G YPsum plaster products present similar or comparable abso rption rate and

h ydraulic conductivity with fired brick and Lepine limestone, b ut display much
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lower conductivity or higher water resistance than St.-Maximin fine limestone and
cement-lime-sand mortars. Furthermore, all gypsum plaster products investigated in

this thesis displayed much lower vapour permeability or higher tightness of vapour

or air.

(2) The hydraulic parameters are sensitive to premixed lightweight aggregates. In

most cases, a higher percentage of premixed aggregates result in higher saturated
conductivity and vapour permeability, but lower sorptivity than that of pure plaster

of paris. As a result, less amount of aggregates produce higher resistance to vapour

transmittance (better vapour barrier or say lower drying rate) and water conductance,

but cause a higher absorption rate of water. Higher absorption rates may result in

longer drying time for internal plaster walls in wetter situations, such as rainy days.

H oweve r, if fine lightweight aggregates ( also fine sand) was premixed, as in the case

of Browning undercoat plaster, changes of all hydraulic parameters will be

signifi cantly caused by less amount crystals and more macro pores formed.

(3) The hydraulic transport performance is very sensitive to the water/p laster ratio.

For the case of sorptivity, a higher water/plaster ratio leads to much higher sorptivity

values. The difference of sorptivity of materials may be up to 73% at different

water/plaster ratios. As a result, the values of sorptivity could be higher or lower

than brick in different water/plaster ratios. This will cause different moisture
transport behaviour in absorption processes (Wilson, 1 992) and drying rate in

multi- laye red structures such as commonly used two layered brick-plaster walls.

Lower sorptivity layer of walls may slow down the rain penetration rate and rising

dam p. It is recommended that in future gypsum plaster manufacturers provi de
reference water/plaster ratio for application of their products.
(4) Similar to cement and concrete materials, the gypsum plasters investigated also
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displayed wet-dry cyclic effects on their hydraulic properties but in different ways.
The results show that sorptivity of all types of gypsum plasters investigated

increased after one wet-dry cycle. The cyclic effects on conductivity and

permeability when materials are subjected to more cycles require further

investigation.

Overall, the hydraulic properties of gypsum plasters play an important role in

moisture transmittance and thermal insulation related aspects in buildings. For this
reason, more attention should be paid to the hydraulic properties of the materials to

be selected in order to optimise the moisture and thermal characteristics of the wall.

Some kinds of wall structure with specified or required vapour permeability,

absorption rate and water conductance suitable for different climate areas such as

Wet/dry and cold/hot climates are required in modem houses. The hydraulic

Properties should also be considered in manufacturing in order to obtain products

with known moisture transport behaviour, i.e. measured hydraulic parameters.
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CHAPTER

4 EXPERIMENTAL INVESTIGATION

OF DIELECTRIC PROPERTIES OF MOIST GYPSUM
PL ASTERS
Summary Aiming to provide fundamental data of gypsum materials for

developing a real-time moisture monitoring system based on resistance sensors,
five types of gypsum plasters were experimentally investigated by using pin-type

electrode sensors. The problems investigated included the effects of polarization

of materials under applied direct current (DC) voltage, temperature effects on

resistivity, dependence of DC resistance (R) on time (t-defined in Section 4.3.4) ,
spacing of electrodes and moisture content levels (u) etc. Importantly, the

rel ationship between R and u, temperature coefficient of resistivity p and back
electromotive force (EMF) were all quantitatively determined through regression

technique using the experimental determined data.

4.1 Introduction
Electrical resistance-type moisture meters are widely employed and have proven
to be valuable instruments for measuring moisture content and moisture gradients

with reasonable precision (Skaar 1 964). They work on the fact that the electrical
resistivity of materials is a strong function of moisture content. The high accuracy

and low cost of resistance type sensors suggested the priority to develop resistance

sensor based measurement system required for monitoring moisture transport

p rocesses. Considering that most moisture meters successfully use direct current
(Skaar 1 964), the resistance sensor (electrodes) applied in the present research

Was designed for DC operation.

In the development of the resistance type moisture measuring system, the electric

performance and associate characterization of materials had to be determined

quantitatively in advance. The electric or dielectric specifications of materials

Were considered in determining the fundamental principle, system structure,
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sensor configuration and calibration of the measuring system. Besides moisture

content, several other factors also affect the resistance readings between

electrodes. These factors are of two types: intrinsic factors, which affect the

resistivity itself and those factors associated with the configuration of electrodes

sensors used. The intrinsic factors include temperature effects, polarization effects
and time dependence of resistance.

An extensive literature search and review revealed that there was available little if

any dielectric characterization data, especially direct current performance for
commonly used gypsum plaster based materials. The main research interests

appear to be focused on wood, concrete and cement paste (Skaar, 1964; Dai, 1999;

Morelli, 1985 ; McCarter et al, 1995, 2000; Whittington et al, 1981). However,

these studies provided useful information for analyzing the conductance

mechanisms and experimental methods for investigating the factors affecting
measurement results for gypsum plasters (see Section 4.2). Through a relatively

comprehensive analysis of electric conductance mechanism of moist materials, the

electric properties of gypsum based materials were experimentally investigated

and the findings are presented in this chapter.

4.2 Analysis of mechanism of electrical conductance and factors affecting the

measu rement of moisture content

The electrical resistance, R, of a conductor at a given temperature is directly

dominated by three factorss:

(1) The material from which the conductor is made (resistivity p or conductivity CJ
=== l ip );

(2) The length of material (L).

(3) The area of cross section through which the current is passing (A).
The resistance can be calculated by the equation:

L
A

I L
CT A

R = p- = -
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(4.1)

S o the measured resistance is highly dependent o n the configurati o n such as

dimensi o ns and the spacing o f embedded electro des within materials.

However, the electrical conductance processes within moist porous materials are

relatively c omplex processes c o mpared with metals. The conductance processes

of electricity are usually ass o ciated with not o nly physical transport of charges

but also chemical reactions caused by the electric field and specific comp o siti on

of materials. So there are various factors affecting the resistance value and

acc o rdingly affecting the measurement of moisture content. A comprehensive

investigati o n into the electrical c o nductance mechanism was therefore necessary.
4 .2. 1 "t Ionic electric conductance" of moist gypsum plastell" materials

El ect ri cal conductivity thro ugh m o ist materials has two components: ohmic
i sti vity ( conductivity) and i o nic conductivity. Because the electrical re sistivity
res%

of th e materials under investigati on is above 6.45 kO m, they are very good
i n s ulat ors ( Whittingto n et al, 1 9 8 1 ). Hence, in vario us porous building m ateri als,
n am ely w ood, cement and c o ncrete, the i o nic conduct ance d ominates the electric

c ondu ctiv ity.

Th e ab ove o bservati o n suggested that a similar io nic conductanc e should be the
c as e for m oist gypsum plasters and this has been verified by the experimen tal
re s u lt s pre sented in the latter parts o f this chapter. Th e hydrated premixed plasters
co n si st of aggregates (expanded perlite o r exfoliated vermic ulate) embedded in a

gyP s u m paste matrix. The latter may be further sub divided into a solid p hase of
h ydrated and unhydrated gypsum compounds and a liquid phase c o nsist ing of
i o n s in an aqueous solution within pores (see Figure 4. 1 ). The ability of the liquid

P has e to tran sport electrical charges depends o n the type, concentration and speed
o f th e i o n s av ilable in the s o lution. So o veral l, the co ntribution to the electric al
a
co n d u cti on through gypsum plasters may be classifi ed into the physical structure
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of hydrated gypsum matrix and the electrolytic characteristics of the aqueous
phase. Furthermore, as will be seen in the experimental results in this chapter, the
Electric field E

Electric field E = 0

*0

(b)

(a)

Figure 4. 1 Schematic diagram showing the movement of charged ions
under an applied static electric field (DC voltage) in moist porous
materials. Charges in the (water-filled) capillaries lead to ionic
conduction effects. Charges in the closed or "dead-end" pores give rise to
polarisation. (a) without electric field and (b) with electric field. G

indicates products of hydration; C is a continuous capillary and D is
"dead-end" or closed capillary pores.

solid phase of gypsum plaster with bonded water should be classified as insulator
due to the low ability to carry electric charges because electrical conductivity

tests on oven dried samples have shown that they can be up to 6500 times less

conductive than their damp counterparts (see Section 4.3.4); thereby the solid
phase of plaster materials can be classified as an insulator. The electrical

conductance within moist porous materials is dominated by ionic conductance

through liquid phase.
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The conductance ions in aqueous solution within pores consists of three parts.

The first is the salt content permitted by British Standards within gypsum

products. According to British Standard, BS 1191 (1973), the soluble salts within

Thistle gypsum plasters manufactured by British Gypsum include soluble sodium

and magnesium salts, expressed as percentages of sodium oxide (Na2 O), and

magnesium oxide (MgO) respectively, by weight of the plaster as received, and

these range from about 0.2 % to 0.25% depending on the particular products.

Gypsum compounds contribute the second component for ions because the
calcium sulphate compound, CaSO4 is slightly soluble in water. In addition, the
liberation of hydrogen gas and oxygen gas at electrodes may also contribute to

the electrical transport of materials by exchanging charges with electrodes. The
exact ionic composition of the aqueous phase is complex and dependent on the

type of plasters and impurities.

The passage of electric current through liquid or electrolytes causes chemical

changes such as discharge of an ion and causing the substance to come out of
solution and be liberated as a deposit on the electrode or as bubbles of gas. This

process is called electrolysis. The magnitude of a current carried by ions in

solution, at a given temperature, is dependent on the number, speed and charges

of the ions (Denaro, 1971; Koryta et al, 1970), which further relate to the

material's intrinsic properties and applied electric field.

For ionic conductance, temperature and polarization may significantly affect the
electrical performance and this can be explained by ionic conductance
mechanism.
4 . 2 .2 Temp erature effect on electrical conductance
The temperature affects the electrolytes in two ways. First, a temperature rise
reduces the viscosity of solvents and so increases the speed of moving charg
es
because the solute particles travel with a more lively random motion. Second,
in
an electrolyte, a high temperature will dissociate more ions than at a low
er
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temperature since the temperature is believed to be related to the energy required

to dissociate conducting ions (Brown et al, 1 963). It is not the purpose of the

pre sent research to discuss the theoretical implications of this effect. The
tem perature effect in ionic conductance results in the negative temperature

coefficient, namely, the conductivity increases with the rise of temperature of

solution. This feature of ionic electrical conductance is opposite to that of metal

i n which a high temperature lowers the conductance. The increase in io nic

mobility with the increase of temperature can be predicted through the use of the

temperature coefficient, which may be used to find the resistivity at ambient

temperature (see Section 4.3). For compensating the temperature effect in the

measuring system, the temperature coefficients of the materials under

i n vestigation should be determined in advance.

The te mperature effects depend on the particular materials (wood, concrete or
gYP s um p laster etc). For a given moisture content and material, the temperature
e ffect can be related to the activation energy, E, as defined by Davidson ( 1 95 8)

and Brown ( 1 962), by the following equation (4.2):

E

d(log p)
dT

(4.2)

wh ere p is the resistivity, E is the activation energy, R8 is the gas constant and T i s
th e ab so lute temperature.
T em p erature changes could be caused by either ch anges in the environ ment al
co n d it io ns or the ohmic heating. If the environm ental temperature is kept con stan t,
th e o h mic heating dominates the temperature effect. As the ohmic heat produ ced

dep e nd s on t h e time elapsed, the temperature effect also varies with time. W hen a
DC vo ltage i s applied to t h e material, several effects cause the curren t or

re s i s tan ce to change with time. O hmic heatin g causes a decrease in resi stan ce and
i nc re ase of current with time. The second and usual ly more important effe ct is the

P ol ari z at ion, either at electrodes or in the m aterial s (see next section 4. 2.3). Thi s
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effect results in an increase of resistance or reduction of current flow with time.
Figure 4.2 shows an example of the combined effect of these two factors obtained
for wood. The initial decrease of resistance was due to ohmic heating, as
indicated by the sharp rise in temperature during this period. Superimposed on the
temperature effect was the polarization effect, which causes increase in the

resistance with time. This effect become dominant after about five minutes and
the resistance-time curve reversed as the resistance increased due to polarization

effec ts.
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Figure 4. 2 Variation of temperature by Ohmic heating and changes of
res istance of red oak material at about 20% moisture content, with silver

paint electro des and 300 V DC voltage applied (extractedfrom Skaar
1 96 4)

Bec au se of the dependency of resistance on time, a thorough experi mental
i n vestigat i on of time dependence of resistance of gypsum plaster materials is
i n dispensable for further development of the moisture monitoring system for the
re si stance -type moisture sensors chosen (see Section 4.3).
4 . 2.3 Polarization effects
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Polarization results from the changes in electrochemical structure of a dielectric

as a result of sustaining a steady electric field. In an electrolyte subjected to the
flow of electricity, this change may occur in the vicinity of the electrodes and in

the bulk electrolyte (Morelli, 1985).
Polarization of electrodes

The polarization at the electrodes is the result of the slow process by which

charged particles are transferred from the solution to the electrodes. With the
accumulation of ions around electrode, the chemical reaction with the discharge
of ions at the electrodes occurs. The discharge of ions involves three main stages

(Denaro, 1971): (1) Transport of ions to the electrode surface; (2) Discharge of

the ions to form atoms; (3) Conversion of the atoms to the normal stable form.

The polarization potential caused by the transport process ( 1) is known as

'concentration polarization', while (2) and (3) are termed 'activation polarization'.

The polarization voltage U I at an electrode is given by the equation:
1
U = Uo - U

(4.3 )

Where U0 is the actual electrode working potential and U is the equilibrium
potential.
When a DC voltage is applied to the moist materials, the formation and liberation
of hydrogen atoms from water molecules at electrodes will occur in process (3).

2H + 2e - H2
The accumulated hydrogen gas, or activation polarization, is believed to be the
greatest hindrance to the application of DC current to a fresh moist material
because of effective obstruction to the flow of charged particles to the elect
rode

sur face. This obstruction or called "contact resistance" (Dai, 1999), results in
the
'
i crease of apparent resistance of material. The increase of resistance may
be fast
n

When the DC voltage is just applied, where the gas layer around electrodes starts
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to form.

The resistance will reach a comparable stable state when higher

resistance slows down the flow of charged particles (see Section 4.3).
Polarization of bulk electrolyte

Away from the electrode-electrolyte interface, a secondary polarization effect

occurs within the bulk electrolyte. This polarization process involves the

alignment of dipoles and other charged particles in the direction of the current
flow. If a DC voltage is applied, this re-alignment results in a more efficient

conductive medium while, with alternating current (AC), the continuous change

in polarity causes a proportion of the charge to be stored in between cycle
reversals. Bulk electrolyte polarization effects include molecular or dipole

rotation alignment, distortion of ion sphere, charges build up on surface of
hydrated and un-hydrated compounds where they are bound to the crystal lattice.
Skaar (sI 964) investigated the back electromotive force (BEMF) caused by

polarization in wood by measuring the residual voltage across the electrodes. The

residual voltage was measured immediately after the removal of applied voltage.
It was found that the residual voltage presents a decay process with time and a 5

V back voltage opposing the applied electric field was observed for Douglas-fir

heartwood. In addition, the effect of the magnitude of the voltage applied was

also investigated from 1 to 100 Volts. The results showed that the DC resistivity

decreases with increasing voltage and that this effect is most pronounced below
~10 volts at which most moisture meters operate. For modem computer data
acqu isition hardware, the range of voltage input is normally under 10 or 20 volts

and so polarization effects should be carefully considered and compensated for
resistance type moisture measurement apparatus.
According to Ohm's Law, current at constant temperature is proportional to the
applied voltage and inversely proportional to resistance, l= UIR. As analysed
above, in an electrolyte, polarization effects at the electrodes produce the
back
EMF and so reduce the conductance. In addition, the accumulation of liberated

gas aro und electrodes results in increase or instability in the resistance at
initial
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stage. This may cause problems such as low accuracy and instabili ty read ing
of
moisture content values for resistance type moisture measureme nt system s if the

ti me dependence is not properly considered. The polarization effects are

Depe n d e n ce of Res ista nce
on AC F req uency in cement
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Figure 4. 3 Resistance-time dependence for cement materials at various
freq ue ncies ofA C voltage (extractedfrom Calleja, 1 952)
som eti mes minimized through the use of AC voltage and so some auth ors
rec o m m en d the use of alternating voltage (McCart er et al , 2000; Hancox 1 9 68 ) .

Howev er, the u se of AC voltage needs the introd uction of a network of cap acitor
an d resi stors (Morelli , 1 985), making the theoretical consideration and calibration

co p l ex . Furthermore, in the AC voltage, the de pendence of resistance of mois
t
m
mate ri als is n ot stable either. Calleja ( 1 952) examined the effect that the v ari ation
o f fre qu en cy had on resistivity. This revealed a signi fi cant dependence f
o
re s ist iv ity of cement paste on the time elapsed after AC voltage applied (see

F i gu re 4. 3). In the research, t he DC voltage was applied and polari zation effect s
Were co m pen sated as required.
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4.2.4 Summary
Through the analysis of mechanism of electrical conductance within moist porous

materials, especially gypsum plaster materials, the ionic conductance of

electricity has been clarified and the possible factors affecting the resistance

measurement for the development of sensors have been investigated.

B esides the dependence of resistance on the configuration of electrodes such as

spacing (L), cross section (A ) and material types (p) as indicated by Equation

( 4.1), the resistance is also affected by temperature and polarization effects. The
temperature effect can be caused by either temperature variation of environment

or ohmic heating of flow current. The temperature rise by ohmic heating may

initially result in the decrease of resistance and makes the resistance time
dependent. The polarization effect may result in the occurrence of back EMF and

gas accumulation around electrodes which increases the value of resistance. This

effect may produce faulty readings of resistance and may also make the resistance

variable with time. How the resistance behaves in the particular materials of
interests, namely gypsum plasters, needed to be fully investigated by experiment

and the associated quantitative relationships be determined.

A bove all, for development of the resistance sensor based moisture monitoring
system, it was essential for the R-MC relationship to be determined
experimentally.
4. 3 Experimental investigations
4. 3.I Configuration of pin type resistance moisture sensor
S tainless steel rods with diameter of 1mm, length 30mm were selected as the
conductors for the resistance sensor (Figure 4.4) and embedded in pairs in
the
gyPsum plaster materials during the cast of samples (Figure 4.5). If the resist
ances
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across electrode-pairs were calibrated for known moisture contents, they could
then be used for moisture content measurement. To obtain high resolution of MC
measurement, the diameter and length of the electrode tip were designed to be as
small as possible and electrode-pair were positioned as close as possible, so as to
constrain the field distribution between electrodes. The exposed tip of the

I

►

30 mm

0e= 1 .0mm,
� stainless steel

-, 5mm , ._

Silicone rubber

Figure 4. 4 Geometry configuration of electrode probe

Surface

Material

5mm

Pins

,I �

Figure 4.a5 Electrode sensor embedded within materials. Re-contact
resistance, R w -bulk resistance. The contact resistance Re is normally much
greater than bulk resistance R w (see Section 4. 3. 4)
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electrode is 5mm and the length is 30mm; silicone rubber was applied for the
purpose of electrical insulation of electrodes, leaving only small tip for conduction.
Comparing with normal design of needle-like electrodes used by ordinary
moisture meters, this design also has the ability to determine local moisture
content at various depths within the sample, reducing inaccuracy or misreading
caused by residual water on the surface near electrodes, thus giving more accurate
values of moisture content.
Each electrode pair was connected to a data acquisition (DAQ) card

(C IO

D OS48PGA by OMEGA Ltd, see Appendix C for detailed specifications) directly
to measure the residual voltage. When an electrode pair is connected with DAQ
card via the interface box which can convert resistance to voltage, the resistance
across the electrode pair can be measured. The DAQ card has 48 analogue input
channels, the voltage input range is programmable (up to -1 0 V to 1 0 V), the
sampling rate is 20 k Hz and the input resistance is >20 Mn. The control software
was written using LabVIEW graphical programming platform (see Chapter 5 for
detai ls).
4.3.2 Sample p reparation and probe arrangement
The samples were made using the 5 types of commercial products of thistle
p lasters, described in Chapter 2. Two samples were prepared for each type of
plaster, size 25 mrnx25 mrnx 1 02 mm by a copper mould as described in Chapter 3 .
I mmediately after the plaster paste was poured into the mould and vibrated by
hand to remove air-bubbles, 5 electrode pairs were embedded at the spacings of:
5 mm, 1 0m m, 1 5mm, 20mm, 25mm and depth of 1 4mm from the electrode tip to
the su rfac e. To obtain the desired spacings, the electrodes were initially mounted
on a PVC board on which holes had previously been dril led. After electrodes were
embedded into the samples, vibration helped to ensure good contact with
surrounding materials. One of the two samples of each kind of plasters was
embedded with the electrodes and then left together with another sample in the
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mould undisturbed for 24 hours, during which time the samples were covered by
damp cloth . Samples were then removed from the mould, dried in a well
venti lated electric oven maintained at a temperature between 3 8-40 ° C to constant
weight. The electrodes mounted samp les were used for resistance test and others
for dry density, porosity or absorption test. Table 4. 1 shows the characteri stics of
the sam ples. The effective porosity was determined by the experimental procedure
described i n Chapter 2 .
Table 4.a1 The measured results of specifications ofplaster samples
Dry density

Effective porosity

ratio by weight

g/cm 3

( %)

MFP

0.49

1 .52

24.6

UOP

0.36

1 .08

22 . 5

BCP

0.50

1 .04

29.2

BUP

0. 77

0.67

27.9

POP

0.52

1 .36

3t1t. 7

Sample

Water/plaster

The moi sture content o f samples was obtained through absorbing a certain amoW1t
o f di stil l ed water at a given time. After each absorption period, the samples were
tightly sealed by a si licone film avoiding evaporation of absorbed water. The
sample s were left undi sturbed to reach moi sture equilibrium at temperature 2 2 ±
0 . 5 ° C . I n the resistance test, it was very important for the samples to reach
moist ure eq ui librium with i n the entire volume so that the 5 pairs of electrod es
wou ld b e at the same moi sture content level . A series of tests of the moving rate of
waterfro nt were made firstly. It was found that in the counterpart samples, t he
water front reach ed the end in 8- 1 2 hours. To make sure that the samples reach
e q ui l ib ri um at every moisture l evel, the samples were left for 48 hours. T he
resist an ce-ti me dependence for e l ectrodes at di fferent spacing was then tested by
utilisi n g t he developed measurement system .
4.3. 3 Measu rement of residual voltage caused by polarization effect
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As the materials are polarized, reverse electrical field with respect to external field

and accordingly back EMF will be produced and a residual voltage opposing the

external voltage can be observed after the external voltage removed. The back

EMF and its dependence on applied voltage can be determined by measuring the

residual voltage of electrodes immediately after removing the charging power

supply. Residual voltages were measured directly by the DAQ card via a two pole

change-over switch connecting the electrodes with the power supply and DAQ

c ard (see Figure 4.6). The switching time from charging voltage to DAQ card for
measurement of residual voltage is less then 0.25 s.

Figures 4. 7 (a), (b) show the obtained dependence of residual voltage on charging

voltage and charging time, and its decay with time. According to the physics of

dielectri cs, the polarising field caused by polarization is proportional to the

external field. But for moist gypsum plaster materials, ionic solution and free ions

exist and so they are capable of conducting electricity to some extend. The

addition al field caused by polarized effects are not so strongly affected by external

voltage as in the case of pure dielectrics materials.

Electrodes in
material

DAQ Card
& PC

Power
s upply

Figure 4. 6 Two pole change-over switch for the measurement of residual
vo ltage caused by polarization effects
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Figure 4. 7 Sample curves of decay ofresidual voltage across electrodes
w ith 5 mm spacing. a-dependence on charging vo ltage for BCP plaster
materials; b-dependence on charging t ime foer UOP plaster material.
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From Figure 4.7, several conclusions can be drawn: (1) Residual voltage depends

on the value of charging voltage - the higher the charging voltage, the higher the

residual voltage produced. (2) The residual voltage depends on the charging time _

the longer the charging time, the higher the residual voltage produced. This results

from the fact that the moving speed of ions in moist materials is slow, where the

longer the charging time, the more charged particle accumulated on the electrodes.

So, in the measurement of resistance, the external charging voltage and charging
time must be kept consistent for different electrode pairs or for measurements in

different times so as to obtain comparable resistance values.

For vari ous values of applied voltages, the maximum residual voltage produced
by polarization effect has been determined for five types o f gypsum plaster

materials. Considering that the absolute maximum input voltage of DAQ card is
±30 V and that the common mode range of voltage is ± 1 0 V, applied in later
development of monitoring system, the charging voltage is restricted from O to 1 5

volts. The charging time was kept constant at 1 minute. The decay process of the
resi dual voltage was observed by the method described above and the initial or

maxi mu m residual voltage Ur was determined. By changing the charging voltage
U, the corresponding maximum residual voltage U,. was measured. For each type

of material, the experiments were repeated twice so as to obtain an accurate
dependence of residual voltage on applied voltage. The dependent functions of

residual voltage on applied voltage were then obtained by fourth order
polynom ial regression of U-U,. data points for the five types of gypsum plasters.
Figure 4.8 shows examples of the experimental dependence of U, on U and fitted

curves (all plotted graphs can be found in Appendix D). Table 4.2 lists the
coeffi cients of the polynomial functions. These results provide the essential
fo undations and necessary data for the development of monitoring systems.
Based on the curves in Figure 4.8, some conclusions and deductions were made :
(1) I n the initial
stages, the curves show good linear relations between the appli

ed

Voltage and residual voltage. When the applied voltage was increased to 5 - 7V,
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Figure 4.8 Sample graphs showing the dependence of residual voltage on
applied potential difference. (a)-MFP; (b)-B UP. The doted-lines present
experimental results, and the solid lines are fitted curves with polynomial
regression (see Appendix D for the graphs of all five types of gypsum
plasters)
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all gypsum plasters reached nearly saturation of polarization because of the

rotation of dipoles or displacement of opposite charges to the maximum for the

applied voltage.

(2) For plaster of paris and multifinish plaster, an abnormal polarization effect

was observed. After the saturation stage, if the applied voltage continues to

i ncrease, the residual voltage shows an abnormal increase which indicates further

enhancement of polarization effects (Figure 4.8 a). The author suggests that, the

abnormal polarization effect was caused by the fact that the material investigated

i s not a pure dielectric, but a mixture of water based solution and solid hydraulic

plaster and impurity materials. These different materials (molecules) have

di fferent polarization properties (i.e. different relative permittivity c:) and need

di fferent "activation energy" for the electric dipoles to rotate or molecules to be

polarized. At higher applied field, these molecules became polarized and make a

contribution to polarization effects.

( 3) The fi tted functions of residual voltage ( [!,.)-applied voltage ( U) curves for all

fi ve typical gypsum plasters have been obtained by the polynomial regression

m ethod. After the comparison of correlation coefficients obtained from

Polynomial regression at different orders, the fourth order polynomial functi on
was fou nd to be the best. It has the following format:
2
3
Ur = a U 4 + b U + cU + d U + e

(4.4)

The functi ons determined by equation (4.4) and Table 4.2 were used for th e

moistu re monitoring system (next chapter) for the purpose of compensating

Polari zation effect of materi als.
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Ta ble 4.2 The coefficients for U,.- Ufunctions in eq uation (4.4) obtained by fourth
order polyn omial regression for the five different materials tested
S quare of

m ateri als
B CP
MFP

UOP
BU P
P OP

a

b

C

0

-0.000 1

- 0.0065

0.0002

0.0003

- 0.0533

-0.0002
-3 X 1 0"6
7 X 1 0· 5

d

0.30 1 2
0.5026

0.33 73

e

0.02 1 3
- 0.03 1 8

- 0.0 1 68

correlation
coefficient R 2

0.995 7

0.95 1 9

0.995 2

0.0062

- 0.0573
- 0.0 3 2

0.3652

- 0.00 1%1

0. 99 34

0. 0009

- 0.0379

0.3224

- 0.0 1 78

0.99 86

0.00 1

4.3 . 4 De pend ence of resistance/resistivity on time and spacing of elec trod es
In th e mea surement of resistance of gypsum plasters, stainless stee l p m s

des crib ed in Section 4. 3 . 1 were used as the resistance sensor and embe dded as

p airs wi thi n the gypsum materials. The electrode pairs were connected to the

D A Q card via a resistance/voltage convert circuit (see Figure 4.9). The contro l

s o ftw are i s written in LabVIEW (see Chapter 5 for details). In the data
ac q ui siti on processes, the delay of data reading, count number, range and input

c h an n els are all programmable. The resistance across electro d es was cal culated

au to m ati cally by the software an d displayed in real-t ime on the screen.

T h e mea surement and calculation of resistance should be compensated by
co n si d eri ng the polari z ation e ffect. By consid ering the back EMF cau sed by

P o l ari z ati on effects , the e quivalent circuit is sho wn in F igure 4. 1 0 . T he m easu red

V o l tage U = Ux+ Ur, where Ux is voltage drop on resi st ance and Ur the back EMF
caus ed by p olariz ation o f material. Then the following relationshi p can be
ob tai n ed:
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DC Power

Automatic reading
of applied voltage

supply
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Resistance
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Interface
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R/V
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""'

,/

DAQ
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Computer

Figure 4. 9 Schematic diagram of resistance measuring arrangement

Uo

Ro

Voltage output
U to DAQ
card

Electrode pair

Figure 4. 1 0 Electric circuit for resistance measurement at each channel,
where Ro is a high precision resistor with known resistance (82.82 k Q),
Rx and Ur are resistance and back EMF respectively across the
electrodes
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Rx = Ux = U - U,
_____;,;__
Rx + R0 U0 - U, U0 - U,

(4. 5)

where the Uo is the applied external potential. Rearranging, the resistance is given by:

(4.6)

Combining the dependence of Ur on U in equation (4.4) , Table 4. 1 and equation
(4.6), the resistance across the electrodes can be calculated automatically by the
control software.
Figure 4. 1 1 shows the results on time dependence, spacmg dependence for
different gypsum plaster materials measured by the measuring system described
above. From the curves, the following conclusions can be obtained:
(1) Dependence of resistance on time and the "30 second rule".
When an external DC voltage is applied to a gypsum sample, several effects
occur which may cause the current or apparent resistance to change with time. As
previously mentioned, one is due to ohmic heating effects and possibly causes an
increase of temperature, which may reduce resistance. Another effect is the
accumulation of hydrogen gas, which can effectively obstruct the flow of electric
charge to the electrode surface. Figure 4. 1 1 shows the combined effects in two
example samples and indicates that the resistance increases quickly with time
from the initial stage and trend to a stable value.

Resistance-time dependence at different electrode-spacing of
BUP at MC=24. 1 5%
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POP at MC=24.95%
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Figure 4. 11 Two examples of the time dependence of resistance of
plasters at different electrode spacings. (a) -BUP, (b)-POP. Environment
temperature is ambient temperature in conditioned room, 22 +0.5 °C.
(Graphsfor allfive types ofgypsum plaster materials are in Appendix F)
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The results indicate that, in gypsum plaster materials, the obstruc tion by the
li brated hydrogen gas for current flow dominates the processes becau se ohm ic
he ati ng does not have a signi ficant effect on the electrical behaviour of mat erials .
This may result from the fact that the dry gypsum plaster materials have high er
p erc e ntage of crystal lized water, about 2 1 % by weight, which limited ohmi c
h e atin g and only very slightly affects the resistance. As for the ohmic heat ing, the
l o w D C v o ltage (9 V) constrains the heating power in materials with high
electrical resist ance (~ 1 0 3 to 1 0 6 ohm), and not able to significantl y affect the
tempe ratu re and associated resistance variation. In contrast, the temperat ure
in cre ase obse rved in wood (Skaar 1 964 ) was caused by high DC voltage at 300 V
p ro d ucin g a high level of heating.
A s sh own in Figure 4. 1 1 , the resistance of most gypsum plasters increas es
qu ic kly in the fi rst 1 5 to 30 second time after which the resistance reac hes A
rel ativ e stable value. So, the resi stance reading after 30 seconds of time is
rel at iv ely reliable and can be used as the charac teristic resistance at A particul ar
mo ist ure c ontent value. This was labelled th e "30 second rule" in the later
app li cat i ons of resistance measurement.
( 2 ) D epend ence of resistance on electrode spacing
Th e e ffe cts o n resistance of electrode spacing were investi g ated by emb eddin g
el ec t ro de pairs at separations ( or spacing) of 5 mm, 1 0 mm, 1 5 mm, 20 mm and
2 5 nun ( see F igure 4. 1t1 and Appendix E for all graphs of five types of mate rial s
an d di fferent moisture content levels). Figure 4. 1 2 shows the resistance e l ect rod e spaci ng
dependence of gypsum plaster materials. In thes e graphs , the
"30 se co nd rule" was applied to determine the resistance at di fferent electrode-
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30

sp acin g. As shown on the graphs, for most materials (Figure 4. 1 2 (a) to (d)),
the
sm al l slopes of the l inear regression functions indicate slight depend ence of
the
re sistance on the spacing of electrodes. The large intercepts implied that
the
re sis tance would be kept at a large value when the separatio n/spacing of
el ect rode s approach zero at which the bulk resistance does not contri bute to the
total resist ance across the electrodes. Hence, the contact resistance is muc h
gre ater than bulk resistance and so dominates the resi stance across electro des, or
th e co ntri bution to the resistance from the immediate vicinity of electro des wo uld
do mi nate the contact resistance. This behaviour of gypsum materials is sim i lar
wi th that i n wood at which the resistan.c e is dominated by the moisture condition
i n th e vic inity of electrodes (Skaar, 1 964; Dai, 1 999). However, plaster of pari s
( P OP ) material present significantly different behaviour ( Fig u re 4. 1 2 (d ) ) fro m
ot her gyp sum plaster materials. The much higher slope (3 .3337 kO/mm) indicates
th at t he resi stance of POP i s highly dependent on the spacing of electro des (also
s ee Ap pendix E for more graphs of POP). Comparing with the resi s tance of
28. 1 43 kQ at 5 m m electrode-spacing and 1 09 kQ at 30 mm electrode- spac i ng,
the i nt erc ept of linear regression is only 4. 662 kO, which indicates a small
c o nt act re sistance. So, for PP material, the total resistance across electrodes h as a
go o d l ine ar relation with electrode-spacing with small contact resistance . T he
b ul k resi stance could be much greater than contact resistance when el ectrod e
sp ac in g was i ncreased, or the resistance is dominat ed by both the bulk mo i sture
st at e an d vici nity of electrodes. Because of the dep endence of resistance on the
sp aci n g, esp ecially in P OP material s, it was clear that the electrode-spac ing or
arrang ement of electrode sensors within materials should be carefully set to
e n s ure that the measured resi stance across elect rodes uniquely repres ents the
l o cal moi sture content in moist materials.
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4.3.5 Exper iments to determine th e temperatu re coefficien ts of gypsu m
pl aster mate rials

The effects of temperature on resistance of materials were investigated for five

types of gypsum plasters. Temperatures of 6 °C, 1 5 °C were obtain ed by

re frigeration and temperatures of 30 °C, 40 °C , 50 °C were obtaine d in an
temperature controlled oven while the temperature 22 °C was ambient. The

sampl e w as tightl y sealed (to reduce loss of water) during heating or cooli ng u nti l

temp erature equilibri um was achieved. After removal of the sample from the

oven or refri gerator, measurements were immediately taken and completed with in
1 - 2 min utes.

F i v e sampl es for di fferent plasters were heated or cooled down and at equi l ibriu m

temperat ures the resistance was measured. During heating or cooling, the samples

w ere ti ghtly sealed to maintain constant moisture content and at each tem peratu re,

th e res istance-time dependence was measured. Figure 4 . 1 3 showed two exampl es

o f th e resi stance-time dependence curves at various temperatures. The results

cl e arl y show ed the effect of the negative temperature coefficient and con finn ed

th e me chani sm of the ionic conductance mechanism analysed in Section 4.3 . . For

n egati v e tem perature coefficient materials, the temperature dependence of

res i sti v ity on temperature can be expressed as :

Pe

Pi - 1 + a(t - 0)

(4. 7)

W here 0 is a reference temperature, p0 is the resis tivity at 0 ° C, Pt is resistivity at
°
t C and a is the temperature coe fficient of the material . In the present thesi s, th e
re fe ren c e temp erature 0 was set to be the ambie nt tem perature 22 ° C.
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Tem peratu re effect of resi stance of Bonding coat plaster
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Figure 4.13 Two example graphs showing the temperature effects on

resistance ofbonding coat plaster(BCP) and multi.finish plaster(MFP)
(see Appendix F for the temperature effects ofall gypsum materials)
The resistivity of gypsum plaster materials at different temperatures was
determined by comparing the resistance of salt solution with known resistivity by
using the same electrodes configuration. For a given electrode configuration,
namely the same pair of electrodes with the same spatial relative position, the
106

re si stan ce across the pair of electrodes i s proportional to the resistivity of
the
m at eri als or solution in whi ch the electrodes were embedded. The resistance may
be e xpre ssed as R = k JJ , where k is the constant of proporti onality. By
co nsid eri ng the measured resistance and the known resistivity of the soluti on the
c oe ffic ient can be determined. A sodium chloride solution was first prepared and
th en its resistiv ity was determined utilizing a standard condu ctivity meter
(Hl8 820 Bench Conductivity Meter made by Hanna Instrument, Italy) . Then the
el ectrod e pair was merged into solution in the same way as it was embed ded in
moi st mate rials. A fterwards, the resistance, R, across the electrodes was meas ured
and rec orded and the value of k was then determined. The resistivity JJ was then
calc u lated by the equati on JJ =Rik.
Tab le 4. 3 indi cates the temperature coefficients of various plasters. Acc ording to
t he electri c c onductance mechanism, temperature effects rely on the change of
co nc entration of charged ions for carrying current charges when the tem perat ure
c h ang ed . Among the five plasters, plaster of paris has the lowest value of
temp erat ure coefficient and the multi finish pl aster the highest. T he low v a lue for
th e co e fficie nt of plaster of paris appears to be reasonable because no aggrega tes
W as premi xed i n this plaster and so i t has the lowest level of imp urity and
ac c o rdi ngly the lowest condu ctance ions.

Ta ble 4. 3 Temperature coefficients offive types ofplasters
Type of p laster
Tem perature
co effi cie nt / K - 1

POP

MFP

BCP

UOP

BUP

0.0294

0. 1 227

0.0402

0.0322

0. 0464
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Th e sligh tly soluble feature of gyp sum dominates the conduc tivity of P OP

m aterial. Temperature changes could not cause significant change of dilu ted

ch arged ions and so resu lts in a lower temperature coefficient. Other plasters,

typic ally multifinish plaster, were premixed with lightweight aggregat es and have

high er con centration of salt and other impurities. The concent ration of ions

avail able for conduction ions will have high dependence on temperature and so

re sul t in high er temperature coefficients, especially multi finish plaster of w hich

th e co effi cient i s nearly six times higher than plaster of paris. From the resu lts and

an alysis, two conclusions can be obtained. First, the negative temp eratu re

co e fficie nts of plasters clearly indicate the ionic conductance mech ani sm of

gypsu m plasters. Second, the conductance was domi nated by additives which may

ch ange resisti vity si gn ificantly. The temperature coeffici ents obtained here w as

appl ied in the moisture monitoring to compensate for the influence of temp eratu re

e ffec ts. B ecause the R esistance-Moisture content calibration had been made at

temp eratu re 22±0.5 °C, the res i stance value at other temperature was convert ed

i nto the value at the temperature before being used to calculate the moisture

con te nt .

4. 3 . 6 Calibratio n of Resistance (RJ-Moisture c ontent (MC) dependen ce
On the b asis of the investigation into polarizat ion effects, temperature effect and
ti m e depen dence o f resistance, the most impo rtant R-MC relationship s w
ere
det erm in ed by experiments for different gypsum plaster materials . Th e

det erm in atio ns of these relationships are also calibration processes for the
m e as u re men t of moisture content by using resistance type sensors.
Th e pl aster sampl es were prepared fol lowing the same proced ure an d

s pec i fi catio n as those used for the investig ation of polari z ation and te m p erat u re
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effects in Section 4.3.2 as specified in Table 4. 1 . The same specifications were
appl i ed i n sample preparation to ensure the val idity of the residual voltage
obt ained and the temperature coefficients in Sections 4.3.3-4.3 . 5. Two sample s

for e ach type of plasters were prepared and three pairs of electrode sensors w ere

em be dded in each sample with 5 mm spacing of electrodes in each pair and 1 5

m m ap art for adj acent pairs.

Foll owi ng sample preparation, various moisture content levels of sam ples were

obtaine d by absorbing distil led water processes. The MC is determ ined by

w ei ghi ng the dry and wet weight of samples using a high precisio n elec tronic

b al an ce. At each MC level, the samples were tightly sealed and le ft for two days

to re ac h equilib rium in a conditioned room where the temperature was maintai ned

at 22 + 0.5 ° C. Then, the resistance-time depend ence was monitored by the

m easu ri ng system shown in Figure 4.9 for each pair of electrodes over the time

p eri o d o f about 1 50 second.

Us i n g t he "3 0 second rule" (see Section 4.3.4 for its definition), t he resis tance for
each samp le was recorded and an average value obtained from three resist ance

v al u e s from the three pairs of electrodes in each sample. The same procedure was
rep e at e d, and another average 30 second resistanc e value can be obtain ed for the

s ec o n d sample of each material. By varying the moisture content of the two

l es for each material, two sets of the resistance-m oisture content depen den ce
s am p%

dat a we re obtai ned and plotted. Appendix G presents the resistance (R)-mois ture

co n tent ( M C) dependence curves for the materials. The curves sh ow th at the
re si stan ce across the 5 mm-apart electrode pair may vary from 20 kQ in the wet

st at e to 90 00 kQ for its dry counterpart, indicatin g that the dry solid gypsum

mat eria ls can be considered as ins ulation materia ls.
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T o realize automatic measuremen t of moisture content from resistance valu es, the
R - MC dependence functi ons must be determined. Because of the key importanc e
of th e R - MC functions in calculating the moisture content, the regression must
be careful ly made to obtain the best results. To obtain the optimised functi ons,
three regression pro c ed ures were tried including lnR - lnMC linear regre ssion,
1 /l nR - l nMC linear regression and 1 /lnR - lnMC polynomial regression.
Previ ous researchers suggested that the logarithm of resistance has the following
l i ne ar relation with logarithm of moisture content (Dai 1 999) for wooden
m at erial s :
lnR = a lnMC +b

(4.8)

where a and b are di mensionless constants. Table 4.4 shows the correlation
coe ffi c ients where the data is fitted using equation (4.8) . The low R 2 val ues
in d ic ate t hat, for gypsum plaster materials, l nR and lnMC do not have a strong
li near rel ations hip. The low correlation coeffi c ients obtaine d wil l result in a large
error if equation ( 4 . 8) i s applied for calculating the moisture content.
Thro ugh ob serv ation of the trend of lnR - lnMC dependence curves, a linear
rel ati on betw een lnMC and the inverse of lnR is assum ed between MC and R as
Eq uat ion ( 4 . 9) :

1
ln R

- = c ln MC + d

(4.9 )

Wh ere c an d d are c onstants obtained by regression, then muc h b etter correlation
c an be obtain ed (see T able 4 . 5 ) . F igure 4. 1 4 shows the measured resistan ce-
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moisture content dependence data for five types of gypsum plaster materials and
the regression curves. But for POP material and MFP, the regression results are
still not very satisfactory because of the low correlation coefficients.
Table 4. 4 Correlation coefficients when regression using the linear relation:
1nR =alnMC+ b

Materials

BCP

POP

MFP

BUP

UOP

a

- 1 .4063x

- 1 .6265

-0.9265

- 1 .2262

-0.6397

b

6.9452

7.0365

5 . 7426

7.2395

5 .5334

Ri

0.828 1

0.843 7

0.726

0.94 1 2

0.9023

Table 4. 5 Correlation coefficients when regression using the linear relation:
1/lnR = clnMC+ d

Materials

BCP

MFP

BUP

POP

UOP

C

0.0522

0.0407

0.0607

0.0366

0.0361

d

0. 1 569

0. 1 5 7

0. 1 63 1

0. 1 855

0. 1 498

R.l

0.9593

0.9603

0.9 1 69

0. 8 1 89

0.9434

As the third trial, three order polynomial regression for the 1/lnR - lnMC curves
were also made with formula (4. 1 0) .

(4. 1 0)

The regression curves and the regression coefficients were shown in Figure 4. 1 4
( solid lines) and Table 4.6 respectively. Table 4.5 shows the very high correlation
coefficients obtained. The polynomial regression results for gypsum plaster
materials showed that the good linear relation between 1nR and lnMC for wood
materials is no longer valid for gypsum materials and more complicated
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c lnMC + d

polynomial regress10n has to be made to obtain satisfactory correlation
coefficients.
For obvious reason, the polynomial regression results for R MC dependence was
applied to the developed monitoring system for moisture transport in Chapter 5.
Table 4. 6 The third order polynomial regression results for 1 /lnR - lnMC dependence
a1

a2

a3

a4

Square of correlation
coefficient R2

BCP

0.0003

-0.0 1 02

0.0776

0. 1 542

0.9973

MFP

-0.0091

0.028

0.0632

0. 1 1 57

0.9797

UOP

-0.0004

0.007

0.028

0. 1 3 3 1

0.9938

BCP

0.0097

0.085

0.2768

0.0453

0.997

POP

0.0032

-0.0283

0.0888

0. 1 898

0.9937

4. 4 Conclusions
From the experimental investigations and subsequent analyses of electrical or
dielectric properties of commonly used gypsum plaster mate1ials, several
important results were obtained which were then used in the development of the
monitoring system (Chapter 5) for transient moisture profiles of isothermal
moisture transport processes.
(1 ) From the investigation of dielectric properties, the conductance mechanism of
gypsum plasters was made clear, namely, the conduction of moist gypsum plaster
materials is ionic conductance, which implies the strong effects of polarization,
temperature and time elapsed on the resistance of materials.
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(2) Through the measurement of residual voltage, the polarization effects were
q uantitatively investigated and regression functions between applied voltage and
residual voltage were obtained for five types of gypsum plaster materials. This
result can be used in moisture content measurement uti lizing the resistance-type
m oisture sensor to compensate polarization effects wh en a DC voltage was

appli ed.

(3) The resi stance or resi stivity of moist gypsum materials is also depen dent on

en vironm ental temperature changes. But temperature effects caused by ohmi c

heati ng have not been observed. Thi s is possibly because of the high percentage

of crystal lized water within hydrated gypsum, which absorbed the limited he at

pro du ced by ohmic heating. The temperature coe fficients of resistivi ty were

d et erm ined for gypsum materials. These coe fficients can be appli ed to

co m p ens ate temperature effects on resistance.

( 4) Th e resistance-time dependence was qualitat ively investigated for gyps um

m ateri als. The results show that the resistance acro ss electrodes in moist gypsu m

m ateria ls increases dramatically at the initial stage of charging when a DC

Vo ltage is applied , but reaches a reasonably stable state after 30 sec onds ti me.

T his su ggests that it is reasonable and reliable to use the resistance value at half a

i nut e after starting charging to define the characteristic resistance. I n
m%

m e asu re ments, the resistance values were determined using the "30 second rule"
i n the presen t th esis.
( 5 ) T h e i nvest igation on resistance -spacing depen dence revealed that the

res i stance across electrodes for most gypsu m materials is only slightly affect ed by

sp ac i ng of e l ectrodes and it is dominated by the local moisture state at which th e

e l ec tro d e s ensor i s embedded . But for PO P materials, high resistance - elec t rode
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sp acing depend ence was observed indicating small contact resistance com pared
w ith bulk resi stanc e.
(6) T he resistance ( R)-moisture content (MC) dependent functions of five types of
gypsu m material s were quantitatively determined or calibrated through data
re gre ssion techniques. These functions wil l be applied as the fundame ntal
c al i brati on equations in the automatic calculation processes by software for the
monitoring system described in the next chapter.
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CHAPTER 5 DEVELOPMENT OF A MONITORING SYSTEM
FOR MOISTURE TRANSPORT PROCESSES
Summary Following the detailed review of the current experimental techniques for

the monitoring of moisture transport processes, a 20-channel monitoring system
for the investigation of one-dimension moisture transport processes in uniform and

two-layered composites was successfully developed. The system was built on the

bases of resistance sensor array calibrated by utilising the comprehensive

experimental data of electrical properties determined in Chapter 4. The apparatus is
an integrated system with both data acquisition and data treatment using

multifunctional control software developed with the LabVIEW software package.

Temperature and polarisation effects were both compensated using the previously

obtained results of temperature coefficients and back EMF. A preliminary test of
the monitoring system has been performed for an absorption process and the

uncertainty and the factors causing errors are also discussed.
5.1 Introduction

Real-time monitoring of moisture distribution as a function of time is fundamental

for detailed examination of the transportation problem. On the practical side, the

monitoring of transport processes through materials or multilayer composites

reveals the true transport behaviour within the particular materials or composites

to predict wetting or drying rates that are useful for waterproofing or moisture

proofing work. Because the moisture states also affect the thermal performance of
building walls (such as the thermal transmittance) (see Chapter 3), the monitoring

of moisture transport is also important for building design for the purpose of

energy saving of buildings. On the theoretical side, the monitoring of moisture
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transport processes may provide indispensable data to determine the diffusion
coefficients of materials for mathematical model ling and computer simulation of
m ass transport problems to explain the transport mechanism and to predict new
transport phenomena.

In this chapter, a review of the current moisture sensors and techniques/methods
for monitoring moisture transport is firstly made to highlight the situation
including the advantages and any limitation. The author's newly developed
mo nitoring system based on the pin-type resistance sensor array is then described.
This monitoring system is an integrated system, which combines data acquisi tion
and data treatment by which the transient moisture profi les can be easily obtained
au to maticall y in real-time for one layer uniform materials or dissim ilar
two-l ayered composites. The control programs were written by the graphic al
progran1tning platform in Lab VIEW. The temperature effects, polarization effec ts
and tim e dependence of resistance of materials investigated are all considered on
the bases of the electrical properties of gypsum plaster materials investigated in
the previ ous chapter. The uncertainty and factors causing errors are also discuss ed.
Th is new ly developed system can be easily extended to monitor 2 or 3-dimension
moi sture transport problems if the sensor array is properly embedded within the
materia ls under investigation.

5.2 Review of current monitoring techniques for moisture transport
S.2.1 Tech niques for moisture content MC) measurement
(
Vari o u s methods have been applied to estimate the MC in building materi als.
Some of these are shown in Figure 5 . 1 . Generally, the measurement methods can

be c las sifi ed into destructive and non-destructive methods .
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5.2.1.1 Destructive methods

Destructive methods normally directly measure the amount of water within
materials. So they are reliable and highly accurate and are frequently applied as
standard or reference methods to calibrate other measuring methods.
The commonly applied destructive methods include oven-drying method and
chemical methods. The oven-drying method ( also called gravimetric method)
determines moisture content by

Neut ron
Scatteri ng

Desiccation

Oven-drying

G ravi metric
Methods

P roton Resonance
I nf rared

TEC H N IQ U ES
Chemi cal
Methods

Distillation

Karl Fischer

I
I
I

Acetylene
P roduction

Microwave
M ethods

Electrical Methods

I

: P hoton Attenuatio
M ethod
Capacitance Resistance

Destructive Methods

Non-Destructive Methods

Figure 5. 1 Methods for moisture measurement (extractedfrom Dai, 1 999)
measuring the wet weight and then the dry weight after oven drying. As a rule this
is the most "exact" or reliable method, but it is time-consuming (typically 20 to 60
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hours depending on species and MC level) (Dai, 1 999) and requires the samples to
be cut from materials. It is often used as reference for calibration. The chemical
methods include the disti llation method, titration according to Karl Fischer and
acetylene production as explained in Skaar ( 1 988), Harrison ( 1 998) and CI RIA
(2000).
Destructive methods can give good results and are well suited for moisture
m easu rements of solids, such as wood, plasters, cement and brick etc, but are not
prac tical for use in large samples, particularly those of high moisture content (Dai,
1 9 99) . Becaus e of their destructive feature, these methods are all destructive to the
objectives under investigation, time-consuming for operation and so are most
su itab le for laboratory applications.

5.2 . 1 .2 Non-destructive measurement methods
No n-d estructive methods work on various physical principles of interaction of
materi als (including electromagnetic field) with moist materials or work on the
dep endenc e of physical characteristics of materials on moisture. Non-destructive
methods are clearly desirable for the processing industries . They usually employ
mo isture sensors/probes of which the physical characteristics are sensitive to the
amou nt of moisture/water within porous materials. Because the non-destructive
methods do not directly measure the amount of water, advanced calibration
processes are required. Some commonl y applied non-destructive techniques are
n ext listed.

The p hoton attenuation method

Thi s m easuring system, using a narrow gamma-ray beam, scans the sample, which
are mov eable along
a transferring belt. The moisture measurement is based on th e
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photon absorption technique, where the difference of the linear absorption
coefficients of the moisture and dry sample is measured. The method does not
require the knowledge of the specimen thickness, but the density affects the
measurement accuracy. Tiitta et al ( 1 993) solved the problem by using the density
estimation method, which is based on the measurement of the linear attenuation
coefficient of wood. In addition, health and safety protection from gamma
radiation is a serious concern during apparatus setup and operation processes.
Microwave method
The microwave method utilises the electromagnetic waves in the frequency range
1 to 1 00 GHz which interact with the (mainly free) water within materials. It works
on the fact that the absorption of microwaves is dependent on the amount of water
present and other materials such as dissolved salts have relatively small effects.
The density of materials is normally a strongly influence on the absorption of the
microwave (Assenheim, 1 993) and the applied frequency is also a factor affecting
the absorption rate. Meyer and Schilz ( 1 980) discussed the dielectric behaviour of
moist matter at frequencies greater than 8 GHz and showed that for certain
materials density independent calibration functions can be derived experimentally,
allowing a determination of moisture content solely from single frequency
measurements.
Depending on the arrangement of the transmitter and receiver aerials as well as the
applied microwave radiation ( continuous or pulsed), the microwave methods can
be classified into several types:
(1) Microwave transmission method. Transmitting and receiving aerials are
situated on opposite sides of the investigated materials (only thin section can be
used). The moisture content results from the measurements of either the phase
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shift with continuous microwave or the transit time of microwave pulses and the
damping on the materials.
(2) Microwave reflection method. With the use of microwave pulses, only one
aerial needs to be applied to transmitting and receiving waves. The moisture
content is obtained from the transmitting time of the microwave pulse which are
reflected from the underside of the surface on which the material rest.
(3) Time range reflectometry. In this case, a metallic fork probe is inserted into the
material to be investigated. From the measurement of the transit time of a short
electric pulse along the probe, the dielectric constant of the surrounding materials,
closely related to the moisture content, is determined. This method is normally
suited to the determination of moisture content of substances, such as sand. It
recently has been applied to long-term moisture monitoring for concrete using
embedded microwave frequency sensors operating at 1 GHz (Malan, 2002, 2004).
Infrared reflectography
This method utilises the damping of the infrared radiation by the absorption bands
of the water molecule in the wave length range from 1 to 5 µ m. The reflected
infrared radiation from surface of materials is measured point by point with an
infra-red camera and transformed into a pictorial presentation. This method has
been improved by using differential infrared absorption (Cornell and Coote, 1 972)
to eliminate the temperature effects of materials and non-directional diffuse
scattering from the material surface. Infrared reflectography techniques can only
provide moisture information of near surface material because of the low
penetration power of radiation (a few microns). Furthermore, it is not suitable for
materials with poor reflection of infrared radiation.
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Neutron scattering
This method works on the fact that, in the collision of a fast neutron (10 keV) with

a hydrogen nucleus, the greater energy loss occurs with nuclei of comparable mass
(hydrogen). The number ofthermalised neutrons (slow neutrons) is measured with

a detector and represents a measure of the presence of hydrogen nuclei. Apparently,

this method cannot distinguish hydrogen in water molecules from various

hydrogen in other compounds. In addition, safety considerations also prohibit the

use of neutron resources.

Thermal conductivity method
The basis of this method is that thermal conductivity is strongly correlated with
moisture content (Dai, 1999). After calibration of moisture content of material

with material's thermal conductivity, a small thermistsor sensor/probe may be used

to measure the local moisture concentration (Woodbury and Thomas, 1985). But

experimental results showed the poor correlation of thermal conductivity and

moisture content at high MC levels (Woodbury and Thomas, 1985) and the

thermal properties of materials clearly also depend on many other factors such as

density making the method difficult to employ generally.
Nuclear magnetic resonance (NM R)

The NMR imaging method may be the best technique in the capability of

resolution at present compared with other methods. Its resolution can be to 1-2 mm.

The basic principle of this method was briefly introduced in Chapter 1 and will be
further discussed in the next section for its application in monitoring moisture

transport.

Electrical methods

E lectrical methods make use of electrical properties of materials, which depend
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considerably on moisture content. These include measurement of electrical
resistance, dielectric constant and radio-frequency power loss. There are two
general types of electrical methods for moisture measurement in use including
capacitance and resistance techniques.
The capacitance method works on the fact that, the water molecule is highly
polarised and so that water has very high relative permittivity c: r (around 80 for
bulk water) compared with dry materials (3< c: r<5). Capacitance is directly
proportional to the permittivity of material between the plates and so strongly
affected by the moisture in materials under investigated. This fact forms the basis
of a large number of commercial moisture meters for wood, concrete or plasters.
Because the electric field is stronger nearer the surface of the moist material, the
reading is predominantly related to the moisture content near to the surface. In
addition, the measured moisture levels can be greatly distorted if there is surface
condensation, as discussed in James (1975, 1 986).
The resistance-type moisture meter is based on the high dependence of resistance
on moisture content. The resistance of material may vary from several kilo ohms at
saturation to tens of megohm at its oven-dried counterpart, as seen for gypsum
plaster materials described in Chapter 4 of the present thesis. Figure 5.2 shows a
typical pin-type resistance moisture meter.
The resistance moisture meter usually applies two pins, 2 to 3 cm apart, acting as
electrodes. The electric current across the electrodes is directly correlated with the
moisture content in the electrode area. This type of moisture meter may also be
used to investigate the existence of a moisture gradient within a sample by using
insulated needles and enter into different depth (Jazayeri, 1 999). Because of the
low cost, measuring effectiveness and easy handling, the most widely used
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moisture meters are the resistance-type and they are i nvaluable in making

Metal lic shaft controls the
hammer action
Handle

Pin

Figure 5. 2 A typical hammer-electrode for resistance-type moisture meters.
The electric current between the pins gives an estimate of the moisture
content in the area of the timber between the pins of the electrode.
com parisons of dampness provided the same material is used throughout (Oliver,
1 99 7). As the electric resistance of moist materials is affected by factors such as
te mperature, polarisation and species of materials, comprehensive compen sation
for the invo%
ved factors should be made to obtain satisfactory measurement s of
l%
mo isture content .

5.2 .2 Cu rrent method/techniques for monitoring moisture transport
pro cesses
Th e challen ge in monitoring moisture transport processes is to be able to mon itor

and rec ord the moisture content distribution within the interested do main as a

function of time. These transient moisture profiles can reveal the true proce sses of
mo isture transport within materials and provide fundamental data for determining

t he mo isture diffusivity as function of moisture content for the purpose of fu rthe r
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modelling and simulation. So, continuous measurement of moisture content of
local positions is necessary for obtaining the transient moisture profiles. In

principle, all the above-mentioned methods for measuring moisture content can be

applied to obtain transient moisture profiles by sensor/probe array or other

methods. But the inconvenience, large dimensions involed, physical parameters
measured may restrict the application because of problems in connection with

resolution,

feasibility

to

realise

automatic

real-time

monitoring

and

maintenance/operation expenses. Only a few methods for monitoring moisture

transport processes have been explored on the basis of measurement techniques
for moisture content. Currently, there appear to be no comprehensive review

papers discussing the methods in the literature. The following gives a discussion of
several methods most widely used or recently applied.
5.2.2.1 Moisture meter method
This method applies commercially available moisture content meters,

capacitance-type or resistance-type, to measure the local moisture content for

obtaining the transient moisture profile. By repeating the procedure at a ce11ain

time intervals, the moisture profiles can be obtained as a function of time. This

method is straight forward and can save the cost and time for developing new

measuring system. But advance calibration of meter reading and moisture content

needs to be carried out using the standard gravimetry method since the meter

reading normally can only give relative values for different materials. For hard

materials such as concrete, cement paste, brick and plaster materials, capacitance

tyPe moisture meters are normally employed and pin-type resistance moisture

m eters are applied to wood or sand-based materials. Darchalova et al (2002)

m onitored the moisture profiles of AAC ( autoclaved aerated concrete) and fi red
face brick in water absorption processes utilising capacitance moisture meters
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(S emerak and Cerny, 1 997). The meter employs two para l lel plates wi th
dim ension 20 mm X 40 mm as electrodes and frequency ranges from 250 - 350 k

Hz. The sizes of samples are 20 X 40 X 290 mm for AA C and 1 9 X 3 3 X 23 8

mm for face brick. The moisture profiles along the samples were obtai ned by

m easuring the local moisture content by the meter at various locations along the
sam ple in steps of 5 mm and chosen time intervals depending on the moving speed

of water front. Although the authors of these papers claimed the success in

ob taining the diffusivity as functions of moisture content from transient mois ture

pro files, the reliability of the results is doubtful. This is because they chose steps
of 5 mm for an instrument having capacitance plates of dimensions 20 X 40 mm .

This is not acceptable because, clearly, the plate can only produce an average
mo istu re content within a region of larger then 20 X 40 mm. In additio n, the

di m ensions ofthe water front area (from dry point to saturate point) are ab out 1 5 to

20 mm in water abso rption processes (see Chapter 6). The meter is not able to
p rov ide enough resolution to measure the distribution within a region of 1 5 to 20

m m. Hence , because of the large dimension of plates of capacitance m eters, the
lo w re solution of this method strongly limits the reliability and so restricts its

mon itoring application.

I f resis tance type meters are applied, the separation/spacing between pm
el e ctro des at about 20 to 3 0 mm sti l l limits the resolution in measuring proce ss.
Furtherm ore, pin-type resistance meters can only be applied to w ood or sand

materi als and not suitable for hard materials such as concrete, brick or plasters. At

on of pin type resistance meter for moist ure
i%
p re sent, no examples of utilisat%

transpo rt monitoring have been found in the literature.

5. 2 .2 . 2 Sample slicing/gravimetric method
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As mentioned in Chapter 1 , many researchers have explored the method for
monitoring the moisture transport processes in one and two dimensions by slicing
the samples under investigation (Kalimeris, 1 984; Rosenk ilde and Arfvidsson J
1 997; Pang, 1 996; Chen et al, 1 996; Arfvidsson and Claesson, 1 997; Hukka,
1 999).

The slicing method should include the following procedures: ( 1 ) Removal one
sample from field for test at a certain time interval; (2) Cut san1ple into slices in
1 -D or 2-D; (3) Measure the wet weight of slices with precise balance immediately
after they are sliced; (4) Dry the slices to constant weight and then measure their
dry weight; (5) Finally determine moisture distribution in one or two dimension
using dry and wet weight of each slice.
As from each sample, only one moisture profile can be obtained. A group of the
same samples must be prepared and subjected to the same wetting or drying
condition. It was assumed that all samples are the same in material properties and
have the same behaviour during moisture transport process. The moisture profiles
obtained from different samples at time intervals represent the transient moisture
pro fi les at time intervals. For wood or other soft materials, the sample can be
sli ced by a saw. For hard materials such as concrete, mortar or plaster materials,
purpose-made gui llotine vice with special blade has to be developed (Kalimeris,
1 984 ) as shown in Figure 5 .3.
A lthough the slicing method may be used on rigid porous building material s such
as stone, ceremic, concrete or plasters, some problems exist with it. First, it is a
ti m e-co nsuming method for preparing, slicing, drying and weighing a group of
samples. Secondly, it is a destructive method and the moisture distrib ution is
u su ally interfered with by slicing processes that produce heat and lead to water
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evaporation. Thirdly, for fast transport processes such as water absorption of high
porosity materials, it is difficult to complete the slicing processes in a very short

S P E C I M EN
CO L UM N

>
BL ADES

Figure 5. 3 The apparatus for measuring the water content profiles during
water absorption by horizontal columns of porous building materials
(extractedfrom Kalimeris, 1984)
t i me be fore the mo isture distribution has changed within the whole sample. Fourth,
it is difficult to realise real-time automatic monitoring of moisture tran sport

proc esses.

5.2. 2.3 Particle emission or proton radiation imaging methods
The se methods work by the attenuation effects of radiation or particle emi ssion
c aused by hydrogen atoms . These methods consist of imaging proces s o f th e

sample and a na lysis of imaging by software to obtain moisture profi les .
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The quantitative neutron radiography (NR) imaging technique has attracted more
interest and was developed in the last decade to monitor moisture transport
(Nemec et al 1 995, 1 999a, 1 999b; Hoff et al, 1 996; Pel 1 995). It is based on the
fact that most building materials are more or less transparent to neutrons while
moisture and other hydrogenous liquids are neutron-opaque. The thermal (fast)
neutrons are absorbed and scattered in the material being investigated. The image
of the attenuated neutron beam is recorded by a neutron image detector such as
radiographic film with Gd converter foil or image plate neutron detector. The
images are scanned or digitalised by a scanner. After calibration of the detector
response with moisture concentration, the moisture profiles can be obtained by
eval uation of digitalised images with image analysis software package. B y
repeating the imaging and analysis o f sample during moisture transport process at
given time intervals, the transient moisture profile can be obtained as a function of
time. NR technique is a useful non-destructive method for the detection of
moi sture. The spatial resolution can be up to 0.05 - 0.2 mm and sensitivity is 0.3%
H2O. But some problems are also apparent on various aspects. The sample size is
res tricted to only a few centimetres thick. Also most of the processes during the
operation in this method are dealt with manually, so it is a time-consuming method
and difficult to realise automatic monitoring.
The Computer Tomography (CT) technique was also applied to the monitoring of
moisture transport processes (Yasushi et al, 1 992). It is operated in a similar way to
neutron radiography method. By periodically measuring the CT images of the
same cross section of specimens in drying or wetting, the changes of moisture
distrib ution can be calculated.
The positron emission tomography technique has been also applied by Ho ff et al
(1t9 9 6) to develop a monitoring method for moisture transport. To track the water
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flow using the positron emission technique, an appropriate radioisotope (such as
6

°Cu) is dissolved in the water. The radioisotope decays by p emission of positron.
+

+

The positron (/J ) rapidly annihilates with an electron (its antiparticle) and their
combined energy is released in the form of a pair of 5 1 1 keV y-ray, emitted
back-to-back to conserve momentum. Simultaneous detection of these y rays on
each side of the system defines a line passing through the point of emission, and by
measuring the number of such counts detectable along each line of the sight a
tomographic image of the tracer distribution can be obtained. After calibration of a
tracer image and moisture distribution and periodically repeating the imaging
processes, the moisture profile as a function of time can be obtained. The y ray is
quite strongly penetrating and so the tracking of a tracer in porous construction
materials is entirely feasible. By rotating the detectors used or utilising two or
three detectors at vertical positions, two or three tomographic images or moisture
profiles can be obtained. The positron imaging technique is a useful method for
non-destructive measurement of moisture transport, but as described above, it is
not a real-time automatic monitoring method because analysis of images is time
consuming and that, for some materials such as limestone, the fluoride tracer tends
not to move with the absorbed water and so limited the application to some
particular materials.
5.2.2.4 Nuclear magnetic resonance (NMR) imaging methods
The NMR imaging method was first applied by Gummerson et al ( 1 979) to
monitor the dynamics of internal water content distribution in several porous
inorganic materials during capillary inflow. Besides the slicing method, the NMR
method is another technique used for monitoring moisture transport processes
(Schoenherr and Mocikat, 1 99 1 ; Pel, 1 995; Pel et al, 1 996, 200 1 ; Carpenter et al,
1 993; Fordham et al 1 994)
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The NMR method works on the resonance effect between the radio frequency (RF)
field and spin magnetic moment of hydrogen nuclei. In a general NMR experiment,
the magnetic moment of the hydrogen nuclei is manipulated by a suitably chosen
radio frequency field, resulting in a so-called spin-echo signal.
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Figure 5. 4 Schematic diagram of the RF probe head that accommodates
the sample. The homogeneous magnetic field B0 points in the horizontal
direction, whereas the two gradient coils generate a magnetic field
gradient in the vertical direction. (extractedfrom Pel, 1995)

The amplitude of this signal is proportional to the number of nuclei excited by the
radio frequency field. The resonance frequency for the nuclei is given by
f =ty B o

where f is the frequency of the radio frequency field, y is the gyromagnetic ratio
(for 1 H yl21t = 42.58 MHz/T ) , and B0 is the externally applied magnetic field.
Because of this condition, the method can be made sensitive to only hydrogen and
therefore the water molecules. If a known magnetic field gradient is applied, the
resonance condition is dependent on the spatial position of the nuclei and the
moisture distribution can be measurd without moving the sample (Pel et al, 1e996).
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The experimental apparatus, as shown in Figure 5.4, consists of iron-cored
electromagnet (about 0.7 T static magnetic field), gradient coil, RF coil, assembly
of sample and holder and water absorption arrangement, stepmotor for moving
samples. To measure an entire moisture profile over 25 mm with accuracy 1 % and
an equally spaced grid for scanning of 0. 1 5 mm typically takes about 40 minutes.
The NMR has proven to be a particularly successful method for stone, cement
materials, clay bricks and plasters and reaches high resolution (better than 2 mm).
But the high cost and large size of the system (large magnet) restricts it to be
suitable for laboratory applications only. The narrow space between magnetic
poles limits the sample diameter to be smaller than typically 80 mm. There are also
difficulties in using the NMR imaging method on materials having high iron
content because the water protons in these materials have an exceptional short
nuclear relaxation time (Hoff et al, 1996). In addition, the long time for profile
scanning is also problematic causing error in the measurement. For a typical
sample configuration with 50 mm diameter and 200 mm length for water
absorption, it takes more than 5 hours to obtain one moisture profile. In addition,
after 5 hours time, the absorption processes possibly already complete and so only
one profile can be obtained. This means that there is no chance to obtain the
second moisture profile. Hence, small dimensional samples have to be used and
"interpolation of data treatment" among a group of profiles has to be employed to
obtain a profile at a particular time. This makes the whole monitoring and data
treatment extremely complicated and time-consuming.
5.2.3 Summary
Many efforts have been made to develop improved monitoring methods for
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moisture transport processes in building materials. But the current situation is far
from satisfactory. There are still serious problems or strong limitations with the
currently applied monitoring methods, whether they are simple or complex. These
problems include their destructive features, they can be time-consuming, they may
be strong interference with transport processes, not mention the high cost or large
physical dimensions of the system and very limited sample sizes etc. Automatic
operation and function-integrated techniques with both data acquisition and data
treatment for moisture transport process have not been found from intensive
literature searches.
5.3 Development of new monitoring system based on an array of pin-type
resistance probes
5.3. 1 Main considerations in developing new monitoring system
Compared with the current method for monitoring moisture transport , the main
concerns of the new system are focused on the aspects of automatic control,
satisfactory resolution, low cost to obtain the transient moisture profiles as a
function of time and some features of the system are determined as follows.
Employment of resistance type sensor
There are many advantages in employing the resistance type sensor. First, it is
easier to realise automatic monitoring because commonly applied computer data
acquisition hardware can directly input resistance. If voltage input cards are
utilised, simple voltage/resistance conversion circuits are all that is needed.
Second, c ompared with the capacitance sensor (applying large dimension
capacitance plate at dimension of 20 - 40 mm each), resistance sensors can be
desi gned with small dimensions using pin electrodes. Third, resistance sensor can
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be very low cost and easy operation for measurement compared with particle and
photon imaging technique where special cameras or high cost digital particle
number/vision converter equipment is needed.
Application of sensor array and multi-channel input
In the monitoring processes, transient scanning of moisture distribution is the most
important requirement. The longer the duration of the scanning process, the
greater is the change in moisture distribution. This problem is more serious and
will even fail to obtain moisture transport information where the transport
processes are rapid. Otherwise, interpolation has to be applied to obtain a transient
moisture profile from various measured profiles. For simultaneous scanning of
MC at various positions, a sensor array embedded within the samples made it
possible to obtain the transient moisture profi l es through scanning and reading the
local moisture states of the sensors. For the scanning, multi-channel input data
acquisition cards were required. The sampling rate of the data acquisition cards
obtained was 2 x 1 06 s- 1 • This implies that it takes only 1 0- 5 s for a scanning of
sensor array with 20 sensors.
Driven by DC voltage power supp ly
As discussed in Chapter 4, the application of alternating voltage in resistance
measurement reduces the polarisation effect, but requires more complex electronic
circuits and program to obtain resistance value and furthermore the resistance does
not remain stable for long time periods (i .e.%~ hours). The application of DC voltage
simplified both the circuits and data processing. Further, the resistance values reached
relatively stable resistance reading after a very short 'charging' time (~20 second, see
Chapter 4).
5.3.2 Hardware of monitoring system
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As well as the sensor array, the monitoring system developed included RIV convert
circuits, power supply, data acquisition card and PC computer shown in Figure 5.5.

The measuring sequence includes: moisture absorption, measurement using the

sensor array, conversion of resistance to voltage by the V/R circuit, scanning of
voltages by DAQ card and control software, calculation of moisture distribution by
the computer software, display and storage of results.

5.3.2.1 Pin-type resistance sensor and sensor array

As shown in Figure 4.4, stainless steel pins, diameter 1 mm and length 30 mm, were

chosen as the electrode. Each pair of electrodes with appropriate separation

constitutes a sensor working on the fact that the resistance across the electrode pair

is dependent on the moisture state of material near the electrodes. Silicone rubber

was applied for the electrical insulation of electrodes with surrounding materials

Power monitoring
Square wave
Power supply

Sensor array
Water
source

Voltage /Resistance

DAQ Card

Convert circuit

PC
Computer

Sample

Figure 5. 5 Schematic diagram of moisture profile measurement system in
absorption process
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and a small tip (5 mm) was left for conduction purpose. The insulation enables
electrodes to avoid the strong effects of water on the surface on the resistance across
the electrodes. Considering the dimension of typically 1 mm of mixed aggregates
(perlite) in some gypsum plasters (bonding plaster for example), the spacing of the
two electrodes in a pair was set to be 5 mm to avoid the strong bias of single large
aggregate particles on the resistance.
With voltage applied, an electric field is produced as sketched in Figure 5.6 (a). If
the electrode is considered as a long wire, the electric field strength at a point in
space is roughly proportional to the inverse of distance from the electrode axis.
When the distance is double the radius, namely 1 mm apart from axes of electrode,
the electric field strength decreases to half that at the surface (see Figure 5.6 b).
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Figure 5. 6 Electrode sensors and sketch of electric field within gypsum
materials. (a)shows the appearance of equipotential curves of electrodes;
(b) indicates variation ofpotential with distance from the electrode axis.
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Hence, the electric field surrounding the electrode is mainly restricted to the small

circle area with diameter of 4 mm. This field distribution ensures that the

resistance across the electrodes is mainly generated within the vicinity of the
electrodes (Chapter 4).

Figure 5. 7 Polythene template with installed electrodes used for
embedding sensor array within sample during casting.
Considering the space of the restricted electric field, the distance between

successive electrode pairs in a sensor array should be � 4 mm to enable the two

electrode pairs to be distinguished from each other and so that the two pairs of
electrodes can provide the real values of moisture content where they are

embedded. The distance of adj acent electrode pairs was set to be 5 mm. The
resolution of such sensor configuration is roughly 5 mm, much better than that
obtained by using capacitance moisture meters and slicing method.

The monitoring of the moisture distribution within a sample can be realised by
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embedding a sensor array. Considering the requirement of spacing (5 mm)

between adjacent electrode pairs, in a 1 00 mm length cuboid-shape sample, 20

pairs of sensors could be embedded. To ensure that the sensor array is embedded
within materials during casting processes, a polythene plate template with drilled

holes and installed electrodes may be applied for insertion into castings. Figure 5.7

shows an example of polythene template for installing electrodes. The equivalent
resistance model of electrode pair and the resistance/voltage conversion of each
pair of electrodes were presented in Figure 4.10 in Chapter 4. By scanning the
voltage across the electrode pairs, the resistance could be calculated using
equation (4.4) and (4.9).

5.3 .2.2 Application of square wave power supply
In Chapter 4 (section 4.3.4), it was shown that the resistance across the electrodes

normally increases quickly in the initial stage of charging by 9 volts DC voltage

and reaches a stable state afters~ 20 s. So the "30 seconds rule" (see Chapter 4) was

proposed for the measurement of resistance. But the 9 V DC voltage should not be
applied continuously throughout the data taking process. This is because long time

charging produces more gases obstructing the current flow, thus affecting the
resistance. Furthermore, the continuous electrolysis of water may also affect the

moisture condition. Ideally speaking, the power should switch on for at least 30

second with 9 V voltage output and after the measurement of resistance at 30 s

time, the power should be cut off to stop the charging process. Then the system

should wait for a certain time (time interval of each scanning of moisture profiles)

for the next 30 second charging and measurement. The utilisation of square wave

power supply (Thandar TG501, 5 MHz function generator, Thandar Electronics
Ltd, England) was able to meet this requirement. Figure 5.8 shows the asymmetric

square wave output of power supply for the measurement, where T1
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-

To is the

charging time%
(> 30 s), T2 - To is the cyclic time of the square wave, which e quals
the inverse of frequency fof wave (T= l /j), T2 - T1 is the time interval between the
successive measurements (60 s) and adj ustable by changing the frequency and
symmetry o f square wave. Considering the 1 0 V limitation on the data acquisition
card, the voltage at upper side of square wave was set to 9 V and was used for
powering the resistance/voltage circuit as shown in Figure 4. 1 0 (Chapter 4).

Volta�e/V
A ..

9

0

� 30 s

�

............

.
To

tis

I

Figure 5. 8 The square wave o utput of voltage from a function wave
generator. The cycling time of the wave is T= T2 - To = 1/f, where f is the
frequency of the square wave. T'- To = JO s is for 30s charging time and
resistance measurement using the "30 second rulee".
5.3.2.3 Data ac quisitio n card ( DAQ) and common ground mode
The data acqui sition from 20 pairs of electrode sensors was realised by utilising a

computer data acquisit ion card, which was combined with the function of
multiplexer, vol tage reading and ND co nversion. The setup scans the fraction

potential (the U value in F igure 4. 1 0) across electrode pairs sequentially and
records the read ings in the tem porary memory. The scanning rate ( or time interval)
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is controlled by the software. In the present monitoring system, a sub-program was
developed (see Section 5.3.3) to monitor the power output. When voltage output

rising (at the time To in Figure 5.7) is observed, the program start timing until 30

seconds thereafter and then allows the DAQ card to scan the U reading of each of
the 20 pairs of electrodes once. At each leading edge, the scan repeats. So the time

interval for both the scanning and measurement of moisture profiles for moisture

transport processes is adjustable by changing the frequency of square wave. As the

sampling rate of the applied DAQ card is 20kHz, a scan for 20 channels takes 1 ms,

enabling every scan to produce a transient moisture profile. This was found to be a

great advantage of the sensor array method compared with methods employed by

other researchers, which need typically 40 minutes for obtaining one moisture
profile!
The analogue DAQ card used in the present system was a multi-channel data

acquisition card (type CIO-DOS48-PGA by OMEGA Ltd). It is an extension of the
popular CIO-DAS08 Plug and Play board for DOS and windows ·operation
systems. The AID converter (type AD574) has 12 bits resolution, sampling rate 20

kHz. The base address can be set by switching a bank of eight DIP switches on the

board. The card was set to the wait state, Voltage or Current mode serving either in
24 differential channels mode or 48 channel single-ended mode. If the current

measurement conversion kit was installed, the 24 differential voltage

measurement could be converted into 24 channel current input where the range of
the measurement was programmable for various voltage configurations.

In this project, the recommended 24-channel differential inputs mode was chosen

to offer enough channels for obtaining moisture profiles and ± l O V range was

selected to adapt ±9 V signal resource. Using the provided InstaCal™ software,

the card was configured, tested and calibrated during installation. The differential
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inputs mode measures the voltage between a pair of electrodes. Within a certain
range, the measurement is almost independent of the signal source to
CIO-DOS48-PGA grounding variations. This implies that the differential input
measures the voltage between two electrodes, without respect to the either
electrode's voltages relative to ground. The differential input is also much more
immune to electromagnetic interference (EMI) than a single-ended one*. It must
be noted in the differential input mode that, there is a limit to how far away from
the ground either electrode can go. Figure 5.9 shows the differential input
configuration.

CH high

To ND

CH low

-1

LL G round

1/0 connector

Figure 5. 9 Schematic explanation of the differential input mode
Because the power supply and the DAQ card share a common ground, the
common ground/differential ground configuration was appliede.
5.3.3 Control software

All the measuring processes are controlled by programs developed by the author
• User's G uide of CTO-DAS48-PGA card, Pri nted by Omega Engi neering, Inc. UK.
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using LabVIEW software package. The controls include the selection of material

types, the monitoring of power supply for timing and starting/stopping the scan,

scanning the fraction voltages on all 20 pairs of electrodes, compensation for

temperature and polarisation effects, calculation of moisture content, displaying of
profiles and saving data and so on.
5.3.3.1 Introduction to the graphical programming software package,
L abVIEW

LabVIEW (Laboratory Virtual Instruments Engineering Workbench) graphical

programming platform is a powerful and flexible instrumentation and analysis

software platform for PC computers. - It was utilised in the control program
development in the present monitoring system. LabVIEW differs from traditional

sequential programming languages and uses a graphical programming
environment to create program in block diagram form, while other programming

systems use text-based language to create lines of code. The environment in
LabV I EW contains all tools needed for real time data acquisition, analysis,

calculation and result presentation. A program, called virtual instrument or VI,

consists of a front panel and a block diagram. The front panel is an interactive user

interface of a VI because it stimulates the panel of a physical instrument (see

Figure 5 .1 O for the control panel of one layer monitoring system). It may contain

"knobs", "buttons", graphs and other control and indicators. The block diagram is

a pictorial solution to a programming problem and also the source code for the V I.

A function unit is symbolised as an icon on block diagram. The control programs

was written in LabVIEW version 5.s1 (National Instrument Ltd) and structured by

basic VIs.
5.3.3.2 Program for monitoring one layer uniform transport
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Figure 5 . 1 0 shows the instrumental-like control panel of the monitoring system
for one-layer transport processes with easy and friendly interface for user
application. During a measurement, the DAQ card number, high and low input
channels, input rang, and material under investigation are selected and the

Control Panne l for 20 Channe l Mon i toring System
For Mo i sture Transport Within Uni form Mat er i a l s
Waveform Chart-chs

40-,------------------

materi il ty11e I

35

tis - I

30

1. plaster of paris
12. Mult ifinish plaster
'3. Universal one coat
plaster
4. Bonding coat plaste
5. Browning undercoat
plaster

25

I

20

e

Input Ra
+- JO V

10
5
0
-5

'!I

-10

20

b

Figure 5. 10 The control panel/interface of the program for monitoring the
moisture transport within one layer uniform materials
temperature is entered. To follow, the "start" button is pressed and the monitoring
system runs automatically and display the moisture profiles on the screen. When
the monitoring finishes, the "stop" button is pressed and the monitoring stops and
asks whether the results should be stored in a chosen folder.
Figure 5. 1 1 and Figure 5 . 1 2 shows the flow chart of the programs for the transport
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within one layer material and two-layered composites. The program setting
includes selecting board number used, high and low channels under scanning and
input range. The temperature and material selection controls a case subprogram
(block B in the flow chart) to choose the associated temperature coefficients and
U- Ur, R-MC dependent functions for different materials and so as to calculate the
moisture content properly. To achieve the "30 second rule" for resistance
measurement, the monitoring of power supply was executed by B lock A in the
flow chart to confirm the applied 9 V voltage by measuring the voltage rise ti V
between two successive measurements at 1 s interval. If !i V > 5 V, it means the 9 V
voltage is appl ied and then start the timing of 30 seconds after which the program
controls the DAQ card to scan the 20 channels. The voltages from the 20 channels
were extracted individually by a "for loop" (N = 1 9) and these were used to
calculate the moisture content at each position by using equations (4.4), (4.6), (4 . 7)
and ( 4. 1 0). The temperature effect was compensated by converting the resistance
R at any temperature t ° C to the resistance Ro at 22 ° C. The conversion formula
was derived from equation (4.7) as follows:
= R [ 1 +a (t-22)]
Ro%

(5 . 1 )

After the moisture co ntents for all positions were obtained, they were saved in a
t em porary memory together with the time recorded from the PC clock. During
scanning, a chann el is set to monitor the power supply and the transient vol tage

output was used for the calculation. Repeating the above processes, the m oisture

p rofiles as function of time were then obtained. Upon completion the "stop" butto n
w as pressed, the ope ratio n was then terminated and the results saved in a chos en
folder. During the measuri ng process, the moisture profiles w ere displayed in

real-time on the screen.
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Figure 5 . 12 Flow chart of t he control program for monitoring moisture
1-rocesses within two-layered composites
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5.3.3.3 Software for monitoring transport within two-layered composites
For two-layered composites, the control program is similar to two one-layer
programs. Figure 5 . 1 2 shows the program flow chart. Since the 20 electrode-pairs
were divided into two groups at ten of each set and were embedded in two
dissimilar layers, the setting of materials (setting layer 1 and layer 2 in flow chart)
and the extraction of scanned voltages from electrodes in two layers were executed
separately. The selection of two layer materials on the control panel controls two
case structures (Block B i n flow chart) and calculates the moisture content profiles
at each material separately. Afterward, the two groups of moisture content values
were bond with time and saved in a temporary memory. By repeating the
measurement until the process is stopped, the moisture profiles at various times
were obtained. In both the one-layer uniform material and two-layered composites,
the normalised moisture content Ur (as defined in Chapter 2) was applied. It was
found extremely useful for the simulation research on the transport within
two-layered composites.
5.3.4 Verification test and commission of the moisture monitoring system
As an initial test of the monitoring system, the isothermal moisture transport
processes (water absorption) was monitored. Two plaster of paris (POP) samples
were prepared with the same water/plaster ratio as those in Chapter 4. 20 pairs of
electrodes were embedded within materials during casting with the electrode
template. The samples were then dried to constant weight (the detail s of sample
preparation can be found in Chapter 6). One of the two samples was used for
measuring the saturated moisture content by the gravimetric method. For the POP
sample this was determined as 1 5 .5% by weight. The other sample with embedded
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sensor array was used for monitoring the water absorption processes from the

oven-dried state by the monitoring system. Figure 5 . 1 3 shows the measured moisture

profiles at different times.
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Figure 5. 13 Preliminary test results for the absorption processes within POP
materials by the developed moisture monitoring system
Figure 5 . 1 3 indicates that the transient moisture profiles were successfully obtained
by the developed system. It clearly shows the systematic motion of the moisture

profile with time. Compared with the saturated moisture content by gr�vimetric

method 1 5 .5%, the difference between the measured saturated moisture contents at
20-channels varies from 0.3% to 0.6%. In other words, the measured saturation MC

by the developed system is in good agreement with that obtained by standard

gravimetric method. At the dry state of the sample, the moisture readings vary from

0.3% to 0.5%. These slight variations can be attributed to residual moisture within the

material.
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The comparison o f results by the monitoring system and gravimetric technique shows
that the developed system was successful in monitoring the moisture state of
materials with satisfactory accuracy and can be applied in the experimental
investigati on of real moisture processes.
5.3.5 Advantages of the developed system and factors causing errors

Compared with other methods, the newly developed method has vanous
advantages:
(1 ) Automatic and integrated real-time mon itoring

Compared with the "slicing" method, the moisture meter method and all imaging
methods, the newly developed monitoring system realises the integrated and
automatic monitoring with both data acquisition and data treatment. The transient
moisture profiles are obtained and displayed in real-time and the results are also
stored digitally in the computer for later data analysis. The integrated real-time
monitoring is the greatest advantage compared with conventional techniques
(including NMR technique) for monitoring of moi sture transport processes.
(2) Non-destructive

The monitoring of moist ure state within materials is through the embedded senso r
array. This is neither time-consum ing, nor destructive and the results obtain ed are
m ore reliable and stable. The operation is also much more straightforw ard.
(3) Quick scannin g of moistu re p rofiles

Co mpared with i maging methods, especially NMR, the newly devel oped metho d

sc ans transient moisture profil es almost instantly. A complete moisture profi le can

be obtained within 1 m s for the 20 channel monitoring and so the moistu re profi les
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are real transient profiles ( compared this with 5 hours need for a typically sized
200 mm length sample monitored by the NMR method ! ). And the real transient
profiles avoid the complex and time-consuming "interpolation data treatment".
Quick scanning enables moisture profiles to be obtained as needed and it also
signi ficantly reduces the labour required.
(4 ) Applicable to any size of samples and higher dimension transport

There is no size limit for the monitoring system. The sensor array can be
embedded in any sized samples. However, more sensors may be needed for larger
sized samples to obtain satisfactory resolution. If the sensor array is embedded in
two or three dimensions, the monitoring system can be used to monitor in two or
three dimensions. In contrast, the typical diameter of sample in NMR method is no
more than 80 mm (restricted by the space between the two magnetic poles).
(5) Low cost

Compared with imaging methods, this system is low cost. The hardware requ ired
in cludes a PC co m puter, data acquisition cards, basic electronic circuits and
stainless steel wires. The software is Lab VIEW software package.
( 6) User friendly instru mentatio n interface

The control pane%
l of the system developed by LabVIEW is user friendly and easy
for operation.
A lthough the cal ibration processes for the relations of resistance - moisture content

h as to be carefully carried out, there are stil l some factors that could pos sibly affect

the accuracy in the moni toring of moisture transport processes and these need to be

av oided or elimin ated. These includ e:
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(1 ) Separation grid of electrode sensor array

The electrode sensors were embedded at the separation of 5 mm apart from each other,
which limits the resolution to this distance. So the sensor array is unable to give the
exact distribution between the 5 mm apart electrodes.
(2) Salt migration

With the movement of water, a slight proportion of dissolved salt may be carried
forward as well. This may change the salt concentration in the water solution at later
positions resulting in error in the readings because the resistance depends on free ion
concentration within the material . If the sample is subjected to more drying-wetting
cycles, there may be accumulation of salt in one end of sample. So, the use of one
sample for too many measurements should be avoided and if the sample has to be
used more than once, the absorption direction should be changed to minimise salt
accumulation.
(3 ) Contact resistances

If the electrodes are not carefully and properly installed, poor electrical contact may
o cc ur, affecting the measurement results. This is because the resistance acro ss

e lectro des i s mainly dominated by the contact resistance. Hence, great care shoul d be
t ak en and strict pro cedures followed both in instal ling the electrod es and in
c onnecting them with the electronics .
(4 ) D issimilarity of calibrated samples and investigated samples

Vari ability of materials caused by sample preparation may affect the porosity,

m ic ros tructure (e.g. pore size) and hydration of gypsum and hence affec t the

c o nductance of materials. It should be eliminated as possible as we can . Clearly,
s amples should be produc ed to tight specifi cation s.
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In addition, this system is not designed for monitoring transport processes with
temperature differences within the sample itself.
5.4 Conclusions
The monitoring system for moisture transport based on pin-type resistance sensor
array was successfully developed and tested. Compared with conventional
techniques, the advantages of the system include automatic and real-time
monitoring, integrated design with data acquisition and data treatments, transient
scanning and more reliable results etc. The developed technique is designed for the
monitoring of isothermal moisture transport processes within one layer uniform
materials and two-layered composites with unlimited size. The setup could be
extended to monitor two or three dimension moisture transport processes as
desired after appropriate sensor arrays are embedded.
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CHAPTER 6 EXPERIMENTAL INVESTIGATION OF
MOISTURE TRANSPORT PROCESSES AND
DETERMINATION OF UNSATURATED HYDRAULIC
DIFFUSIVITIES
Summary This chapter presents the experimental investigation of water abso rption
processes within one layer materials and two - layered composites. The unsaturat ed

hydraulic di ffusivity as a function of moisture content for gypsum plaster
m aterials was determined from experimental transient moisture profil es. In the
experimental investigation of transport processes, the transient moisture profiles
of absorption processes within one layer uni form materials and two dissimilar
layered composites were obtained utilising the monitoring system discussed in
Chapter 5 . The unsaturated hydraulic diffusivity as functions of moisture content
for various materials was then determined from transient moisture profiles
thro ugh Boltzmann's Transformation, where both regression and nu merical
methods were applied and compared.
6. 1 In trod u ction

Exp erimenta l investigatio n of transport processes is the only way to reveal the real

mo isture perfom1ance of porous materials. It also provides fundam ental

i n format ion for dete m1ining diffusivity as function of moisture content, provi din g

a b ase for verifying the theoretical models and computer simulati ons of the

pro cesses involved. As mentione d in Chapter 1 , although they are frequ ently used

materials , gypsum plasters have not been sufficiently invest igated and there is

ap p arent shortage of data abou t the transport processes avai labl e for fu rt h er

si mulation research. Furthe rmore, the experimenta l investigat ions o f di ffu si vity
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for gypsum show that plaster materials present different behaviour from other
building materials such as fired-clay brick, mortar, sand-lime brick etc (Pel, 1 995).
Unlike other materials, the diffusivity function of gypsum materials cannot be
described by one exponential function of moisture. This makes the diffusivity
function more complex and difficult to determine. So it was essential to find a
proper method for determining the diffusivity of gypsum materials for further
modelling and simulation research.
6.2 Experimental investigation of transport processes
6 . 2.1 Trans p ort within one-layer uniform materials
6.2.1 . 1 Experimental method
The materials investigated were five types of commercial Thistle gypsum plaster
materi als: BCP, BUP, MFP, POP and UOP already discussed in Chapter 2 . Cubo id
samples of the above materials were prepared by using a gang mould, size
20x 20x 1 00 mm, with the same water/plaster ratio as the sam p les used in Chapter
4 when characterising electric performance. Immediately following casting, 20
p airs of pin-type electrodes were evenly embedded along the sample to fo rm a
one-dimension sensor array using a PVC template on which the electrodes were
i n stalled before embedding (see Figure 6. 1 ). Sufficient vibration of the assembly

of sample and electrodes was necessary to ensure good contact between electrodes
and material .
A fter setting for 24 hours, the assembly was removed from the m ould and dried at

°
temperatu re 3 8 + 0.5%
C. B efore the absorption test, the samp les were seal ed

ti ghtly with p olythene film and placed in a conditioning unit to allo w t he

te m pe rature to attain ambien t tem perature. The water used was also retain ed un der
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the same condition to ensure the same temperature with samples for isothermal
absorption processes. The samples were then allowed to absorb water in the same

25mm

L:

Template

f

Sample

25mm

1 00 mm

Figure 6. 1 Schematic diagram of configuration of template with electrode
se nsor array and installation within cuboid gypsum plaster samples
ex perimental setup as that in the sorptivity test, Chapter 3. The sidewalls and the
far end of sample were all sealed by polythene film to ensure only
one-di mensional absorption. The absorption processes were monitored by the
mon itoring system descri bed in C hapter 5 and the control software for one-layer

tran sport (Figure 5. 1 1 ) was appl ied during this test.

1 55

6.2. 1 .2 Results and discussions

The moisture profiles obtained for the five types of materials are presented in
Figure 6.2 (a), (b). The dash lines indicate the position of sealed ends of samples.

The normalised moisture content, defined by equation (2.6), was applied
throughout. The maximum moisture content um is set to the saturation value

obtained in measuring porosity (Section 2.2.2, Chapter 2). The initial moisture
content u0 was obtained by averaging the smallest values of moisture content on

the curves.

From the moisture profiles produced, several conclusions can be obtained:
(1) The moisture profiles indicate significant diffusion characteristics as normal

diffusion processes. The smooth change in the slopes of the curves indicates the

high dependence of the diffusion rate on moisture content (see next section for
diffusivity curves). If the diffusivity is assumed to be constant, the profiles will

present a near straight line shape and it has been proved in soil physics that the

experimental results do not agree with theoretical curves (Kirkham and Powere,

1972). Clearly it is dangerous to assume the diffusivity to be constant and the

derived simulation results are not reliable. The distributional feature of moisture

profi les also implies that the sharp wet front (SWF) mode] is a very rough
approximation for real absorption processes. The SWF model is further discussed

in Chapter 7.

(2) Various materials with different sorptivities show significant differences of the

speed of movement of the moisture profiles, namely, the higher the sorptivity, the

higher the rate of movement of moisture profiles. The times needed for moisture
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profile to reach the end of samples vary from about 55 minutes for BUP material
with higher sorptivity to about 3325 minutes for UOP material with very low

sorptivity. As discussed in Chapter 3, the composition of commercial gypsum

plasters significantly affects the sorptivity or the absorption rates. Here it can also

be concluded that the composition also significantly affects the diffusion
performance or distribution feature of moisture profiles within gypsum plaster
materials.
It should be mentioned that the profiles present some fluctuations on the curves.
This may be caused by the defects of microstructures within the samples such as

air bubbles, unhydrated gypsum, which may affect the contact resistance of the

electrodes or resistivity of materials respectively and hence affect the reading of

moisture content.

6.2.2 Transport within two-layered composites

6.2.2 . 1 Experimental method

In preparing the two-layered composite samples, a polythene barrier and backstop
bar was applied and the electrodes were embedment using two half-size templates
(see Figure 6.3).

First, the barrier was placed at the centre of a slot of the gang

mould and then the paste of material was poured into the mould and then the

electrodes were embedded with half size template installed ten pairs of electrodes
(see Figure 6.3 a). Vibration of the assembly of sample and electrodes ensured

good contact of the electrodes with the surrounding material. After 1 to 2 hours

when the first half of sample started hardening, the barrier was removed and then
the second half of the sample was prepared similar to the first half using another

half sized template with ten pairs of electrodes. Sufficient stirring of the paste near
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the interface was necessary to ensure excellent contact between the two materials.
Cares were taken in embedding the electrodes within the second half of the
sample to ensure 5 mm spacing of the electrode-pairs on either side of the
interface. Two samples with two layers within each sample were prepared, namely
MFP-UOP structure and BUP-BCP structure. MFP and BUP have higher
sorptivities than those ofUOP and BCP respectively, as observed in Chapter 3.
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Gang mould
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Gypsum
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(a)

D
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50 mm
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Figure 6. 3 Preparation of two-layer composites using polythene barrier
and two half sized template installed 1 0 pairs ofelectrode sensors each

After setting, drying and cooli ng to ambient temperature, the moisture absorption

tests were carried out i%
n the same way as the one layer absorption test. Mon itoring

was again achieved by the s ystem developed where the data acqu isition and data

proc essing were controll ed by the program for two-layered comp osites show n in
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For each sample absorption in the reverse direction was also monitored, aiming to
compare the differences of transport processes from both higher to lower
sorptivity medias and from lower to higher sorptivity medias.

6.2.2.2 Results and discussions
Figure 6.4 and Figure 6.5 present the moisture profiles observed for the transport
processes from higher to lower sorptivity media and from lower to higher
sorptivity media respectively. They display substantially different performance for
the same samples because of transport in opposition directions.
When moisture transfer is from higher to lower sorptivity media (Figure 6.4), the
moisture front moved rapidly through the first layer to the interface and quickly
approached the equilibrium state, i.e. u,. ----+ 1 at all positions of the first layer. This
was indicated by the initial sparse moisture curves and dense moisture curves later
when approaching the saturated states in the first layers. On the other hand, when
moisture entered the second layer, the transport behaviour is similar with the
absorption process with the saturated absorption end because most of the moisture
content values of the curves within the second layer is about u,.

----+

1.

Transportation within the second layer was dominated by the instinct property of
material . Figures 6.4 (a) and (b) present a similar transport performance through
two-layered composites.
When the moisture transfer occurs from lower to higher sorptivity media (Figure
6.5), the transport processes are significantly different to the previous case.
Because of the low sorptivity feature of the first layer, the moisture profiles move
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forward slowly with time and cannot reach equilibrium state or saturation state
until the next layer approaches the saturation state. In the second layer, because of
the higher sorption rate than the first layer, the moisture profiles move forward
quickly and reach the sealed end of the sample in a sho rt time. After a cert ain
length of time, the second layer approaches the equilibrium state, i.e. similar u,.
values at all positions in the second layer and the equilibrium value u,. increases
following the increase of moisture content near the interface in the first layer. This
implies that the moisture transport in the second layer is dominated by the
absorption rate of the first layer.
In conclusion, the behaviour of moisture transport through two-layered
composites depends very much on the sorptivity values of the two media. When
the transport i s fro m higher to lower sorptivity media, the transport in the second
layer is dominated by the second layer itself. But i f the transport is from low er to
higher sorptivity media, the transport in the second layer is dominated by the first
layer. It is reasonab le to p redict that the extent of domination of the first layer on
the second layer is determined by the ratio of sorptivity of the two layers. This
will be further discus sed in connection with the simulations carried out in t he next
chapter.

6 . 3 Diffusivity from transient moisture profiles with Boltzmann 's
transformation
6.3. 1 I ntroduction
As described in Chapter 2 the moisture di ffusivity, D ( u ) , is a key characteristic of
porous materials, affecting the moisture transport behaviour. With diffusivity as a
function of moisture content known, the moisture transport processes can be
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completely determined by the extended Darcy's Law (2.20) for any particular
boundary and initial condition problems (see Chapter 7 for details).
However, in most prev10us research, the measurement of diffusivity was

determined by the drying curve method, i.e., measurement of the mass as a

function of time. However, in those cases a relation has to be assumed between
the moisture diffusivity and the actual moisture content, which cannot be verified
experimentally. These methods therefore, in general, give an incorrect estimate of

the moisture diffusivity (Pel, 1995). Although Gurnmerson et al ( 1979), Pel and

Pel et al (1995, 1996) and Hoff et al (1996) determined the diffusivity function
from experimental moisture profiles observed by NMR or positron emission

tomography techniques, the assumption of simple exponential format of

diffusivity as a function of moisture content has still been applied, i.e. D(u) = Do
exp(au) where Do and a are parameters which can be determined by regression.

Furthermore, experimental investigations have shown that the diffusivity function

ofgypsum type materials cannot simply be described by one exponential function

and two different exponential functions have to be applied (Pel, 1995). The valid

range of each function was empirically determined by the author. So new

technique or procedure for determining the diffusivity function of gypsum type

materials from moisture profiles needs to be developed.

There are two different ways for determining diffusivity of liquid water from
moisture profiles:

(1) Direct methods from moisture profiles. This is one of the commonly applied

methods for determining the diffusivity of water and there have been several

different particular procedures. Matano (1933) calculated the diffusivity of solid

materials by using one moisture profile at a certain of time. Kaspar (1984)
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developed a gradient method based on measunng two moisture profiles for

different times. Cerny and Toman ( 1 997) developed a difference method subjected

to knowing one value of moisture diffusivity. Drchalova (2002) employed the
double integration method by using several moisture profiles for calculating the

moisture diffusivity. Despite this, it is difficult to obtain high precision results

from these methods using one or two profiles because of less sampling of

moisture profiles.
(2) The Bruce and Klute method using Boltzmann's transformation. Bruce and

Klute ( 1 956) applied Boltzmann transformation to the spatial and time variables

and changed the nonlinear diffusion equation into an ordinary differential equation

and an equation determining the diffusivity was obtained. In this method, as many

as possible moisture profiles can be considered to produce a master curve and the

diffusivity can be determined from the master curve.

The Bruce and Klute method prevents the possible error caused by the application

of only one or two moisture profiles and may gives more reliable and accurate

results in determining the unsaturated moisture diffusivity. In this thesis, the

regression method and numerical method for determining the diffusivity function
from master curves are applied and compared.

6.3.2 Boltzmann's transformation, master curves and derivation of diffus ivity
6.3.2. 1 Boltzmann's transfo rmation of diffusion equation and expres sion of
diffu sivity

To carry out the transformation, the diffusion equation described in Chapter 2 for

water absorption process within a horizontally placed porous samp le was
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rewritten as follows:

au = _!}_(n(u ) au )
ax
at ax

(6. 1)

where u is the moisture content at a horizontal distance from the inflow end of the
sample. Equation (6. 1 ) is a non-linear partial differential equation and cannot be
solved by usual methods. By using the Boltzmann Transformation, the form of an
ordinary differential equation (6. 1 ) can be obtained.
Consider an initial and boundary condition problem with the following
constraints:

{

u(x,t) = u0
u(x,t) = us

for X > 0, t 0
for X = 0, t > 0

(6. l a)
(6. lb)

The above conditions mean that, the initial moisture content for all points (x>O)
within the sample is u0, and the water is applied at the absorption end (x=0) where
it is maintained at saturation moisture constant (us) at all times (t>0).
Now let u be expresses by a new variable l, namely
u =j(l)

(6.2)

where l is a function of x and t, defined by:
(6.3)

Equation (6.3) is called the Boltzmann transformation.
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The equation (6. l a) and (6. lb) may be written as:
for A = oo
for A = 0

(6. l c)
(6. l d)

Assuming that the moisture content, u, varies smoothly (i.e. i t i s continuous and
differentiable) with x and t and therefore A, a further condition can be obtained:

du

d,1,

=0

c:
1or

(6. l e)

u = u0

Using the chain rule for the differential of composite functions:
au
-

--

Bu BA
BA Bt

(6.4)

au Bu BA
=
BA Bx
ax

(6.5)

Bt

=

And

Hence
d D
a(n �) = ----(t :; !: ) BA
ax

Bx

dl

(6.6)

From equation (6.3),
au
=
Bx

ri

/2

au
1 A
= - -Bt
2 t
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(6.7)

(6.8)

Substituting equation (6.7) and (6.8) in (6.6) and then placing the results in
equation (6. 1 ), a simplified diffusion equation can be obtained:

(6.9)

The non-linear moisture transport equation (Darcy's law) can then be reduced to
the ordinary diffusion equation (ODE) as (6.9).
From the ODE form of diffusion equation (6.9), a useful expression of diffusivity
function is obtained as follows:
Equation (6.9) mayebe rewritten as:

1 du =
- -2 dl

( 6. 10)

By multiplying (6. 10) by cU and integrating both sides between the limits uo to u =
u, we have

(6. 1 1 )

The last term in the above equation is zero according to equation (6. 1 e) . Therefore,
(6.1 1) becomes:
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- 21

r r
Ir,

i du

=

du �
u
d ( D d ) = D ( u )(
0
di ,·) 11
di

(6. 1 2)

This can be rewritten as:

l

D (u )

2 ( �)
di

,,

u

0

(6 , 1 3)

Equation (6. 1 3) is a relation between D(u) and moisture content u. It is important
because D(u) appears on the left side only and hence can be used to calculate the
diffusivity as a function of u for materials if the u-Jc dependence is known, The
equation (6. 1 3) will be further discussed and employed to determine the
diffusivity of gypsum plaster materials by both regression method and numerical
method separately in the next section,
6.3.2.2 Master curves of moisture profiles
Using (6.2) and (6.3), the Boltzmann transformation may be written as
,1.(u) = x(
,

,,
I u,

(6. 1 4)

Equation (6. 1 4) implies that A is a function of moisture content u and is equal to
1

the product x ( 1 2 , where x is any finite distance from the absorption end of the
sample where inflow is occurring and t is the time measured from the instant
when water absorption commences. The transformation means that if there are
positions along the sample where u has the same value, then, regardless o f the
positions x, time t and a given particular moisture profiles, the product xf u2 will
be constant. Hence, only one curve for moisture content u and ). will be produced
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for a particular absorption process within a certain material. In other words, if the

moisture profiles for different times are transformed using the Boltzmann

transformation, all the u versus 2 data will fall into one curve. This curve is called
the master curve of the transport process within a particular media. Transport in
different materials produce different master curves.
Figure 6.6 show the experimentally determined master curves of five types of
gypsum plaster materials during the water absorption process. For each material,
the experimental u and 2 data approximately fall into a single master curve.

Because of the different absorption rate or moving rates of moisture profiles,

different materials display different master curves.
According to equation (6.s1 3 ), if the master curve is obtained from experimental

moisture profiles, the diffusivity as a function of moisture content can be

calculated. The procedure includes several steps: (a) Experimental qioisture
profiles for a transport process, (b) transformation of the experiment data in
moisture profiles by Boltzmann transformation and plotting of the u - 2 master
curve, (c) Calculation of the integral r Adu and differential

(du/d)i, l = u and

then the diffusivity at moisture content u can be obtained from (6.13). In the
present thesis, step (c) has been tried by two different means in the next two
sections.
Because the master curve 1s obtained through the transformation of all

experimental moisture profiles and therefore the random error from a single
particular moisture profile can be avoided, the diffusivity functions obtained from
master curves should be more reliable and accurate when they are used for

simulation investigation.
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6.3.3 Diffusivity by fitting the master curves

This method is used to detennine best-fit functions to the master curves obtained
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in the previous section. The diffusivity as a function of moisture content can then
be analytically derived directly from equation (6. 1 3).
6.3.3.1 Curve fitting of master curves
The curve fitting for the master curves was performed utilizing professional curve
fitting software, GraphPad Prism•. Non-linear regression was applied with
constraints of u max= l and

Umin=O .

Three kinds of fitting function were applied and

compared. After comparing the correlation coefficients, the Basic dose response
curve function was chosen as the best function describing the master curves
because of the highest correlation coefficients. This function can be expressed as:

l + I Q ( a - A )·b

(6. 1 5)

The a, b values for different gypsum materials are summarized in Table 6. 1 . The
results show the high correlation coefficients R 2 (>96 % ), indicating that the
regression results are acceptable, namely the Basic dose response curve can fit the
experiment master curve well.
Figure 6.7 (a) to (e) present the experimental master curve and regression curves
using the Basic dose response curve. The regression of experimental master
curves produced excellent correlation coefficients {Table 6. 1 ). The obtained
regression function for the master curves were used to calculate the diffusivity
together with (6. 1 5) and (6. 1 3). But, it should be aware that the regression curves
in Figure 6.7 (a) to (e) showed larger deviation within the range of

• GraphPad Prism, Prism 4 for Windows, version 4.0 1 {Trial, 2004), developed by GraphPad
software Inc. (USA).
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Table 6.t1 The regression coefficients a, b values for different gypsum materials
and corresponding R2 values

POP

UOP

BUP

BCP

MFP

a

3.048

1 .359

1 3. 1 5

5.01

5 .3 1 5

b

-2 .8 89

-4.066

-0.688

-0.7749

- 1 .084

R2

0.9928

0.9675

0.9798

0.96 8 1

0.9844

0.5<u<l , especially for Figure 6.7 (e) . In addition, the regression master curves
present symmetric pattern at point of u = 0.5, namely if the regression curve turns
at the angle of 1 80t° , the curve is the same with that before turning. But the
experimental master curves do not show this type of symmetry.

6.3.3.2. Diffusivity functions and dependent curves on moisture content
Differentiating ( 6. 1 5 ) by utilising Matlab gives :

(6.t1 6 )

From (6. 1 5 ) , A can be derived as follows :

1-u
ln -u
A = a - --
b - ln l O
Integrating ( 6. 1 6 ) between the limit 0 to u with respect to u, gives G:
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12.5

G=
(6.18)
where the constants P 1 =2.592xsl 0 1 5 and P2 = 1 .126xsl 0 1 5 • The diffusivity (6.13) can
be expressed in terms of F and G as:

G
2F

(6.19)

Combining (6.16), (6. 1 7), (6.18) and (6.19) with a, b values in Table 6.1 for

specified materials, the diffusivity function D(u) can be determined. The results

are presented with Figure 6.8 (1 to 5) showing the dependences of diffusivities on
normalized moisture content.
The curves indicate that the logarithm of diffusivity shows an approximately

linear variation with moisture content over most o f the moisture content range, but

deviates in the small moisture content range. The curves for all five type of

materials show a minimum value for diffusivity, i.e. as the moisture content is
lowered, the di ffusivity initially decreases and then dramatically increases when

moisture conten t becomes lower than a certain point of moisture content

U min

defined as the lowest point of the curve. Table 6.2 lists the values of Um in obtained
for the five gypsum materials. The sharp increase of diffusivity is most likely

caused by the fact that the capillary pressure will significantly increase when u,.

becomes lower (Dullien, 1992).
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Table 6. 2 The values of Um;,Jor five types ofgypsum materials investigated

Umin

BCP

BUP

0. 1 2

0.06

pp

0.07

UOP

MP

0.08

0.08

Concluding, the assumption of an exponential format of the dependence of
diffusivity on moisture content, which has been commonly used in research of
capillary absorption processes for porous materials as in various references cited,
is not valid for small values of moisture content. A new general function
describing the dependence of diffusivity on moisture content, as shown by
equation (7) - ( 1 0), was determined by non-linear regression of master curves.
The master curve fitting method prov ided a new procedure for determin ing the
diffusivity functions for porous materials.
There were some p roblems with the method used for the curve fittings. Fi rst, the
fitted curve caused large error in the slowly declining region of the master curves,

i .e. a sharp tum of fitted curves was produ ced. This may result in large deviatio ns
between the simulat ed moisture profiles using the above diffusivity functions and
the experimenta l ones. Second, the fitted curves are asymmetric against the knee
points of each fitted c urve and hence they did not necessarily represent the trend
of experime ntal master curves .

6.3. 4 Diffusivity by n u merical meth od

Considering the errors caused by regression to fit the master curves, it was also
tried to obtain the diffusivity directly from experimental moisture profiles utili�ing
an approximate numerical method. The mathematical expressions of diffusivity as
a function of moisture content were then obtained by regression of the di ffusivity
results.
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6.3.4.1 Nu merical approximation of diffusivity functions

The numerical approximation of diffusivity expression of equation (6. 1 3) can be

obtained by approximation of the differential and integral terms within the
equation.
(1) Finite-difference approximations of differential ( du/d/4 ) l u=u
The differential at point P on Figure 6.9 can be numerically approximated by the
slope of PR (forward difference), AR (central difference) or AP (backward

difference) (Smith, 1 992). Apparently the central difference approximation is the
best one for representing the differential at point P.
The following are the general derivation of formula and the caused error.
When a function y and its derivatives are single-valued, finite and continuous
function of x, the by Taylor's theorem,
2
y(x+h) =y(x) + hy'(x) + 1/2 h y ' ' (x) + 1 /6 h 3 y ' ' ' (x)+ . . .

2

3
y(x-h) =y(x) - hy ' (x) + 1/2 h y' ' (x) - 116 h y 't' ' (x)+ . . .

(6.20)
(6.21)

Addition o f these two expansions gives
y(x+h)+ y(x-h) = 2u(x) +

h 2y ' ' (x) + O(h 4)

where O(h 4 ) denotes the terms containing fourth and higher powers of h.
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(6.22)

Y(x)

A
;, ( x- h)

0

}

x-h

X

;, ( x + h)

(X)

x+h

Figure 6. 9 Schematic diagram ofnumerical approximation of differential term
Assuming that these are negligible in comparison with lowers power of h it
follows that,

y "( X) = (

dx-; J

d2

= h2
I

x=x

{y( X + h) - 2 y( X) + y( X - h)}

(6.23 )

with a leading erro r on the right-hand side of order h2 •
Subtracting equat ion ( 6.20) from equation (6. 2 1 ) and neglecting of terms of order

h3 leads to

y '(x) = ( dy J
dx x = x
with error o f order h

2

=1

2h

{y (x + h) - y(x - h) }

(6.24)

.

Equation (6.24) clearly approximates the slope of the tangent at point p by the
slope of the chord AR, and is called the central-difference approximation.
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For the experimental master curves u

- .?t.

for a moisture transport process, the

numerical approximation of differential

(d¾A, t.•

was then obtained

according to equation (6.24) as follows:

du
1 {
F = - = - u(A + LiA) - u(A - LiA) }
dA U= U 2A

(6.25)

(2) Numerical approximation of the integration

The approximation of integration consisted of two steps: area under the curve of .?t.
versus u was divided into a finite number of trapezoidal strips (see Figure 6.10),
and then the areas of these strips was summed.

A.;

U;

U;+ 1

Figure 6. 1 O Schematic diagram of the numerical approximation of integration
The area of the ith strip is:

(6.26)
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The integration can then be approximated by the sum of the strip areas

G = r Jdu =

L
i

(Ji+I + AJ · (u i+ I - u i )/ 2

(6.27)

Finally, the approximation of diffusivity was expressed according to equation
(6. 1 3) as the following:
G
D(u) = 2F

(6.28)

6.3.4.2 Results and discussions
The numerical calculations of diffusivity from transient profiles were ful fi lled by
MS Excel software package uti lising the equations (6.25), (6.27), (6.28) and the
experimental data points on master curves as shown in Figure 6.6. The results are
presented in Figure 6. 1 1 (a) and (b) for the five types of gypsum plasters, where
the diffusivity is presented using a logarithmic scale and a normalized moisture
content (NMC) is applied. The dots on the curves denote the numerical
calculation results by equation (6.28). From the curves of di ffusivity, some
important conclusions were obtained :
( 1 ) The overall trend in the full range of NMC of the curves presents a large
deviation from the linear relation between lnD and NMC. The linear regression,
dash l ines in Figure 6. 1 1 (a) and (b), produced low correlation coefficients (0.76
to 0.89). So the assumption of an exponential format of diffusivity as a function of
moisture content is not valid for gypsum materials.
(2) The numerical results (dot points in Figure 6. 1 1 ) displayed similar trends to
those by the method of master curve regression (Figure 6.8) in the previous
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section when the moisture content became greater: i.e. the logarithm of diffusivity
presented an approximately linear relation with NMC at large values of moisture
content, then there was increasing discrepancy from a linear trend and even a
change in slope when the NMC became smaller than a certain value. But the
NMC values at the minimum points by thi s method are much higher than that by
the method of master curve regression. The NMC values at the minimum points
are roughly 0.2 for BCP and MFP, 0.4 for BUP and UOP, and 0.3 for POP.
(3 ) The dependence of logarithm of diffusivity on moisture content by the present
numerical methods can be well fitted with a fourth order polynomial function,
( 6.29). The solid lines on the curves in Figure 6. 1 1 represent the polynomi al
regression curves. The regression parameters and fitting correlation coefficients
obtained are summarized in Table 6.3.

ln(D) = au 4 + bu 3 + cu 2 + du + e

(6.29)

Ta ble 6. 3 Regression parameters and correlation coefficients for diffusivity
a

b

C

d

e

R2

BCP

38.386

-86.632

68.624

- I 5 .443

-0. 1 1 8 1

0.96 1 4

MFP

2 1 .48

-34 .56 1

2 1 .268

-2 .43 56

-0.3488

0.95 7 8

UOP

-25 . 9 1 4

65 .409

-43 . 5 65

9.8223

-3.2755

0.9897

BUP

- 1 1 .822

1 7.8 1 1

8 .9 1 0 1

-9.707

1 .9346

0.95 1 2

POP

3 7 .989

-56. 1 68

28.577

-4.4 1 97

- 1 .006 1

0.9567

Tabl%
e 6.3 sho ws high regression correlation coefficients for all t ypes of gyps um

materials, R 2 >0.95 1 2. In this case, there was no need to employ two exp onential

functions for the regressi on of diffusivity curve as was necessary i n the work of

other authors (P el, 1 995 ).
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Dependence of d iffus ivity on NMC of BC P mate rial
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order polynomial regression. (1) - BCP, (2) - BUP, (3) - MFP
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6.4 Conclusions

This chapter presented the experimental results of moisture transport processes
within one layer and two-layered composites of gypsum plaster materials and the
dependence of diffu sivity on moisture content was determined from experimental
transient moisture profi les by two different ways.
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The experimental investigation of single layer transport produced the moisture
profiles of water absorption processes. The moisture profiles presented apparent
di ffusion feature of transport and indicated significant dependence of diffusivity
on moisture content. They provide the direct and real performance of materials in
transport processes and so they are important to verify any further theoretical
model ling and computer simulation results for the materials.

They also provided

fundamental data to determine the key diffusivity functions for different materials.
The experiments of moisture transport through two-layered composites revealed
results displaying signi ficantly different features when the moisture transfers
through opposite direction in a dissimilar two-layered composite. The transport in
the second layer may be dominated by the first layer when the transport is from a
lower sorptivity to a high sorptivity media.
The dependent functions of di ffusivity on moisture content were determined by
the method of master curves regression and numerical approximation method
uti lising both professi onal regression tools and mathematics respectively. The
results revealed that the assumption of exponential format of diffusivity as
function of moisture content is not valid for gypsum materials. They also revealed
the existence of turning points on the diffusivity curves presumably caused by the
dependence of capillary pressure on saturation level of moist media. The
diffusivity function obtained by these two methods is applied and compared in the
theoretical simulation of transport processes in the next chapter.
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CHAPTER 7 NUMERICAL SIMULATION OF MOISTURE
TRANSPORT PROCESSES
Summa ry In this chapter, a brief literature review of research on theoretical

modelling and simulation for moisture transport is first presented. Fol lowing the
finite element formulation of the diffusion equations, the water absorption

processes within uniform gypsum materials and two-layered composites were

simulated based on extended Darcy's law.

Through comparison with

experimental results, the proposed models and the di ffusivity function obtained in

the last chapter had been shown to be successful in describing moisture transport

processes within uni form materials and two-layered composites.
7. 1 Introduction

Theoretical simulation of moisture transport helps understand the mechanism of

transport processes, extend the experimental range and predict new physical

phenomenon. Various modelling and simulation research on moisture transport

within porous bui lding materials have been carried out utilising concepts and

theories in soil physics and considering the unique properties such as finer pore

size distribution and associated stronger capillary forces of building materi als.

This mainly includes the sharp wet front (SWF) approximation model, diffusion

models with the finite element method and analytical methods for simplified
conditions.
The S WF mod el was first proposed by Green and Am.pt ( 1 9 1 1 ) in soil physi cs. It
assumed that the water content of the wetted region behind the wet front is
uniform and the water c ontent of the materials beyond the wet front is e qual to its

initial water cont ent. This model was first systematically applied by W ilson et al
(Wilson ( 1 992 , 1 995 , 1 995 a, 1 997) and Hall et al ( 1 996) to deal with wat er

absorption proce sses withi n construction materials such as mort ar, co ncrete,
p lasters and also two- layered and n-layer composites. The findi ngs were in goo d
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agreement with experimental results in predicting the speed of movement of the

water front and the influence of hydraulic properties of materials. But the SWF

model can only give an average description and prediction ofmoisture movement.

It is not able to describe the moisture distribution profiles. For high diffusivity

porous materials, the moisture distribution varies significantly with position and

no apparent sharp wet front can be observed. In view of the practical usage, the

true moisture content at any position within construction materials is important

because it always relates to potential damages, for example corrosion of

reinforcement by salt migration and degrading ofmaterials. For two-layered or n

layered composite, the moisture distribution significantly affects the transport

performance through the interfaces and affects the rate of moisture movement in

either water absorption processes or drying processes. A precise description of

moisture transport processes is needed based on the diffusion equation ( Hall et al,

1996).

The physical theories of diffusion processes have been well developed in soil

physics and diffusion equations are all well established. Because ofthe non-linear
feature of diffusion equation (see Chapter 2), analytical solutions are difficult to

obtain and so limit the application to complex cases. The finite element method

(FEM), as a numerical approximation method, has been widely applied to solve

non-linear diffusion equations (PDEs) with substantial success. Some papers have

been published to deal with moisture transfer processes with FEM method for

construction materials. As an example, Clothier et al (198 1) obtained the water

content profiles of sand under constant flux boundary condition with the aid of

FEM on the basis of experiment results. Kalimeris (1984) and Deangelis (1998)

investigated the rain absorption by brick wall under the constant flux boundary

condition. Pel (1995) simulated the water absorption processes for fired clay brick

and mortar and obtained satisfactory results.

However' most of the previ ous numerical simulation research considers the
constant flux boundary condition, e.g. constant absorption rate for water

absorption processes (such as rain absorption of external wall). Actually, many
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absorption processes are subj ected to saturation boundary condition or non
constant fl ux boundary condition. For water absorption processes as discussed in
Chapter 3, an apparent question will arise that, the absorption rate can be express
as the so-cal led

" Ji

112
law", i = Sb · t%
and showed that the absorp tion rate is not

constant but varies with square root of elapsed time. It is i ntere sting to do the
simulation of transport processes if the variable absorption rate is applied to
boundary conditi ons. In addition, for the materials of gypsum plasters, it has been
found that it presents unique properties compared with other construction
materials in diffusi on processes (Pel, 1 995). The diffusivity cannot be exp ressed
as a single exponential function of moisture content and so polynomial regression
has to be employed ( described in Chapter 6). It i s important to veri fy whether the
polynomial fu nction of diffusivity can successfully describe the diffusi on
processes within gypsum plaster materials.
As pointed out in Chapter 1 , modern bui lding walls are multi-layered structures
m i nimising moisture ingress and maximising heat i nsulation. It is fundamentally
important for simulating the moisture transport processes within because it i s able
to predict the moisture and heat transport performance within multi-la yered walls
for the purposes of moisture proof or thermal insulation. Luikov ( 1 966)
investigated the mass transport within a double-layer wall using an analytical
method by assum ing that the diffusivity of materials is constant or independ ent on
the moisture con tent . However, as proved by Chapter 6, the diffusivity of gypsu m
materials and many other construction materials (such as mortar, brick and
cement-sand-lime plasters) is strongly dependent on moisture content. So the
assumption of constant di ffusivity highly limited the effectiv eness of the
prediction from the simu lation of transport within multi-layered walls. For the
simulation with non- constan t diffusivity transport, a numeric al techni que is
needed to solv e the non-lin ear partial di fferential equatio ns with the ai d of
computer. Fo llo wing an i ntensive literature review, no research on the sim ulation
of multi-layered comp osites for the case of non-constant diffusivity with
nume rical meth ods has been foun d.
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In summary, this chapter provides simulation of one-dimension water absorption
processes within gypsum plaster materials and two-layered gypsum plaster
composites using FEM numerical technique based on extended Darcy's law. The
diffusivity functions obtained for gypsum materials in the last chapter are applied
and the simulation results compared with experimental results.

7.2 Non-linear diffusion equations and the finite element formulation
Water absorption processes widely exists in bui lding such as damp rising, raining
absorption etc. It normally happened in two or multi-layered composites such as
multi-layered walls. The moisture transport behaviour through uni form materials
and layered composites affects the waterproof and thermal insulation performance
of wal ls and so the comfort levels of the living environment of buildings. As
theoretical models, the absorption of water into the uniform and two-layered
gypsum plaster materials from a water source was considered in this chapter.
The fundamental assumption for the modeling of the absorption processes is that
the extended Darcy's Law is valid for describing the one-dimensional unsaturated
moisture transport processes within uniform materials and two dissimilar layered
composites of gypsum plaster materials.
In addition, several other assumptions are also made:
1 . Moisture transport is A diffusion process of moisture and the "driving
force" is the gradient of moisture content.
2. The diffusivity is dependent on the moisture content.
3 . The evaporation water within the materials and evaporation pressure i s
neglected at ambient temperature (22t° C).
4. The temperature variation within both the materials and the environment is
ignored and so the water absorption is isothermal process.
5 . The gravitational force on water i s ignored whether horizontal or vertical
absorption processes are considered.
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6. Dimension changes of sample are not taken into account during the
absorption processes within uniform materials and two-layered composites.
In this chapter, the normalised moisture content (NMC), u,. or simply u as defined
in Chapter 2, was employed in the simulation procedures including fundamental
Darcy's Law, diffusivity functions, boundary conditions and initial conditions and
results expressions. The application of NMC is from several practical
considerations:
First, normal ized moisture content is a more general expression describing the
moisture state of porous materials then the moisture content by weight or by
volume. Unlike the moisture content by volume, it i s independent of density.
Second, it is a more informative quantity. Not only can it be used to compare the
moisture content in different moist states it can also be used to indicate the level
of saturation of the materials.
Thirdly and most importantly, normalized moisture content is convenient m
simulating the transport processes within two dissimi lar layered composite. I f the
normal ized moisture content is applied, the constraint of the maximum values of
moisture content for different materials does not need to be considered in
formulating mathematical equations of the problem. The expression of governing
equation, boundary and initial condition and also the programming of software
wil l be significantly simplified.
Consider the transport process in one layer uniform material with length L (see
Figure 7 . 1 for the coordinate system). The sample starts absorption from a dry
state. The inflow surface was considered to be saturated immediatel y when it
came in contact with water. This was the case for both uniform materials and two
layered composites. The sidewal ls of samples were sealed tightly and so the water

absorption were maintained in one-di mension.
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Figure 7.e1 Schematic diagram of water absorption within one layer
uniform materials
Under above assumptions, the transport can be described by the diffusion equation

(extended Darcy's Law)

au =e�e
au
( n(u)
)
at ax
ax

(7. 1 )

where u is normalized moisture content, x is the spatial coordinate along the
length of the sample, t is the time elapsed time after the sample first started

absorbing water from the left end of the sample, D(u) is the diffusivit y as a

function of moisture content for the material under investigation. The diffusion

equation (7 . 1 ) is subjected to the following initial and boundary conditions:

u = 0,
u = 1,
au
De = 0 '
ax

t=0
X

x>0
= 0, t � 0

X

= L, t � 0

For the transpo rtat ion within two-layered composites (see Figure 7 . 2 ), the

(7. l a)

1 ) and boun dary c onditi on
transport observ es the sam e diffusion equation as (7.%
(7. l a). But step function s of d iffusivity D(u) , (7. 1 b), have to be applied to the two

different diffus ivity functi ons.
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Figure 7. 2 Schematic diagram of water absorption within two-layered
composite materials

D(u)

=

L
2

D,a(u), O � x � -

L

D2 (u), - < x � L

(7. 1 b)

The finite element method (FEM) (Huebner 1995, Zienkiewwicz, Taylor 2000,
Kwon and Bang 1997) provide numerical solution to diffusion equation (7.1) in
the finite domain of length L (or domain Q conventionally applied in FEM
books) , subjected to condition (7. l a) or (7. l b). The FEM is based on minimising
the weighted residual using finite elements and piecewise continuous functions
determined in terms of nodal variables.
Consider a finite element shown in Figure 7.3, the corresponding coordinate val ue
(x; or X;+ i) and nodal variable, normalized moisture content (u; or U;+ 1 ). The

distribution of u within each element has the form:

where the superscript refers to element e. It is assumed that the moisture content
varies linearly with the spatial coordinate, x, within each element. The normalized
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Figure 7. 3 The distribution of normalized moisture content u within one
element of domain Q

moisture content can then be written in terms of its known nodal values and the

coordinates of the nodes as the fo l lowing:

(7.2)

) can
The approximate solution of nodal variables (normalised moisture content u;%
be solved by minimizing the integral of the weighted residual error. The

Galerkin's method was applied, which, for one element, writes the minimization
as follows:
(7.3 )
After applying integration by part and using the definition of ue in (7.2), (7.3) can

be rewritten as
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(7.4)

The above equation is valid for all elements, and summing all similar equations as

(7.4) for all elements yields the finite element matrix equation:

[M ]_£_ { u e } + [K ] { u e }
at
in which

[M ] =
[K ] =

[F ] =

=

I f N T N dQ

{F }'

I f D ( u e ) aaxN

T

(7.5)

a N dQ

ax

e
I; [ NsT D (use ) _£_
{u } ]
ax

(7.5b)

n•

In equation (7.5b), [F] was determined by the boundary condition (7. l a) for

transport in uniform materials or (7. l b) for transport within two-layered

composites. Since equation (7.5) should be true at any time, the superscript t

denotes the time when the equation is satisfi ed.

A finite difference scheme is normally applied for the time discretisation of (7.5)

using backward difference technique (Kwon and Bang, 1997), i.e.

(7.6)
The matrix equation (7.5) and time integration (7.6) were solved by programs

with Matlab software package (version 6.5) utilizing PDEPE subroutine.
7.3 Simulation results and discussions
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7.3 . 1 Preliminary simulation with the diffusivity by regression of master
curve

The trial simulation was co nducted using the diffusivity obtained by the

regression of the master curve, discussed in Section 6.3 . 3 . Figure 7.4 shows the

simulation profiles of browning undercoat plaster in the absorption process using
initial and boundary conditions (7. l a).

Comparing with the experimental results of BUP in Figure 6.2a, the speed of

movement of simulation moisture profiles in Figure 7.4 presents similar time

scales to that of experimental profiles at different times. This indicates to some

extent the success of the diffusivity function obtained by fitti n g the master curves.

But the simu lation profiles showed significantly di fferent pattern compared with

experimental profiles. The simulatio n profiles are symmetric against the point of u

=0. 5, namely i f a profile turns at 1 80° angle, the profile is the same as that before

Solution profi l e s fro m 0 t o 70 minutes. 5 minutes i nt e rva l .

M ovement of
moisture profi l e
'E 0 . 8
0
u
a,

.]j

E

0.6

"C
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N
0

� 04
0

0.2
0

o

10

Distance x/m m
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Figure 7. 4 Preliminary simulation of absorption process within B UP
materials using the diffusivity by fitting the master curves.

the turning of the profi l e. However, the experimental moist ure profile s do no t
p rese n t this sym metric feature at al l. So it is not satisfac tory to sim ulate th e
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transport processes by using the diffusivity function obtained by fitting master
curves. The following section showed that the diffusivity functions obtained by
numerical approximation method achieved high agreement with experimental
results.
7 .3.2 Simulation of transport within one layer u niform materials
Simulations were conducted for a11 five types of gypsum plasters with the same
initial and boundary conditions shown by (7. l a). The diffusivity functions D(u)
obtained by the numerical approximation method determined by (6.28) and Table
6.3 were applied to each material.
Figure 7 .5 ( a) - ( e) show the simulation moisture profiles for the five types of
gypsum plasters. Comparing with the experimental moisture profiles in Figure 6.2
(a), (b) and (c), the simulation moisture profiles present high agreement with those
of experimental results in the time scales of moving rate of profiles and the feature
of moisture distribution at each moisture profile. The times for the moisture front
to reach the sealed end at the right side (dash lines) vary from about 50 minutes
for B UP material to about 3900 minutes for UOP material which are in the same
order with those in the experimental results shown in Figure 6.2 (a), (b) and (c).
Comparing with the simulated moisture pro files in Figure 7.4 using the diffusivity
by fitting the master curves, the polynomial format diffusivity functions obtained
by the numerical method are much better at simulating the water absorption
processes within gypsum type materials. They are in agreement with experimental
moisture profiles in not only time scales but also the profile patterns
Figure 7.6 showed the comparison between simulated master curves (solid lines)
with experimental master curves (dots). The simulation master curves were
obtained by Boltzmann's transformation of simulation moisture pro files.
Apparently, the simulation master curves match the experimental master curves
extremely wel l over all the range of moisture content. They represent the same
patterns as that of the experimental master curves showing the dependence of
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moisture content on Boltzmann variable

>.. (=xf 1 12 ). Comparing with the

regression master curves in Figure 6.7 (a) to (e), the simulation master curves
achieved much better agreement with experimental master curves.
Considering the assumptions m Section 7.2, the following conclusions were
obtained from the simulation results:
( 1 ) The extended Darcy's Law can successfully describe the water absorption
processes within gypsum type materials using saturation boundary condition
and obtained diffusivity function obtained by numerical approximation from
experimental transient moisture profiles.
(2) At ambient temperature (22t° C), the water absorption processes within gypsum
plaster materials behave as isothermal processes, and evaporation of water
within materials and effects of gravity can be neglected.
(3) The format of diffusivity as a fourth order polynomial function of moisture
content can successfully describe the water absorption processes within one
layer uni form gypsum materials for which the conventional exponential
format of diffusivity function is no longer valid.
(4) The procedure for determining the diffusivity by numerical approximation and
polynomial regression from experimental moisture profiles is successful for
gypsum types of materials. The diffusivity functions obtained can be used in
the simulation of transport withi n two-layered composites.

1 98

S i m u l ati o n of P O P fro m O to 1 2 00 m i n utes, 50 m i n utes i nt e iv a l
. 4 .-----�-----,-------.-----,-------.---�
1O= e x p (37 . 989*u 4 -56.168*u 3 +28 . 577*u 2 -4 . 4 1 97"u- 1 . 006 1 )

...

-

C
C
0

j

·c

.!a

1

1 .2

0.8

\

0.6
0.4

0

0.2
0

40
D ist a n c e fro m a bsorb i n g surfa ce x/m m

0

1 00

1 20

(1 )

S i m u l ati o n of P O P fro m O to 1 200 m i nutes, 50 m i n utes i nterval
'" 4
D= e x p (37._ 9.�\3'JJ-56·:l68*u 3 �2el ��7*u 2-4i4 ; 97�!)-1 . 006 1 )

._

0
(.)

1 '

E

O5.

�
-�

...·······

1 .5

··••''

.....

.

:

:

:

.

. .:. . • · · · ·

;;;

�

0,

"'1 500

1 000
T i m e t/m i n

'1 00

500

0

0

D ist a n ce x/m m

(2 )
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7.3 .s3 Simulation of transport within two-layered composites
The simulations were performed for the transport processes within two samples,

namely the MFP-UOP structure and BUP-BCP structure, and in opposite moisture

transfer directions: from higher to lower sorptivity media and from lower to higher
sorptivity media. The problem was defined by equation (7.1), initial and boundary

condition (7. l a) and step functions (7.2). The diffusivity functions D (u) obtained by

the numerical approximation method determined by the use of (6.28) and Table 6.3

were applied to each material of the composite sample. The two cases are considered

below.

Case one: S1 >S2 (M FPs- UOP and BUPs- BCP)

According to the results in Chapter 3, the sorptivity values of MFP and BUP are

greater than that ofsUOP and BCP respectively. Figure 7.7 (a, b) shows the simulation

results for the transport from higher to lower sorptivity materials, namely from MFP
to UOP and from BUP to BCP, from dry state to saturated state of the composite

materials.

First, the simulation profiles in Figure 7.7 achieved reasonable agreement with those

obtained by experiments (as shown in Figure 6.4 in Chapter 6). However, it was hard
to make quantitative comparison between simulation profiles and those of

experiments because the measured data exhibited a high variation due to the diverse

properties of materials. But the rate of movement of the moisture front in both
samples showed close agreement between simulation and experimental profiles. For
the transport from MFP - UOP, the moisture front reached the interface at about 70

minutes by simulation (68 minutes by experiments), reached the position of 70 mm in

the second layer at 325 minutes by simulation (at 340 minutes by experiments). For
the transport from B UP - BCP, the moisture front reached the interface at about 15

minutes by simulation (also about 1 5 minutes by experiments), and reached the
position of 85 mm in the second layer at about 65 minutes by simulation (at about 60

minutes by experiments). In addition, the pattern of moisture profiles by simulation is
also similar to that by experiment, namely sparse in first layer and condensed
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in the second layer because of the lower moving rate of moisture profiles in the

second layer.

Second, the transport processes within the second layer behaved similar to those

by saturation boundary conditions and the transports within the second layer were

dominated by the properties of the second layer. The absorption processes behaved

as if the samples were directly in contact with the water source and reached

saturation in a short time. Most of the moisture profiles within the second layer

have near saturation moisture content (u � 1 ) at the position of interface. The

speed of movement of moisture profiles and so the moisture distribution in the

second layer was controlled by the diffusivity of the second layer itself. The first

layer behaved like the source of water. This phenomenon was caused by the higher

absorption rate of the first layer and provided enough water for the absorption

processes of the second layer with lower absorption rate.

Finally, the simulation results also predicted the time needed for reaching the

saturation state of the whole sample, which was some times difficult to obtain by

experiment because of the long time scales and experimental difficulties. It was

predicted by the simulation that the composite samples reached saturation in both

layers at the time of 1 65 minutes for BUP -BCP and 1 850 minutes for MFP UOPs.

Case two: S1 <S2 (U OP- MFP and B CP- BU P)
Figure 7.8 (a, b) shows the simulation results for the transport from lower to higher
sorptivity materi als, namely from UOP to MFP and from BCP to BUP, from dry

state to saturated state of the composite materi als.

First, the simulation results showed the same pattern of moisture profiles within
the two layers and were also in reasonable agreement with those by experiments as
shown by Figure 6.5 in Chapter 6. In the transport from BCP- BUP, the moisture
front reached the interface ats~ l 00 minutes by simulation ( also ~ l 00 minutes by
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experiment), and the whole sample reached saturation at ~ 600 minutes by
simulationt(~ 800 minutes by experiments). In the transport from UOP to MFP, the
moisture front reached the interface at the time of~ 1 000 minutes by simulation (~
900 minutes by experiment), and the whole sample reached saturated at the time of
~ 5600 minutes by simulationt(~ 6400 minutes by experiments). In both samples,
the time needed to reach saturation of whole samples from simulation is a bit
shorter than that from experiments. This is possible because of the influence of the
interface to moisture flow caused by contact problems between the two materials,
slowing down the speed of movement of moisture profiles in the second layer. It is
impossible to prepare the samples with perfect contact between two materials.
Second, as indicated by the experimental results in the last chapter, the simulation
results also strongly showed that the moisture transport properties of the first layer
dominated the transport in the second layer and so dominated the whole transport
processes within the composite when the moisture transfers from lower to higher
sorptivity medias. The moisture content near the interface within the second layer
increased slowly (this depends on the moisture profiles within the first layer). For
the case with significant difference of sorptivities of two materials, as shown in the
transport from UOP to MFP in Figure 7.8 (b), the moisture state in the second
layer may reach equilibrium a very short time after the moisture front in the first
layer reaches the interface. The equilibrium moisture content within the second
layer increased (depending on the transfer rate of moisture of the first layer).
Third, i f the moisture transfers from lower to higher sorptivity materials, it wi l l
take a much longer time for the composites to reach saturation state than that when
moisture transfers from higher to lower sorptivity materials. It was 3 .64 times
longer for the BCP - BUP composite and 3 times longer for the MFP -. UOP
composite when moisture transfers in opposite directions. This is understandable
because the lower abi lity of the first layer to transfer moisture slowed down the
moisture transfer rate for not only the first layer but also the second layer and so it
takes a longer time to reach saturated state of the whole composite samples. This
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property can be app lied where considering moi sture proofing in buildings with
multi-layered constru ction wal ls.
Compared with the results by SWF model mentioned in the beginning of this
chapter, the simulation from diffusion equations in this chapter provided detailed
descriptio n of tran sport processes within two-layered composites and made new
predicti ons includ ing moisture di stri bution, behaviour of moisture transp ort within
the second layer and time taken to reach saturated state o f whole samples . The
SWF mode l can onl y prov ide average and qualitative predictions for the transport
within two-l ayered comp osites .

7.4 Conclusion s
The moisture tran sport processes within uni form one layer materials and two
layered co mposite s w ere s uccessfully model led and simulated based on extended
Darcy's Law uti lising finite element method and Matlab software package. From
the simulat ion result s an d comparison with experimental results, some conclusio ns
can be drawn :
( 1 ) The extended Darc y's Law with diffusivity functions obtained by numerical
approxim ation from transi ent moi sture profiles can successfully describe the water
absorption proces ses with in uniform materials and two-layered composite under
the saturat ion boundary conditions. In ambient temperature, the temperature
variation, evapo rat ion of liquid water within materials and effects of gravity can be
i g nored in the in vesti gatio n of transport processes within gypsum plaster materi al s.

T he tra n spo rt proce sses within two-layered composi tes can be descri bed by
Darcy's Law and step func tions of diffusivity for the two materials. The model ling
and simulati on b ase d on di ffusion equations showed great advantages ov er the
tradition S WF mod els and provided further and new information about trans port
processes.
(2) The po lynomial format of di ffusivity fu n ctions for gypsum type porous
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materials were verified in simulating the transport within both uniform materials
and two-layered composites. The procedure to determine the diffusivity functions
from transient moisture profi les with numerical approximation of the dependence
of diffusivity on moisture content and pol yn omial regression were proved
successful. The exponential format of the diffusivity function, which is normall y
applied to other porous building materials (except gypsum plasters), was proved
invalid for gypsum plaster materials.
(3) The simulation for two-layered composites revealed important and interesting
phenomena. The moisture transport behaviour depends highly on the moisture
transfer directions. When the moisture transfers from lower to higher sorptivity
materials, the transport within the second layer was control led by the first layer.
And the time taken to reach saturation state of the whole sample is much longer
than that when the moisture transfers from higher to lower sorptivity materials. So
it is important to consider the sequence of materials for multi-layered walls so as
to provide better moisture proofing abi lity. The simulation results for two-layered
moisture transport processes provided fundamental principles for this issue.
(4) Through the verification of successful simulation results, it has been indicated
that the application of normalised moi sture content (NMC) is convenient,
successful and effective in the formulation of mathematical models, simulation and
determination of diffusivity functions. The introduction of NMC simplified the
numerical solution procedure in which the differences in porosity (or saturated
moisture content) of di fferent materials in two-layered composi tes do not have to
be speci fied in the simulation processes. The simulation results were in good
agreement with experimental findings.
The modelling and simulation of moisture transport processes through the
numerical solution of non-linear partial differential equations showed a stronger
power in describing the processes and predicting new phenomena than the
simplified SWF model and provided more reliable results than using approximate
constant diffusivity of materials.
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CHAPTER 8 CONCLUSIONS AN D FUTURE WORKS
8. 1 Conclusions
The aims proposed in the first chapter for the project have been achieved through
the comp letion of the research obj ectives in three main parts i n the present thesis :
( 1 ) the characteri sation of hydraulic transport parameters of gypsum materials
(Chapter 3 ), (2) development of a purpose-built monitoring system for monitoring
the moi sture transport processes uti lising pin-type sensor array (Chapters 4 and 5)
and (3 ) Measurement and simulation of water absorption withi n uniform materials
and two-layered composites (Chapter 6 and 7).

The characterisation of transport parameters o f typical commercial gypsum p laster
materials was firstly carried out uti li sing standard measuring methods. This
experimental investi gation provided fundamental data i ncl uding sorptivity,
saturated conductivity and vapour permeabi l ity of gypsum with various new
findings for materi al sci ence and the building industry. The variation of the
parameters for di fferent types of plasters and the dependence on aggregates or
additi ves were presented. The effect of wet-dry cyc les showed abnormal
phenomena in promoting some hydraulic parameters such as sorptivity. These
parameters were of importance to the practical problems such as waterproofing,
drying rate of i nternal wal ls and bruTier abi l ity o f gypsum materials to air. For
example, because of the increase of sorptivity caused by wet-dry cycles, it can be
expected that the absorption rate will increase and the water absorption
phenomena may become worse if the gypsum plaster layers experienced the first
time wet and dried (such as in rain penetration of damp ri sing) . It was also
emphasised that the transport parameters of gypsum type materials are highly
dependent on the water/plaster ratios. This signi ficantly affects the performance of
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gypsum plaster layers on walls of buildings in waterproof or drying abilities. So it
was recommended that the guided water/plaster ratio should be provided in
commercial gypsum plaster products.
In the second part of this thesis, the intense experimental investigations of the
dielectric properties

of gypsum

materials

including polarisation effect,

temperature effects and dependence of resistance on time, spacing of electrodes
and on moisture content of materials were first carried out as the basis or
calibration for development of monitoring system for moisture transport. Then the
pin-type resistance sensor was designed and the integrated monitoring system for
transport processes was successful l y developed based on sensor array. This part of
the thesis provided a new monitoring system for the research of moisture transport
processes in material science with the advantages of low cost, easy operation,
friendly user interface and realised the real-time monitoring for the transport
processes within 5 types of gypsum plasters and two-layered composites with an
acceptable resolution. The compensation of polarisation and temperature effects
were also considered. This system can be extended to monitor the water transport
processes in other bui lding materials after appropriate calibration and also can be
applied to monitor the transport processes in 2 or 3 dimensions i f a 2 or 3
dimensional sensor array is embedded within materials.
In the final part of the thesis, the experimental investigations of moisture transport
processes within uniform materials and two-layered composites were completed
and then the diffusivity functions for the 5 types of gypsum materials were
determined by two different procedures including regression of master curves and
numerical approximation with mathematical techniques from experimental
transient moisture profi les. The non-exponential format diffusivity functions were
determined for different materials. The diffusivity functions obtained were then
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applied in modelling and simulation of transport processes within w1i form and
two-layered composites based on extended Darcy's Law. The simulation results
for uniform materials showed good agreement with experimental results, both in
moisture profi les and master curves, and proved successful using 4th order
polynomial diffusivity functions by numerical approximation method for gypswn
plaster materials. The experimental investigation and simulation for two-layered
composites revealed the si gn i ficant differences in saturation time and moisture
profile patterns when moisture transfers along different directions and provided
the useful procedure for dealing with transport problems within two or
multi-layered composites by using step functions of diffusivity of involved
materials. These results are important for understanding the mechanism of
moisture transport processes within porous materials or composites and useful for
practical application in considering the moisture proofing and thermal insulation
of multi-layered walls in building industry.
As the results of the research of this project, 5 academic papers were published
during the course of the PhD study in the last three years (see Appendix A for the
publication list). More journal papers are in preparation regarding the
instrumentation of monitoring system, modell ing and simulation etc.
It can be mentioned that, the present thesis could not and did not provide the
solutions of the practical problems such as mould growth, arguments between
estate developer and tenants on the drying state standards of internal wall in
building industry as mentioned in first chapter of the present thesis. But the
outcomes of this project provided the basis for understanding the wetting
mechanism and features within gypsum plaster materials and layered composites.
For a full understanding for drying rate and mould growth, the drying processes
through uniform materials and multi-layered composites, the adsorption and
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sorption of vapour need to be investigated and simulated. Because of the time and
space constraints, these investigations have not been done in the present thesis.
Considering the outcomes and the research experiences of the present proj ect,
several suggestions are recommended to the building industry in terms of material
development, building design and maintenance:
•

The reference water/plaster ratio (w/p) should be stipulated by the
manufacturers for building gypsum plaster products for field applications.
This is because the w/p may significantly influence the moisture transport
performance of the materials in such as damp-rising, rain penetration and
vapour transmittance through walls.

•

The use of coarse aggregates (e.g. perlite) in the plaster mixture may
significantly reduce the absorption rate and permeability of water vapour,
or increase the capability of waterproofing of plaster materials. This result
is useful in developing new plaster materials with better moisture
resistance and physical appearance for gypsum manufacturers.

•

When multi-layered composite walls are required in building design, it is
recommended to have sequential layers from lower to higher sorptivity in
the direction defined towards the inside of the buildings. Such a structure,
as described in Chapter 7, can provide higher resistance to external water
source such as rain and rising damp and can provide relatively quick
drying rate. This feature would be extremely useful in the UK because of
frequent precipitation. Because of low moisture content within walls in
service, the recommended structure would also provides higher thermal
insulation and so saves energy.

8.2 Recommendations for future work
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It should be emphasised that the study of this project covered a wide range of
disciplines because of the complexity of transport problems and so many of the
research objectives could be further refined or generalised. The main
recommendations include:
( 1 ) Further improvement can be made to the moisture monitoring system. This
includes the automatic compensation of temperature effect by embedding
temperature sensor within the materials, automatic program controls of
measurement time interval of moisture profiles by utilising a better data
acquisition card with analogue output. At this stage, both of the functions were
realised by inputting the temperature values on the control panel or adj usting the
output time period of the square wave from the power supply.
(2) Further experimental investigation and simulation of transport processes may
be studied for gypsum plaster materials, especially two-layered composites.
These include the moisture transport at elevated temperatures and with
temperature differences on both sides of materials utilising moisture content
dependent di ffusivity functions. Moisture transport within building walls with
temperature differences between internal and external surfaces are practical
examples of this type of transport processes. At elevated temperatures, the
di ffusion of the liquid water and water vapour exist simultan eously and the
diffusivity function should include both water vapour and liquid water. As a result,
the coupled mass and heat transport within the materials wil l happen. Although
more complex, the research of coupled mass and heat transport may produce
results closer to real environments. This should yield useful results such as
moisture and temperature distribution within wal ls, the transmittance of heat and
moisture through the wall, and should be able to predict possible condensation
within cavity walls in modem houses.
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Appendix B

SEM images of three types of gypsum plasters and fired clay brick
The images were produced using SEM facilities (ISA 1 00A Machine) in The
University of Luton. Different magnifications were applied to investigate the
microstructure of porous gypsum plaster materials at different level of scales. The
images indicate needle-like crystals, pores and solid texture within materials. A kind
of cell-like structure in universal one-coat plasters was observed. This special
structure is a significant difference of universal plaster from other types of materials.
The pictures here attached below are for three gypsum plasters and a type of fired clay
brick. They are:
Thistle bonding coat plaster
Thistle universal one-coat plaster
Thistle multifinish plaster
Fired clay plaster
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1. Universal one-coat plaster
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2. Bonding coat plaster
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3. Multifinish plaster

(2) x?O
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4. Fired clay brick

( 1 ) x70

(2) x70

(3 ) x250

(4) x250

(5) x J OOO

(6) x J OOO

(7) x2500

(8) x2500
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Appendix C

Specifications of DAQ card used in the monitoring system
MAKE AND MODEL

Omega Engineering Inc
CIO-DAS48-PGA

ANALOG INPUT
AID converter type
Resolution
Number of channels

Input range

AID pacing

Data transfer
AID conversion time
Sampling rate

Accuracy
No missing codes guaranteed
Gain drift
Zero drift
Common mode range
Input leakage current (at 25 ° C)
Absolute maximum input voltage

AD547
1 2 bits
48 single ended or 24 differential
+ l 0V, + 5V, + 2.5V, + 1 .25, + 0.625V,
0 to l 0V, 0 to 5V, 0 to 2.5V, 0 to 1 .25V
software selectable

Software polled
Software polled
25 µ s
20kHz, PC dependent

+ 0.01 % of reading
1 2 bits
+ 25ppm/'sC
+ 1 0 µ V/° C

+ 1 LSB

+ 1 ov

l 00nA

+ 35V

ENVIRONMENTAL
Operating temperature range
Storage temperature range
Humidity

0 to 50 ° C
-20 to 70 ° C
0 to 95% non-condensing

240

Appendix D
Residual voltage of plaster materials in pola rization Process
1. Bonding coat plaster at MC = l l .43%
U -U r Re latio n of bonding coat plaste r

3

i

2.5
2
1 .5
1
0. 5
0

5

0

10

Applied VoltageN

20

15
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3 . Multifi n ish plaster at 1 1 . 96 %
U-Ur relati on of multifinish plaster
2
� 1 .6
Q)
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4. Plaster of paris at MC = l 3.96%

U-Ur Relati on of Plaster of pari s
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Applied VoltageN
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5 . Universal one coat plaster at MC = 1 2%

U-Ur of universal one coat plaster at 1 2%
1 .6
1 .4
1 .2
1
0.8
"<ii

0.6
0 .4
0
-0 .2
,Applied voltagetJ
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Appendix E

The time and electrode spacing dependence of gypsum plaster materials
Low%
MC

High MC
R-•ta- dependence at different electrod-.paclng In
BOP at MC=1 1 .36%
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Appendix E (continued)
Time dependence of res istance on time at different
electrode-spacing in POP at MC=8.7%

Resistance-time dependence at different electrode-spacing in
POP at MC=24.95%
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Appendix E ( continued)
Resistance-time dependence at d ifferent electrode-spacing of
BUP at MC=24 . 1 5%

Resistance-time dependene at different electrode-spacing in
Bu> at �=1 3.9%
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Appendix F
The temperatu re effects on the resistance of gypsum materials
Temperatu re effect of resista n ce of Bonding coat p laste r
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Appendix F ( continued)
Temperatu re effects resistance
of mu ltifinish plaster at about MC=1 2.54%
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Appendix F (continued)
Temperatue effect on res istance of U n iversal one coat plaster
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Appendix G
Res i stance - mo i stu re content dependences of gypsu m plasters
Resistance - mo i sture co ntent (v/v)
dependence of SCP
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Appendix G (continued)
R e s i s t a n c e - mo i s t u re c on t e n t ( v / v )
depen d e n c e o f MFP
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