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Abstract

During the last decades there has been an increasing interest in the indoor environment
and its connections to public health. One aspect has been the relation between moisture
in buildings and health. Recent studies have confirmed that moisture or dampness is a
risk factor for negative health effects in the indoor environment.

Cementitious materials often contain excess water when being casted as this is
necessary for workability and flowing properties. Besides a high water content, the pore
solutions in cementitious materials often have a high pH-value. High moisture and high
pH conditions can cause chemical reactions in other materials and biological growth,
which may influence the indoor environment and the technical function of materials.

Self-levelling flooring compounds (SLC) are used to level substrates (mainly con-
crete slabs) before applying final floor coverings. Although it is an extensively used
product, only limited research has so far been published concerning their moisture
properties. This report focuses on moisture properties of SLC and describes methods for
determining them. Moisture properties of materials are important for the calculation of
drying times and moisture loads and for prediction of ion transport and degradation rates.

In this report, measurements of moisture diffusion and moisture sorption are pre-
sented. Measurements were made with three commercial SLC. Later in the project,
results from this report will be used when the function of SLC in flooring constructions
will be investigated. These investigations will mainly concern transport of moisture and
OH™ ions and degradation of other materials in contact with SLC, such as components
in flooring adhesives and PVC-floorings.

As traditional determination of moisture properties in cementitious materials is

extensive and time consuming work, a simple and rapid method for simultaneous
determination of moisture sorption and diffusion has been developed in this project.
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Chapter 1

Introduction

During the 19th century the housing conditions of the poor people in Sweden gained
increased attention. Connections between housing conditions and mortality were
observed [1] and many people had no choice but to live in overcrowded, dirty and
insanitary dwellings. The situation was similar around Europe [2].

The overcrowded dwellings left no space for other activities indoors than sleeping
and eating. At the end of the century, Stockholm was considered having the worse
housing conditions of all capital cities in Europe [2]. Consequently many people spent
their spare time outdoors on the streets and in local bars. A debate concerning among
other subjects the lack of moral in family life and at work and the crime rate grew during
the 19th century. It was believed that the solution of the social and health problems was
to provide the population better housing conditions. A house should not only function
as a protection against the outside climate, but it also have a social function and give
the inhabitants an identity. A good home was believed to be a good base in life and the
family was put in focus [3].

Constructing new dwellings, mainly for improving the housing conditions, lasted
until the end of the 1960s with the end of the so called million-program in Sweden,
where one million dwellings were constructed during a ten year period. Now a couple
of decades later we are facing a new situation. The housing conditions are so much
improved that people tend to spend most of their spare time indoors. A new debate
concerning the sedentary indoor activities and indoor related health effects in modern
buildings has replaced former debates.

An average European or US person spends about 90% of her time indoors today
[4, 5]. This means that most of the exposures on the human body come in the indoor
environment. Our buildings were primary designed to provide a climate shield against
precipitation, wind and coldness. During the 20th century this function has gradually



1.1 Sick-building syndrome, SBS Introduction

developed through demands from users, authorities and due to the fact that new building
materials and construction solutions have been used. A specific indoor environment,
almost completely separated from the outdoor environment has been created. In some
of these new buildings, a new type of indoor related health problems have occurred.
Although it has been present long before, the new type of indoor related health problems
reached an increased recognition first around 1965 in USA [6], during the 1970s in
Germany [7] and the late 1970s in Sweden [8]. Increased costs for heating lead to tighter
buildings with lower ventilation rates and more recirculated air. This, together with
new building materials and construction solutions, are suspected to have contributed to
the deterioration of the indoor environment and the increase in complain rates.

1.1 Sick-building syndrome, SBS

The health effects related to the indoor environment can be divided into several cate-
gories, see for example [9]. The most commonly known is the Sick-Building Syndrome,
SBS, which includes irritation in eyes, nose and throat, headaches and fatigue, skin
disorders and unpleasant odour and taste perceptions. These symptoms are not possible
to relate to single sources and tend to increase with time spent in the building and
decrease when leaving the building. However, the term SBS is somewhat diffuse since it
is not the buildings that are sick, but the individuals living or working in them. What
should be pointed out is that a fraction of individuals normally reports health problems
at any time in a building. According to Jones [10] as many as 20% may report SBS
symptoms in a healthy office building. Significantly higher levels of complaints must be
shown before classifying a building as ”sick”.

Another type of disorder that should not be confused with SBS is the so called
Building Related Illness, BRI. BRI has a known etiology with specific symptoms that
can be directly connected to a certain factor in the building, e.g. Legionnaire’s disease
[9]. However, the distinction between BRI and SBS is not always clear [11].

1.2 Indoor environmental quality

Several attempts to explain the reasons for health effects in indoor environments has
been made. Although extensive research have been performed, with few exceptions
like environmental tobacco smoke, house dust mites and radon [12], it is not known
what agents in the indoor environment that causes the health effects. Several large
studies have been performed trying to relate agents in the indoor environment to health.
However, since the sampling and analysis technique of today do not register all agents
in the indoor air, there may be important agents missing in the studies performed up
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Introduction 1.2 Indoor environmental quality

till today.

Jones [13] divides factors contributing to indoor air quality problems into four
categories: chemical, physical, biological and psychological. These factors are discussed
below.

Chemical factors

Chemical factors are mainly emission of molecules from for example building materials,
furnishing, personal care products, cleaning products and house/office equipment. Health
effects for some emissions, e.g., benzene, toluene and formaldehyde, are known for high
levels of exposures, but not for typical levels present in the indoor environment of today.
Questions have been raised whether the relevant pollutants have been measured [14].
Some potential irritants, like radicals from gas phase reaction, are not easily detected
with the measuring techniques of today. One possible source of such irritants is ozone
[15], which might react with unsaturated organic compounds in the indoor air forming
irritants. Emissions from building materials are further described in chapter 2.

Physical factors

Physical factors include for example temperature, light, noise and humidity. Humidity
is an often discussed subject, not because its direct impact on human health, but
because it indirect influences and promotes degradation processes. It has been found
that dampness or humidity increases the risk for health effects in airways, tiredness and
headache [16]. This seems to be true irrespectively of if the dampness is measured as
condensation on windowpanes, water damage or smell/odour. However, it is not known
what the connection between dampness and health effects is. Two discussed possibilities
are emissions from degraded building materials and emissions from microbial growth.
Both chemical degradation processes and microbial growth increase with increasing
moisture content as the molecular mobility of chemical reactants and microbial nutrients
then increases [17].

Ventilation is a frequently discussed factor as its function is to transport emis-
sions, particles, moisture, odours, etc. out of buildings and supply the buildings with
fresh air. According to several studies, an increased outdoor air supply rate reduces the
risk of health symptoms in non-industrial environments [18].

Biological factors

Biological factors include for example mould and bacteria, but also emissions from hu-
mans, pets and indoor plants. The key factor for microbiological growth indoors is
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humidity. Other influencing factors, like temperature, nutrients and oxygen, are nearly
always at sufficient levels for biological growth indoors. Potential agents that are sus-
pected to contribute to health effects deriving from biological growth are, e.g., proteins,
mycotoxins, glucans and MVOC (microbial volatiles) [19]. MVOC are volatile emissions
of alcohols, ketones, esters, etc., released during microbial growth while mycotoxins are
toxic metabolites produced during mould growth. Mycotoxins may be deposited in the
airways when spores are inhaled [20]. While it is not known which agents that are re-
sponsible for health effects [21] it has been found that repeated exposure to high levels of
biological agents is a risk factor for development of specific allergic reactions [20]. Once
the immune system has been triggered, the allergic reaction may be started by exposures
to even very low levels of allergens.

Psychological factors

In the literature, psychological factors are mainly connected to the office environments.
Factors such as labour relations and office culture are mentioned, but also stress in general
[22], which influences individuals in all environments.



Chapter 2

Emissions from building materials

Emission is something that is discharged or released (emitted), for example heat,
light, sound, gas, or radiation [23]. However, in this report the word emission will refer
only to gases and vapours excluding water vapour. This is often called chemical emissions.

Emissions in the indoor environment may come from for example building materi-
als, microbial growth, human activities or through outdoor air exchange. Emissions in
buildings are normally highest when the buildings are newly constructed or renovated.
According to Brown [24], concentrations of VOC (Volatile Organic Compounds) are
normally about an order of magnitude (tenfold) higher in new buildings. The emissions
then strongly decrease during the first six months [25]. An investigation on primary
emissions (see below) from flooring materials presented in [26] reports a decrease of
about 2/3 between one and six months of age. These initial emissions come from
construction materials and building contents [24], for example from paints, adhesives
and furniture.

Emissions from materials are here divided into two main categories: primary emissions
and secondary emissions. Primary emissions are emissions from single materials not
influenced by other materials. In principle, primary emissions decay with time under
constant conditions, but in reality emissions may vary with for example temperature
and moisture content. Examples of primary emissions are formaldehyde from chipboard,
solvents from adhesives and paints, ammonia from Portland cement based materials
and terpenes from wood. Production development, new measurement techniques and
labelling system have lead to development of low emitting materials and a general
decrease in primary emissions.

Secondary emissions come from degrading processes like oxidation and hydrolysis

[27] that give rise to volatile compounds. These processes may occur in both single
materials as well as in combinations of materials when the materials in some way
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Emissions from building materials

interact, e.g., flooring adhesives [28] and PVC-flooring [29] on moist concrete. Secondary
emissions are suspected to have a greater impact on health than primary emissions [30].

The dominant group of emissions are organic compounds. Such emissions are
normally divided into different groups depending on their volatility. The most common
group related to indoor environment is VOC, Volatile Organic Compounds, which have
boiling points in the range of 50-100 to 240-260 °C [4]. VOCs in building materials can
be measured with for example FLEC (Field and Laboratory Emission Cell) [31] and
chamber methods [32], where emissions are collected on a sorbent and later analysed
in a laboratory. Results from measurements are normally presented as emission rates,
peg/(m?xh). Besides VOC, more volatile compounds like formaldehyde (VVOC Very
Volatile Organic Compounds) and ammonia are frequently measured. Larger molecules
like plasticizes and cosolvents in paints are classified as SVOC (SemiVolatile Organic
Compounds). Two other definitions are POM (Particulate Organic Matter) and MVOC
(Microbial Volatile Organic Compounds).

VOC can be measured individually or as a total, TVOC (Total VOC). VOC are
most likely a cause of health effects and discomfort in indoor environments [33, 34], but
as different VOC have different health impact, neither VOC, nor TVOC have been found
to be relevant risk indices for indoor air quality [33]. However, due to limitations in
measurement techniques and knowledge, TVOC is still commonly used when measuring
indoor air quality.

Inorganic binders in the pure state do not produce any significant primary emis-
sions, but additives like grinding aids for Portland cement and admixtures to concretes
or mortars may give rise to measurable amounts of emissions. Of more importance
for the indoor environment are secondary emissions from materials being degraded in
contact with moist cement based materials, Figure 2.1. Concrete is cast with water
and forms a dense fine porous material containing large amounts of highly alkaline
pore water. If the concrete is not sufficiently dried out the pore solution will come in
contact with the the adhesive and flooring material, possible degrading it by alkaline
hydrolysis. As production time has decreased during the last decades, drying times have
shortened considerably. Several investigation on drying of concrete and limits for when
other materials can be applied to concrete and other types of cementitious materials
have been performed, both concerning moisture and alkali, see for example [29, 35, 36, 37].

Today primary emissions are measured for most indoor surface materials and there are
several standards regarding measurement of primary emissions from building materials.
Measuring secondary emissions is of a more complex nature as this can include several
different materials reacting during long time periods. Such test may therefore give
completely different results if made under different conditions. A standard method for
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VOC

PLASTICIZER

ALKALINE DECOMPOSITION

:‘ PRODUCTS -

Figure 2.1: Model of decomposition process adapted from Sjoberg [28]. Alkali is at high
moisture loads transported from a concrete slab up to the floor adhesive and top flooring
where an alkaline hydrolysis may occur. Reaction products may emit to the indoor air,
VOC, or be stored in the concrete, OCIC (Organic Compound In Concrete).

measuring emissions from bonded flooring constructions on concrete has been developed
in Sweden [38]. In this method a reference construction is compared with the desired
construction, thus giving the possibility to test different combinations of materials.
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Chapter 3

Inorganic binders

Inorganic binders are generally used to hold solid particles together in concrete, mortars,
etc. Solid particles used with inorganic binders are for example sand, gravel and lime
stone filler. Inorganic binders are normally divided into two groups, hydraulic and non-
hydraulic binders. Hydraulic binders like Portland cement and aluminate cement, sets
and hardens by reaction with water. The reaction takes part in air as well as under water
and the reaction products are resistant to water. There are also non-hydraulic binders
like lime that need carbon dioxide to form the end product.

3.1 Portland cement

The most commonly used inorganic binder is Portland cement (PC). PC is made of
limestone and clay or other materials with similar chemical components. These raw
materials are burnt at about 1450 °C, rapidly cooled and ground together with gypsum.
The latter is added to prevent flash setting. Grinding aids are also added to improve
the milling. The main clinker components are impure forms of alite (CazSiOs), belite
(CaySi0y), aluminate (CazAlyO3) and ferrite (CagAlFeOs). Several other phases, e.g.,
alkali sulphates and calcium oxide normally exists in minor amounts [39], which may
have an impact on the final product. On reaction, the main clinker component, alite,
reacts with water forming C-S-H' gel and Ca(OH)s,:

C&gSiO5 + HQO — ~ 1.7 C&OS1022—4H20 + C&(OH)Q

Belite reacts in a similar way as alite, but less Ca(OH), is formed.

LOften are shorthand notations used in cement chemistry, where C=CaO, A=Aly03, F=Fe;0s,
S=Si0y, H=H>0 S=SO0g3, but in this report are full chemical formulae given except in the term ”C-
S-H”.

11



3.2 Calcium aluminate cement Inorganic binders

When Portland cement reacts, the reaction products are formed as a layer of C-
S-H gel on the surface of the cement grains. This layer slows down further hydration by
hindering the contact between the unreacted core of the cement grain and the water. A
model of the microstructure and its development in a Portland cement was developed
during the middle of the last century by Powers [40]. According to this model the finest
level of structure is a very fine porous material called cement gel. Later, other models
mainly describing the finest level of structure in different ways have been developed.

3.2 Calcium aluminate cement

Calcium aluminate cement, CAC, was developed in the late 1800s. It was found to be
resistant to sulphate attack and to have a very rapid strength development. However,
long term conversion of the hydrated products, which under some circumstances lead to
a decrease in long term performance has limited its usage. Today there are three main
areas of use of CAC [41]:

e Refractory concrete (for high temperature exposure).

e As the main binder phase of special concretes, for example when rapid hardening,
high abrasion resistance and high resistance to chemical attacks are desired.

e As a component in blended system with special properties, for example self-levelling
flooring compounds.

The raw materials are normally bauxite and lime stone, which are melted at about
1500-1600 °C, cooled and ground without grinding aid. The most important clinker
components are CaAl,O4, CagAlFeO5 and CajpAl14O33. When reacting with water
under normal temperatures, the main component, CaAlyOy, forms CaAly(OH)g-6H,O
and CayAly(OH)q9-3H50. These hydration products are not stable and tends to convert
into CagAlg(OH)lz and AI(OH)g

6C&A1204+60H20 — 6C&A12<OH)86H20 — 3C&2A12<OH)10'3H20 -+ 6A1(OH)3 —+
27H20 — QcagAIQ(OH)lg + 8A1(OH)3 + 36HQO

The conversion products are less voluminous resulting in a weaker product. The
conversion rate is dependent on for example temperature and moisture state. The
consequences of the conversion can be reduced by using low water to cement ratios
(<0.4) and >400 kg cement per m? concrete [39].

When aluminate cement is mixed with water, the clinker components dissolves
from the cement grains and reaction products are formed in the solution. Because of

12



Inorganic binders 3.3 Calcium sulphates

this the strength development of CAC normally is much faster than in PC where the
reaction products are formed on the cement grain slowing down further reaction.

3.3 Calcium sulphates

Calcium sulphates (CaSO,)-xH0 are added of different reasons to cement mixes, for
example for preventing flash setting in PC, shrinkage compensation and enable self-
desiccation at high water to binder ratios. They exist in several forms with different
amount of crystal water, both as natural and as industrial products. Normally calcium
sulphates are divided into three groups, dihydrate (gypsum) (x=2), hemihydrate (x=0.5)
and anhydrite (x=0). When mixed with water, hemihydrate formes gypsum relatively
fast while natural anhydrite (anhydrite II) needs an accelerator to form gypsum.

3.4 Inorganic additives

Today it is common to use industrial byproducts and other materials as additives in
cements. When added to cement, these additives normally give a less porous product
with higher strength. They can also be used to replace a part of the cement.

Blast furnace slag and fly ash containing reactive silica and higher contents of
calcium are called latent hydraulic as they can react and form hydraulic products if an
activator, for example calcium hydroxide or alkalies are present [39]. Fly ash containing
low amounts of calcium, silica fume and volcanic ash are called pozzolanas. As latent
hydraulic additives they contain reactive silica, but they need CaO to react and form
C-S-H gel. The C-S-H gel in such mixtures has a lower Ca/Si ratio than in mixtures
based on PC. If aluminates are present, calcium aluminate hydrates and aluminate
silicate hydrates are also formed.

Limestone filler (ground limestone) is sometimes added or interground with ce-
ment. It both acts as a filler between other grains as well as reacts moderately with
clinker components.

3.5 Combination of inorganic binders

Aluminate cement and calcium sulphate

When aluminate cement and calcium sulphate reacts, the main reaction products are
ettringite, [CazAl(OH)gl2(SO4)3-26H2O and aluminate hydrates. Ettringite forms very
fast as long as sulphates are available. If the access of sulphate decreases towards zero

13



3.5 Combination of inorganic binders Inorganic binders

and calcium still is widely available, ettringite will start to transform into monosulphates
([CagAly(OH)15]SO4-6H20), a molecule with lower S/Ca-ratio. Ettringite consists of
almost 50 weight % water and is therefor often used in products where self-desiccation
is wanted [42].

When Portland cement is added to aluminate cement and calcium sulphate, C-S-

H gel is also formed. The addition of Portland cement to aluminate cement strongly
reduces the setting time.

14



Chapter 4

Self-levelling flooring compounds

The first pumpable self-levelling flooring compound, SLC, was developed in the middle
of the 1970s. Portland cement was used as a binder together with a casein based
flowing agent. The aim with the product was to achieve an easy and fast way to level
off concrete floors before applying a top-flooring. Instead of having to after-treat the
concrete surface, which often is hard work, it was now possible to produce smooth and
horizontal surfaces with a pumpable cement based mortar. The product rapidly gained
popularity on the Swedish market and in the beginning of the 1980s, the product was
used on almost 90% of the produced concrete floors [43].

However, complaints soon started to arise. People living or working in buildings
with concrete slabs claimed that they did not feel well when being in these buildings.
The symptoms were related to the ”sick-building syndrome”, see 1.1. Oak parquets
and cork floorings sometimes became stained. Several large investigations started and
ammonia from the casein flowing agent was found to be the reason for the discolouration
on the parquet and cork flooring. The casein was also suspected, although it has never
been proven, to be a contributing factor to the health symptoms, related to SBS,
reported in these buildings [8, 44]. When degraded, odourous volatile products like
ammonia and amines are formed.

Casein is a protein, prepared through precipitation of milk with e.g. rennet. Similar
proteins can also be obtained from other species in the animal or vegetable kingdom
[43]. Casein products had been used for decades in building materials, but was now
found to degrade under the moist alkaline conditions often present in concrete slabs [45].

As casein was suspected to contribute to poor indoor environment, nordic pro-
ducers of SLC developed formulas without casein. In the new formulas casein was
replaced by synthetic lowing agents, but also the binders were changed. The new binding
systems were mixtures of different types of cements and calcium sulphates. This new

15



Selt-levelling flooring compounds

binder system has a lower pH, making the final product less aggressive to other materials.

Today SLC are still widely used in Sweden, a rough estimation is that about
70% of the produced floors in Sweden are levelled with SLC. In central and especially
southern Europe this figure is significantly lower.

Besides SLC with synthetic flowing agents, SLC with casein as flowing agent are
still manufactured outside the nordic countries and there are also SLC without cement,
mainly using calcium sulphates as binders. However, this report is focused on cement
based SLC with synthetic flowing agents.

SLC consist of binders, filling materials, redispersible polymers and admixtures,
Table 4.1. The binders are normally a mixture of calcium aluminate cement (CAC),
Portland cement (PC) and calcium sulphate in the forms of anhydrite and hemihydrate.
This binder system makes it possible to formulate rapid-hardening, rapid-drying and
shrinkage compensating formulas with relatively high water to binder ratios. A redis-
persible polymer powder is added to improve surface abrasion resistance and flexural
and tensile strength. The polymer particles coalesce and form a film [46] that can be
described as an interspersed secondary binder system [47]. Filling materials are sand
and finely ground mineral materials, e.g., limestone. The admixtures control for example
setting time, curing time, flowing characteristics, air entrainment and separation. A
normal SLC contains about 15 different ingredients making it a very complex product.

Table 4.1: Formula of a typical SLC, partly adapted from [48]

Approximate

Component quantity (%] | Main function

Calcium aluminate cement 17 Binder

Portland cement 3 Binder

Calcium sulphate 7 Binder

Limestone 30 Filling material

Sand 45-50 Filling material

Redispersible polymer Improvement of flexural strength, ten-
sile strength and abrasion resistance

Thickener Prevents bleeding and segregation

Flowing agent Improves self-levelling properties and
reduces water demand

Retarder Increases open time

Accelerator Increases rapidness of early strength
development

Defoamer Reduces air entrainment during mixing

16



Chapter 5

Moisture in materials

Moisture is not only correlated to indoor environmental problems, but also of interest to
processes in materials such as growth of rot fungi in wood, corrosion of steel, shrinkage
and swelling and frost damage. A general introduction to moisture in materials will here
be given.

The availability of moisture in materials is expressed as water activity (ay) which
is defined as the ratio of vapour pressure of water in the material to the vapour pressure
of pure water [49]. The term relative humidity (RH) is the water vapour pressure of
air at a given temperature expressed as a percentage of the water vapour pressure at
saturation [50]. A ratio of vapour content can also be used as vapour contents are
proportional to pressures at constant temperature. The terms a,, and RH are sometimes
used interchangeably in some fields of science, for example in building materials science
where one may say that a piece of wood has a relative humidity of 70%. At equilibrium,
the water activity is related to the relative humidity of the surrounding atmosphere by
[51]:

aw = RH(%)/100
Water activity is thought to be a measure of the availability of water. The rates
of processes involving water should then be dependent on the water activity. As an
example, it is generally thought that an a,, of at least 0.8 is needed for biological growth,
although some species can grow at lower ay, [17, 19]. However, chemical reactions are
also dependent on transport properties, as reactants have to come in contact with each
other so the moisture content may also be of interest.

Moisture in materials is normally divided into different categories or groups de-
pending on how hard the water molecules are bound to the surface or structure of the
material. This is important as not all water inside materials contribute to biological
growth, transport of substances, chemical reactions, etc. The weakest bound water is
here the most interesting [17].
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Moisture in materials

The strongest bound water in a cementitious material is chemically bound as re-
action products in the hardened cement paste and is thus part of the solid structure of
the material. As this water is strongly bound in the structure and does not leave the
material under normal circumstances it is of no interest concerning indoor environmental
aspects.

Physically bound water stands in equilibrium with the surrounding atmosphere.
The amount of water in a material, excluding chemically bound water, is normally given
as the sorption isotherm, i.e., the relation between the moisture content and the a,, at
constant temperature and constant total pressure.

Physically bound water can either be adsorbed to surfaces in the material, ab-
sorbed to the structure of the material or capillary condensated on water menisci formed
in pores. The first layer of adsorbed water is the strongest bound, most immobile and
unfreezable at -40 °C [17]. This water behaves as part of the solid and corresponds
to the monolayer moisture content. A monolayer can be seen as when all of the dry
matter is covered with one layer of water molecules [52]. Further added water is more
mobile. When sufficiently abundant, this water allows microbial growth, ion transport
and chemical reactions to occur in solution.

Figure 5.1: Schematic drawing of water meniscus formed in a pore.

In porous materials water is bound not only by adsorption but also by capillary
condensation. Water molecules then condense on concave water menisci. A part the
of pores are then completely water filled, see Figure 5.1. The curvature of the menisci
corresponds to a certain equilibrium pressure of water, Figure 5.2. The smaller the
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radius, the lower the equilibrium pressure. This relation can be expressed with the

Kelvin equation [52]:
P 2V
RTIn( =) =21
n(l%) R,

where R is the gas constant (8.315 JK 'mol™'), T is the temperature (K), P is the
vapour pressure over the meniscus (Nm~2), Py is the vapour pressure of pure liquid
(Nm™2), ~ is the surface tension (Nm™!), V' (m®*mol™') is the molar volume and R,, is
the mean radius of curvature of the meniscus (m). When a material is in equilibrium
at low RH, only small water menisci can exist, i.e., only small pores can be completely
water filled. At higher RH, larger water menisci can form and pores with larger pores
radius can be water filled. In a fine-porous material, capillary condensed water is the
dominant contributor to microbial growth, transport processes and chemical reactions.

RH 1 RH 2

RH1>RH?2

Figure 5.2: Water menisci in a pore. The smaller meniscus corresponds to a lower RH.
The water will tend to move towards the lower RH.

A consequence of capillary condensation is sorption hysteresis [52], that is, a ma-
terial will contain different amounts of water in equilibrium with a certain RH,
depending on whether the material is drying or taking up moisture, Figure 5.3. A mate-
rial taking up moisture never contains more water than a drying material at the same RH.

As can be seen in Figure 5.3 a sorption isotherm has one curve for desorption
and one for absorption. If a drying material is rewetted it follows a scanning curve from
the desorption isotherm to the absorption isotherm, and vice versa. A result of this is
that a small increase in moisture content may lead to a large increase in water activity
(RH). A consequence of this for moisture related processes is that one parameter,
water activity, cannot solely describe the rate of biological and chemical processes [17].
Moisture content may as well be necessary to take into consideration, which has been
seen for microbial growth on food stuffs [53].

The sorption isotherm is, as the name indicates, only valid at a given tempera-
ture. An increase in temperature results in an increase in a, at a constant moisture
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moisture content

relative humidity

Figure 5.3: An example of a sorption isotherm with two sorption limbs, a (desorption)
and b (absorption), and two scanning curves ¢ and d.

content [17, 54], opposite to air, where an increase in temperature results in a lower RH.
For concrete, a temperature dependence of 0-0.4% RH per °C, dependent on moisture
condition, has been seen [55]. Other substances may show a stronger dependence, for
example for some food stuffs a temperature increase of 10 °C resulted in an increase in
aw up to about 0.20 [51]. An increase in temperature normally increases the rate of
physical and chemical reactions [56].
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Chapter 6

Moisture transport

Moisture transport occurs in all porous media where a driving force is present. The
driving force may be either a concentration gradient or an external pressure. If there is
an external pressure gradient through a material, moisture either in liquid phase (water)
or vapour phase (in air) is forced through the material. This type moisture transport
will not be further discussed here as it it is not relevant in this investigation.

000,
XSO0
IOOOO O
100000

Figure 6.1: Schematic picture of diffusion in a pore, where molecules in random motion
tend to move towards lower concentration.

Moisture transport due to a concentration gradient is divided into two types: vapour
transport and capillary transport. Vapour transport occurs in non water filled pores and
is further divided into Knudsen diffusion, surface diffusion and ordinary diffusion [57].
Diffusion is a net flow of molecules due to random motion from a region with higher
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concentration to a region with lower concentration of molecules. Knudsen diffusion is
diffusion in very small pores where the collision between molecules and pore walls have
a significant influence on the rate of diffusion. Surface diffusion is the movement of
the bound adsorbate, where water molecules move between adsorption sites, see Figure
6.1. Capillary transport occurs in water filled pores due to pressure differences in water
menisci, Figure 5.2. Since it normally is of no interest to separate the different transport
mechanisms, the total moisture flow is usually described. This is given by Fick’s law:

de

m — _Dc_
4 dx

where ¢, (kgem™2s7!) is the flux, D, (m?s™') is the diffusion coefficient, and dc (kgm™)
is the concentration difference over the distance dz (m), the moisture gradient. Other
formulations of Fick’s law use vapour pressure, relative humidity or other moisture po-
tentials. Moisture transport is normally dependent on moisture state and temperature in

diffusion coefficient

water activity

Figure 6.2: An example of a diffusion coefficient as a function the water activity a.,.

the material. A typical relation between diffusion coefficient and a,, for a cementitious
material is shown in Figure 6.2.
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Chapter 7

Moisture in self-levelling flooring
compounds

When water reacts with inorganic binders, hydration products are formed. The reactions
consumes both binder and water and the reactants are chemically bound in the reaction
products. This means that part of the mixing water will be chemically bound in the
material. The reaction products normally have less volume than the reactants, meaning
that a volume reduction occurs during hydration. A fine pore system is created during
hydration, which will be partly air filled due to the volume reduction. In a sealed system
all mixing water that is not consumed due to chemical reaction will remain in the pores
either as physically bound water or as free water.

SLC normally have high water to binder ratios (w/b) due to the desired self-
levelling properties. A low w/b tends to give the fresh mortar a too stiff consistency. A
consequence of high w/b may be that part of the water will separate from the mortar
and form a water film on the surface (bleeding). The separated water includes additives
such as the polymer. As the surface water evaporates, the polymers are left in the
surface region. Besides influencing mechanical properties, the higher amount of polymers
in the surface may influence moisture transport properties by adding an extra resistance
to moisture flow to the surface.

Self-desiccation occurs in materials where water is chemically bound in the solid
structure. The lowering of the ay, or pore relative humidity, is partly due to the fact
that water is chemically bound in hydration products, but more important is the fine
pore system that is created during hydration. In this pore system, water is bound both
as surface adsorption and by capillary condensation. The harder the water is bound,
the lower will the corresponding relative humidity of the bound water be, thus the
characteristics of the pores strongly influences the self-desiccation.
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An SLC dries as a result of three different processes: evaporation from surface,
self-desiccation and suction or diffusion into the substrate (usually concrete). When
newly casted, a water film is formed on the surface due to wetting of the top grains in
the SLC and bleeding. The rate of evaporation then only depends on the surrounding
climate (RH, temperature and air velocity). This phase of the surface evaporation
normally lasts up to a couple of hours. As the surface dries, the water front recedes into
the substrate and the rate of the evaporation from the surface will then also depend
on the diffusion resistance inside the material. The diffusion increases by an increase
in temperature and a decrease in the relative humidity in the surrounding air. As
time goes, more and more reaction products will be formed, which slows down further
diffusion. The water activity inside the material will also decrease as the remaining
water will be harder and harder bound in the developing pore system. Depending on
substrate and possible surface treatment on the substrate, water may also diffuse or be
sucked downwards.

The main reaction product in SLC treated in this report is ettringite, which con-
sists of almost 50 weight-% water [42]. Parts of this chemically bound water will be
released (some irreversibly) when drying at temperatures above 60 °C [58], drying over
desiccants or by vacuum drying [59] at room temperature.
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Chapter 8
Alkali

The term alkali mainly refers to soluble hydroxides of the alkali metals (Na, K, etc.),
which are strong bases, but also to the hydroxides of earth alkaline metals (like Ca) [60].
Here alkali will refer to the anion in these hydroxides, i.e., the hydroxide ion (OH™).

The pore solutions of cementitious materials have high pH-values as OH™ and
cations such as Ca?t, KT, and Na* are products of the hydration reactions. pH in a
concrete is about 12.5-14 [61]. The pH of SLC treated in this report is lower, about
11 [62]. When exposed to air the pH-value of all cementitious materials will decrease
due to carbonation (reaction with dissolved carbon dioxide in solution). The rate of
this process is moisture dependent as the diffusion process of gases is several orders of
magnitude faster in air than in liquid. However, as the reactions are taking place in the
pore solution, there is an optimum of moisture content for the rate of carbonation.

The carbonation depth is generally considered to be proportional to the square
root of time [63]. However, in a hydrating and drying material this will not be the
case as for example pore structure and moisture state are changing with time. As an
example, Table 8.1 gives carbonation depths as a function of time for the three flooring
compounds described in article I and II.

Cementitious materials often have highly alkaline pore solutions. Other materials
that come in contact with these alkaline pore solutions may de degraded. The most
commonly discussed such process is the degradation of polymers and other organic
molecules by alkaline hydrolysis. A common degradation process in alkaline environment
is the hydroloysis of ester groups which may give emissions of 2-ethylhexanol [37]:

RCOOCgH17 + OH™ — RCOO™ + C8H17OH

where R is an organic group. The alkalinity (pH) in combination with the rela-
tive humidity in the material are key factors for this type of degradation processes
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Table 8.1: Depth of carbonation as function of time in SLC used in paper I and II. Test
specimens were 25 mm thick, exposed to air from one side and stored at 20 °C, 55% RH.
The depth of penetration was determined by splitting test specimens and spraying the
surface with a pH-indicator, phenolphthalein or thymol blue . As it was hard to see the
colour change of phenolphthalein for SLC A and B, thymol blue was used for these SLC
in the end of the investigation (marked *).

time (days) | Vtime (y/days) | Depth of carbonation (mm)
SLCA |SLCB| SLCC
11 3.3 3 4 D
18 4.2 6 ) D
29 5.4 6 8 d
36 6 7 6 4
29 7.7 18* 9* 9
70 8.4 20* 10~ 9

[28, 36]. Moisture is essential as it acts as a transport medium for hydroxide ions
that react with components in other materials. Besides moisture state and pH, an
increase in temperature has also been found to increase the rate of alkaline hydrolysis [64].

An increase in pH in the surface areas of cementitious materials have been noted
after casting in some studies [62, 65]. This is caused by hydroxide ions transported
with mixing water to the surface area where water evaporates and hydroxide ions thus
accumulate.

Bjork et al. [37] studied transport of hydroxide ions from concrete to SLC at
various RH. They found that after about 6 months there was still a significant difference
in pH between the top of the concrete and the bottom of the flooring compound
indicating that only minor transports of hydroxide ions had occurred. pH was measured
with pH-electrode both on debris from drilling mixed with water and pore water from
pore water squeezing.

Bjork et al. [37] have also developed a method for studying influence of both rel-
ative humidity and pH on degradation of components. The components to be tested
are placed in an alkaline powder in a headspace vial where the RH in controlled by
a saturated salt solution. Sampling of volatile degradation products is done in the
headspace above the specimen. A problem with this method is that it may be difficult
to control pH and RH independent of each other using two salts, as the salts will tend
to come in RH-equilibrium.
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Figure 8.1: Schematic picture of test setup in [66].

Sjoberg and Anderberg [66] have developed a method where a flooring construc-
tion is placed on a container with a saturated salt solution, controlling the RH, see
fig 8.1. The construction may consist of any cementitious material and top flooring.
Sampling may be done under, above or from inside the flooring construction as a
perforated steel tube is casted in the construction. The set-up is connected to a
detecting instrument (Briiel & Kjaer 1302), which continuously measures levels of
degradation products.
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Chapter 9

Summary of papers

The aim of the work presented in this report has been on characterizing moisture prop-
erties of self-levelling flooring compounds and methods used to measure them.

Paper 1

Moisture Properties of Self-levelling Flooring Compounds. Part
I. Diffusion Coefficients

This submitted paper describes measurements of moisture transport with the cup
method. Measurements have been made on three commercially available self-levelling
flooring compounds (SLC) with different properties, one normal SLC for non-industrial
application, one rapid drying SLC for non-industrial applications and one SLC for indus-
trial floors. The evaluation is based on Fick’s first law of diffusion:
dv

qm = Dv%
where ¢, (kgm™2s71) is the flux, D, (m? s7') is the diffusion coefficient and dv is the
difference in water vapour content (kgm™2) over the distance dz (m). Five different
internal and one external climate was used in the measurements. By modifying Fick’s
law it was possible not only to evaluate the mean diffusion coefficient in the vapour
content intervals measured, but also in intervals not directly measured. Thereby, the
diffusion coefficient could be determined as a function of the vapour content (RH).

Comparing the results from these measurements with similar measurements per-
formed on concrete show that the SLC for non-industrial applications have higher
diffusion coefficients at lower vapour contents. This may partly be explained by the
larger amount of paste these SLC. At higher RH, diffusion coefficients for concrete are
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significantly higher. This may be an effect of the redispersible polymer in the SLC that
forms an interspersed secondary binder system in the hydrated product, which may
limit the capillary flow that dominates the moisture transport at high RH.

The influence of different amount of mixing water, temperature and initial mois-
ture content was also investigated. A lower water to binder ratio, a lower temperature
and a lower initial moisture content all give lower diffusion coefficients.

Paper 11

Moisture Properties of Self-levelling Flooring Compounds. Part
II. Sorption Isotherms

In this submitted study, the moisture sorption capacity of the three SLC used for paper
I was measured. Measurements were made in a sorption balance (DVS 1000, Surface
Measurements Systems, London, UK). A flow of dry nitrogen gas is divided into two gas
streams of which one is saturated and the other left dry. By mixing different proportions
of the gases, the desired RH can be generated. Stepwise measurements were made for
certain RH to give the sorption isotherms. Scanning curves were measured by slowly
increasing the relative humidity in the gas.

Results show that there is a clear temperature dependence of the sorption isotherms.
An increased temperature results in an increased RH at a constant moisture content.
Measurements at 1, 3 and 12 months of age indicates a gradual development of the
sorption isotherm with time, although most of the isotherm was developed already
after 1 month. Carbonation had no significant influence on the sorption isotherm.
Scanning curves indicates that even a minute change in moisture content may result in
a significant change in RH when changing sorption mode.

Paper 111

Method for simultaneous measurement of sorption isotherm and
diffusivity of cementitious materials

In this draft paper a method for simultaneous measurements of sorption isotherm and
diffusion coefficient using a sorption balance is presented. Traditional determinations of
both sorption isotherms and diffusion coefficients, e.g., with methods using saturated salt
solutions is a time consuming work. This method makes it possible to determine both
these properties for one cementitious material in less than 2 weeks.
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Paper IV

A method for simultaneous measurements of heat of hydration
and relative humidity

In this conference paper, isothermal calorimetry was used to study reaction processes in
cementitious materials. The thermal power is measured while the test specimen is kept
in a closed ampoule. During hydration, water is consumed in the hydration reactions
and a pore structure is developed in the material where the remaining water will be
physically bound. By measuring heat of hydration and equilibrium RH in the same
specimen it is possible to determine the self-desiccation, (measured as equilibrium RH)
as a function of time and heat of hydration. As the rate of reaction is dependent on
the moisture state in a cement material, it is also possible to evaluate the reaction rate,
both as a function of water availability (RH) and amount of mixing water.

Measurement of RH inside an Isothermal calorimeter is very suitable as the tem-
perature is stable. Limitations are the small specimen size and the limited head-space
for an RH-probe.

Test measurements were made on two types of cement paste. The results of RH
measurements are good at water to cement ratios (w/c) above 0.40, but at lower w/c,
large variation could been seen. This could be explained by the fact that the ampules
were found to be not completely vapour tight. We believe that lost vapour in the
headspace could not be sufficiently replaced by vapour from the relatively dry and
vapour tight low w/c pastes.
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Chapter 10

Future investigations

The first part of this project, which have been presented in this report, has been focused
on moisture properties of SLC and methods for determining them. In the second part
of the project, these results will be used when investigating the function of SLC in
a complete floor construction. Focus will be on transport of moisture and hydroxide
ions (OH™) and the consequences of such transport, for example chemical degradation
of flooring materials and flooring adhesives. The studies presented here have raised a
number of questions of which some are intended to be answered later in this project.

e All measurements presented have been made on fully hydrated specimens. However,
when newly casted, the properties of cementitious materials are completely different.
Consequently, values from these measurements cannot be used when dealing with
fresh SLC. Measurements of surface evaporation, self-desiccation and diffusion into
substrates are therefore necessary for a more complete picture of the moisture state
of an SLC.

e Preliminary laboratory results have shown that a high percentage of the water in a
fresh SLC evaporates during the first hours. It is not known whether this also occurs
on a construction site where the drying conditions are less favourable. A field study
of the climate when SLC are laid would be of interest.

e As have been mentioned, ettringite may release chemically bound water at low RH.
Since ettringite is the main reaction product in SLC, it would be interesting to
investigate this further and thereby get a clearer picture of the behaviour of ettringite
at low RH.

e An SLC contains a number of admixtures, which may influence the moisture proper-
ties of the final product. As commercial recipes are very complex and often secret, it
would be convenient to prepare a laboratory recipe with simple and well defined in-
gredients. This would make it possible to study the influence of the most important
admixtures on moisture and ion transport properties.
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The transport and occurrence of ions is important as for example hydroxide ions
may cause degradation of polymers in adhesives, sealants, plasticisers etc. Such
degradations causes secondary emissions, which have negative influence on the indoor
air quality.

Generally the water activity, or relative humidity, is considered to be the factor
best describing the influence of moisture on chemical and biological processes in
materials. However, studies have shown that hysteresis effects (moisture content)
also influences these processes. It would be of interest to perform a study on the
influence of water activity and moisture content on the rate of degradation processes.

Secondary emissions are suspected to have negative influence on the indoor air qual-
ity. Two factors that are believed to be critical for chemical degradation are pH
(hydroxide ions) and moisture state: the hydroxide ions may react with other com-
ponents forming volatile products and moisture acts as a transport and reaction
medium for components. The development of a laboratory method to quantify
degradations rates as a function of both a,, and pH would be of interest.

A method, developed by Sjoberg, et al., where a flooring system may be exposed
to a controlled RH is described in chapter 8. This method will hopefully be further
developed and validated later in this project.
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ABSTRACT

Diffusion coefficients of three self-levelling flooring compounds (SLC) and water vapour
resistance of a primer have been measured with the cup method. The results show that the
diffusion coefficient is dependent not only on the vapour content (relative humidity), but also on
the absolute moisture content, i.e., there is a hysteresis effect on moisture transport. SLC have
higher diffusion at RH lower than approximately 90% than normal concrete, but the opposite is
true at higher RH. The latter can be an effect of the high amount of redispersible polymer
powder in SLC that form a film throughout the material and thereby limits capillary moisture
transport.

Key words: moisture transport, water vapour, self-levelling flooring compound, cup method,
diffusion coefficient.

1. INTRODUCTION

During the last decades there has been an increasing interest in the possible connections between
indoor air quality and health, and it has been found that dampness is a risk factor for health
effects in the airways, tiredness and headache [1]. This seems to be true irrespectively of if the
dampness is measured as condensation on windowpanes, water damage or smell/odour.
However, it is not known what the connection between dampness and health effects is. Two
discussed possibilities are emissions from degraded building materials and emissions from
microbial growth. Both chemical degradation processes and microbial growth increase with
increasing moisture content as the molecular mobility of chemical reactants and microbial
nutrients then increases [2].

Cementitious materials are often considered to contribute to healthy indoor environments, as
they are stable inorganic materials. However, their very alkaline nature can give rise to problems
as many other modern building materials, like adhesives, sealants, flooring materials and paints,
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are based on polymers, some of which are not stable under alkaline conditions. A common
problem in Sweden is PVC flooring bonded to concrete floors with a water-based adhesive. As
long as the concrete is dry the construction works well, but if the moisture level increases the
alkaline pore solution will come in contact with the adhesive, possibly degrading it by
hydrolysis [3]. The degradation products are often strongly odorous alcohols like 2-ethyl-
hexanol and butanol that diffuse through the PVVC flooring into the indoor environment.

The above-mentioned problems can occur in older buildings if the moisture level in a concrete
floor increases, for example because of leakage. It can also occur in new buildings if the
concrete has not been dried enough before flooring materials are laid. Different solutions have
been proposed to make it possible to build the above type of constructions without risk of
degradation:

e The use of alkali resistant polymers in adhesives.

e The placement of a thin low-alkali flooring compound between the concrete and the

adhesive.

e The use of self-desiccating concrete.
These solutions and combinations of them have been tested with good results, both in
laboratories and in buildings [3-6].

Self-levelling flooring compounds (SLC) are normally laid in 1-30 mm layers on concrete or
other substrates to give a horizontal and smooth surface for flooring materials. When used on
concrete they may also act as a barrier to alkalis between the concrete and the flooring, thus
giving the flooring and adhesive a less aggressive environment. Usually a polymer primer is
applied on the substrate before the SLC is laid. The primer gives a better and more uniform
bonding between substrate and SLC, prevents air from the concrete to give rise to bubbles on the
SLC surface and also prevents excessive amounts of water from the fresh SLC to be absorbed
by the substrate.

This paper reports a study of water vapour diffusion coefficients of three commercial SLC
measured with the cup method. Although several workers have measured diffusion coefficients
of concrete and mortars, we know of only one previous study on a flooring compound (non self-
levelling) [7]. The present study, together with measurements of sorption isotherms and
scanning curves [8], can be used to predict the moisture state of flooring constructions. This is
of interest, e.g., for prediction of:

e The long-term moisture state of the flooring adhesive.

e The distribution of the water from a water based adhesive applied on an SLC.

e The transport of hydroxide ions (OH) from the usually more alkaline concrete to the
flooring adhesive and other sensitive materials.

SLC consist of binder, filling materials, polymers and admixtures. The binders are normally a
mixture of calcium aluminate cement (CAC), Portland cement (PC) and calcium sulphate in the
forms of anhydrite and hemihydrate. Filling materials are sand and finely ground mineral
materials like lime stone. A polymer powder is added to improve abrasion resistance and the
flexural and tensile strength of the otherwise brittle cement matrix. The polymer particles
coalesce and form a film [9] that can be described as an interspersed secondary binder system
[10]. The admixtures control, e.g., setting time, curing time, flowing characteristics, air
entrainment and separation. A more detailed description of SLC is given by Harbron [10].
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The moisture state of a material can be represented in different ways. In this paper we have
chosen to work with vapour content v (g vapour per m* air). This can be seen as the vapour state
of the pores of the material and is convenient because this potential can also be used for the gas
phase in which we generate the moisture states. The vapour content is the product of the relative
humidity (expressed as a fraction) and the saturation vapour content, which can be found
tabulated as a function of temperature.

Moisture can be transported by vapour diffusion, surface flow and capillary flow. Since it
normally is of no interest separate the effects of different kinds of transport processes, the total
moisture flow is usually determined. The moisture transport properties of a material are then
described with one coefficient, the diffusion coefficient D. For most materials the diffusion
coefficient is a function of the vapour content (or, at isothermal conditions, the relative
humidity, RH).

2. MATERIALS AND METHOD

2.1  Materials

The three tested commercial products were based on Portland cement, calcium aluminate
cement, calcium sulphate and small amounts of silica fume. A typical composition of the

mineral part of an SLC is shown in Table 1.

Table 1 — Typical composition of the mineral part (excluding admixtures) of an SLC [11].

Portland cement less than 3%
Calcium aluminate cement around 17%
Calcium sulphate around 7%
Limestone filler (calcite) around 30%
Sand (siliceous) 45-50%

The three tested products were:

A. Normal SLC with a water to binder ratio of about 1.0. This product is generally used in
non-industrial constructions.

B. Rapid-drying SLC, which is similar to the above product, but is used with a lower water
to binder ratio (about 0.7) to give the product a higher degree of self-desiccation. This
product is mainly used in renovation as it allows foot traffic in 1-2 hours and final
covering in 1 day.

C. SLC for industrial floors, containing slag as a binder and a larger amount of polymer to
increase the abrasion resistance [9]. The water to binder ratio was about 0.6. The product
allows medium heavy rolling equipment.

The products were mixed according to the manufacturers guidelines and left to hydrate, the first
24 hours in open air, approximately 20 °C and 50% RH, and after that in sealed plastic bags.
Measurements were made when the specimens were 2-6 months old, except the dried and wetted
specimens for hysteresis measurements that were 8-11 months old.
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Influence of the amount of mixing water was tested in flooring compound A by using 10% more
and 20% less mixing water than required by the manufacturer’s guideline. The effects of
hysteresis on the diffusion coefficient due to desorption or absorption was also tested by drying
and wetting test specimens of flooring compound A before testing. These dried and wetted
specimens had been used in the main measurement series. While still attached to the cups, they
were either dried at 25% RH and 30 °C, or wetted with liquid water.

The diffusion resistance of a primer was measured by applying it on test specimens of product
A. The primer was a dispersion consisting of styrene acrylate in water. The fraction of styrene
acrylate used in the dispersion depends on the substrate. In these tests the primer contained
about 12% styrene acrylate.

2.2  Cup method

The cup method was used to determine diffusion coefficients. In this method two different
constant humidity levels are created at each side of a test specimen. Normally the specimen is
placed as a lid on a cup containing a saturated salt-solution. The internal RH is controlled by the
salt solution and the external RH is that of the room where the cup is placed. The mass flow rate
is measured by weighing the cup regularly, thus registering the weight change of the cup.

Fick’s law of diffusion is:

D dv

q= dx 1)

where q (g/(m%)) is the moisture flow, D (m%s) the diffusion coefficient and dv (g/m°) the
difference in vapour content over the distance dx (m). An integrated form of Fick’s law can then
be used to calculate the diffusion coefficient:

5V:V

=D~ )

Here, D (m%s) is the average diffusion coefficient in the interval v; to v, and L (m) is the
thickness of the specimen. A complication for a cup measurement is that the measured flow rate
is not only a function of the diffusion resistance within the material, but also depends on
external mass transfer resistances at both sides of the specimen, Z; and Z, (s/m). Inside the cup Z;
is normally equal to the diffusion resistance of the stagnant air in the gap between the salt
solution and the specimen. Outside the cup, where there always are air movements, Z. is a
boundary layer mass transfer resistance. The total flow can thus be described as follows:

1
LID+Z,+Z,

q (v, =) (3)

The diffusion cups (Fig. 1) used in this study, were designed and previously used by Hedenblad
[12]. The cups were made of polypropylene and the sealing was made with a polyurethane
sealant (Marine Adhesive Sealant 5200, 3M, St Paul MI, USA). The tightness of the cups was
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validated with aluminium specimens. The leakage was 0.5 mg per day over a 300-day period
with an internal RH of 100% and an external RH of 55% at 20 °C. This leakage corresponds to
less than 1% of the moisture flow in all present measurements.

6 63 6
Sealing
L]
Specimen — (f 16
Salt solution — |
o 38
Top part —
O-ring —|
25
Bottom part
NN NRE:
100

Figure 1- Schematic picture of the cup used. Different top parts have different heights of the
bevelled part to fit specimens with different thickness.

The experiments were carried out with focus on higher RH, as this is the most interesting area
related to indoor environment. The diffusion coefficients were mainly determined at 20+1 °C
with an outer climate of 55+2% RH. The RH inside the cups were as follows [13]:

75.5% (NaCl) 85.1% (KCI) 94.6% (KNO3)
97.6% (K,SO.) 100% (H,0)

Tests were also performed at 5+1 °C in a climate box. The outer climate had an RH of 63.5%,
(NaBr) and the RH inside the cups were as follows [13]:

75.6% (NaCl) 87.7% (KCI) 96.3% (KNO3)
98.5% (K2S0,) 100% (H,0)

Measurements were started with specimens standing in a climate room with low air velocity,
approx. 0.05 m/s. To minimise the influence of the external mass transfer resistances, the air
velocity above the specimens was increased with a fan to about 2 m/s. This gave a slightly
higher flow rate for specimens with the highest diffusion rate, but did not influence the results of
the other specimens.

All tests were performed with triple or quadruple specimens of 81 mm thickness and 63+1 mm
diameter. Individually measured values of thickness and diameter were used in the evaluation.
An analytical method [14] for correction of edge effects has been used in these evaluations, as
the moisture flow is not perfectly one-dimensional at the edges of our specimens.
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3. EVALUATION

The isothermal cup measurements have been made with one external climate and five different
internal climates. The aim of the evaluation is to calculate the diffusion coefficient as a function
of the moisture state. As discussed above, there are both internal and external mass transfer
resistances in the cups. We have assumed that the internal mass transfer resistance, Z;, is equal
to the resistance of stagnant air in the air gap between the salt solution and the specimen and that
the external mass transfer resistance is negligible. Zero external resistance, Z, was used as it
was found that the mass transfer rates for the cups with low flow rates were independent of the
external air velocity. The cups with high mass flow rates were all measured with 2 m/s air
velocity above the specimens. In the present evaluations the vapour content at the internal side
of the specimen was calculated as the vapour content of the salt solution minus the vapour
content difference over the air gap. The external vapour content used was that of the ambient
climate. Constant condition on one side of the specimen is a prerequisite for the evaluation
method outlined below.

Equation 2 can be rewritten:
qL = 5(Vz _Vl) (4)

All cup measurements of a certain material and in a certain vapour content range will have the
same product of mass flow rate and specimen thickness. Rewriting Eq. 1 and integrating gives:

L

[ adx = —Vf D(v)dv (5)

0 A

The left hand side integral is gL (EQ. 4). Therefore:

VfD(v)dv

D=% (6)
vV, =V,

If two cup measurements are made with the same external climate vp, but with two different
internal climates v; and v», it is possible to calculate the mean diffusion coefficients in two
intervals: Do, and Do,. Here, EqQ. 4 is written for these two measurements and for a hypothetical
measurement in the interval v, to vy, see Fig. 2:

qua = 502 (Vz _Vo) (7)
Qme = 501 (Vl _Vo) (8)
quc = 512 (Vz _Vl) 9)
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Figure 2 — A schematic drawing of a cup measurement made with a specimen of thickness L,
between vapour contents vo and v,. Also shown is the division of the specimen into two
specimens of thickness L, and L. and how one will get the same flow as with the thicker
specimen by making measurements in the interval vy to v; and v to vy, respectively.

Note that these three measurements have the same flow rate and that L,=L,+L.. From Egs. 7-9
one can write the following expression for Di5:

D, = Dy, (Vo —Vo) = Doy (v — Vo) (10)
Vo =V

As this equation does not include q or L, it is a general expression valid also for specimens that
do not conform to the limitations of Fig. 2 (same g and L,=Ly,+L.). Equation 10 can thus be used
to calculate mean diffusion coefficients in difference-intervals not directly measured.

Measurements were made with one external climate v, and five different internal climates v;-vs.
Do1, Do2... Dos can directly be calculated with Eq. 4 and D1,... D4s can be calculated with Eq. 10,
i.e., the diffusion coefficient is obtained as a function of the moisture state. Other similar
methods for evaluation have been proposed, e.g., by Chang et al. [15] and Bazant et al. [16].

4. RESULTS AND DISCUSSION

4.1 Diffusion coefficients

The results are presented in Figs. 3-5. As can be seen in Figs. 3 and 4, the rapid drying SLC B
with lower water to binder ratio has a slightly lower diffusion coefficient than SLC A. When
compared with concrete [7, 17] SLC A and B both have higher diffusion coefficients up to about
90% RH. This can be explained by the higher aggregate content of concrete. At higher RH,
diffusion coefficients for concrete are significantly higher. This may be an effect of the
redispersible polymer in the SLC that forms an interspersed secondary binder system in the
hydrated product, which may limit the capillary flow that dominates the moisture transport at
high RH. The influence from the transition zone between aggregate and paste may also differ
between concrete and SLC.
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Figure 3 — Diffusion coefficient for SLC A. Thick line is the mean value in the shown interval.
Thin lines indicate one standard deviation.
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Figure 4 — Diffusion coefficient for SLC B. Thick line is the mean value in the shown interval.
Thin lines indicate one standard deviation.

SLC C (Fig. 5) for industrial floors has a lower diffusion coefficient than the other two SLC.
This may be an effect of the higher polymer content in the industrial flooring material, the lower
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water to binder ratio and the slag content. Although microstructures of slag cement pastes are
similar to those of Portland cement, the permeability is normally lower in slag cement pastes
[18].

6
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O L 1
50 60 70 80 20 100
Relative humidity [%]

Figure 5 — Diffusion coefficient for SLC C. Thick line is the mean value in the shown interval.
Thin lines indicate one standard deviation.

4.2 Influence of water/binder ratio
As can be seen in Table 2, the diffusion increases with increasing water to binder ratio.

Table 2 — Mean diffusion coefficients and standard deviations for samples of product A made
with different amounts of mixing water. Four specimens were measured in each sample.

Sample RH-interval Diffusion coefficient
% 10° m/s

Normal 55-85.1 0.70 £ 0.02
55-97.6 0.84 £ 0.03
+ 10% mixing water 55-85.1 0.85+0.03
55-97.6 0.93£0.02
- 20% mixing water 55-85.1 0.47 £0.03
55-97.6 0.59 +0.03
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4.3 Influence of hysteresis

Most materials have sorption hysteresis as they have different isotherms for desorption (drying)
and absorption (humidification). At a certain RH a drying specimen contains more water than a
specimen absorbing water vapour. The influence of this on the diffusion rate has been studied by
measurements of diffusion coefficients with specimens in absorption and desorption mode,
respectively, Table 3. The results indicate that specimens undergoing desorption, i.e., contains
more water, have higher diffusion coefficients.

Table 3 — Mean diffusion coefficients and standard deviations for samples of product A in
absorption and desorption mode. Each sample contained three specimens. Note that these test
specimens were older than the other test specimens and the results can therefore not directly be
compared with the other results in this article.

Sample (Product A) RH-interval Diffusion coefficient
% 10° m?/s
Absorption 55-75.5 0.59 + 0.05
Desorption 55-75.5 0.78 £0.01
Absorption 55-97.6 0.71£0.05
Desorption 55-97.6 0.90 £ 0.05

4.4 Influence of temperature

A direct comparison between measurements at 20 and 5 °C was not possible to make, as the
saturated salt solutions used do not generate the same RH at different temperatures. An
estimation is however possible to make and this shows that the diffusion coefficient at 5 °C is
about 60% of the diffusion coefficient at 20 °C, see Table 4.

Table 4 — Mean diffusion coefficients and standard deviations at 20 and 5 °C for product A.
Samples measured at 20 °C contained four specimens and samples measured at 5 °C contained
three specimens.

Temperature RH-interval Diffusion coefficient

°C % 10° m?/s

20 55-75.5 0.67 £ 0.09
20 55-94.6 0.77£0.04
20 75.5-94.6 0.97 +0.13
5 63.5-75.6 0.40 + 0.07
5 63.5-96.3 0.47 £ 0.05
5 75.6-96.3 0.58 +0.11

4.5 Influence of polymer primer

Results of measurements with and without primer (not given here) show that the resistance of
the primer was in the order of 5000 s/m at 75% RH. The amount of applied primer was 0.4 kg
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solution per m? | i.e., 0.05 kg (solid)/m?. A dependence of thickness could also be seen, where
an increased amount of primer applied gave a higher resistance.

4.6 General discussion

The only reference found with measurements of diffusion coefficients of a flooring compound
was Hedenblad [7]. His results are in fair agreement with our measurements. However, the
flooring compound used by Hedenblad did not have self-levelling properties and was probably
of a different composition than the SLC in this investigation.

A survey of sources of uncertainty and errors in the cup method was done by Hansen and Lund
[19]. The main sources of uncertainty described were surface and air space resistances, changes
in barometric pressures, RH oscillations and boundary effects. In the present study, long-term
measurements minimised the influence of barometric pressure changes and RH oscillations.
Surface and air space resistances and boundary effects are described earlier in this paper.

When evaluating diffusion coefficients with Eq. 10, values from measurements are used both
when evaluating diffusion coefficients in the measured interval and in the next interval with
higher RH. This means that measurement errors in one interval also influence the calculated
diffusion coefficients of the next higher interval and that the uncertainty for these calculated
values increases. This can be seen in Table 4, where the last diffusion coefficients are calculated
from the first two values.

Carbonation occurs in all cement-based materials. Carbonation in ettringite systems [20] and
calcium aluminate cement [21] leads to a slightly more open material. Consequently, materials
exposed to air should have higher diffusion coefficients than less carbonated materials.
Materials in these experiments were hydrated in sealed plastic bags, but exposed to air when
measurements were performed.

Evaluation of measurements with Eq. 10 requires that the material is homogeneous. Carbonation
as, discussed above, can give the material slightly different properties, as the carbonation front
moves from the surface and inwards into the specimen. There may also be a higher
concentration of redispersible polymer in the surface region as a consequence of bleeding in the
fresh mortar. Water transported from the fresh mortar to the surface may carry polymers, which
then accumulates in the surface region, while the water evaporates. This higher concentration of
polymers in the surface may influence the moisture transport properties and therefore give a
slightly inhomogeneous material.

Measurements of moisture transport properties together with measurements of moisture storage
capacities (sorption isotherms) [8] makes it possible to calculate and predict drying times,
moisture loads, ion transport etc. This is important because it is well known that other materials
may take harm in contact with cementitious materials under high moisture loads.
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ABSTRACT

Moisture sorption in self-levelling flooring compounds was investigated by using a sorption
balance. Results are presented as sorption isotherms. Influence of temperature, age, water to
binder ratio and carbonation are also presented. An increased temperature and increased water to
binder ratio gives lower moisture sorption. Results from scanning curves indicate that, when
changing sorption mode, even a minute change in moisture content may result in a significant
change in relative humidity in the material.

Key words: sorption isotherm, water vapour, self-levelling flooring compound, sorption
balance.

1. INTRODUCTION

Recently, the connection between the indoor environment and occupants health has gained an
increased interest. Moisture has been shown to be an important factor as it promotes chemical
reactions and biological growth. This is further discussed in the first paper [1] of this series of
two papers dealing with moisture properties of self levelling flooring compounds.

Moisture in materials has different properties and is of different interest depending on how hard
the water molecules are bound to the surface and the structure of the material. This is important
as not all water inside materials contribute to the processes that may influence the indoor
environment. The weakest bound water is here the most interesting as it supports biological
growth, transport of substances, etc. [2].

The strongest bound water in a cementitious material is chemically bound as reaction products
in the hardened cement paste and is part of the solid structure of the material. As this water is
strongly bound in the structure and does not leave the material under normal circumstances it is
of no interest concerning indoor environmental aspects.
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Physically bound water stands in equilibrium with the water vapour in the surrounding
atmosphere. The amount of water in a material, excluding chemically bound water, is normally
given as a sorption isotherm, i.e., the relation between the moisture content (the mass of water
per mass of dry material) and the relative humidity (RH) at equilibrium.

Physically bound water can either be adsorbed to surfaces, absorbed in the structure of the
material or capillary condensed on water menisci formed in pores. The first layer of adsorbed
water is the strongest bound, most immobile and unfreezable at -40 °C [2]. This water behaves
as part of the solid and corresponds to the monolayer moisture content. A monolayer can be seen
as when all of the dry matter is covered with one layer of water molecules [3]. Further added
water is more mobile. When sufficiently abundant this water allows chemical reactions and
microbial growth.

In porous materials water is bound not only due to adsorption, but also due to capillary
condensation. Water molecules then condense on concave water menisci. Pores with radii less
than a certain critical radius are then completely water filled. The curvature of the menisci
corresponds to a certain equilibrium RH. A smaller radius corresponds to a lower equilibrium
RH. When a material is in equilibrium with low RH, only small water menisci can exist, i.e.,
only small pores can be completely water filled. At higher RH, larger water menisci can exist
and pores with larger pore radii can thus be water filled. In a fine porous material, capillary
condensed water is the dominant contributor to transport processes, chemical reactions and
microbial growth.

A consequence of capillary condensation is sorption hysteresis [3], i.e., a material will contain
different amounts of water in equilibrium with a certain RH, depending on whether the material
is drying or taking up moisture, Fig. 1. A material taking up moisture never contains more water
than a drying material at the same RH.

As can be seen in Fig. 1, a sorption isotherm contains two main curves, one for desorption and
one for absorption. If a previously desorbing material starts to absorb moisture it follows a
scanning curve from the desorption isotherm towards the absorption isotherm and vice versa. A
result of this is that a small increase in moisture content may lead to a large increase in RH. The
consequence of this for moisture related processes is not fully known, but it is probable that RH
is not the only parameter describing the rate of chemical and biological processes [2] and that
moisture content also may be important, which has been seen for microbial growth on food
stuffs [4].
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moisture content

relative humidity

Figure 1 — Example of a sorption isotherm, where a is a desorption isotherm, b an absorption
isotherm, ¢ a scanning curve from the absorption isotherm to the desorption isotherm and d a
scanning curve from the desorption isotherm to the absorption isotherm.

The sorption isotherm is, as the name indicates, only valid at a certain temperature. An increase
in temperature at constant moisture content results in an increase in RH [2, 5], opposite to the
behaviour of air, where an increase in temperature results in lower RH. For concrete, variations
of the sorption isotherm within normal temperature ranges are generally neglected, although
studies by for example Nilsson [6] show a temperature dependence of about 0-0.4% RH per °C
depending on moisture condition. A stronger temperature dependence has been found for some
food stuffs, where a temperature increase of 10 °C can result in an increase of up to about 20%-
units RH [7]. An increase in temperature normally increases the rate of chemical reactions [8].

Chemical reactions are dependent on transport properties, as reactants have to come in contact
with each other. The critical RH limits at which processes start to take place are somewhat
diffuse. For example, for indoor storing of steel the critical RH is often considered to be 60%,
but practical values for outdoor use has been shown to be more than 80% [9]. A practical value
often used in Sweden for concrete slabs with bonded PVC-flooring is 85% RH. Generally an
RH of at least 80% is needed for biological growth, although some species can grow at lower
RH [2, 10].

This paper deals with physically bound water in the RH-range of 10-95%. Measuring moisture
at higher RH levels than 98%, requires other measurement techniques, see e.g. [11-14].
Measuring moisture down to 0% RH gives incorrect values for self-levelling flooring
compounds (SLC) as chemically bound water from ettringite is partly non-reversibly released.
This has been observed during vacuum drying and drying over desiccants [15] and drying at
temperatures above 60 °C [16]. We have noted a significant decrease in mass when drying
specimens from 10% to 0% RH (not shown in this paper). This mass decrease corresponded to
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more than 5% moisture content, i.e., more than the total sorption capacity between 10% and
95% RH.

2. MATERIALS AND METHOD
2.1 Materials

Sorption isotherms of three different types of commercial SLC were tested. The three tested
commercial products were based on Portland cement, calcium aluminate cement, calcium
sulphate and small amount of silica fume. The three tested product were:

A. Normal SLC with a water to binder ratio of about 1.0. This product is generally used in
non-industrial constructions.

B. Rapid-drying SLC, which is similar to the above product, but is used with a lower water
to binder ratio (about 0.7) to give the product a higher degree of self-desiccation. This
product is mainly used in renovation as it allows foot traffic in 1-2 hours and final
covering in 1 day.

C. SLC for industrial floors, also containing slag as a binder and a higher amount of
polymer to increase the abrasion resistance [17]. The water to binder ration was about
0.6. The product allows medium heavy rolling equipment.

The products were mixed according to the manufacturers guidelines and left to hydrate, the first
24 hours in open air, approximately 20 °C and 50% RH, and after that in sealed glass jars. Small
amounts of water were added to the specimens in the jars to prevent drying. Test specimens
were cut from the centre of casted cylinders to avoid edge effects and carbonation. Specimens
had hydrated for a minimum of 12 months prior to testing, if not otherwise stated. The sizes of
the specimens were in the order of 4 mm with masses in the range of 50-130 mg. Specimens
exposed to atmospheric conditions for three months were considered to be carbonated.

2.2 Method

A sorption balance (DVS 1000, Surface Measurements Systems, London, UK) was used to
determine sorption isotherms and scanning curves. type of instrument has previously been used
in the study of sorption on various materials, for example, food stuffs [18], plant material [19]
and inorganic building materials [20]. With this instrument it is possible to measure sorption
when the RH is changed in steps and as ramps. A flow of dry nitrogen gas is divided into two
gas streams of which one is saturated with water vapour and the other left dry, see Fig. 2. By
mixing different proportions of the gases, RH between 0 and 100% can be generated, although
practical reasons, the upper limit is 98% RH.
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Figure 2 — Schematic picture of the DVS 1000 sorption balance. A flow of dry nitrogen gas is
divided into two gas streams where one is saturated with water vapour, by bubbling through
liquid water (S) and one is kept dry. The flow rates are controlled by two mass flow regulators
(Rw and Rd). By mixing different proportions of the two gases, the desired RH can be
generated.

Test cycles with several measurement steps and ramps have bee used in the present
measurements, Fig. 3. The test specimen is exposed to these relative humidities and the mass
change of the specimen is continuously measured. A normal test cycle for one specimen lasted
8-12 days in the present study. The environment in the sorption balance was free from carbon
dioxide during the measurements. The trueness was +1.0% RH and the balance resolution was

0.1 pg.
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Figure 3 — Typical RH test cycle used in the present study. The test cycle starts and ends at 95%
RH and includes two ramps for scanning curves, one from desorption to absorption and one
from absorption to desorption.

Scanning ramp rates were about 100 minutes per % RH. After each scanning ramp, the relative
humidity was kept at the final ramp value for 120 minutes validating that each scan was close to
equilibrium. The change during these 120 minutes was less than 0.03% moisture content.
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2.3 Performed tests

Sorption isotherms for the three self-levelling flooring compounds described above were
measured with the sorption balance. The influence of different amounts of mixing water,
different temperatures, age and carbonation were also measured.

2.4 Evaluation

Steady state measurements were made until the specimens had almost reached equilibrium. The
final part of the curve was then curve-fitted and extrapolated with the equation

m(t) =M, + (mf - mo)e_k(t_tO) (1)

where m(t) is the mass at time t, mg is the initial mass at the start of the curve-fitting, ms is the
final mass, k is a constant and to is the initial time at the start of the curve-fitting, see Fig. 4. The
curve fitting was done in MATLAB 6.5 with a least square method. The correction never
corresponded to more than 6% of the total mass change in each time step. The final sorption
isotherms shown in the figures are curve fitted between the measurement points with a general
spline function.
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Figure 4 — Extrapolation of the final part of a measurement step in the sorption balance. Solid
line is measured values, dotted line curved fitting of measured values and dashed horizontal line
extrapolated equilibrium value used in evaluations.

For one material, SLC A, two measurements were performed with specimens casted at different
occasions, but with material from the same batch. The mean relative difference in moisture
content between the two measurements was 5%.
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3 RESULTS AND DISCUSSION
3.1  Sorption isotherms

Results of measurements of SLC A-C are presented in Figs. 5-7. Results are given as moisture
content (dry weight) as a function of RH. SLC B has a higher moisture sorption than SLC A.
This may be an effect of the lower water to binder ratio of SLC B (see subsection 3.2), but also
due to the larger amount of paste in SLC B. The sorption isotherm of SLC C for industrial floors
has a different appearance than the sorption isotherms for SLC A and B. This might be an effect
of the slag content and the lower water to binder ratio.
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Figure 5 — Sorption isotherm of flooring compound A. Stars are measured values.
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Figure 6 — Sorption isotherm of flooring compound B. Stars are measured values.
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Figure 7 — Sorption isotherm of flooring compound C. Stars are measured values.
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3.2 Influence of water to binder ratio

The influence of water to binder ratio was investigated by casting specimens of product A with
20% less and 10% more mixing water than recommended. The result indicates that a higher
water to binder ratio results in lower sorption, although no difference was seen for normal and
+10% mixing water in absorption. A decrease in water to binder ratio results in lower pore
volume and a different pore size distribution with a larger amount of smaller pores. A smaller
pore has a relatively larger surface area and will be water filled at lower RH than larger pores.
As a result specimens casted with lower water to binder ratio will contain more moisture at the
same RH in the hygroscopic range.
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Figure 8- Sorption isotherms of SLC A casted with normal amount of mixing water (stars), 10%
more mixing water than recommended (x-marks) and 20% less mixing water than recommended
(triangles). Measurement values below 40% RH showed only small differences.

3.3 Influence of temperature

The influence of temperature on moisture sorption was studied by measurements at 10, 20 and
40 °C. As can be seen in Fig. 9, the moisture sorption capacity is lower at higher temperature,
that is, an increase in temperature results in an increase in RH at constant moisture content. This
behaviour is in qualitative agreement with the Clausius-Capeyron equation [21].
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Figure 9 — Sorption isotherms of SLC A at the following temperatures: 10 °C (x-marks), 20 °C
(triangles) and 40 °C (stars). Measurement values below 40% RH showed only small
differences.

3.4 Influence of age

The structure of the material gradually develops with time until hydration has stopped. As the
measurements of sorption isotherms in the sorption balance are relatively fast, it is a suitable
instrument for determining sorption isotherms etc. on not completely hydrated materials.
Sorption isotherms for SLC A presented in Fig. 10 were determined at 1, 3 and 12 months of
age. A difference due to hydration can be seen, but the major part of the sorption isotherm was
already developed after one month.
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Figure 10 — Sorption isotherm of SLC A at 1 month (stars), 3 months (triangles) and 12 months
(x-marks) of age. Measurement values below 40% RH showed only small differences.

3.5 Scanning curves

The following scanning curves for SLC A, are presented in Figs. 11 and Fig. 12.

absorption 70-90% RH after desorption (Fig. 11)
desorption 90-70% RH after absorption (Fig. 11)
absorption 60-95% RH after desorption (Fig. 12)
desorption 95-70% RH after absorption (Fig. 12)

When changing sorption mode, a small change in moisture content leads to a significant change
in RH. This seems to be valid both when scanning in both directions.
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Figure 11 — Scanning curve for SLC A, absorption from desorption mode (70 to 90% RH) and
desorption from absorption mode (90 to 70% RH).
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Figure 12 — Scanning curve for SLC A (three months old), absorption from desorption mode (60
to 95% RH) and desorption from absorption mode (95 to 70% RH).
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3.6 Carbonation

Carbonation is the process where carbon dioxide from air dissolves in the pore solution and
reacts with components in the material. Carbonation of ettringite [22] and calcium aluminate
cement based materials [23] leads to a slightly more open material, while carbonation of
Portland cement based materials results in a denser material [24]. Measurements on carbonated
and non-carbonated specimens of SLC A are presented in Fig. 13. Only minor differences where
seen.
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Figure 13 — Measurements performed on carbonated (triangles) and non-carbonated (stars)
specimens of SLC A.

3.7 General discussion

Knowledge of scanning curves makes it possible to do more accurate predictions of RH in
materials changing sorption modes. As seen in Figs. 11 and 12 a small change in moisture
content results in a large change in RH. The consequences of this for chemical reactions and
biological growth is however somewhat unclear, as discussed in section 1.

Due to long durations of the measurements and limited resources it was only possible to perform

tests with single test specimens, except for product A at 20 °C where double tests were made.
The mean relative difference in moisture content between the two measurements was 5%.
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The only reference found with measurements of a sorption isotherm of a flooring compound was
Hedenblad [25]. The results are in the same range as ours, but the flooring compound used by
Hedenblad did not have self-levelling properties and was probably of a different composition
than the SLC used in this investigation. Hedenblad also measured at 0% RH, which we believe
gives incorrect values for the SLC used in this investigation.

The sorption isotherm is gradually developing with time during the first year or longer, although
the major part of the internal structure seems to be developed in one-month time. The RH in a
young material will thus decrease, even if moisture cannot leave the material. Note that
specimens in this investigation hydrated at 100% RH. The rate of hydration strongly decreases
with decreasing RH.

Measurements of moisture sorption together with measurements of moisture transport properties
[1] makes it possible to calculate and predict drying times, moisture loads and possible also ion
transports and degradation rates. This is important because it is well known that other materials
may take harm in contact with cementitious materials under high moisture loads.
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Method for simultaneous determination of sorption
Isotherms and diffusivity of cement based
materials (DRAFT)

Anders Anderberg
Lars Wadso

Introduction

Moisture in cementitious materials is an important issue in building science as most such
materials contain excess water when hydrated and this water must be removed to prevent
damage to a building and deterioration of the indoor air quality due to biological growth [1, 2]
or alkaline degradation of polymers [3]. Moist or damp buildings have also in general been
related to health effects in several studies [4].

Knowing moisture properties of materials is essential for calculating drying times and
moisture loads and for predicting transport of other substances, biological growth and
chemical reactions. Traditional methods to determine diffusion coefficients and sorption
isotherms are extensive and time-consuming. Since moisture properties are moisture
dependent several test specimens have to be prepared to cover a whole measurement range.

Cementitious materials are very fine porous and therefore it normally takes long time to
determine moisture properties of such materials. Another issue is that they often contain large
amounts of aggregates (e.g. limestone filler, sand, gravel and stone). A test specimen must at
least be 4-5 times larger than the largest aggregate size to have a representative sample.
Although aggregates only have a very minor contribution to moisture properties by
themselves, the transition zones between the cement paste and the aggregate may play an
important role. A simple and rapid method for determination of both diffusion and sorption
properties would therefore save a lot of time.

Different models are used in other fields of science to determine diffusion and sorption
properties in one measurement. In gravimetric methods [5, 6], a material with known
geometry is exposed to step changes or continuous changes of a certain gas or liquid. The
change in mass of the test specimen is continuously measured, giving the sorption isotherm,
and out of the kinetics of the mass change and the known geometry of the specimen, it is
possible to calculate the diffusion coefficient. In the time-lag method [7] a difference in
partial pressure is applied over a test specimen. The pressure is stepwise kept constant at one
side and the change of pressure on the other side is measured. Sorption and diffusion
properties are later calculated out of the measured values.

Method

The method, which is a gravimetric method, is based on mass determination under changing
relative humidity (RH) conditions. A small sample of known geometry is exposed to step-
wise changes in RH. From the kinetics of the mass change the diffusivity can be calculated
and from the final equilibrium mass value the sorption isotherm can be calculated. To get a
well-defined geometry of our samples we have cast our materials in short pieces of stain-less
steel tubes. In this way we get a well-defined geometry with one-dimensional moisture flow.
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To generate the RH steps we have placed our samples in a sorption balance (DVS-1000,
Surface Measurement Systems Ltd.), Fig 1. They have been freely suspended in the gas flow
line, attached to the balance by a strip of aluminium foil wrapped around the stainless steel
tube with the sample. As the gas flow velocity is 0.8 cm/s we assume that surface mass flow

resistances are negligible.
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dry
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f

Figure 1- Schematic picture of the DVS 1000 sorption balance. A flow of dry nitrogen gas is
divided into two gas streams where one is saturated with water vapour, by bubbling through
liquid water (S) and one is kept dry. The flow rates are controlled by two mass flow
regulators (Rw and Rd). By mixing different proportions of the two gases, the desired RH can
be generated.

A flow of dry nitrogen gas is divided into two gas streams of which one is saturated with
water vapour and the other left dry. By mixing different proportions of the gases, RH between
0 and 100% can be generated, although practical limits are 0-98% RH. The trueness of RH is
1.0% and the balance resolution 0.1 pg.

The test cycle used in this report is shown in Fig. 2. The cycle last about 9 days.

100

(0]
o
T
I

D
o
T
I

Relative humidity [%0]
N (@]
o o

0 2000 4000 6000 8000 10000 12000
Time [min]

Figure 2 — Test cycle used in experiments. Measurements started and ended at 95% RH.
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Sorption isotherm

Each measurement step was made until the specimen had almost reached equilibrium. The
final part of the curve was then curve-fitted and extrapolated with the equation,

m(t) = m, + (mf - mo)eik(titO) 1)

where m(t) is the mass at time t, mg is the initial mass at the start of the curve-fitting, ms is the
final mass, k is a constant and to is the initial time at the start of the curve-fitting. The curve
fitting was done in MATLAB 6.5 with a least square method. The correction never
corresponded to more than 12% of the total mass change in each time step. For more details,
see [8].

Diffusion coefficient

As is principally shown in Fig. 3, each step in RH gives an initial mass change that is
essentially linear when drawn on a square root of time scale. This first initial part can be used
to calculate the diffusivity [9]:

Am 4 |Dt
= = 2
Am, Az VP @)
Here, Am (g) and Am,, (g) are the mass of the sample at time t (s) and at infinite time,
respectively, D (m/s) is the diffusivity and L (m) is the thickness of the sample. The diffusion
coefficient with vapour content as gradient was then calculated by:

D,=D—— 3
=Dy ©

where D, (m?/s) is the diffusion coefficient as a function of vapour content, D (m%s) is the
diffusivity from Eqn. 1, dc is the concentration difference of moisture (g/m°) in the
measurement step and dv is the difference in vapour content (g/m®). Note the difference
between D, and D, although their units appear to be the same.
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Figure 3 — Typical measurement step where the mass is plotted as a function of the square
root of time. The first linear part of the measurement is used to calculate the diffusivity.

Materials

One product was chosen for these studies. We have previously measured diffusion coefficient
on this product with the cup method [10]. The tested product was a commercial self-levelling
flooring compound (SLC) based on Portland cement, calcium aluminate cement, calcium
sulphate and small amount of silica fume. A typical composition of the mineral part of such
an SLC is shown in Table 1. The product was a normal SLC with water to binder ratio of
about 1.0. This product is generally used in non-industrial constructions.

Table 1 — Typical composition of the mineral part (excluding admixtures) of an SLC [11]

Portland cement less than 3%
Calcium aluminate cement around 17%
Calcium sulphate around 7%
Limestone filler (calcite) around 30%
Sand (siliceous) 45-50%

The products were mixed according to the manufacturers guidelines, casted into the steel
cylinders and left to hydrate, the first 4 hours in open air, approximately 20 °C and 50% RH,
and after that in an exiccator with 100% RH and no air exchange.

SLC are suitable for these kinds of measurements as the maximum aggregate size is small,
normally around 1 mm.

Results

Figure 3 shows a typical mass response to a step in RH. It is seen that there is an initial linear
part, but also that there is a long and slow attainment of sorption equilibrium typical of
cementitious materials.

Tables 2 and 3 give the calculated diffusion coefficients and sorption isotherm and data from

previous measurements on the same material. A good agreement can be seen for the diffusion
coefficients, although more measurements need to be performed to validate the method. A
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hysteresis effect between measurements values obtained in desorption and absorption mode
was also noted.

Table 2 — Diffusion coefficients measured with the cup method and new method

Cup method New method
Desorption Absorption
RH [%] | Diffusion coeff.| RH [%] | Diffusion coeff. | Diffusion coeff.
10° m°/s 10° m?/s 10° m?/s

55-75.1 0.67 10-30 0.31 0.40
75.1-84.5 0.78 30-50 0.44 0.34
84.5-93.7 0.97 50-70 0.82 0.39
93.7 - 96.6 1.84 70-80 0.70 0.53
96.6 — 98.8 3.16 80-90 1.01 0.73
90-95 1.39 0.89

Table 3 gives the sorption isotherm from previous measurements and from measurements
where the specimen was casted in a steel cylinder. As the new measurements were made from
the same material in the same sorption balance they should give the same results. The
deviations seen may be explained by the fact that it was hard to cast the test material in the
small cylinders. In the previous measurements, test specimens were cut out from the centre of
a large specimen thus avoiding edge effects etc.

Table 3 — Sorption isotherm measured in sorption balance in previous measurements and
with the new method where specimens are cast in a steel cylinder.

RH Previous measurements | New method
95 3.02 2.81
90 2.51 2.53
80 1.87 2.13
70 1.37 1.58
50 0.44 0.76
30 0.17 0.24
10 0 0
30 0.14 0.18
50 0.28 0.33
70 0.50 0.57
80 0.77 0.82
90 1.32 1.30
95 1.89 1.79

Discussion

As can be seen in Tables 2 and 3 there is a good agreement between the results obtained with
the present method and those obtained previously. As the previous measurements of diffusion
coefficients took about 8 weeks and the present measurement took only 9 days, the present
method is very efficient and it also requires less laboratory work. However, the equipment
used for the present measurements is more expensive than the one used to do cup
measurements of diffusion coefficients.
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The stainless steel tube used in these measurements was found to be too small. It was difficult
to cast test material into the cylinder. With a larger test cylinder this problem would be
avoided.

An advantage with this method is that it is possible to decide the precise intervals you want to
measure the diffusivity and that more measurement intervals will not involve more test
specimens.

Cementitious materials usually show a quick initial response to changes in RH, but later a
slow attainment of equilibrium. Compared to many other types of materials (textiles,
pharmaceutics etc.) measurements of sorption isotherms may take very long time. To shorten
the time of a measurement one can stop before equilibrium is attained and then extrapolate the
measured curve.

The present method can of course also be used for other materials of well-defined geometry.
References

1. Fennema, O.R., "Water and Ice", in Food Chemistry, O.R. Fennema, Editor. 1985,
Marcel Dekker Inc. New York and Basel. pp. 23-67.

2. Fog Nielsen, K., "Mould growth on building materials Secondary metabolites,
mycotoxines and biomarkers™ The Mycology group, Biocentrum-DTU. Technical
University of Denmark: Lyngby. 2002, 80 pp.

3. Sjoberg, A., "Secondary emissions from concrete floors with bonded flooring
materials - effects of alkaline hydrolysis and stored decomposition products” P-01:2,
Department of Building Materials. Chalmers University of Technology: Géteborg.
2001, 188 pp.

4. Bornehag, C.-G., et al., "Dampness in Building and Health Nordic Interdisciplinary
Review of the Scientific Evidence on Associations between Exposure to "Dampness"
in Buildings and Health Effects (NORDDAMP)." Indoor Air, Vol. 11, 2001, pp. 72-

86.

5. Marais, S., et al., "Permeametric and microgravimetric studies of sorption and
diffusion of water vapor in an unsaturated polyester.” Polymer, Vol. 41, 2000, pp.
2667-2676.

6. Muoi, T., Yi-Ching, H., and Yan-Ping, C., "Sorption and Diffusion of Supercritical
Carbon Dioxide into Polysulfone.”" Journal of Applied Polymer Science, Vol. 94,
2004, pp. 474-482.

7. Taveira, P., Mendes, A., and Costa, C., "On the determination of diffusivity and
sorption coefficients using different time-lag models.” Journal of Membrane Science,
Vol. 221, 2003, pp. 123-133.

8. Anderberg, A. and Wadso, L., "Moisture in Self-levelling Flooring Compounds. Part
I1. Sorption Isotherms.” Nordic Concrete Research, Vol.

9. Crank, J., "The mathematics of diffusion™. VVol. Second edition. Oxford University
Press, 1975, 414 pp.

10.  Anderberg, A. and Wadso, L., "Moisture in Self-levelling Flooring Compounds. Part |
Diffusion Coefficients." Nordic Concrete Research, Vol.

11.  Scrivener, K.L., et al. "Effeect of CO2 and humidity on the Mechanical Properties of a
Formulated Product Containing Calcium Aluminate Cement"”. Proceedings, Ibausil.
Weimar, Germany 1997,vol. 1. pp. 745-752.

Paper 111-6



Paper IV






A METHOD FOR SIMULTANEOUS MEASUREMENTS OF
HEAT OF HYDRATION AND RELATIVE HUMIDITY

Lars Wadso and Anders Anderberg

Building Materials, Lund University, Box 118, 221 00 Lund, Sweden

Abstract

Isothermal (conduction) calorimetry is a general method to study reaction processes by
measuring the heat produced under isothermal conditions. The method is ideally suited
for studies of cement hydration as the hydration reactions produce large amounts of heat.
In the calorimeters we are using the sample is kept in a closed glass ampoule during the
measurement. We have now further developed this technique by inserting a relative
humidity probe in the glass vial. We can thus measure both thermal power (reaction rate)
and relative humidity (self-desiccation) simultaneously. We have done test
measurements on cement pastes with two types of cements and different w/c-ratios. At
high w/c the measurements are good, but at low wi/c the relative humidity measurements
show large variations. We believe that this is caused by water vapour being lost through
small leakages in the ampoules, and that this vapour cannot be replaced by vapour from
the relatively dry and vapour tight low w/c cement pastes. It is thus essential to have
very vapour tight ampoules for this type of measurement to work.

1. Introduction

The self-desiccation properties of concrete and other cementitious products are of large
interest. The large amounts of water left after the hydration of ordinary high
water/cement ratio (w/c) concrete is often a problem in the modern high tempo building
process. In Sweden we have had many cases of floorings being degraded because they
have been laid on concrete that was not dried enough. Two potential ways to overcome
such problems is to use low w/c self-desiccating concrete or using a self-desiccating self-
levelling flooring compound on top of an ordinary concrete.

The self-desiccation of a low w/c concrete is caused by the hydration reactions

consuming water and thus lowering the relative humidity of the concrete. The self-
desiccation of a cementitious material is best studied by measuring the relative humidity
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of a gas phase in contact with the material in a closed container. Typically, a sample is
cast in a jar that is closed by a vapour-tight lid. Inside the jar is placed a relative
humidity probe. As the jar is vapour-tight, no vapour can escape and the relative
humidity measured in the gas phase is the same as that of the material (or the pores
inside the material). In whole constructions it is also possible to measure self-desiccation
by measuring the relative humidity in a position inside a construction that has not been
influenced by the external relative humidity.

Isothermal heat conduction calorimetry is the measurement of heat production rate
(thermal power) at constant temperature conditions. As the thermal power is proportional
to the rate of the hydration (reaction) isothermal calorimetry is an interesting technique
to study different aspects of the hydration process. Some examples of studies that can be
made:

e Determination of retardation by additives.
e Measurement of hydration rate as a function of temperature.
e Quality control of cement.

More examples can be found in [1] and [2]. In this paper we describe a method to
simultaneously measure self-desiccation (relative humidity) and rate of hydration
(thermal power). As far as we know only Penttala [3] has made measurements of relative
humidity inside a calorimetric chamber before us.

2. Method

The isothermal calorimeters used (TAM Air, Thermometric AB, Jarfalla, Sweden,
www.thermometric.se) consists of eight isothermal heat conduction calorimeters in a
thermostat (Figure 1). Each calorimeter holds a 20 ml glass or steel ampoule with the
sample (Figure 2). The baseline stability of the TAM Air over a time period of a week is
better than +5 uW.
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Figure 1 - A cut-away picture of the eight-channel TAM Air isothermal calorimeter used
in this study. The samples are kept in the ampoules, two of which can be seen in the
figure. Below the calorimeters is an air thermostat that together with the insulation
provides a constant temperature environment for the calorimeters.

The samples of cement paste, cement mortar or concrete with small sized aggregate are
placed in a 20 ml glass ampoule (Figure 2). As quite a lot of heat is produced during
cement hydration only a small sample is needed; here we have used samples of about 10
g cement paste (about 4 ml) on the bottom of each ampoule. This leaves enough space
for the relative humidity sensor above the sample.
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Figure 2 - A schematic drawing of the calorimetric glass ampoule with a cement paste
sample and a relative humidity sensor inserted through the seal.

The relative humidity sensors were of type HumiGuard (Nordisk Industrifysik AB,
Malmd, Sweden). This is a disposable sensor that does not need to be calibrated. It has
been used quite a lot in Sweden on building sites. Calibration is not needed, but a sensor
from the same batch of sensors is used as a reference and is kept above a calibration vial
with 85% relative humidity. During each measurement the electrical conductivity and
the temperature of each sensor (both measurement sensor and reference sensor) is
measured. The relative humidity is then calculated with a computer program.

Normally, each HumiGuard sensor consists of a resistive RH-sensor and a temperature
sensor (a thermistor). In the present set-up we only used the RH-sensor as the
temperature of the calorimeter is very well known. During the present experiments the
samples and the references were at approx. the same temperature of 20°C.

3. Materials

The measurements were made with two cements from Cementa AB (Sweden):

e Portland cement EN 197-1- CEM 1425 R "Standardcement”
e  Portland-limestone cement EN 197-1 - CEM II/A-LL 42,5 R "Byggcement"
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Each cement was mixed with tap water to the following water-cement ratios: 0.35, 0.40,
0.45 and 0.50. For the samples with water/cement-ration 0.45 and 0.50 some sand was
added to prevent separation. Two samples from each mix were used in the combined
measurements of thermal power and relative humidity.

4. Results

Figure 3 shows the result from the relative humidity measurements and Figures 4 and 5
show the results from the calorimetric measurements.
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Figure 3 - Results from the measurements of relative humidity on a Portland limestone
cement (left) and a Portland cement (right). Four water-cement ratios were used: 0.35
(circles), 0.40 (squares), 0.45 (stars), and 0.50 (crosses).
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Figure 4 - Specific thermal power (watts per gram cement) as a function of produced
heat (joules per gram cement) for the Portland cement. Each curve is a mean of two
measurements on samples from the same mix. The differences between two curves were
never more than 0.1 mW/g. W/c=0.35 (solid), w/c=0.40 (dash-dotted), w/c=0.45
(dashed) and w/c=0.50 (dotted).
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Figure 5 - Specific thermal power (watts per gram cement) as a function of produced
heat (joules per gram cement) for the Portland limestone cement. Each curve is a mean
of two measurements on samples from the same mix. The differences between two
curves were never more than 0.1 mW/g. W/c=0.35 (solid), w/c=0.40 (dash-dotted),
w/c=0.45 (dashed) and w/c=0.50 (dotted).

5. Discussion

The relative humidity measurements were successful at high w/c-ratios (0.45 and 0.50).
At lower w/c (0.35 and 0.40) there were substantial differences between duplicate
curves. We believe that this was caused by the fact that the low w/c samples were unable
to supply enough moisture to the headspace of the ampoule; both because the low w/c
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cement contains less water and because low w/c cement has much lower diffusivities
than the high w/c-samples. The general idea of the method is that there should be water
vapour equilibrium within the ampoule, i.e. there should be no relative humidity
gradients in the ampoules. The differences between different samples are an indication
that this has not been the case.

We have two possible explanations to the variation seen in the results from low wi/c
samples:

e Even very slight leakages remove enough vapour from the head-space to lower
the relative humidity there. After the measurements we have tested the vapour
tightness of the ampoules. With water in the ampoules and an external relative
humidity of about 40% we found that some of the ampoules lost up to 5 mg of
water during a 14 days period.

e It may also be that the relative humidity sensor itself has such high vapour
absorption that the head-space is depleted of water vapour. To test this
hypothesis we measured the sorption isotherm of a HumiGuard sensor and
found that it quickly absorbed about 0.4 mg of water vapour in the range 0-85%
RH and about 1 mg in the range 85-95% RH (slow absorption). We do not
know in what RH-state the sensors were when we installed them, but it is
possible that they need up to 0.5 mg to come into equilibrium with the relative
humidity of the cement pastes.

It seems reasonable to assume that either of these hypotheses (or both) can explain the
strange results with low w/c-samples. The headspace at high relative humidity at 20°C
holds about 0.2 mg water vapour, so if the two factors discussed above are active the
cement pastes have to supply several milligrams of water vapour to the headspace to
keep up the relative humidity.

We conclude that the ampoules have to be very vapour tight for the method to work and
that the relative humidity sensor should have as low moisture capacity as possible.

Figures 4 and 5 show the specific thermal power (watts per gram cement) as a function
of produced heat (joules per gram cement). This is both a convenient and illustrative way
to compare calorimetric cement hydration curves. The produced heat Q (J/g) on the x-
axis can be seen as the extent of reaction & (g(reacted cement))/g(cement); more
produced heat means that the hydration reaction has preceded further:

Q

>~ an

)
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Here, Ah (J/g) is the specific reaction enthalpy. The specific thermal power P (W/g) on
the y-axis is proportional to the rate of reaction v (g/s):

P

V= )

Ah
A problem with the use of these equations is that the reaction enthalpy Ah may have
different values at different times of the hydration process. Apart from that, these
relations are useful in modelling the cement hydration process as solid-state kinetic
models usually have the form:

v="1() ®)

This can easily be rewritten using the calorimetrically measured parameters P and Q
[1,2]:

Q= fz(P) 4

Data from a calorimetric measurement can therefore be used to test different kinetic
models.

All calorimetric measurements worked well. The duplicates were close to each other and
it is seen in Figures 4 and 5 that the reaction rate is not very much influenced by the
water/cement-ratio. For both cements the hydration reaction continues longer for the
highest w/c-ratio of 0.50. After three weeks the thermal power from these samples is still
in the order of 100 uW. For the other w/c-ratios the reaction rate is so low after two or
three weeks that it is not measurable with the instruments used. The lower w/c-ratios
seem to have a slightly higher rate of reaction at the maximal rate of reaction (main peak
of curves).

We plan to continue the present type of measurements with the same calorimeter, but
with another type of RH-sensors.

6. Conclusion

We conclude that the combination of isothermal calorimetry and relative humidity
measurements is an interesting combination for the study of self-desiccating systems.
However, great care must be taken to prevent leakages and sorption in sensors.
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