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Secondary emissions from concrete floors with bonded flooring materials
- effects of alkaline hydrolysis and stored decomposition products

ANDERS SJOBERG
Department of Building Materials
Chalmers University of Technology

Abstract

It has been demonstrated before that the presence of VOC lowers the quality of
indoor air. There are also several indications that certain organic compounds in
indoor air (OCIA) can give rise to sick building syndrome (SBS). This thesis
investigates and describes one of the most important sources of elevated
concentrations of VOC in indoor air in the Nordic building stock. This source,
foundation and floor constructions damaged by moisture, has often been
identified in conjunction with SBS investigations and has been given remedial
treatment with good results.

By studying ca 100 test specimens in different experiments and evaluating
measurements which included monitoring relative humidity (RH) in the
construction, as well as almost 300 samples of emissions, chemical
decomposition of flooring adhesive has been established as the source of
secondary emission products. In this thesis, the causative relationship is
summarised in a model which is based on an understanding of the physical
transport processes and reactions, as well as material properties which can be
measured by non-accelerated methods.

By evaluating the results of measurements and through parametric studies in
the model, the critical parameters for decomposition of the adhesive and
secondary emission to indoor air have been identified and quantified. The
moisture content of concrete, its pH value and the method of bonding are some
of the factors that govern decomposition of the adhesive. The rate of secondary
emission to indoor air is governed, inter alia, by the rate of decomposition, the
resistance of the flooring to the flow of decomposition products, and the storage
capacity of the concrete for decomposition products.

The storage capacity of concrete for decomposition products is a critical factor
for future emissions from the floor, since up to one half of the decomposition
products can be transported downwards and stored in the concrete. The organic
compounds stored in the concrete (OCIC) can, if conditions change, be emitted
to the indoor air over a long period. It is therefore important, for instance
during a renovation project, to make a careful note of the total quantity and
penetration depth of OCIC in concrete.

Keywords: Adhesive, building materials, concrete, decomposition products,
floorings, IAQ, moisture, OCIC, secondary emission, VOC.
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1 Introduction

1.1 Background

In recent years, the term "sick building syndrome" has been used with
increasing frequency. It relates to people who feel unwell when they are in
certain buildings. The symptoms may be headache, dryness of the mucous
membranes and fatigue. It is difficult to give a medical explanation for these
complaints, but it is easy to draw the conclusion that it is something in these
buildings which affects these people.

Medical research has not as yet been able to pinpoint any single factors in the
indoor environment or the building that gives rise to these adverse health
effects. However, there are a lot of indications that it is certain Organic
Compounds in Indoor Air (OCIA) which can affect people in a way that we do
not understand, Andersson et al (2001). But at present it is impossible to
determine which compounds or combination of compounds cause illhealth in our
buildings. The precautionary principle is often applied instead. This implies that
the concentration of OCIA and their sources must be kept to a minimum. It this
way there are fewer compounds, and at lower concentrations, which people in
the building are exposed to.

This study examines one of the sources of OCIA. The source studied are the
secondary emissions of Volatile Organic Compounds (VOC) from combinations of
PVC or linoleum floorings bonded to a subfloor of concrete. This construction
sometimes gives rise to sensory problems such as a strange smell. But purely
technical problems such as inadequate bonding and blisters in the flooring may
also occur. We do not know with certainty whether people are adversely
affected by the VOC emitted from these constructions, but there are a lot of
indications that health problems occur in buildings with secondary emissions
from the floor. At least we do know that VOC decreases the Indoor Air Quality
(IAQ), Salthammer (1999).

The definition of primary and secondary emissions is given by Salthammer et al
(2000):

Primary emission product: The physical release of compounds which are present
in a new product.

Secondary emission product: Compound produced by a chemical reaction in the
material or in the indoor environment.




1.2 Previous studies

Several Nordic studies were previously made to describe emission from floor
combinations comprising PVC floorings bonded to concrete. In Wengholt
Johnsson (1995) a summary is given of the important studies performed prior to
1995.

Up to that time, investigations had largely concentrated on measuring emissions
from the surface. It was mainly the measurements of the primary emissions
from the floorings which was of interest. Some studies had however
concentrated on measuring the emission from the entire floor system with or
without an intermediate layer. These intermediate layers consist of a moisture
or alkali barrier or a screed between the concrete and the bonded flooring.

This report therefore lists only the most important investigations and reports
which were published during the period 1995-2000 and deal with alkaline
hydrolysis of floorings. Apart from the reports which have been listed, a number
of minor projects have also been carried out, as well as degree projects
undertaken mainly at the technical universities in Sweden.

Some of the studies described below investigate the underlying causes, while
others broaden the combinations to comprise more components such as screeds
and different types of floorings. The list of previous studies also includes reports
in which the state of knowledge at the time of publication was compiled and
evaluated.

Chemical emissions from floor systems
— the effect of different grades of concrete and moisture loads

Wengholt Johnsson (1995) studied the emission from 19 test specimens. These
specimens consisted of material combinations of "normal" structural concrete
(w/c ratio = 0.66) or self-desiccating concrete (w/c ratio = 0.42) which had
been cast in stainless steel pots of 200 mm diameter. The concrete was allowed
to dry to different moisture levels before the flooring was bonded to the
specimens. Some test specimens contained a layer of screed between the
concrete and flooring.

The study showed that high emissions of butanol and 2-ethylhexanol occurred
when the flooring was bonded to normal concrete of 95% RH at the
characteristic depth, i.e. the depth which has a moisture level corresponding to
that which the whole concrete will attain when the moisture content has
equalised after the flooring had been bonded. High emissions also occurred
when the flooring was bonded to a self-desiccating concrete with 85% RH at the
characteristic depth. Emission was low or not detectable when the flooring had
been bonded to test specimens of self-desiccating concrete, coated with a
screed, and to test specimens of normal structural concrete with RH less than,
or equal to, 91%.

The study also investigated the primary emission (VOC, including of
formaldehyde) from concrete with different admixtures and from screeds with
and without admixtures. The primary emission from the concretes was low. The
screed with a melamine based admixture emitted high quantities of VOCs
inclusive of formaldehyde, one to a few weeks after casting. The screed without
admixtures also emitted high quantities of VOC apart from formaldehyde.




In some floor systems an analysis was also made of the alkali content in
concrete and screed. Measurements showed an elevated content in the surface
of the concrete. The content of potassium oxide was several times higher in the
uppermost 2 mm of the concrete surface and 2 mm in the concrete precisely
below the screed. The content in the screed was lower than the basic level in
the concrete.

Emission of chemicals from floor adhesive on concrete
- the effect of different moisture and alkali barriers

Fritsche (1996) studied the emission from 11 different test specimens. The
specimens consisted of adhesive and possibly a barrier layer on ordinary
structural concrete (w/c ratio = 0.66) or self-desiccating concrete (w/c ratio =
0.42), cast in stainless steel pots of 200 mm diameter. No flooring was applied
in order to reduce the time from applying the adhesive to measurement. The
barrier layer consisted of different kinds of screed and of mineral and organic
"alkali barriers". In the measurements, activated carbon was used as the
adsorbent instead of TENAX TA which is most common in this type of
measurement. However, comparative measurements showed good agreement
between these adsorbents.

The study demonstrated that emission from the test specimens was lower when
a barrier layer was used. The emission from the test specimen was lower with
the adhesive on self-desiccating concrete than on ordinary structural concrete.
Measurements of primary emission from the adhesive directly from the tin
showed that, even in the undegraded state, the adhesive emits butanol and
ethylhexanol. These alcohols usually occur as decomposition products from
alkaline hydrolysis of adhesives and floorings.

Flooring materials on different types of moist concrete floor
- overview and comments on investigations into chemical
decomposition and emission

Gustafsson (1996) presented and compiled five Swedish laboratory studies in
which, as a common factor, the test specimens consisted of concrete coated
with different combinations of screed, latex adhesive and PVC flooring. In all
cases, ordinary structural concrete and self-desiccating concrete had been cast
in stainless steel pots. PVC flooring was bonded to the concrete after it had
dried to different moisture levels.

Gustafsson (1996) describes that all five studies show the following:

» Application of flooring to a moist substrate, primarily concrete, involves
the risk of chemical decomposition of adhesive layer and flooring.

» A substrate of high RH generally increases the risk of elevated and
altered emission.

« A substrate of low-alkali screed generally gives rise to lower emission
from the floor construction than similar specimens of only concrete. This
difference is most pronounced at high moisture levels.

« Emission mainly consists of decomposition products from the floor
adhesive.




Gustafsson (1996) writes that the results of the studies also show the
composition of the adhesive to be significant for the compounds that are
emitted. The high emission levels measured in some of the studies can be partly
explained by the technique used in applying the adhesive and the quantity
applied.

Chemical emission from floor systems of PVC flooring bonded to self-
desiccating concrete - the influence of adhesive application technique,
drying process and types of cement, adhesive and flooring

Fritsche et al (1997) studied the emission from 10 different test specimens
consisting of PVC flooring, latex adhesive and self-desiccating concrete (w/c
ratio = 0.42). The drying time, i.e. the time over which the concrete was
exposed to air before adhesive was applied, varied. The flooring was bonded
using different application methods and different drying times. Tests were also
made in which the concrete was based on sulphate resisting cement of low
alkali content.

The study showed that emission was highest in "wet bonding", when the
flooring is laid down immediately after the adhesive has been spread on the
concrete. Emission was least when a pressure sensitive adhesive was used,
when the flooring was laid down in the wet adhesive and was immediately
removed. The adhesive was then allowed to dry until it was just tacky before
the flooring was finally pressed down onto the concrete. Test specimens with a
long drying time and low alkali cement also produced low emissions.

The conclusions of the study are that the following recommendations can be
given to reduce the risk of high secondary emission:

» To ensure that the flooring does not absorb moisture from the adhesive,
lay it loose.

« On a sub-floor of self-desiccating concrete which has dried out
sufficiently, level the surface with a screed. A screed based on aluminate
cement has a low alkali content and it also has moisture capacity to
distribute the moisture from the adhesive.

« Wait for a long time after applying the adhesive in order to prevent
absorption of moisture from the adhesive. Compared with the first two
recommendations, this is a less reliable method.

Concrete for healthy floors
- moisture design, choice of materials and production

The Swedish Concrete Association report (1997) can be seen as a summary of
the state of knowledge in 1997. The main part of the report discusses the
problem of surface material combinations and moisture in concrete floors. It
gives definitions and practical advice in choosing the grade of concrete and
surface materials. One section of the report also deals with production aspects.
Appendices deal with issues such as indoor environment and emissions. There is
a description of chemical compounds in indoor air and the influence of concrete
in combination with other materials. There is also a discussion of constructional
aspects, moisture design, moisture and emission measurement, and reference
buildings.




Concrete in buildings
- evaluation of its impact on indoor environment and health

Blom (1998) studied the emission from 152 test specimens. These test
specimens comprised flooring, adhesives, different barrier layers and seven
different grades of concrete. The study used two different PVC floorings and
four different adhesives, one of which was an experimental

adhesive of low emission values. This adhesive was called CascoProff Solid
when it was later marketed in 1998. Four different screeds and two moisture
barriers were used as barrier layers. The moisture barriers were based on water
glass and epoxy respectively. The concrete grades had different water/cement
ratios and different amounts of admixture. W/c ratio varied from 0.74 (ordinary
structural concrete) to 0.39 (self-desiccating concrete).

The study claimed that the adhesives which are used commercially can cause
smells in the room air during the first six months, and what is emitted to a high
degree from the system is butanol,

2-ethylhexanol and 2-(2-butoxyethoxy)ethanol. These VOCs are generated by
decomposition of the adhesive. A rise in the temperature of the floor, for
instance from heating cables, accelerates decomposition of the adhesive. The
report also showed that emission can be reduced by using

* New, low emission types of adhesive
» Screed without admixtures.

Long term effects of alkaline decomposition of floors

Alexandersson (1998) studied the emission from 20 different test specimens 2-3
years after the flooring had been bonded. The first measurements on test
specimens after about six months are presented in Alexandersson (1996). Test
specimens consisted of PVC, polyolefin and linoleum floorings, latex adhesive,
screed and concrete.

Four PVC floorings, one polyolefin flooring and two linoleum floorings were
studied in the investigation. These seven floorings were combined with seven
latex adhesives and two concrete grades (w/c ratio 0.5 and 0.7).

The investigation showed that

« Inall cases, the screed impeded decomposition of the floorings. This
meant that emission from floor systems with a screed was consistently
low.

« Emission from floor systems with linoleum and polyolefin floorings was
low.

» The choice of material influenced the extent of emission. For instance,
emission increased by several orders of magnitude when a different
adhesive was used in an otherwise identical floor construction.

« Butanol and 2-ethylhexanol have different time scales. Butanol
dominated in measurements after six months, while in measurements
after two years 2-ethylhexanol dominated.




Transport processes and reactions in concrete floors with floorings
- the influence of various factors on emissions from floor constructions

Sjoberg (1998a) studied four essential parameters governing emissions from
floor stuctures. These were surface moisture, alkali distribution, organic
compounds in concrete (OCIC) and emission of VOC from the surface. The
report describes a qualitative model based on a physical understanding of
transport processes and reactions. This qualitative model is also described in
Chapter 6 of this report.

Chapters 2, 3, 5 and 6 of this report have been taken more or less directly from
Sjoberg (1998a). Apart from these sections, Sjoberg (1998) also contains
measurements of alkali distribution and carbonation, and a somewhat more
comprehensive discussion of the results of measurements.

Floorings on a concrete subfloor
- field measurements of drying times and emissions at Gardsraet,
Umed

Wengholt Johnsson (1998) describes a field project in which moisture and
emission measurements were used to evaluate the function of different floor
constructions. The measurements comprised drying processes in concrete slabs
laid directly on the ground and in intermediate concrete floors, and emissions
from these floors both when the building was relatively new, and more than two
years after the floorings had been laid.

The floor constructions comprised in the study consisted of "normal” structural
and self-desiccating concrete. Half the floors were coated with screed based on
aluminate cement, and the flooring was either a PVC flooring bonded with a
conventional adhesive, or a polyolefin flooring bonded with a solvent-free
adhesive.

The investigation showed that

» A concrete floor with a screed based on aluminate cement gave the
lowest emission regardless of the type of concrete.

+ Decomposition commences quickly after the flooring is laid, but slows
down over time.

+ It was mainly butanol and 2-ethylhexanol that was emitted.

« The lowest emissions were generally measured two years after the
flooring had been laid.

+ After two years the moisture in the concrete had also largely dried out.

Alkalinity measurements on screed exposed to incremental alkalinity

Bjork et al (1999) studied the alkali buffering capacity of screed. The test
specimens used were boxes of stiff thermosetting plastics measuring 56 x 36 cm
which were filled with 20 cm structural concrete (w/c ratio = 0.55). After the
concrete had been conditioned to 95%, 90% and 80% RH respectively, 10 mm
screed of three different kinds was cast on the surface. PVC flooring was
bonded with a latex adhesive after 1 week. Alkalinity was measured at three
different levels in the screed and in the concrete, 1, 6 and 12 months after the
flooring had been laid. Comparative test series were performed as a reference




on screed cast in Petri dishes. Sampling was performed in two ways, pore
pressing of pieces and collection of drillings from drill holes. The analysis was
performed with a pH electrode and titration of hydrochloric acid with a methyl
orange indicator which changes colour around pH = 3,5. Measurement of
sodium and potassium ions was performed with flame ionisation spectroscopy.

The study showed that

e Over 12 months, the screeds studied do not permit alkaline moisture to
be transported from the concrete to the area below the flooring.

« The RH of the concrete at the characteristic depth at the time the screed
is applied has no critical significance for alkali migration.

» Carbonation before the flooring is laid reduces alkalinity in the screed.

«  Whether drying occurs from both sides or from one side only has no
appreciable effect on alkali migration from the concrete to the screed.

« Titration with methyl orange as an indicator is not a good method for
measuring alkalinity in pore water squeezed from samples of screed
since it does not correctly detect carbonation.

Alkaline decomposition of floor components

Bjork et al (1999) have degraded 20 common components of floorings and floor
adhesives. The components investigated were e.g. plasticiser in PVC, five
different polymer dispersions, primer, tackiness indicator, PVC polymer and
thickener. The components were laid directly on an alkaline bed consisting of a
mixture of aluminium oxide and sodium hydroxide in a test tube. The bed
consisted of aluminium oxide and had been prepared with sodium hydroxide so
that the pH value was either 11 or 13. Moisture content in the bed was kept
constant by placing small containers of salt solutions in the test tubes. Moisture
levels in the test tubes were 75, 95 or 100% RH. A total of 120 combinations
were analysed.

In the test tubes with 75 and 100% RH, analysis of VOC in the air in the test
tube was performed after approximately 5 months . Owing to functional
problems with the analytical equipment, test tubes with 95% RH were analysed
after about 10 months. The sampling and analysis method was tested on some
specimens for sampling med SPME (solid phase microextraction) and
subsequent analysis with GC-MS. Sampling with SPME was laborious and the
method was therefore changed. Sampling was performed on all specimens with
automatic headspace injector and subsequent analysis with GC-MS.

The investigation showed that

« The moisture and alkali levels affect decomposition of some components
such as polymer dispersions in adhesive and some plasticisers in PVC
flooring.

* Some components exhibit highly variable resistance to moisture/alkaline
decomposition. Large variation among the product groups.

» For several of the components, an increase in alkalinity caused a large
increase in decomposition products, in spite of the fact that relative
humidity was kept at a level which was low in the context. This occurred




for e.g. a polymer dispersion and for some plasticisers, although not for
all.

Moisture and emission conditions in conjunction with bonding PVC and
linoleum floorings to concrete

Sjoberg & Wengholt Johnsson (1999) studied the quantity of moisture of
adhesive as well as adsorption and evaporation in conjunction with bonding.
This is also described in Section 5.2 of this report.

Emission measurements were also made on the surfaces of 21 test specimens.
These had been dried for different periods and then bonded in different ways.
This is also described in Section 5.5 in this report.

Industry standard:
Measurement of emission properties of composite floor constructions

GBR (1999) has published a standard for the Swedish flooring industry which
makes it possible to test the emission properties of composite floor
constructions.

When the properties of a specific product are to be tested, it is incorporated in a
floor construction whose other components, i.e. reference products, are well
defined. A reference specimen comprising only the reference products is made
at the same time. The test specimen and the reference specimen are made and
handled as identically as possible.

The emission from the surface of both specimens is measured 26 weeks after
the flooring had been bonded. The result is expressed as the ratio of the TVOC
emission of the test construction to that of the reference construction. The
result reflects both the primary emission of the test construction and secondary
emissions caused by e.g. alkaline decomposition.




1.3 Object

The object of this study has been to enhance knowledge of the interaction in
combinations of floor materials which include concrete. The reason that
concrete has been chosen is that it creates an aggressive environment which
affects the durability of many other materials.

If possible, a model capable of predicting the reduction in the service life of
materials in floor constructions should be developed. On the basis of this model,
a method to prevent the reduction in the service life of (polymeric) materials in
combination with concrete should then be formulated. The term reduction in
service life implies that function, after already a short time, can no longer be
maintained.

The model should be based on an understanding of the physical processes in
the floor combination. It should be a whole life model in order to predict the
function of the material combinations over their entire service lives. The model
should be based on material properties which can be measured on new
materials.

Methods for non-accelerated measurement of these properties should also be
developed in the project.

It should also be possible to use the model in acquiring knowledge of how to
prevent or limit the emission of VOC from the building to indoor air, in both the
long and short term.

1.4 Limitations

The study is limited to treatment of a selection of Nordic floor material
combinations and the effects that arise owing to actions on the floorings from
below. It is the service life of the floorings, and not that of the complete floor
system, which is studied.

It is mainly the concentrations of different compounds in the construction and
the mass balance in connection with transport processes and chemical reactions
that are studied.

The project is limited to examination of a limited sample of common floorings on
subfloors of some common types of concrete. Different types of PVC flooring
and linoleum flooring have been used as floorings. These floorings are laid loose
or bonded to the substrate. A limited selection of latex adhesives have been
used. In some cases an intermediate layer, a screed, has also been placed
between the flooring and the concrete.

In the analysis of secondary emission products, only two of these have been
studied. These two are good indicators of the decomposition of acrylate
copolymers in the adhesive.

+ One VOC is butyl alcohol. It is called 1-butanol or n-butanol, but for the
sake of simplicity it is referred to as butanol or BUOH in the report.

» The other is ethylhexyl alcohol. It is called 2-ethylhexyl alcohol or 2-
ethyl-1-hexanol, but is referred to in the report as ethylhexanol or EtHx.




1.5 Hypothesis

The hypothesis used in elucidating the interaction in the floor construction is
based on more or less accepted theories concerning materials and on
experiences from previous projects.

The model is based on the migration of certain significant compounds in the
materials owing to differences in concentration. These compounds may move
within the material and often also between the different materials. Water vapour
and VOC can even leave the material system by evaporating from the surface.

According to the hypothesis, certain substances in the subfloor can affect the
flooring. Examples of such substances are the hydroxide ions (OH") in Fig. 1.
Under certain conditions, these substances can move and migrate upwards
through the subfloor. One of the requirements for this to occur is that the
relative humidity (RH) in the material should exceed a critical value, since it is
assumed that transport occurs in the aqueous phase. The conditions governing
migration vary over time.

The quantity of the substance that migrates upwards is governed by the
transport properties of this substance in the subfloor material, by the gradients
that arise in the subfloor, and by the density of the floor materials. An
intermediate material such as a screed or an alkali barrier can prevent or
facilitate continued migration of the substance, depending on the transport
properties of this material.

At the bottom of the flooring the substance may react with some component of
the adhesive or the flooring. The substance is then consumed, which creates a
further gradient, facilitating further migration from below. The reaction changes
the flooring and produces OC which, in turn, migrate further up through the
flooring and affect its properties. Some VOCs can reach the surface, vaporise
and escape into the ambient air. Other parts of the VOCs can migrate down into
the concrete and remain there for a long time.

Fig. 1.1 Certain substances in concrete (OH') react with the flooring under
special condiitions. The reaction products, Organic Compounds (OC),
can either migrate through the flooring and reach the surface where
they evaporate, or migrate down into the concrete where the remain
for a long time.
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1.6 Arrangement

Chapter 1, Introduction

This gives an introduction to the research area and a summary of studies and
reports made in this area.

The object and limitations of the study are described. The hypothesis underlying
the study is also discussed. It is set out as an initial qualititative model of the
interaction in the material. The model is developed in Chapters 6 and 7.

Chapter 2, Materials and methods of measurement

The materials selected for the study are described. Four to seven materials were
chosen from each selected material group. These groups are concrete, screed,
floor adhesive and flooring. The six moulds used in the study are also described.

The instruments and methods of measurement used are then described. The
investigations in the study are based on measurement of three parameters:
surface moisture, concentration of organic compounds in concrete (OCIC) and
the emission factor (EF) from material surfaces.

Chapter 3, Experiments on flooring and adhesives in combination

This chapter describes a multifactor test on flooring, adhesive and alkaline
solution. The aim of the investigation is to elucidate the relationships which
govern alkaline hydrolysis of floor adhesive. Studies are made of the significance
of the quantity of adhesive, critical RH (RH.) for the adhesive, and general
emission processes.

This investigation has previously been described in Sjoberg (1998a). The results
of this investigation are presented and discussed.

Chapter 4, Measurements of the transport of organic compounds in
materials

This chapter describes investigations of the transport of butanol and
ethylhexanol in concrete and through floorings. The experiments are made both
by different types of cup tests and by measuring and evaluating the penetration
profiles of butanol and ethylhexanol into concrete.

The resistance of floorings to the transport of OC, and the diffusion coefficient
for OC in concrete, are measured. The results of the investigation are presented
and discussed.

Chapter 5, Studies of the significance of moisture status for emission

Investigations of the influence of moisture of adhesives are described. A
description is first given of experiments in which absorption and evaporation of
moisture of adhesive are studied, followed by a description of experiments in
which variations in emission from floor systems are studied. The effect of water
from adhesives has been varied in various ways in these floor systems.

This investigation has been previously described in Sjoberg (1998a). The results
of this investigation are presented and discussed.
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Chapter 6, Qualitative model

A qualitative model of the interaction between the materials is described in this
chapter. The model comprises moisture in concrete, alkali, reaction products,
VOC upwards and OCIC downwards. The most important properties of the
materials are examined and discussed.

The different transport processes in the system and the reactions between the
substances in the materials are described for three typical cases of a PVC
flooring bonded to substrates of

e normal structural concrete
» self-desiccating concrete
» self-desiccating concrete, with screed.

Chapter 7, Quantitative model

The relationships set out in the qualitative model are developed and described
mathematically. Accepted explanatory models for the fixation and transport of
moisture are incorporated into the quantitative model.

Terms, relationships and equations which form the basis for the fixation,
transport and emission of VOC are introduced and explained. In many respects
this is very similar to corresponding explanatory models for moisture.

Chapter 8, Quantifying the parameters in the model

In this chapter some of the parameters set out in Chapter 7, which have not
been measured before, are quantified. Quantification is based on measurements
in this study and is performed for parameters whose values have not been given
in the literature. These parameters are

» storage capacity of butanol in concrete

* maximum rate of formation of butanol

Chapter 9, Comparison of measurements and calculations with the
model

Comparisons between calculations with the model and measured results are set
out here. Comparisons are first made between the increase in moisture level in

concrete in conjunction with bonding the flooring. Comparisons are then made

with OCIC measured in the concrete, and finally with the emission of VOC from
the surface in a number of cases.

Chapter 10, Parametric study with the model

In this chapter, the model is used to study the effect of different parameters. To
start with, an analysis is made for a number of cases of the maximum
acceptable moisture level in the surface after bonding.

A study is then made of the measured emission from the surface and the
guantities of OCIC for different maximum rates of formation, binding capacity
and moisture status when different types of flooring are laid.
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Chapter 11, Discussion and conclusions

This chapter contains an overall discussion of this area. Conclusions are drawn
on the basis of the study. Suggestions about how to transfer the results into
practice are given.

Chapter 12, Further research and development

Further areas of research are proposed in this chapter.

13



2 Materials and methods of
measurement

2.1 Materials

Since the object of the study was to study the interaction between materials,
great emphasis was placed on selecting a few interesting materials. Four to
seven materials have been chosen from each of the material groups concrete,
screed, floor adhesive and flooring. The materials for the study have been
chosen because they have interesting properties different from those of the
other materials in the material group.

Four different concrete mixes have been used. The ones chosen have largely
the same constituents but have different compositions so that the hardened
concretes have different properties.

Seven screeds have been used in the study. Two of these are gypsum based
and five aluminate cement based. Two of the cement based screeds are rapid
hardening compounds.

Four floor adhesives of different compositions have been studied. All are latex
adhesives.

Four different types of floorings have been used. These are homogeneous PVC
flooring, heterogeneous PVC flooring, PVC flooring for loose laying, and linoleum
flooring.

The product names of the materials used are given so that the readers may
themselves evaluate the material properties not referred to in the report. These
names have been given since the study does not compare individual materials
but examines the material combination.

The different materials are described in greater detail in the following
subsections.
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2.1.1 Concrete

Materials

The main difference between the four concrete mixes was the water/cement
ratio, i.e. the cement content, and hydraulic binders and admixtures; see Table
2.1. In some of the mixtures, for instance, silica fume (amorphous SiO,) has
been added.

Table 2.1 Concrete mix specifications, all materials in kg/m°.
Designation a C2 c3 C4
wy/c ratio 0.315 0.39 0.42 0.66
Cement 462 425 380 290
Water 146 166 160 191
Sand (0-8 mm) 813 783 916 980
Stones (8-12 mm) 39 805 924 899
Stones (12-16 mm) 761 - - -
Filler Baskarp No 7 81 - - -
Silica fume (dry) - 21 21 -
Air entraining admixture 0.05 - - -
Cementa 16L
Superplasticiser Mighty - 8 - -

Superplasticiser Cementa 92M 5.00 3.76 3.76 -

The three types of concrete selected for the study all contain standard portland
cement from Skdvde, but in different proportions. In one experiment standard
portland cement was replaced by sulphate resistant low alkali Portland cement
(SRPC) from Degerhamn in order to reduce the alkali content. By varying the
water/cement ratio, concretes of different properties were obtained. For
instance, a concrete with a low w/c ratio is more alkaline than one with a high
wj/c ratio, provided that they are based on the same type of cement. The one
with low w/c ratio is also more impervious to e.g. moisture than the one with
high w/c ratio. The reason is that the former has a finer pore system. To put it
simply, where there is mixing water initially, there will be pores when the water
"disappears”. A concrete with a low w/c ratio has a little less mixing water but a
lot more cement. It therefore has a small and finer pore system. The
consequence of this is that moisture transport takes place at different rates in
concretes with different w/c ratios.

In a structural context, a concrete of low w/c ratio is referred to as concrete
free from construction water or as self-desiccating concrete. This nomenclature
has been chosen because such a concrete contains no harmful construction
water which must be removed by drying. Almost all the water which is added
during mixing such a concrete is used up during hydration (curing). What
remains is strongly bound physically in the pore system. The mixing proportions
between cement and water (w/c ratio) which confer these properties depend on
the type of cement. For instance, for Degerhamn cement a lower w/c ratio,
more cement in proportion to water, is needed than for standard portland
cement. This is due to the chemical composition of the cement but also its
fineness. Sulphate resisting cement is ground to "coarser" fractions than
standard portland cement. Atlassi et al (1991) showed that for standard
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portland cement the limit for the w/c ratio was around 0.40 if the RH in
concrete was to be brought down to 85% at 28 days, while with sulphate
resisting cement the w/c ratio had to be 0.25 for the same result to be
achieved.

One of the reasons that silica fume is used is to enhance self desiccation; see
Fig. 2.1. Silica fume is finer than cement and this affects the pore structure in
the hardened concrete, so that it is finer and more impervious because it has
fewer and smaller capillary pores. Since the bulk of moisture transport in
concrete takes place in capillary pores, this gives rise to lower moisture
transport under otherwise identical conditions. The sorption isotherm in Fig. 2.2
shows how the size distribution of concrete pores is changed by silica fume.
There is a relationship between relative humidity and pore size, which is, briefly,
that at a low RH only pores of small diameter are filled, while the large pores
are not filled until RH is high.

No silica fume
RHcrit

\

Silica fume

Time

>

<4—» Time gained

Fig. 2.1 Effect of silica fume on self desiccation of concrete. Diagrammatic.

Fig. 2.2 is to be read so that, for a certain RH (e.g. 70%), concrete with silica
fume can contain more moisture than concrete with no silica fume. The reason
is that concrete with silica fume has a higher proportion of pores of a diameter
that can be filled at that moisture level.
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Fig. 2.2 Effect of silica fume on sorption curve (moisture isotherm).
Diagrammatic figure from Atlassi (1995).

Mixing

When concrete was made, sand, cement and silica if any were mixed dry for a
minute or two. Crushed rock, half the water and admixtures were then added.
Finally the remaining water was added and the concrete was mixed for about

four minutes. The admixtures were mixed with a little water before being added
to the mix.

Concrete was mixed in a 20 | paddle mixer of the type Tecnotest T650 with
stepless speed regulation between about 60 and 150 rpm. It is somewhat
similar to a dough mixer in catering. The constituents were weighed with a
Mettler PM34 weighing machine; this had two weighing ranges, a low one up to
4.000 kg with a resolution of 0.1 g and measurement uncertainty of about +0.2
g, and a high range up to 32.000 kg where the resolution was 1 g and the
measurement uncertainty £0.6 g.

Casting

The casting procedure was the same for all types of test specimens used in the
study. The test mould was first partly filled and the concrete compacted by
placing it on a vibrating table. The mould was then filled almost completely and
again vibrated. The mould was then completely filled, vibrated and the surface
struck off with a trowel. The moulds were covered with building plastic and any
measuring tubes mounted in the mould were closed with rubber plugs to
exclude ambient air. There was no noticeable water separation.

During final vibration of the buckets small "craters" formed above the shallowest
tubes. The craters were filled with a little concrete without coarse aggregate
which was struck off with a trowel.

After casting the specimens were covered with closely fitting plastic and cured in
a climatically stable room. During this period self desiccation occurred in
concrete of low wy/c ratio. The plastic was removed some time before application
of adhesive and the concrete was allowed to dry. In the report, the drying
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period between removal of the plastic and bonding of the flooring is referred to
as DT (drying time).

In some investigations, PF3 (the pot) which is described in Section 2.2 was
turned upside down on a steel plate after being completely filled. Final vibration
thus occurred upside down. It was also stored upside down on the steel plate
for 24 hours before being turned the right way. The aim was to achieve a
smooth surface on to which the flooring could be bonded. This process
produced a "mirror" surface which is unlike the rough concrete surface obtained
in a real casting process. The surface was filled with paste, and only one or two
pores appeared.

The method of smoothing the surface was changed for later investigations with
PF3 (the pot) and the investigations in which PF4 (the bucket), Section 2.2, was
used. Instead of turning them upside down, the surface was smoothed once
more some hours after casting. This method produced a surface more similar to
that achieved in casting under real conditions. This procedure demanded a lot of
experience and skill to give the test specimen a surface that was smooth
enough for the FLEC measurements after the flooring was bonded on.

The day after casting the building plastic was taken off and the moulds that
were upside down were turned the right way up. The surface was covered with
a vapourtight material to prevent premature drying. In the investigation di, the
pots were covered with two layers of aluminium foil. On the remaining test
specimens polyolefin foil (gladpack) was used instead, the change being made
to prevent the risk of alkaline reactions with the aluminium. The specimens
were stored in a climatically stable room during the curing process and
subsequent tests. This room had a temperature of +20°C and 50% relative
humidity.
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2.1.2 Screeds

Materials

Screeds are used to level up concrete floors when the surface of the concrete is
not smooth enough for the flooring to be laid. Screeds are of the self levelling
filler type.

Screeds consist of a binder, filler and admixture. The binder is usually cement or
gypsum based. Examples of filler are dry sand or crushed dolomite. Admixtures
may be superplasticisers or various polymers.

In the study seven different screeds were used. Five had aluminate cement as
binder and the other two were gypsum based. Of the five cement based ones,
two were rapid drying. Details of the screeds are given in Tables 2.2 and 2.3.

Table 2.2 Screeds S1 — 54. Data given by manufacturers.

Designation S1 S2 S3 S4

Name ABS 147 Universal Ventonit ABS 154

Supplier Optiroc Strdbruken  Optiroc Optiroc

Type Normal Normal Normal Rapid

Binder Aluminate  Aluminate  Aluminate Aluminate
cement cement cement cement

pH 11 - - 11

Layer thickness (mm) 2-30 5-30 2-30 2-30

Walkable (hours) 1-3 2-6 -

Flooring applied after (days) 7-21 7-42 7-21 0.5-1

Table 2.3 Screeds S5 — 57. Data given by manufacturers.

Designation S5 S6 S7
Name Rapid AE 20 Soluflux
Supplier Strébruken  Knauf D. Strangbtg.
Type Rapid Gypsum Gypsum
Binder Aluminate  Anhydrite Synthetic
cement anhydrite
Approx. pH - - Low alkali
Layer thickness (mm) 2-30 - >20
Walkable (hours) 1-2 21-24 24
Flooring applied after (days) 0.7 21-49 14*

* at 25 mm thickness and optimum drying
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Casting

The screeds were delivered in the dry, i.e. they were ready mixed, with water to
be added prior to mixing. Weighing of the dry material and water, and mixing,
were carried out using the same equipment as for mixing the concrete,
Subsection 2.1.1.

The screeds were mixed and cast in largely the same way for all types. The
differences were in the quantity of water and mixing time, as well as layer
thickness, where the manufacturers gave different instructions. The dry material
was first weighed and mixed dry for a few minutes, after which about half the
water was added and mixing continued for a few minutes longer. The remaining
water was then slowly poured into the mix, and the whole was mixed for a few
more minutes according to the manufacturer's instructions.

Before the screed was applied a primer was spread on the test specimens. The
specimens were then allowed to "dry" for some time before the screed was
mixed and poured on the specimen. All this was in accordance with the
instructions of the manufacturer concerned.

After completion the test specimens were immediately put into a climatically
stable room where they were stored during the curing process and subsequent
tests. The room had a temperature of +20°C and 50% relative humidity.
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2.1.3 Adhesives

Materials

Nordic floor adhesives now contain no solvent in the traditional sense. The
binder is instead dissolved in a solvent (plasticiser) of high boiling point. Small
droplets of this solution are dispersed in a liquid phase. This type of adhesive is
often referred to as a latex adhesive. When the adhesive dries, the liquid phase
evaporates first, the droplets of the binder then coalesce, and finally the solvent
evaporates; see Fig. 2.3. Evaporation of the solvent is the primary emission of
the adhesive.

—>

Time Water phase

evaporates Droplets of binder

coalesce Solvent Latex film
evaporates forms

OO CDC@O —
O O eS2Sasesm e
Fig. 2.3 Diagrammatic illustration of the drying process in a latex (acrylate)
adhesive. Based on Bjork (1996).

There is a risk that, in moist alkaline environments, adhesives with binders
based on acrylate copolymers of 2-ethylhexylacrylate and butylacrylate will be
hydrolised. On hydrolysis the alcohols etylhexanol and butanol are formed. This
type of emission is referred to in the report as secondary emission.

All adhesives used in this study were latex adhesives. Four different types were
used, Bona Futurum, Casco Proff, Bona wet area adhesive, and Evonor 2001;
see Table 2.4. The adhesives were acquired through a flooring wholesaler. Tins
were stored in a cool dark room.

Table 2.4. Types of adhesive used in the study. Data given by manufacturers.

Designation Al A2 A3 A4
Name Futurum Casco Proff  Wet area Evonor
adhesive 2001
Manufacturer Bona Casco Bona Bostik
Solvent Water Water Water Water
Copolymers Acrylate, Acrylate, Acetate Acrylate
Acetate Acetate
pH 8.5 7.8 6.5-7.5 7-8
Density (kg/m?3) 1250 1300 1400 1270
Dry content (%) 68 70 67 -

% indicates percentage of the weight of cement
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Bona Futurum (A1) is a latex adhesive which is, according to the manufacturer,
well suited for bonding homogeneous vinyl floorings with or without a backing
of glass fibre or mineral wool and textile floorings with or without a backing of
foam. The composition of the adhesive is set out in Table 2.5.

Table 2.5. Bona Futurum (Al).

Compound CAS No* Content % Hazard Risk
symbol phrase**

Acrylic copolymer -

Ethylenevinyl acetate -

copolymer

Polyester resin 5-10

Chloromethylisothiazolinone 26172-55-4 <15 ppm  Xi 43

*  Chemical Abstracts Services Registry Number
** International Health and Environmental Classification

According to the manufacturer, Casco Proff 3448 (A2) can be used for many
types of floor and wall materials and also on absorbent substrates such as
concrete. The composition of the adhesive is set out in Table 2.6.

Table 2.6. Casco Proff (A2).

Compound CAS No* Content % Hazard Risk
symbol phrase

Acrylic copolymer 10-30

Butyldiglycol acetate 124-17-4 1-5 Vv R-321

Inert filler >30

Pine resin 5-10

Water 7732-18-5 10-30

Vinylacetate copolymer 10-30

Bona Wet Area Adhesive (A3) is not based on 2-ethylhexylacrylate. It was
therefore not likely that it emitted ethylhexanol on hydrolysis. The composition

of the adhesive is set out in Table 2.7.

Table 2.7. Bona Wet Area Adhesive (A3).

Compound CAS No*

Content % Risk

phrase

Hazard
symbol

Ethenevinyl acetate
copolymer

Polyvinyl acetate dispersion
Methyl-1H-besimidazole-
2-yl carbamate
Chloromethylisothiazolinone

10605-21-8

26172-55-4

<0.02

<15ppm Xi 43
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Evonor 2001 (A4) had high primary emissions when it was used in the
beginning of the work. The manufacturer changed the specification, but use of
the adhesive was discontinued in the later parts of this work. The composition
of the adhesive is set out in Table 2.8.

Table 2.8. Evonor 2001 (A4).

Compound CAS No* Content % Hazard Risk
symbol phrase

Acrylic dispersion -
Thickener -
Dolomite -
Wood rosin -
Stabiliser -
Di-n-butylphthalate 84-74-2 1-5
N-paraffin 64771-72-8 1-5

Methods of applying adhesive

Three different methods of applying the adhesive were used in the study, single
spread bonding with the flooring laid into the wet adhesive, bonding with
pressure sensitive adhesive and bonding with contact adhesive. In most tests,
the adhesive was applied to the concrete only, and the open time was so short
that the adhesive was still wet to the touch when the flooring was pressed
down. The “open time” is the period during which the adhesive is allowed to
“dry”, from the time it is spread on the substrate to the time when the flooring
is laid. In one test the effect of different bonding methods was studied. The
methods are summarised in Table 2.9. The bonding methods are described in
greater detail in Fritsche et al (1997).

The adhesive was applied to the concrete with a brush in order that spread
should be even and the quantity of adhesive could be controlled. A sufficient
quantity of adhesive was first poured into a plastic mug. The weights of the
plastic mug together with the adhesive and brush were determined with a
weighing-machine, Mettler PM 480 with a resolution of 0.001 g. The exact
quantity of adhesive was then spread on the floor. The weight of the applied
adhesive was recorded by weighing the mug together with the adhesive and
brush and calculating the reduction in weight.
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7Table 2.9. Summary of bonding methods according to Schrewehus (1997).
Single spread bonding  Double spread bonding*

Application Wet Press.sensitive Wet Contact
technique (AT) adhesive adhesive adhesive adhesive
Designation AT1 AT2 AT3 AT4
Open time (OT) 0-15min  from 45 min 0 min ca 30 min
Consistence Adhesive wet Like atape  Adhesive wet  Like a tape
on mounting to touch to touch
Remarks High final On non-absorb.  High final Immediate
strength material strength high strength
* The flooring is laid into the wet adhesive, removed and allowed to dry during the open time before final
mounting

In single spread bonding the adhesive is spread on one of the surfaces, while in
double spread bonding it is spread on both surfaces. The boundary between
laying the flooring into the wet adhesive and bonding with a pressure sensitive
adhesive is rather indistinct, and sometimes it is possible to use open times that
are longer than those applied when the flooring is laid into the wet adhesive,
and shorter than those when a pressure sensitive adhesive is used. These cases
are referred to as "late wet laying"” or "early bonding with pressure sensitive
adhesive". Generally speaking, in late wet laying the adhesive is still wet to the
touch, while in early bonding with a pressure sensitive adhesive there is no such
wetness.
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2.1.4  Floorings

Floorings consist of binder, filler, possibly a carrier, and in many cases
admixtures. Natural or synthetic polymers are usually employed as binders.
Linoleum is an example of natural polymers. Synthetic polymers are plastics,
e.g. PVC (polyvinylchloride) and Polyolefin. Filler is added to give the material
bulk and to some extent to give the flooring desired properties. Examples of
filler are wood flour or stone flour. Admixtures are plasticisers, stabilisers,
process aids and similar. Aesthetic properties are altered by adding pigment or
including a printed layer in the flooring.

Four different types of floorings were used in the study. These types were
homogeneous PVC flooring (Smaragd Aqua), heterogeneous PVC flooring
(Novilon Scandinavia), linoleum flooring (Marmoleum Real) and loose laid PVC
flooring (Tarkett Stabil). The properties of the floorings are set out in Table
2.10.

Table 2.10 Types of flooring: Data according to manufacturers.

Designation F1 F2 F3 F4
Name Smaragd Aqua  Novilon Marmoleum Stabil
Scandinavia  Real
Manufacturer Forbo- Forbo- Forbo- Tarkett
Forshaga Forshaga Forshaga
Binder PVC PVC Linseed oil and PVC
resin
Plasticiser DOP DOP, BBP, - DOP, BBP
DIOA
Filler Dolomite - Wood flour, Aluminium
limestone flour silicate
Backing PVC PVC foam Jute fabric Polyester
Thickness (mm) 2.0 2.4 2.0 3.0
Weight (kg/m2) 2.8 1.75 2.2 2.3
Vapour resis- 2.0-106 0.5-106 0.3-106 -

tance (s/m)

The floorings were obtained through a flooring wholesaler or directly from the
manufacturer. It is estimated that no flooring was more than 1 year old and that
no flooring had been exposed to UV light or to (cleaning) chemicals.
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F1, homogeneous PVC flooring (Smaragd Aqua), Fig. 2.4. This is a 1.5 mm thick
PVC flooring intended for use in wet areas. The flooring is made up of a wear
layer of transparent polyurethane-reinforced PVC and a base coat of filled PVC.,
Smaragd Aqua contained about 54% by weight PVC, 19% by weight
dioctylphthalate (DOP) plasticiser and about 23% by weight filler, dolomite.
Stabilisers, pigment and other components together made up less than 5% by
weight.

Polyurethane-reinforced wear layer Printed pattern layer

Glass fibre reinforcement Base coat of filled PVC

Fig. 2.4. Structure of homogeneous PVC flooring.

F2, heterogeneous PVC flooring (Novilon Scandinavia). It is 2.4 mm thick and
made up of several layers as shown in Fig. 2.5. The surface consists of
transparent polyurethane-reinforced plasticised PVC. The backing consists of
mineral fibre reinforced PVC foam. Novilon Scandinavia contained about 53% by
weight PVC, 27% by weight plasticisers of types butylbenzylphthalate (BBP),
dioctylphthalate (DOP) and dioc tyladipate (DIOA). The flooring had no filler but
contained about 15% by weight carrier (latex impregnated nonwoven mineral
fibre). Stabilisers, pigment and other additives together made up less than 6%
by weight.

Wear layer Printed pattern layer

Glass fibre reinforcement PVC foam

Fig. 2.5. Structure of heterogeneous PVC flooring.
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F3, linoleum flooring (Marmoleum Real), Fig. 2.6. It is 2.0 mm thick and consists
of about 28% by weight binders, an oxidised and polymerised mixture of dried
natural vegetable oils and resins. The filler consisted of wood flour (29% by
weight) and limestone flour (26% by weight). The backing of jute fabric made
up about 10% by weight. Pigment and other components together made up less
than 7% by weight.

Acrylate-reinforced surface layer x’

2 |
—N —_— —_—— 2 —

Uncoloured reinforcement Jute fabric

Fig. 2.6. Structure of linoleum flooring.

F4, PVC flooring for loose laying (Tarkett Stabil). It is 3.0 mm thick and made up
of layers as shown in Fig. 2.7. The surface consist of a polyurethane-reinforced
wear layer. The backing consists of compacted polyester fibre. Novilon
Scandinavia contained about 54% by weight PVC, 17% by weight
dioctylphthalate (DOP) and 9% by weight butylbenzylphthalate (BBP) plasticiser.
The flooring contained 5.2% by weight aluminium silicate as filler. The glass
fibre reinforcement and surface layer made up about 5.4% by weight.
Stabilisers, pigment and other components together made up less than 10% by
weight.

Polyurethane reinforced surface layer

/

Polyester PVC

Fig. 2.7. Structure of PVC flooring for loose laying.
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2.1.5 pH solution

Using pH solutions, the floorings could be exposed to a specific alkaline
environment in PF1 (plate). The solutions used in the study have definite pH
values which are at the same level as the pH in cement based materials.

Three different solutions were used in the study; see Table 2.11. Two were pH
solutions of make Titrisol. They had a pH of 11 to represent a low-alkali screed
and 13 to represent concrete. P1 (pH 11) had high buffer capacity and
maintained a stable pH value even if some action (alkaline hydrolysis) occurred.
P2 (pH 13) did not have such buffer capacity, and the pH level of the solution
decreased as the hydroxide ions were consumed in the reaction.

The third solution (P3) had about the same pH value as P2. In contrast to the
others which had been bought ready mixed, P3 was mixed in the laboratory.
The mix specification for P3 was initially produced to correspond to the liquid
obtained when pore water was pressed out of concrete. The concrete pressed
was based on standard cement from Degerhamn and had a w/c ratio of 0.5. It
has not been possible to find a reference to the original analysis of the liquid or
to pore pressing.

Table 2.11 pH solutions of definite pH value. Composition and "make" of the

liguids.

Designation P1 P2 P3

pH 11 13 13,05*
Type Titrisol ~ Titrisol ~ Concrete

NaOH [M] 910103 100010 280107

KCl [M] 481107 500107

HsBO; [M] 941107

KOH [M] 8301073

CaS042H,0 [M] 40010°

* similar to pH value of concrete
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2.2 Test specimens

The test specimens in the study were made as simple as possible but
nevertheless representative of the constructions met with in reality, partly
because many of the measurements were of a pilot study character, and partly
because complex specimens are difficult to recreate if the tests are to be
repeated, for instance with some other material. The test moulds are referred to
in the report as PF1-4, but are in most cases described by the name they were
given during laboratory work.

2.2.1 PF1 (plate)

The plate was made from a circular sheet of stainless acid resistant steel
(552333, @ 250 mm, t 20 mm). In the middle of the plate a hollow was made
by turning (@ 165 mm, d 10 mm); see Fig. 2.8. Two holes were drilled through
the side of the plate. The holes were threaded, one was fitted with a level tube
and the other was plugged with a screw. These holes are used to add pH
solution during sample preparation.

Level tube

[ 250 mm ,
t ““““ ) 165 mm R | 10 mm

. f
20 mm

Fig. 2.8. Diagram of PF1 (plate), made for use with FLEC.

The flooring to be tested was fixed to the top of the plate with a clamping ring;
see Fig. 2.9. The hollow was filled with pH solution through the hole in the side,
and the liquid level was checked with the level tube.

Level tube Floorin
f 11 ® _ mEC
e — N\
L h O ‘l\‘;; Clamping ring
' <41 pHsolution

Fig. 2.9. Equipment for decomposition of flooring, FLEC and newly constructed
bottom part (PF1).
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2.2.2 PF2(cup)

The mould used for cup tests was a crystallisation dish with a straight edge and
without a spout. The cup was made of duran glass, with inside height of 50 mm
and internal diameter of ca 90 mm; see Fig. 2.10.

50 mm

90 mm

<

Fig. 2.10. Diagrammatic sketch of PF2 (cup).

2.2.3 PF3(pot)

The mould was a circular "pot" of stainless steel. This pot was press formed in
one piece and drying from one side only was thus secured; see Fig. 2.11. The
diameter of the mould was 200 mm and its height 100 mm. 40 mm from the top
of the pot a horizontal metal tube was mounted for measurements of RH. This
tube had an inside diameter of 7 mm to fit the RH probes. Prior to casting, the
end of the tube inside the mould was sealed with a microporous tape and the
other was stopped with a rubber plug. The depth of 40 mm from the top was
chosen in view of the recommendations for RH measurements in RBK (1999).
The moisture level at 40% of the thickness of the concrete slab, in drying from
one side only, was approximately the same as the moisture level obtained when
the moisture level has been redistributed after the flooring had been laid.

Adhesive and PVC flooring

e

40 mm

—— | 100 mm
Concrete

\ Metal tube for RH measurement
\ 200 mm \

W W

Fig. 2.11. Cross section of PF3 (pot).

Stainless steel has no primary emissions but can in certain circumstances act as
a sink, at least according to Afshari (2000). It is supposed to be possible for OC
(organic compounds) to be adsorbed onto the surface of the steel and stay
there, but this effect was considered to be negligible in the study.
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2.2.4  PF4 (bucket)

The mould was a cylindrical container of polythene, with the walls and bottom
moulded in one piece. Its diameter was 205 mm, its height 200 mm, and its
volume ca 6.6 I. The bottom of the bucket was reinforced from the outside with
a 5 mm thick plate of PVC in order to brace the measuring tubes which were
mounted through the bottom; see Fig. 2.12. In view of its origin, this mould for
concrete was given the working name bucket.

The measuring tubes in which RH probes were placed during measurements
were made of PVC tubes (electrical conduits) of an inside diameter to fit the RH
probes. The tubes were mounted so that their openings inside the mould were
at different levels. The first bucket used had six different levels, 2, 7, 11, 19, 39
and 79 mm, measured from the finished concrete surface. Other buckets had
four levels, 2, 7, 15 and 30 mm.

200 mm
205 mm

e [l Section A-A

Fig. 2.12. Diagram of mould PF4 (bucket).

In order to stop concrete running into the tubes during casting, the tube
openings were sealed with a microporous tape.
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2.3 Measuring methods

In the study, a number of quantities were measured in different situations. The
measuring methods employed were well proven ones. In some cases the
methods were developed further so that a quantity or property may be
measured in a way that had not been done before. Development or deviation
from the original method was at no time so great that the quality of the results
was jeopardised. Results were assessed by using common sense and asking
experts, and by noting the reasonableness of the results.

* RH levels in the concrete were measured with RH probes which were
either inserted into cast-in measuring tubes or inserted into test tubes
into which pieces of sample had been put.

At the beginning of this project an investigation was made to find which
measuring methods were suitable for measuring the emission of VOCs from
building materials. The measuring methods chosen comprise two stages.
Sampling is first performed in which the VOCs are collected and concentrated on
an adsorbent, and analysis is then performed with gas chromatography.

+ VOCs were sampled in two ways, with a modified headspace procedure
for the VOCs that had migrated down into the concrete, and with FLEC
(Field and Laboratory Emission Cell) for emission from surfaces. The
adsorbent used was TENAX TA.

» Subsequent analysis was performed with GC (gas chromatography) and
FID (flame ionisation detector); MS (mass spectrometry) was sometimes
used instead of FID.

These measuring methods are described in detail in the following sections.
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2.3.1 Distribution of moisture in concrete

Measuring instruments

Moisture in a material can be described in different ways. One usual way is to
express moisture level as RH (relative humidity). RH denotes the ratio of the
vapour content in air that is in equilibrium with the material, to the maximum
vapour content of the air at the same temperature. RH in concrete was
measured with RH probes which were inserted either into measuring tubes or
into test tubes into which pieces of sample had been put.

Two different equipments were used to measure moisture levels in concrete
samples. These were capacitive RH probes with associated instrumentation for
data storage and presentation of measured values. The sensor in these probes
consisted of a thin polymer film whose capacity altered when RH in the ambient
air changed. The two RH probes, their measuring uncertainties etc are
described in detail below.

1. For measuring single values, RH probe HMP 36 and hand instrument HMI
31, made by Vaisala QY, Finland, were mainly used. These measuring
instruments were calibrated on several occasions during the period of
measurement using saturated salt solutions in accordance with ASTM (1985).
The uncertainty in measurement quoted for the probe by the manufacturer is as
follows: £2% in the range 0-90% RH and £3% RH in the range 90-100%, and
+0.3°C in the range —40 to +60°C. No uncertainty is quoted for the hand
instrument.

2. In cases where RH was to be logged over a prolonged period, RH probe
HMP 44 from Vaisala OY, together with datalogger Mitec AT40, was used. These
measuring instruments were calibrated at the time of measurement using
saturated salt solutions in accordance with ASTM (1985). The uncertainty in
measurement quoted for the probe by the manufacturer is as follows: £2% RH
in the range 0-90% RH and £3% RH in the range 90-100% RH. The total
uncertainty of the datalogger is quoted as 0.20% £2 mV at full scale. The
logger was set up so that 1 V is approximately equal to 1% RH; the range of
measurement was =3 to 120 V.

Measuring method

Three different methods were used for measuring moisture in concrete. These
methods have been well established for a long time and have been gradually
developed at the Department of Building Materials, Chalmers, and no special
reference is therefore given.

1. The first method was used to measure single RH values in test specimens
through cast-in measuring tubes. In these test specimens measuring tubes had
been installed in the side of the container; see Fig. 2.13. The tubes were sealed
with a microporous tape at the end inside the concrete and with a rubber plug
at the end in ambient air. At equilibrium, the RH of the air inside the tube was
the same as that in the concrete. When a measurement was to be made, the
rubber plug was removed and the RH probe was inserted into the tube. The
probe was sealed against the ambient air with a rubber expansion ring. When
the RH probe was inserted, conditions in the tube were changed since air is
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forced out when the probe is inserted. The instrument was read when the probe
was in equilibrium with the RH of the concrete. Measurement took about 24
hours, and in some cases longer. The values obtained were then converted into
RH with reference to calibration curves. The probe HMP 36 and the hand
instrument HMI 31 from Vaisala OY were used for this method.

Fig. 2.13 Diagrammatic arrangement of RH probe inside measuring tube.

2. The second method was a development of the first one. The difference was
that the RH probe remained inside the measuring tube over a prolonged period,
and readings were made continuously during the whole period. By leaving the
probe in the measuring tube, the effects that contributed to the total
uncertainty in measurement were reduced. For instance, the significance of the
moisture capacity of the probe was reduced. It takes about 4 mg moisture to
moisten the probe so hat it attains equilibrium during a normal moisture
measurement. According to Sjéberg (1998b,c), this gives rise to an error of ca
2% RH which is reduced by one half every five days. The drill hole also had
greater temperature stability, which was an advantage when the probe was left
in place.

The measuring tubes were mounted through the bottom of the container and
were sealed with a microporous tape at the end inside the concrete and with a
rubber plug at the end in the ambient air. When measurements began, the
rubber plugs were removed, the RH probes were inserted into the tubes and left
there for some weeks while readings were continuously made.The readings
were adjusted with reference to calibration curves. In the initial experiments the
probe HMP 36 and hand instrument HMI 31 were used, but in most
measurements probe HMP 44 and the datalogger Mitec AT40 were employed.

3. The third method was used to measure the RH on pieces removed from the
concrete and placed in test tubes. In this method, samples were taken from the
concrete at several levels so that a moisture profile may be determined. The
test specimens were broken up with a hammer and chisel, and pieces from each
level were quickly taken and placed in test tubes which were sealed with rubber
plugs. It was essential for breaking up and placing of samples in the test tubes
to be done quickly so that no moisture would be lost from the samples. The
next day RH probes were inserted into the test tubes; see Fig. 2.14. The
measuring instrument was read when the RH probe was in equilibrium with the
RH in the concrete. Measurement usually took about 24 hours, and sometimes
longer. The values obtained were then converted into RH with reference to
calibration curves. For this method, probe HMP 36 and hand instrument HMI 31
were used.
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Fig. 2.14. Pieces of concrete and RH probe in a test tube.

Measurement uncertainty

The measurement uncertainty for the three methods described in Subsection
2.3.1 is estimated on the basis of our own measurements and data in the
literature.

Calculation of uncertainty is described in Appendix No 1 which is based on
Sjoberg (1998b,c). The standardised measurement uncertainty for electrical RH
instruments was between £1.6 and £3.2% RH, see Table 2.12.

Table 2.12 Standard measurement uncertainty in measurements with electrical

RH instruments.
W(/c ratio Method 1 Method 2 Method 3
0.4 + 3.2 +1.7 + 2.0
0.7 +28 +1.6 +2.0
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2.3.2  Organic compounds in concrete (OCIC)

Sampling equipment

OCIC were measured in two stages. The first stage was sampling using a
"headspace” technique in which VOC were collected and concentrated on an
adsorbent. This was followed by analysis by gas chromatography (GC-FID).

The first step in the headspace technique was sample preparation. The sample
was divided into fragments of about 1 cm using the same equipment and
technique as in taking samples for moisture measurements in a test tube,
Subsection 2.3.1. The pieces were then placed in a 250 ml glass bottle with a
wide neck (@, = 30 mm); Fig. 2.15. The cover of the bottle had an internal
teflon gasket to ensure that no VOC were emitted or taken up through the
cover. In the cover there were stainless steel fittings for tubes; these enabled
controlled replacement of air in the bottle at the time of sampling. Sampling was
performed when the VOC in the concrete attained equilibrium with the air in the
bottle.

Carbon filter

TENAX tube
Swage lock
Stainless tubes — / coupling

~— Cover with
teflon seal

Concrete sample

Fig. 2.15. Bottle during conditioning and sampling.

During sampling a 20 ml plastic syringe was used to draw the correct volume of
air through the TENAX tube.

In sampling for analysis of VOCs, a filled glass tube (TENAX tube) was used as
adsorbent; see Fig. 2.16. The length of this tube was 155 mm and its inside
diameter 3.2 mm. Inside the tube there was ca 0.15 g TENAX TA, mesh 20-35,
between two wads of glass fibre wool. The tubes had a crimp at each end, so
that a teflon tube (@.. = 1.8 mm) which was threaded into the tube was a close
fit against the glass.

Glass tube Glass fibre wool TENAX TA Teflon tube

Fig. 2.16. TENAX tube, glass tube with 0.15 g TENAX TA.
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Sampling method

The method used to measure OCIC was a modified headspace technique. In this
technique, air which is in equilibrium with the sample in a closed volume is
analysed.

Concrete cores for the experiment were drilled out of the test specimens with a
core drill that produced a core of 25 mm diameter. Cores were "sliced" and
placed immediately into bottles which were sealed and marked. In the first
experiments the cores were cut using an abrasive water jet. Equipment for this
was available at the Department of Production Engineering, Chalmers. The
water jet produced a fine cut surface, but there was a risk that certain VOCs
next to the cut may be washed away. In later experiments the core was broken
up with a chisel. This did not provide the same opportunity to determine the
sizes of the sample pieces since the cleavage surface could not be predicted.
The method with the chisel was quicker and less expensive than the water jet
method.

The bottles with the concrete pieces were conditioned in different ways, with
the period and temperature of conditioning varied.

Prior to sampling, a hose fitting for the TENAX tube was screwed on to the
swage lock coupling on the bottle; see Fig. 2.15. A carbon tube was fixed to the
tube that draws air into the bottle during sampling, to clean the air and ensure
that VOCs in the room air do not have an effect in subsequent analyses. A 20 ml
plastic syringe was used to draw the correct volume of air through the TENAX
tube. The volume of air that was drawn through the TENAX tube was varied but
was mostly 10 ml. The different tubes and the syringe were in most cases
connected with teflon hoses, using swage lock type couplings or silicon hose.

Analytical equipment

The VOCs adsorbed in the TENAX tube were analysed with a Varian 3350 gas
chromatograph. For quantifying the concentration the GC was fitted with a
flame ionisation detector (FID). To identify the peaks in the chromatogram,
mass spectrometry (MS) was used.

The GC at the Department of Building Materials, Chalmers, had been modified
to enable thermal desorption of VOCs in the TENAX tube to be performed. The
modification was carried out in collaboration with dr Olle Ramnas at the
Department of Chemical Environmental Science, Chalmers. The desorption
chamber of stainless steel is housed in an insulated aluminium cylinder to
ensure good temperature stability. See Fig. 2.17. The carrier gas is also
preheated in the aluminium cylinder. The temperature in the cylinder is
regulated by means of an integral heating unit controlled by the GC.

37



Gas chromatograph Desorption unit

= . Threaded Preheating of
Desorption cover carrier
. gas
unit —
D }ﬁ N

o t S Desorption 4
chamber

H— Column .
Heating unit i Insulation

Aluminium
cylinder ——
Al Temperature
K sensor

Column

Fig. 2.17. General arrangement of GC-FID with details of the in-house designed
injector unit for thermal desorption of the TENAX tube.

The GC was fitted with a 60 m long polar column of 0.25 pm phase. The
temperature limits of the column were —60°C to 325/350°C.

Hydrogen gas (H,) was used both as carrier gas and as fuel gas for the flame
ionisation detector.

Method of analysis

The method used for analysis of the VOCs that had concentrated on the
adsorber tube was based on gas chromatography. The adsorber was desorbed
thermally, and VOCs were detected using flame ionisation and in some cases
mass spectroscopy.

During thermal desorption, the adsorbed VOCs are driven off from the adsorber
and transported by the carrier gas to the stationary phase of the column. During
the desorption phase which takes about ten minutes, the column is kept
refrigerated so that the VOCs condense and increase in concentration at the
beginning of the column. After the desorption phase the temperature in the
column is raised according to a predetermined scheme; see Fig. 2.18. When the
temperature in the column increases, the VOCs begin to move through the
column. During this movement the VOCs are separated because they are
retained to different degrees in the stationary phase of the column. There is a
constant voltage across the flame in the FID. When the VOCs pass through as
organic hydrocarbon radicals, electrical conduction increases and a higher
current is produced. The variation in current is plotted as a function of time in a
chromatogram.
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Fig. 2.18. Temperature program for the column during analysis.

The temperature in the desorption oven was kept constant at 230°C during the
whole analysis and the pressure of the carrier gas (H,) was kept constant at ca
15 psi. During the desorption phase the carrier gas swept the desorbed VOCs
into the column. During the desorption phase a semi-automatic cryo-equipment
was used to keep the column at —40°C by means of liquid nitrogen (N,). The
desorption phase took ten minutes. The temperature in the column was then
raised according to a fixed program in which the initial temperature gradient
was +30°C/ minute until the temperature reached +20°C. When this
temperature was reached, the separation phase began. During the separation
phase the temperature was increased at +4°C/minute until it reached +180°C.
Finally, the temperature gradient was again increased to +30°C/minute until it
reached +250°C where it was maintained constant for 60 minutes so that the
column was baked out, i.e. there was time for all "late eluting hydrocarbons" to
emerge. See Fig. 2.18.

Some of the previous analyses were made using a different temperature
program. After the program had been altered, it was easier to separate out the
most volatile hydrocarbons. In the original temperature program the
temperature was held at —40°C for ten minutes and was then raised at
+30°C/minute to 30°C. The temperature was then raised at +4°C/minute until it
reached +250°C where it was maintained constant for 60 minutes.

The results from the flame ionisation detector were presented in the form of a
chromatogram, with the retention time along the x axis and the relative peaks
of the FID along the y axis. Each peak in the chromatogram represents a
organic compound with a specific retention time. With reference to the sampling
volume for the analysed TENAX tube and the integrated area below the peaks,
the total concentration or the concentration of the individual VOCs could be
calculated. Contents are calculated with reference to the sampling volume for
each tube, and the content of VOCs is given as toluene equivalents. An example
of a chromatogram is shown in Fig. 2.19.
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Fig. 2.19. Chromatogram where the first peak, after about 20 minutes, is
butanol and the second (highest) peak, after about 35 minutes, is
ethylhexanol.

The method is also briefly described in Wengholt Johnsson (1995).

TENAX tubes in the first measurement series were analysed with GC-FID by dr
Olle Ramnas at the Department of Chemical Environmental Engineering,
Chalmers. Most of the analyses have however been performed at the
Department of Building Materials, Chalmers. The method and the equipment
were broadly the same. The differences were small and do not affect the
results.

Some analyses were made with GC-MS to identify individual VOCs. These
analyses were mainly made by dr Olle Ramnas at the Department of Chemical
Environmental Engineering, Chalmers.

Measurement uncertainty

In this limited study, it was not possible to exactly determine the standardised
measurement uncertainty in measuring OCIC. The total measurement
uncertainty was however judged to be about the same as in sampling VOC with
FLEC; see Appendix No 2.

The total standardised measurement uncertainty for the method was assessed
at <+20%.
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2.3.3  Emission from the surface

Sampling equipment

Emission from material surfaces was measured in two stages. Sampling was first
performed with a special measuring chamber in which the VOCs were captured,
extracted and concentrated on an adsorber. This was followed by analysis with
GC-FID.

The measuring chamber used in the work was a FLEC (Field and Laboratory
Emission Cell). It may be likened to a cover that is put directly on the material
surface to be measured; see Fig. 2.20. Pure air (<0.1 ppm hydrocarbons) from
a gas cylinder is moistened and forced in through a gap around the sides of the
measuring cell. The air flows over the surface of the material and out through a
tube in the centre. Some of this air is then passed through a TENAX tube and
the VOCs are adsorbed. The measuring cell and its capacity are described in
detail by Wolkoff et al (1991) and Nordtest (1995). The active surface of the
measuring cell has the area 0.0177 m? and its volume is 35:10° m?.

Air in, ¢ T Air out,
junction tube junction tube

T’_M_l ¥ FLEC

:(r — — Seal

Fig. 2.20. Diagrammatic cross section of FLEC.

The air that was forced into the measuring cell was first purified through a
carbon tube and then moistened to 50% RH by passing some of it through a
gas washing bottle. The arrangement for moistening the air is described in
detail in Wengholt Johnsson (1995). A TENAX tube and an SKC PCXR8 air pump
were connected to the FLEC outlet.

The air pump delivered constant flow over a certain period. The measurement
uncertainty in the flow was judged to be £4%. Measurement uncertainty in
timing was given in the product sheet as +£0.05%.

Sampling method

The specimens were conditioned for 24 hours prior to sampling. However, at the
beginning of the study samples were taken after only 4 hours of conditioning.
During conditioning the FLEC lay on the material surface with a constant air flow
of 100 ml/min.

At the time of sampling a TENAX tube was attached to the FLEC outlet with a
teflon tube; see Fig. 2.21. The tube that has a much smaller diameter than the
outlet tube was inserted into this. The pump was coupled to the TENAX tube
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and delivered 25 ml/min for four minutes. The sampling procedure is also
described in Wengholt Johnsson (1995).

—> —
- |
Pure air from ¢ \ TENAX tube
gas cylinder Divided i
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Fig. 2.21. Arrangement for sampling with FLEC. Pure air from a gas cylinder is
moistened and passed through the FLEC. 100 m/ of air is drawn
through the TENAX tube for subsequent analysis in GC-FID.

The equipment for analysis of the contents of the TENAX tube was a gas
chromatograph (GC) with a flame ionisation detector (FID). This equipment and
the method of analysis are described in Subsection 2.3.2.

Measurement uncertainty

In this limited study, it was not possible to determine the standardised
measurement uncertainty in measuring the emission from the test specimens.
The total measurement uncertainty is however estimated in Appendix No 2.

The total standardised uncertainty for this method is judged to be <+20%.
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3 Experiments on flooring and adhesive
in combination

This chapter describes a multifactor experiment which was started early in the
work on the thesis. In the beginning, the intention of the experiment was
merely to show whether it was the flooring or the adhesive that gave rise to
decomposition products. The first experiment therefore consisted of only two
specimens, one with flooring and adhesive, and one without adhesive (only
flooring). On the basis of the results of this first experiment, new hypotheses
and theories were put forward. Two months after the first experiment, eight
new experiments were started, and two months later on, another six. These
experiments form the basis for the continued work and the interpretation of the
processes in this area which is set out in the qualitative model in Chapter 6.

3.1 Test specimens

In the investigation, different floorings and adhesives were exposed to alkaline
solutions with pH values of 11 and 13. The aim was to study the interaction
between adhesive and flooring without the need to use moist concrete as the
substrate. Owing to the fact that concrete had been replaced by an alkaline
solution, the properties of the flooring such as alkali resistance could be studied.
After the test specimens had been made and conditioned, the emissions were
measured on several occasions by sampling with FLEC and TENAX tube and
subsequent analysis with GC-FID. The experimental setup is given in Table 3.1
in the form of deviations from the reference system. The reference system is
made up of the test specimen "plate" (P1) with a homogeneous PVC flooring
(F1), 10g of latex adhesive (A1) and a pH solution (P3) with a pH value of ca
13.

Table 3.1. Summary of the most important differences in the test specimens in
the investigation in relation to the "basic” setup (2a&b), which is:
flooring F1 — 10g adhesive A1 — OT 15 minutes — liquid P3, pH value

ca 13.
Experi- Start  Special property of test specimen in experiment
ment 1996  pH solution Flooring Adhesive
di1.00 22/4 No solution Steel Al
di1.01 22/4 No solution F1 Al

d1.02 28/10 No solution F2 (heterogen. PVC) Al
d1.03 28/10 No solution F3 (linoleum flooring) Al

di.1a 22/4 P3 Fi No adhesive
di.ib 28/6 P3 Fi No adhesive
di.2a 22/4  P3, F1 Al
Ref.sample
di2b  28/6 P3, F1 Al
Ref.sample
dl.3a 28/6 P3 F1 Al, on fabric
di.3b 28/6 P3 Fi Al, on fabric
dl.4a 28/6  P3 F1 A3 (Wet area adh.)
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dl.4b 28/6  P3 F1 A3 (Wet area adh.)

di.5 28/6  P1(pH 11) F1 Al

di.6 28/6 P2 (pH 13) F1 Al

dl.7a 28/10 P3 F1 Al (59)

di.7b 28/10 P3 F1 Al (10 g)

dl.7c 28/10 P3 F1 Al (159)

dl.8a 28/10 P3 F3 (linoleum flooring) Al

dl.8b 28/10 F3 (linoleum flooring) A2 (Casco Proff)
dl.9 28/10 F2 (heterogen. PVC)

Floorings of three different types were cut to size and small holes were punched
in them for the clamping ring. Adhesive was then spread on the back of the
flooring. Some experiments were however performed without adhesive; see
Table 3.1. In experiments d1.3a and b, the adhesive was spread on a glass fibre
fabric. When the adhesive was applied in experiments d1.2 — d1.6, a notched
spreader was used which gave ca 10 g adhesive on the spread surface, and the
adhesive layer was then evened out with a brush before the flooring was
applied to the test specimen. In experiments d1.7a — d1.9, the adhesive was
weighed and applied with a brush according to the method described in
Subsection 2.1.3. The open time after application of the adhesive was about 15
minutes before the flooring was fixed to the test specimen; see Fig. 3.1. When
the flooring had been fixed to the plate with the clamping ring, alkaline solution
was added through the holes in the side. These holes were then closed with
SCrews.

Clamping ring
with screw

Level tube Flooring

Fig. 3.1. Test specimens used in the investigation.

i
- nH-solution
p-soiution

1
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3.2 Method of measurement and results

After approximately four weeks, the first emission measurements were made on
the samples. Measurements were made at slightly varying intervals for the
different samples. On some of the samples, the first measurement was made
about 32 weeks after application of the adhesive. Sampling was performed
according to the method described in Subsection 2.3.3 with FLEC and TENAX
tube. The subsequent analysis on the TENAX tube was performed with GC-FID.

The results in the form of the emission factor EF from the flooring are set out in
Fig. 3.2 and 3.3.

2000
OBuOH,ca7w

B BuUOH, ca26 w
@BuOH, ca52w

1500 1

1000 1

BuOH [ug/m?-h]

500

0 T T
00010203 1a1b2a2b3a3b4d4adb 5 6 7a7b 7c 8a8b 9

Fig. 3.2. Comparison of emission of butanol from 20 flooring + adhesive
systems which had been exposed to alkaline solutions.,
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Fig. 3.3. Comparison of emission of ethylhexanol from 20 flooring + adhesive
systems which had been exposed to alkaline solutions.
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3.3 Evaluation of results

3.3.1  Description of general emission process

It is a common feature of all samples studied in this investigation that their
emission processes can be described in a similar way. The process can be
roughly divided into three phases, as shown in Fig. 3.4. These phases may vary
in length and a phase has at times been so short that it was "missing".
Examples of the causes of this variation may be the extent of decomposition,
the impermeability of the flooring and the condition of the substrate. The
phases are characterised as follows:

1.  During an introductory starting phase, emission from the surface increases
with time. The reason may be that the decomposition products formed
need some time to penetrate through the flooring. The time this takes
may depend on the intensity of decomposition and the impermeability of
the flooring.

2.  During phase 2, emission is approximately constant the whole time. Its
magnitude may depend on the intensity of decomposition and the
impermeability of the flooring. The length of the phase may depend on
the extent of decomposition and the condition of the substrate. Conditions
in the substrate are presumably critical for the length of the
decomposition process.

3.  During phase 3, emission from the surface decreases. The reason may be
that decomposition has decreased or ceased. What is emitted from the
surface are presumably VOCs left over from the earlier decomposition.
The length of this phase may depend on the impermeability of the flooring
and the condition of the substrate.

Phase 1,
Starting phase
Phase 2, Phase 3,
EF . Maximum emission _lDecreasing emission

—>ig > i€ >
@

Time

Fig. 3.4. The three phases of the emission process in alkaline decomposition of
adhesive in floor constructions.

46



3.3.2  Measured emission process

The emission process in sample d1.2a was observed by FLEC measurements at
frequent intervals. The aim of these frequent measurements was to describe the
process and to study the way emission increased, gradually decreased and
finally ceased.

By plotting the results from the reference samples d1.2a and b together with
the results from samples d1.3 a and b, a mean curve for the emission process
can be estimated; see Fig. 3.5 and 3.6.

In samples d1.3a and b the adhesive was applied to fabric, separate from the
flooring. This difference from the reference sample did not give rise to any
noticeable difference in the measurement results. This indicates that the
adhesive degrades in the same way in all four samples, presumably without any
significant interaction with the flooring. It must however be said that the
adhesive is dissolved to a certain extent by the solution and makes this cloudy.
It is probable that the adhesive which has been dissolved in the alkaline solution
may have come into contact with the flooring.

By inserting a trend curve into Fig. 3.5 and 3.6, the different phases can be
identified; see Fig. 3.4. However, only two phases could be identified in each
figure.

According to the trend curve in Fig. 3.5, phase 2 for butanol had not ended
after more than 1.5 year. One theory is based on butanol being highly water
soluble. Extensive decomposition of the adhesive may have taken place and the
butanol formed dissolved in the alkaline solution. Owing to the fact that butanol
may be emitted from the liquid phase, a constant difference in concentration,
and therefore a constant flow (emission), was maintained across the flooring.

According to the trend curve in Fig. 3.6, phase 2 does not exist for ethylhexanol.
The basis for one possible explanation is that ethylhexanol has little water
solubility. Extensive decomposition of the adhesive may have taken place, and
since only a small quantity of ethylhexanol could be dissolved in the liquid, the
result was a high concentration in the gas phase below the flooring. The
concentration below the flooring decreases monotonically as the ethylhexanol
evaporates. Owing to this decreasing concentration difference across the
flooring, the flow (emission) decreases.
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Fig. 3.5. Mean curve for butanol when ca 10 g of adhesive is exposed to
alkaline solution below a homogeneous PVC flooring. The mean curve
Is produced by averaging the trend curves of four measurement

series.
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Fig. 3.6. Mean curve for ethylhexanol when ca 10 g of adhesive is exposed to
alkaline solution below a homogeneous PVC flooring. The mean curve
Is produced by averaging the trend curves of four measurement

series.
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3.3.3  Mass balance of OH and decomposition products

With the help of a mass balance, the quantities of consumed and created
compounds can be estimated. By calculating the critical components in the
system, a plausibility assessment can be made.

The copolymers in the adhesive are the critical components which are
consumed. The emissions from the test specimen and any decomposition
products dissolved in the solution are the compounds created.

The mass balance for experiments d1.2 and d1.3 is summarised in Table 3.2.
The bar "manufactured VOCs" states, briefly, that according to the assumption
below, the adhesive is enough for the production of ca 1.65 g decomposition
products.

The column "consumed VOCs" states, briefly, that 0.24 g has been emitted from
the sample. The remaining VOCs produced in the reaction may be dissolved in
the alkaline solution up to 16.71 g.

Table 3.2. Mass balance for the critical components in experiments d1.2 and
dl.3 (g). The volume of the pH solution is 0.214 litre and the area
covered by the adhesive is 0.0214 m °.

"Manufactured" "Consumed" VOCs (-)
VOCs (+)
Compound Quantity of adhesive  Dissolved in water Area in figure
BuOH 0.8 6.5 0.11
EtHx 0.8 0.21 0.13
Total ca 1.65 16.71 0.24
Quantity of adhesive

The supplier of the adhesive used in the experiments states in the product
information that it consists of 10 — 30% copolymers. In a telephone
conversation, a chemist states that the acrylate dispersion is a 55% aqueous
solution and makes up ca 30% by weight of the adhesive. This means that ca
16.5% by weight of the adhesive consists of copolymers that can be hydrolysed.

It is a reasonable assumption that the acrylate copolymer consists of 50%
butylacrylate and 50% 2-ethylacrylate. It may at times also contain some other
acrylate, but for the sake of simplicity this is ignored. Let us assume that all
copolymers can be broken down into butanol and ethylhexanol without any
residues. This is perhaps unlikely, but it yields the maximum quantity of
decomposition products. This reasoning implies that, as a maximum, 10 g of
adhesive would decompose into ca 0.8 g butanol and 0.8 g ethylhexanol.
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Dissolved in liquid

There is no pore system into which the VOCs can migrate down into, but there
is a liquid in which they can dissolve. According to CRC (2000), a butanol
solution contains 77 g/litre of water, and an ethylhexanol solution 1 g/litre of
water. Since the hollow in the plate contains approximately 214 g water, 16.5 g
butanol and 0.21 ethyhexanol can dissolve in this.

Total quantity of VOCs emitted through the flooring

The total quantity of VOCs that was emitted through the flooring can be
calculated by integrating emission over time. This method is shown in detail in
Section 8.2.

In the case of butanol, the integral represented by the area below the mean
curve in Fig. 3.5 is equal to 5.3 (g/m?). Multiplication by the area of the plate
(21-10 m?) gives that the total quantity of emitted butanol is 0.11 g.

In the case of ethylhexanol, the integral represented by the area below the
mean curve in Fig. 3.6 is equal to 6.3 (g/m?). Multiplication by the area of the
plate (2110 m?) gives that the total quantity of emitted ethylhexanol is 0.13 g.

Mass balance

According to the assumptions, ca 0.8 g butanol has been formed and 0.11 g has
been emitted through the surface. The remaining 0.69 g may be found
dissolved in the flooring and in the pH solution.

According to the assumptions, ca 0.8 g ethylhexanol has also been formed. 0.13
g has been emitted through the surface and 0.02 g may have been dissolved in
the pH solution, but where has the remaining 0.65 g disappeared?

Perhaps it was never formed at all. The reason may be that 2-ethylhexanol is
not broken down completely, or that the assumption regarding the proportions
of the copolymers is not correct.
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3.3.4  The significance of the quantity of adhesive

The aim of the comparison made here is to highlight the importance of the
adhesive for the emission from the test specimens. Emission was measured
from seven experiments in which the same adhesive, flooring and alkaline
solution were used. In experiments 7a, b and ¢ there are no measurements in
week 7.

In the first three experiments which are shown in Fig. 3.7 and 3.8, different
guantities of adhesive were used in otherwise identical test specimens. The
quantities in experiments d1.7a, b and c are 5, 10 and 15 g respectively. The
measurements show that the least emission occurs in the experiment with the
least adhesive, but that emissions from the other two experiments are about
equal.

If we look at the whole measurement series for butanol which is set out in Fig.
3.9, it is clear that emission is greater from the experiment with 15 g than with
10 g. The whole measurement series for ethylhexanol is set out in Fig. 3.10,

and it is seen that the emission process is about the same in both experiments.

In experiments d1.2a and 2b, about 10 g adhesive was used. These are the
reference samples of the experiment. In experiments d1.3a and 3b, about 10 g
adhesive was spread on a braided glass fibre fabric below the flooring. This
procedure had no influence on emission.

If we look at the whole measurement series, we can conclude from the results
for butanol in Fig. 3.7 that emission has the same magnitude and sequence in
all four experiments. The same also applies for ethylhexanol. The emission for
ethylhexanol over the whole measurement series is set out in Fig. 3.8.
Variations in the results in the figures may be due to measurement uncertainties
and random variations rather than to the systematic effects of the studied
parameters.

When some other plates with the same adhesive and flooring were dismantled,
it was noted that the adhesive had dissolved in the pH solution. One layer of
adhesive was however still left on the back of the flooring. The consistency of
the pH solution had changed and was white and milky, instead of clear and
transparent as in the beginning.

The possible conclusions that can be drawn from this comparison are
as follows:

» The guantity of applied adhesive influences emission during highly alkaline
decomposition of the material combination concerned.

« Emission volume is the same irrespective of whether or not the adhesive
has direct contact with the flooring during alkaline decomposition.

51



2000

DBuOH, ca 7w
®BUOH, ca 26 w
OBuOH, ca 52 w
1500
<
NE 5, 10 resp. 15 g adhesive (A1) ca 10 g adhesive (A1)
>
= 1000 1
I
o
>
m
500
O .
7a 7b 7c 2a 2b 3a 3b

Fig. 3.7. Comparison of emission of butanol when the quantity of adhesive and
the way the adhesive is applied vary. d1.7a, 7b and 7c are made with
5, 10 and 15 g of adhesive on the flooring respectively. d1.2a and 2b
have about 10 g of adhesive on the flooring, d1.3a and 3b have about
10 g adhesive on a woven glass fibre fabric below the flooring. All
combinations of adhesive and flooring were exposed to an alkaline

solution of pH 13.
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Fig. 3.8. Comparison of emission of ethylhexanol when the guantity of
adhesive and the way the adhesive is applied vary. Explanation of the
bars is given in fig 3.7.
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3.3.5 Mass balance for different quantities of adhesive —
5 10and 15 g

A comparison is made here between three experiments with different quantities
of adhesive but with otherwise identical conditions. The comparison is made by
setting up a mass balance for important components in these three
experiments, d1.7a, b and c.

The mass balance for the copolymer which is probably critical for emissions
from the system is shown in Table 3.3. The initial values before any
decomposition has taken place are as follows:

The copolymer which is available for decomposition is calculated in the same
way as in Subsection 3.3.3. Let us assume that 16% of the adhesive is acrylate
copolymer. From a quantity of 5 g adhesive, (5-0.16=) 0.8 g VOCs can be
formed on complete decomposition. Analogously, the corresponding quantities
for 10 and 15 g adhesive will be 1.6 and 2.4 g.

Table 3.3. Records for VOCs in experiments dl1.7a, b and c. The quantities (g)
are based on an area of 0.0214 m ? and 0.214 litre liguid.

dl.7a d1.7b di.7c
Polymer Polymer Polymer
-10° (9) -10-3 (9) -10° (g)
Initially 800 1600 2400
Areag.on -79 -121 -143
Areagyy, -125 -214 -214
"missing" 596 1265 2043

The VOCs emitted from the surface can be calculated in the way discussed in
Subsection 3.3.3. Since there are no measured values for phase 1 and the
values that are available relate only to six months, the emission process is
estimated. This estimate is based both on the measured values obtained in
these experiments and the shape of the mean curve which was determined for
the emission process in four other experiments earlier in this chapter.

The chain line curves in Fig. 3.9 and 3.10 are the mean curves for the
investigation. The full curves represent the emission process during the period
measurements were made, and the dotted curves represent an estimate of the
emission process with reference to the shape of the mean curve.

The mass balance could not be completed. A number of polymers are "missing”
in the table. The explanation may be that they had not been decomposed or
that the decomposition products are dissolved in the liquid. Since the emission
has not finished, there is still a considerable concentration of VOCs below and
inside the flooring.
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Fig. 3.9. Possible emission process for butanol when 5, 10 and 15 g of
adhesive are exposed to alkaline solution below a homogeneous PVC

flooring.
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Fig. 3.10. Possible emission process for ethylhexanol when 5, 10 and 15 g of
adhesive are exposed to alkaline solution below a homogeneous PVC
flooring.
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3.3.6 Critical pH for decomposition of adhesive

The aim of the comparison made here is to show whether it is the adhesive that
is degraded and whether the critical pH value is between 11 and 13. The
emission from seven experiments is compared; these have been divided into
two groups, those with low and high emission.

The bars at the left of Fig. 3.11 and 3.12 represent low emission, they show
little or no signs of decomposition. The first experiment d1.01 is measured on a
homogeneous PVC flooring. The flooring is laid loose on a steel plate and has
not been exposed to chemicals or sunlight. Experiments d1.1a and 1b are
parallel samples which consist of the same type of flooring as that exposed to
the pH solution of pH 13 without adhesive. Experiment d1.5 consists of the
same type of flooring and a latex adhesive which is exposed to a pH solution of
pH 11. During the whole measurement period, emission from all these
experiments is low, the explanation for which is that no decomposition has
taken place.

The bars to the right of the figures represent high emission from the test
specimens as a result of extensive decomposition of the adhesive. Experiment
d1.6 consists of the same flooring and adhesive as those in d1.5 although they
have been exposed to a Titrisol solution of pH 13. Experiments d1.2a and 2b are
parallel samples which consist of the same type of flooring and adhesive, but
exposed to an alkaline solution of pH = ca 13.

A comparison of the emission from the twin samples d1.1a and 1b with the twin
samples d1.2a and 2b shows that no decomposition appears to take place in the
experiment if the test specimen contains no adhesive. We must also bear in
mind that approximately 16% of the adhesive consists of a copolymer which can
be degraded into butanol and ethylhexanol. The conclusion that can be drawn
from these results is that it is the adhesive which is degraded.

By comparing experiment 5 with the twin samples d1.2a and 2b, it is found that
the composition of the alkaline solution is of less significance. It does not appear
critical what counterions to OH™ are present in the liquid; it is only the pH level
of the liquid that is critical.

The above statement, that it is the pH level which is most important for
decomposition, can be confirmed by comparing experiments d1.5 and d1.6. The
only difference between the test specimens in these experiments is the pH value
of the pH solution. At pH 11 (d1.5) the emission is low, while at pH 13 (d1.6) it
is high. There may also be a critical pH value for decomposition that is situated
somewhere between 11 and 13. This appears plausible if we bear in mind that
the pH scale is logarithmic, i.e. the concentration of OH™ at pH 13 is one
hundred times that at pH 11.

The possible conclusions that can be drawn from this comparison are
as follows:

«» It is the adhesive, and not the flooring, which is degraded in this material
combination.
» The critical pH may be situated between 11 and 13.
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 Systems from which some critical component such as the (copolymer in
the) adhesive or the hydroxide ions have been removed yield low

emission.
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Fig. 3.11. Emission of butanol from floor systems of different pH values.
Flooring on plate (01), flooring without adhesive on pH 13 (1a and
1b), flooring with adhesive on pH 11 (5), flooring with adhesive on pH
13 (6) and flooring with adhesive on ca pH 13 (2a and 2b).
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Fig. 3.12. Emission of ethylhexanol from floor systems of different pH values.
Explanation of the bars is given in fig 3.11.
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3.3.7 The importance of the choice of materials

The comparisons made here demonstrate the importance of the choice of
materials for emission from the test specimens. Emission has been measured in
seven experiments where three adhesives and three floorings were combined in
different ways. In experiments 8a and b, and 9, there are no measurements for
week 7.

In the first four experiments plotted in Fig. 3.13 and 3.14 the same adhesive
was used together with different floorings. The combination of flooring and
adhesive was exposed to alkaline solution of approximately pH 13. In the first
experiment (8a) a linoleum flooring was used. In experiments d1.2a and 2b
which are twin samples and the reference in this investigation, a homogeneous
PVC flooring was used. In experiment d1.9 a heterogeneous PVC flooring was
used.

The emission measurements reveal large differences in the emission of both
butanol and ethylhexanol in these experiments. The test specimens in the
experiments were treated in the same way. They consist of the same adhesive
which was exposed to the same pH solution, so it would be reasonable to
expect that decomposition of the adhesive would be the same in all four
experiments. One explanation may be that the floorings have different degrees
of impermeability to decomposition products.

The possible reason for the apparent impermeability of the linoleum flooring to
VOCs in comparison with that of the PVC floorings is that the VOCs perhaps
"dissolve" in the PVC flooring and are therefore transported in a way that is not
possible in the linoleum flooring.

Experiment d1.2a has a somewhat lower emission than d1.2b although they are
twin samples in which all materials are identical. The differences are presumably
due to the uncertainty of the method. By comparing the differences in
measurement results in Fig. 3.4 and 3.5, the uncertainty in the measurements
can be estimated.

Experiment d1.8b comprises a linoleum flooring with a different adhesive but
with the binder similar to that in the reference adhesive. Emission in this
material combination is also low, just as in d1.8a in which a linoleum flooring
was also used.

Experiments d1.4a and 4b were made on twin samples in which an adhesive
with the binder not based on 2-ethylacrylate was used together with a
homogeneous PVC flooring. Since the adhesive does not have the acrylate
copolymer which gives rise to ethylhexanol, this VOC cannot be formed during
decomposition. Only small emissions were measured in these experiments.The
emission of ethylhexanol is of the same order as the primary emission of the
flooring.

The conclusions that can possibly be drawn from this comparison are
as follows:

» The choice of adhesive influences emission in alkaline decomposition,
since the quantities of decomposition products are different.

» The choice of flooring influences emission in alkaline decomposition
because different floorings have different degrees of impermeability to
decomposition products.
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» Material combinations comprising linoleum flooring give rise to small
emissions in alkaline decomposition of the adhesive because the
linoleum flooring is "apparently" more impermeable to the decomposition
products of the adhesive.
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Fig. 3.13. According to the investigation, emission of butanol depends on the
way three different adhesives and three floorings are combined. Bar
8a represents linoleum flooring and adhesive, 2a and 2b a
homogeneous PVC flooring with the same adhesive, 9 a
heterogeneous PVC flooring with the same adhesive. 8b represents a
linoleum flooring with a different adhesive, and 4a and 4b a
homogeneous PVC flooring with a different adhesive.
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Fig. 3.14. According to the investigation, emission of ethylhexanol depends on
the way three different adhesives and three floorings are combined.
Explanation of the bars is given in fig 3.13.
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4 Measurements of the Transport of
Organic Compounds in Materials

OC which are formed below the flooring during alkaline hydrolysis of flooring

adhesive can migrate into surrounding materials. They may migrate upwards
through the flooring and escape into the room air, and they may also migrate
down into the concrete and be stored there for a long time.

In this chapter, a study is made of the transport of butanol and ethylhexanol
inside concrete and through floorings.

4.1 The resistance R of the flooring

In this investigation, the resistance to transmission of butanol and ethyhexanol
was measured in two floorings. This experiment may be likened to a cup
experiment in which the underside of the flooring was exposed to known
concentrations of butanol and ethylhexanol. The flow through the floorings was
measured with a FLEC (Field and Laboratory Emission Cell), and the
transmission resistance of the floorings to butanol and ethylhexanol was
evaluated.

The investigation was made in two series. At first, only PVC floorings were
studied in four different experiments. A year or two later eight new experiments
were started, four with newly made PVC floorings of the same type in order to
verify earlier results, and four with linoleum floorings.

4.1.1  Test specimens

The floorings were cut to size and fixed to the plate which is described in
Subsection 2.2.1. The hollow in the plate for pH solution was then filled with
butanol or ethylhexanol through the hole for the level tube; see Fig. 4.1. One
test specimen with butanol (No 2) and one with ethylhexanol (No 8) were
completely filled so that the liquid was in contact with the flooring. The other
test specimens with their appropriate liquids were about half filled so that an air
gap was left between the liquid and the flooring. The air in the gap was at
saturation concentration.

Screw for
clamp ring

Level tube  ”Low” concentration Flooring

[ Flux |

i ’’High”_concentration of QC !

Fig. 4.1. Test specimen where a flooring can be stretched over a space with
VOCs in liguid phase. The flux of VOCs through the flooring is
measured with a FLEC.
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4.1.2 Sampling

The first emission measurement on the first samples (Nos 1, 2, 7 and 8) was
made after about 24 weeks. Measurements were then repeated at
approximately ten week intervals for about one year. Sampling was performed
using a FLEC and a TENAX tube. Subsequent analysis of the TENAX tube was
performed with GC-FID, according the method described in Subsection 2.3.3.

Emission measurements on the other eight specimens were made at monthly
intervals for about six months.

4.1.3 Results

The results of the measurements exhibited large variations. The estimated
results for butanol and ethylhexanol are set out in Tables 4.1 and 4.2. They are
given as both emission factor EF [ug/(m?-h)] and flow q [kg/(m?-s)]. EF is the
most common way of presenting the results of measurements with FLEC, while
q is based on SI units and is probably a more correct way of describing the
results of measurements.

The method of measurement needs development to yield more reliable results.
It may be better to measure the flow by determining weight loss than by using
FLEC.

Table 4.1. Flow of butanol through PVC and linoleum floorings when the
difference in vapour pressure is the maximum. Nos 1-4 are identical
except for *, Nos 5-6 are identical. Flow /s measured with FLEC.

Experi- EFsu0H JsuoH Rf. - PVC Rfc - linoleum
ment  [pg/(m*h)]  [kg/(m*s)]  10°[s/m] @0’ [s/m]
1 13 000 3.6:10° 4 800 -

2% 16 000 4.5-10° 3 800 -

3 15 000 4.3-10° 4 000 -

4 22 000 6.2:10° 2 700 -

5 19 000 5.3-10° - 3 200

6 24 000 6.5-10° - 2 600

* Exposure of underside of flooring to VOC in liquid phase, others to saturated gasphase.

Table 4.2. Flow of ethylhexanol through PVC and linoleum floorings when the
difference in vapour pressure is the maximum. Nos 7-10 are
identical except for *. Nos 11-12 are identical. Flow is measured

with FLEC,

Experi- EFgtx Qettix R - PVC R¢ - linoleum
ment  [pg/(m*h)] [kg/(m*s)]  10°[s/m] @0’ [s/m]
7 10 000 2.8-10° 250 -

8 7 000 1.9-107 360 -

9 5 000 1.5-10° 480 -

10 4 000 1.1-10° 630 -

11 27 000 7.5-10° - 90

12 29 000 7.9-10° - 90
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4.1.4 Evaluation

It is assumed that the driving force for transport is the endeavour of the system
to establish concentration equilibrium. A simplified calculation of the VOC flux
can be made if it is assumed that there is only one resistance without storage
capacity between two different concentrations. Flux is then determined by the
difference in concentration but also by the transmission resistance of the
flooring; see Fig. 4.2. The flux from the flooring is expressed in terms of either g
in SI units or the emission factor (EF). EF is the most common quantity in
measurements with FLEC.

Low concentration (co) [kg/m3]

= q [kg/(m>$)] = EF/3.6.10" [ug/m’h]
[ |

High concentration (Csat) [kg/m3]

Fig. 4.2. The flux g endeavours to equalise the differences in concentration on
the two sides of the flooring. The storage capacity of the flooring is
fgnored.

The results of measurements in the investigation can be used to evaluate the
resistance of the flooring to the transport of OC. The calculation is based on
Fick's first law which is described in detail in Section 7.4.

The equation for Fick's first law can be rewritten so as to be better suited for
the case with saturation concentration below a flooring in a ventilated room, as
shown in Equation 7.40. In comparison with the saturation concentration below
the flooring (c..), at 20°C, the concentration in the room (c,) is negligible. The
equation then has the form

Co —C
Gair = Con —60) |_kg/(m2 B')J (4.1)
R,

According to Appendix No 3, the saturation vapour content (c,,) for butanol at
room temperature (20°C) is 17-10 and the corresponding value for
ethylhexanol is 0.7:10 (kg/m?3). For calculation of the transmission resistance
(R:.) of the flooring, the simplified equation 4.1 is used. These parameters and
the results of the investigation, as well as the transmission resistance of the
flooring to butanol and ethylhexanol, calculated according to Equation 4.1, are
set out in Table 4.3.

Table 4.3. Summary of mesurement results, the parameters used and the
calculated mean values of the transmission resistance of PVC and
linoleum flooring to butanol and ethylhexanol.

Butanol Etylhexanol
Unit PVC Linoleum PVC Linoleum
EF  pg/(m*h) 16 700 21 200 6 600 27 800
q 107 kg/(m*s) 3.56 5.89 1.83 7.72
Cm 107 kg/m? 17 17 0,7 0,7
Re 10°s/m 3700 2 900 380 90

61



4.2 Diffusion coefficient J,. for butanol in concrete

In this investigation, transport of butanol through concrete was studied with the
cup method. The aim was to evaluate the diffusion coefficient J,.for butanol in
the gas phase in dry concrete.

4.2.1 The test specimen

The cup (PF2) used in this investigation is described in Subsection 2.2.2. A
round slice of concrete cut from a cylinder, which had in turn been drilled out of
a larger concrete cube with a core drill, was fixed to the top of the cup. The
concrete used in this study was ordinary structural concrete (C4) described in
Subsection 2.1.1. Before the cube was drilled, it was conditioned in a laboratory
environment. The diameter of the slice of concrete was 95 mm and its thickness
20 mm.

The cup was filled with butanol so that it was ca 5 mm above the bottom; see
Fig. 4.3. The concrete slice was carefully fixed to the cup with butyl based
"Platon" sealing compound. A layer of aluminium tape, which is completely
vapourtight, was carefully placed around the outside of the sealing compound.

Low concentration

of Butanol
A Concrete slice
Flux Z/
20 mm . — Sealing compound with
— aluminium tape
Saturated concentration .

45 mm of Butanol — Glass dish

| — Butanol in

liquid phase

95 mm

b
~ g

Fig. 4.3. General arrangement of cup experiment. During the experiment the
cup containing butanol was placed in a controlled climate room at
20°C and 65% RH.

Four cups with butanol were prepared for the study. During the whole
measurement, these cups were placed in a controlled climate room at constant
20°C and 65% RH.

4.2.2 Measurement

Flow through the slice of concrete was measured by determining the weight loss
through repeated weighing of the test specimen. In the beginning of the
measurement series, the cups were weighed in the controlled climate room at
intervals of about one week, and at the end of the series at intervals of about
two weeks. The weighing machine used was a Mettler PM 4000 with a
resolution of 0.01 g. Over the measurement range the reproducibility of the
weighing machine is £0.01 g.
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4.2.3 Results

The results in the form of the weight loss of the cups are set out in Table 4.4
and Fig. 4.4.

Table 4.4. Summary of results, loss in weight due to emission of butanol in cup
experiments with 20 mm thick concrete slices.

Time Weight loss [g]

[hours] 1 2 3 4
21 0.00 0.00 0.00 0.00
167 0.14 0.16 0.16 0.12
332 0.21 0.27 0.25 0.20
499 0.44 0.48 0.49 0.44
671 0.51 0.58 0.63 0.57
940 0.81 0.84 0.95 0.93
1125 1.06 1.07 1.23 1.24
1363 1.39 1.36 1.60 1.64
1651 1.83 1.74 2.07 2.14
2039 2.54 2.35 2.80 2.95
2349 3.14 2.85 3.41 3.60
2685 3.82 3.43 4.08 4.32
3021 4,55 4.06 4.80 5.10

The weight loss per unit time which is represented by the slope of the curves in
Fig. 4.4 increases slightly over time. It normally takes a very long time before
the flow becomes steady. Steady flow has not really been reached in the
experiment.

6

5 2
54
@ -1
[]
=3 -9
-g" -
s 3
; 2 -4

1

0

0 480 960 1440 1920 2400 2880 3360
Time [h]

Fig. 4.4. Weight loss in cup with butanol due to diffusion through 2 cm thick
slice of concrete. Constant climate, 20°C and 65% RH.
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4.2.4. Evaluation of doc for butano/

The diffusion coefficient d,- was evaluated from the last two measurement
results which were 336 hours apart. A regression curve is usually employed in
evaluating a measurement series, but in this case the last two measurements
yield the best results since steady flow has probably not yet been attained.
Equation 4.2 is used for evaluation.

Gur = O 2 [k /(m” ) (4.2)
Ax

The flow g, is obtained from the weight loss between the last two
measurements, set out in Table 4.4. Ax is the thickness of the concrete slice,
Ac,, the difference in concentration between the vapour phase butanol in the
cup and in the room. The air in the cup is assumed to be saturated with
butanol, and the concentration of butanol in the room air is assumed to be
equal to zero.

According to Appendix No 3, the saturation concentration of butanol at a room
temperature of 20°C is equal to 17-103 kg/m3.

The conditions and results for the four cups in the investigation are set out in
Table 4.5.

Table 4.5. Summary of measurement results, parameters and calculated
diffusion coefficients o,c for butanol in dry concrete.

Designation Sample

Quantity Unit 1 2 3 4

Aweight [d] 0.73 0.63 0.72 0.78
Atime [hours] 336

Ax [10°m] 20

area [10° m?] 7.09

Om [10° kg/m?/s] 85.2 73.5 84.0 91.0
Csat [10°kg/m”] 17

doc [10°m%/s] 94.6 81.6 93.3 101.1

According to the experiment, the mean value of Jd,-is 92.7:10° m?/s. The spread
in the results shows that the experiment has a standardised uncertainty of
+8.1-10° m%/s, i.e. £8.7%.

These values for butanol appear reasonable since studies by Meinighaus
(2000a) show that the diffusion coefficient for octane is ca 100-10° and for ethyl
acetate ca 50-10° in "solid concrete".

It is very probable that the diffusion coefficient is highly moisture dependent.
During the experiment, the slice of concrete was much drier than what is normal
in a concrete floor where alkaline decomposition occurs or has occurred. The
humidity in the controlled room where the samples were kept was 65% RH. It is
even probable that parts of the concrete slice were drier still since the alcohol
used in the cups is hygroscopic. In such a case the implication is that the cups
had adsorbed moisture and the actual weight loss due to emission of butanol is
greater than that measured.
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Earlier studies by Tuutti (1982) show how the diffusion coefficient of oxygen
(0,) changes when the moisture level in concrete changes. It decreases by
three orders of magnitude from a value of ca 20-10® (m?/s) at an RH of a few
per cent to 0.02:10® (m?/s) at ca 100% RH; see Fig. 4.5. It is likely that the
same phenomenon can occur in concrete for every VOC that has properties
similar to those of O,.

100

101,

2

Ow/c = 0.5, 7d in 100%RH
Xwic = 0.67, constant RH
Aw/c =0.42, constant RH
Ow/c = 0.50, constant RH
Owi/c = 0.5, 7d in 80%RH

Derr, O_[10° m?Is]

0,1 1

0,01

0 20 40 60 80 100
RH [%]

Fig. 4.5.  Diffusion coefficient for oxygen, O., as a function of the moisture
level in concrete; values from Tuutti (1982).

4.2.5. Theoretical evaluation of ooc for ethylhexanol

According to an investigation by Nilsson & Luping (1992), the diffusion
coefficients of different gases can be compared. The differences in the diffusion
coefficients of different gases can be calculated with reference to their
molecular weights. "According to the kinetic theory of gases, the diffusivity in
materials is inversely proportional to the square root of the molecular weight
M".

For the concrete concerned at the prevailing RH, the value of &y for
ethylhexanol is set out in Table 4.6.

Table 4.6. Assumptions and results in the investigation of .

Designation Sample
Quantity Unit BuOH EtHx
M [g/mol] 74 130
Measured & at ca 65%RH  [m?/s]  92.7-10° -
Calculated 8, (from BUOH)  [m?/s] 69.9-107°
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4.3 Determination of effective diffusion coefficient
Deff

In this investigation measurements were made of the quantities of butanol and
ethylhexanol that had penetrated into an old test specimen which had been
subject to alkaline hydrolysis. The aim of the investigation was to evaluate the
effective diffusion coefficient D which is a measure of the apparent diffusion
capacity of the compound in a material.

4.3.1 Test specimen

This investigation was performed to study the penetration of OC into concrete
when the adhesive had been hydrolysed. The test specimen used was cast in
conjunction with an earlier study described in Wengholt Johnsson (1995). In the
original study this test specimen was designated NSt2. This specimen was
selected because in the original study it had large emissions.

The test specimen is identical to those used in this study, described as PF3 (pot)
in Subsection 2.2.3. The concrete was an ordinary structural concrete,
designated material C4 in Subsection 2.1.1. The adhesive used was a latex
adhesive designated adhesive A4 in Subsection 2.1.3. The method of bonding
was AT1, laying of the flooring in the wet adhesive with an open time of only a
minute or two. The flooring was a homogeneous PVC flooring described as F1 in
Subsection 2.1.4. Casting and application of adhesive in Wengholt Johnsson
(1995) is the same as the methods described in Chapter 2, without any
appreciable deviations.

4.3.2 Sampling

OC in concrete was measured in two stages, followed by analysis. The first
stage was extraction of samples from the concrete at different depths and
conditioning of these in a sample container. In the second stage sampling was
performed in the sample container using the headspace technique in which the
OC was captured and concentrated on an adsorbent. This was followed by
analysis by gas chromatography (GC-FID).

A core of 25 mm diameter was drilled from the test specimen; see Fig. 4.6.
Drilling was carried out without a coolant to prevent OC at the surface of the
core from being washed away. Immediately after the core had been extracted,
it was wrapped in aluminium foil to prevent emission of OC. The core was then
cut at different levels by an abrasive water jet and the pieces were placed into
bottles with a specially designed cover, as described in Subsection 2.3.2.
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Specimen
NSt2

Fig. 4.6.  The concrete core analysed in this investigation was taken from test
specimen NSt2 from the investigation in Wengholt Johnsson (1995).

In later studies the core was split into "slices" using a hammer and chisel. This
does not provide the same opportunity for determining the sizes of the test
pieces since the cleavage surface cannot be predicted. This change in method is
nevertheless considered to be for the better since it is quicker and less costly
than the water jet method.

The mean depths from the surface to the pieces of the core are shown in Fig.
4.7.

Surface
4 mm
2 .
penetration-
depth” 15 mm
""" 38 mm
70 mm

Fig. 4.7. The core was sliced into layers using abrasive water jetting. The
mean depth of each slice is given.

The sampling method and the equipment used to measure concentration are
based on the headspace technique and concentration on a TENAX tube.
Subsequent analysis was performed by GC-FID; see Subsection 2.3.2.
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4.3.3. Results

The results in the form of free concentrations of butanol and ethylhexanol per
m? of air are set out in Table 4.7.

Table 4.7. Summary of the concentrations of free OC at diifferent depths in the

concrete.
Depth Butanol Etylhexanol
[10_3 m] [kg/mBair] [kg/m3air]
0 43.80-10%" 30.95-10°
4 38.48-10°° 23.70-10°°
15 24.97-10°° 8.31-10°
38 7.03-10° 0.19-10°
70 0 0.12-10°®

* according to evaluation of De by fitting a curve to the
error function solution of Fick's second law

4.3.4  Evaluation of D

The results of the investigation of OC in the concrete below the flooring show
that OC from decomposition of the adhesive had penetrated deep into the
concrete. According to Crank (1975), the effective diffusion coefficient D can
be evaluated with reference to Fick's second law. For such an evaluation it is
necessary to know the penetration profile for a specific compound which has
formed during incremental changes in a semi-infinite medium.

With the simplification that the surface concentration c,, in the test specimen
had changed in stages from the initial value 0 to a constant value which then
remained unchanged during the whole period, the fundamental incremental
change requirement is satisfied. In view of the fact that the concentration at the
bottom of the test specimen, 100 mm from the surface, is very low, depth may
be considered infinite in this respect.

Fick's second law can then be solved with Equation 4.3 according to Crank
(1975); this is the complement to the "error function".

X 2

c(x,t)=c, l-erf| ——— kg/m;, 4.3
(x.0) f{z DNJ [ke/m, | (4.3)
In Fig. 4.8, the complement to the error function has been calculated for a
number of different combinations of D+t where t is the time during which the

surface concentration was high after the incremental change.
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Fig. 4.8. Solution of Fick's second law with the complement to the error
function. The figures along the curves are the values of Dy - t; see
Equation 4.3.

In test specimen NSt2 which was investigated in this experiment there had been
high surface concentration of OC for about 2 years. By fitting the measurement
results in Table 4.7 to the curves in Fig. 4.8, the values of c,, and D can be
evaluated.

The best fit to the measured values for butanol is plotted in Fig. 4.9. Curve
fitting was performed by the method of least squares for differences in
concentration at the different depths. Curve fitting for the results for
ethylhexanol is shown in Fig. 4.10.
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Fig. 4.9. Distribution of butanol in concrete from experiment c1.2 and the best
fit of the error function by the method of least squares. c,, = 43.9-10°
kg/m?, and D.; = 5.80-10 %> m %/s.
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Fig. 4.10. Distribution of ethylhexanol in concrete from experiment c1.2 and the
best fit of the error function by the method of least squares. ¢,, =
30.9-10 ¢ kg/m?, and D.; = 1.48-10 2 n¥/s.

Surface concentration (c,,) for butanol was higher than for ethylhexanol,
43.8:10% as against 30.9-10¢ kg/m3. This, in combination with the fact that
butanol has the greater penetration depth, means that D is different for the
different decomposition products. The effective diffusion coefficient D is
5.80:10*2 (m?/s) for butanol and 1.48-10* for ethylhexanol.

If the assumption regarding incremental change is not correct, the surface
concentration (c,,) which has been calculated may be seen as an effective mean
value. The test specimen was approximately two years old when the core was
drilled out. The concentration below the flooring may have changed during
these two years. The concrete may have dried out through the flooring, so that
the reaction and thus the production of OC had ceased.

The diffusion coefficient (D) which has been evaluated may also be a mean
value for variable moisture conditions. The rate of penetration of OC down into
the concrete has probably been affected by the redistribution and drying of
moisture in the concrete.
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4.4 Field measurements of effective diffusion
coefficient D

In order to verify the laboratory measurements of OC which has penetrated into
the concrete, four field measurements were carried out. Sampling with the
TENAX tube and analysis with GC-FID were performed in the same way as in
the laboratory measurements. The floors selected all had PVC flooring bonded
to concrete and exhibited signs of alkaline hydrolysis of the adhesive.

Sampling was carried out by experienced research engineers from two
investigation consultancies in Stockholm.

Sampling in floor No 3 was performed by research engineer Aime Must of
BARAB and the analysis by tekn.dr. Jan Kristiansson of Chemik Lab AB. The
conditioning procedure was different from that used at Chalmers. During
conditioning of the headspace, elevated temperature and RH were used. It was
not possible to evaluate the maximum concentration below the flooring at room
temperature. The difference is not considered to have affected the results.

Sampling at the other three floors was performed by different employees of AK-

konsult Indoor Air AB. Subsequent conditioning of the test pieces in the "bottle"

and analysis of the TENAX tube with GC-FID were carried out at the Department
of Building Materials, Chalmers University of Technology.

The results of analysis in the form of penetration profiles for butanol and
ethylhexanol from the four floors are set out in Fig. 4.11 —4.18. The plots which
are shown in outline in Fig. 4.12, 4.14, 4.17 and 4.18 were considered to be
unreasonable. This may be due to faulty handling or leakage during sampling or
the subsequent conditioning and analysis. These measurement results are
presumably erroneous, and they were therefore not used in evaluating c,, and
Deff-

The results of the investigations are summarised in Table 4.8.

Table 4.8. Summary of concentrations of OC below the flooring, c,,, and the
effective diffusion coefficient, D.,, which were measured in the field
on damaged floors and on the test specimen in Section 4.3. W/c
ratio in all samples ca 0.7, with the exception of sample No 1 where

itis ca 0.5.
Floor  Age of Butanol Etylhexanol
damage Csu Deff Csu Deff
[years] [10° kg/m®] [10™ m?/s] [10° kg/m?] [10™2 m?/s]
1* 1 10.0 16 5.8 19
2 3.5 49 4.1 3.3 3.6
3 6 - 4.9 - 6.1
4 0 2 52 09 84
Lab 2 43.9 5.8 30.9 1.5

* Concrete with w/c ratio = 0.5.

Note that in floor No 2 the difference between ¢, for butanol and ethylhexanol
is large, while in other floors it is small. There is not enough information
available regarding the floors for these differences to be explained. It is likely
that factors such as moisture level, the impermeability of the floorings and the
concrete grade are important.
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4.4.1 Floor No 1 — ca 1 year old emission damage

12

BuOH 10° [kg/m?]

0 20 40 60 80 100
Depth in concrete [mm]

Fig. 4.11. Distribution of butanol in concrete from field measurements on ca 1
year old damage. The curve is the best fit to the error function with
the method of least squares. C, = 10.0-10 7% g/m?,
D =16:10"m?</5s.

EtHx 10° [kg/m?]

oo
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Fig. 4.12. Distribution of ethylhexanol in concrete from field measurements on
ca 1 year old damage. The curve is the best fit to the error function
with the method of least squares. C, = 5.8:10 % g/m?,
D = 19-10 %2 n¥/s.
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4.4.2 Floor No 2 — ca 3.5 year old emission damage
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Fig. 4.13. Distribution of butanol in concrete from field measurements on ca 3.5
year old damage. The curve is the best fit to the error function with
the method of least squares. C, = 49.0-10 7 g/m?,

D=4110% m?/s.
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Fig. 4.14. Distribution of ethylhexanol in concrete from field measurements on
ca 3.5 year old damage. The curve is the best fit to the error function
with the method of least squares. C, = 3.3-10 > g/m?,

D =36-10%2 m?/s.

73



4.4.3  Floor No 3 — ca 6 year old emission damage
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Fig. 4.15. Distribution of butanol in concrete from field measurements on ca 6
year old damage. The curve is the best fit to the error function with
the method of least squares. D = 4.86-10 2 m ?/s. And background of
0.2
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Fig. 4.16. Distribution of ethylhexanol in concrete from field measurements on
caa 6 year old damage. The curve is the best fit to the error function
with the method of least squares. D = 6,13-10 2 m?/s.
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4.4.4  Floor No 4 — ca 10 year old emission damage
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Fig. 4.17. Distribution of butanol in concrete from field measurements on ca 10
year old damage. The curve is the best fit to the error function with
the method of least squares. C, = 2-10° g/m? D = 5.2:10 ? m?/s.
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Fig. 4.18. Distribution of ethylhexanol in concrete from field measurements on
ca 10 year old damage. The curve is the best fit to the error function
with the method of least squares. C, = 0.9-10 7 g/m?,
D =8410 % m?/s.
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5 Studies of the significance of moisture
status for emission

When impermeable floorings are bonded directly to concrete floors, alkaline
hydrolysis of the adhesive can take place. The moisture level in the concrete
exerts an influence on this process. In this chapter, a description is given of five
investigations of the moisture status of concrete and the influence of the
moisture status on the emission factor EF.

A description is first given of an investigation of the absorption of moisture from
the adhesive at the surface of the concrete, followed by an investigation of the
quantity of moisture of adhesive that evaporates in conjunction with different
methods of applying the adhesive. Finally, there is an account of three
investigations of emission from test specimens in which various parameters
associated with moisture of adhesive and other surface moisture were varied.

5.1 Measurement of RH at the concrete surface

The method used in the study to measure moisture of adhesive is originally
described in Sjoberg (1997). It is a development of a method that was originally
employed in studying the moisture status of the surface layer of concrete when
screeds are applied; Nilsson (1984).

5.1.1 Test specimens

The test specimens, materials and the procedure applied in production are
described in Chapter 2. The test specimen used was the "bucket" (PF4) which
was cast with different concrete grades, C1, C3 and C4, and the flooring F1
which was bonded with adhesive A2. The method of applying the adhesive was
AT1, with an open time of only a minute or two.

5.1.2 Moisture measurement

A day or two before the adhesive was applied, the RH probes were mounted in
the measuring tubes of the test specimens. The rubber plug was removed and
the RH probe was placed in the measuring tube where it was sealed with an
inflatable rubber ring to prevent ingress of ambient air. When the RH probe was
mounted, conditions in the tube were changed since air is forced out when the
probe is inserted. When the measured values stabilised after the probes had
reached equilibrium at the depths concerned, the flooring was bonded to the
concrete.

Measurements in experiment No 2 were made with the hand instrument as
described in Method No 1 in Subsection 2.3.1. In the other experiments the
temperature and RH were logged every 5 minutes according to Method No 2.
The values obtained were converted into RH with reference to the calibration
curves for each measuring probe.

76



5.1.3 Results

The results from the three measurement series are presented as RH at 20°C.
The measurements were made at 20°C, and therefore no corrections were
necessary. Any correction of RH measured at a temperature other than 20°C
can be made according to Nilsson (1987).

Experiment No 1, application of 300 g/m? moisture of adhesive to
concrete C1

When the flooring was bonded to concrete C1, 33 g of adhesive was applied to
the test specimen. This is equivalent to ca 300 g of moisture of adhesive per m?
of concrete surface. A litre of adhesive is normally sufficient for 5 m?2 of floor
surface, which corresponds to 80 g moisture of adhesive per m2.

RH probe HMP 44 and the datalogger were used for the measurement. After the
probes had been mounted, the temperature and RH were automatically logged
every 5 minutes. This is described in detail as Method No 2 in Subsection 2.3.1.

The values for the whole measurement sequence for RH are plotted in Fig. 5.1.

The temperature measurement shows a stable temperature of 20°C during the
measurement period. The results are described in detail in Sjoberg (1998a).

The measuring tubes for the four RH probes were located at depths of 11, 17,
19 and 34 mm in this test specimen.
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Fig. 5.1. Change in moisture level at different depths after a PVC flooring was
bonded to concrete C1 of w/c ratio = 0.32. The moisture of adhesive
introduced is ca 300 g/n?.
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Experiment No 2, application of 90 g/m? moisture of adhesive to
concrete C3

When the flooring was bonded to concrete C3, 10 g of adhesive was applied to
the test specimen. This is equivalent to ca 90 g of moisture of adhesive per m?
of concrete surface.

RH probe HMP 36 and hand instrument HMI 31 were used for the
measurement. After the probes had been mounted, readings were taken

manually several times per day. This is described in detail as Method No 2 in
Subsection 2.3.1.

The values for the whole measurement sequence for RH are plotted in Fig. 5.2.

The temperature measurement shows a stable temperature of 20°C during the
measurement period. The results are described in detail in Sjoberg (1998a).

The measuring tubes for the six RH probes were located at depths of 3, 8, 13,
21, 41 and 84 mm mm in this test specimen.
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Fig. 5.2. Change in moisture level at different depths after a PVC flooring was
bonded to concrete C3 of w/c ratio = 0.42. The moisture of adhesive
introduced is ca 90 g/n?.
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Experiment No 3, application of 230 g/m? moisture of adhesive to
concrete C4

When the flooring was bonded to concrete C4, 25 g of adhesive was applied to
the test specimen. This is equivalent to ca 230 g of moisture of adhesive per m?
of concrete surface.

RH probe HMP 44 and the datalogger were used for the measurement. After the
probes had been mounted, the temperature and RH were logged automatically
every 5 minutes. This is described in detail as Method No 2 in Subsection 2.3.1.

The values for the whole measurement sequence for RH are plotted in Fig. 5.3.

The temperature measurement shows a stable temperature of 20°C during the
measurement period. The results are described in detail in Sjoberg (1998a).

The measuring tubes for the four RH probes were located at depths of 5, 10, 18
and 34 mm in this test specimen.
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Fig. 5.3. Change in moisture level at different depths after a PVC flooring was
bonded to concrete C4 of w/c ratio = 0.66. The moisture of adhesive
introduced is ca 230 g/m?.

79



5.1.4 Evaluation

When the RH measurements were evaluated, the total quantity of moisture that
had penetrated was calculated and compared with the applied quantity.

The quantity of moisture of adhesive that had penetrated into the concrete can
be determined by calculations based on the increase in moisture level. By
integrating the increase in RH over the penetration depth and multiplying this by
the moisture capacity, the quantity of moisture that had penetrated can be

determined using Equation 5.1. This method is described in detail in Sjoberg
(1998a).

L
aw,, = O[ARF Gix |ke/m3,..| (5.1)
o0

The total increase in the moisture content of concrete is equal to the moisture
capacity of the concrete multiplied by an integral. The integral is equal to the
sum of the change in RH at every depth. In other words, the integral is equal to
the area between the different RH profiles, as shown in Fig. 5.4.
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Fig. 5.4. Calculation of the size of the area for the experiment with w/c ratio =
0.66 in order to determine the total guantity of moisture that had
penetrated into the concrete.

The quantities of moisture which had been introduced into the concrete in the
investigation are set out in Table 5.1. The summary also contains the total

quantity of moisture (w,,) that had penetrated during all the experiments,
calculated as shown in Fig. 5.4.
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Table 5.1. Applied moisture of adhesive and total measured quantity of
moisture (w,,) which had penetrated.

Experiment Moisture of Area RH level  dw/dRH Wiot
W/C ratio adhesive

[10° kg/m?] [10° RHM] [%] [kg/m?] [107 kg/m?]
0.32 300 0.47 80-95 >360 >170
0.42 91 0.26 80-95 360 94
0.66 230 0.90 92-97 300 270

As seen in Table 5.1, some of the moisture of adhesive was not recovered as
the total quantity of moisture (w,,) that had penetrated; see also Fig. 5.5. The
reason that moisture is "missing” in the experiment on C1 (w/c 0.32) may be
that the moisture capacity used in evaluation was too small, or that the
estimated area in the diagram underestimates the moisture content of the
concrete outside the outermost plot. It is also possible that a large proportion of
the moisture is still contained in the adhesive.

Moisture of adhesive measured
in concrete [g/m?]

O T T T T T T

0 50 100 150 200 250 300 350
Moisture of adhesive applied to the surface [g/m?]

Fig. 5.5. Relationship between applied and measured moisture of adhesive in
the experiment.

5.2 Evaporation of moisture of adhesive

When a flooring is bonded to a substrate, the open time (OT) is an important
parameter. The term refers to the period during which the adhesive is allowed
to "dry", from the time it is spread on the substrate to the time when the
flooring is laid. During the open time there is an opportunity for the moisture of
adhesive to evaporate into the room air. If the substrate is absorbent, some of
the moisture of adhesive will also be redistributed in this.
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In this investigation, the weight loss due to evaporation of moisture from a film
of adhesive over a period of one hour was measured and evaluated. This
investigation was originally published in Sjdberg & Wengholt Johnsson (1999).

521 Test specimens

In this investigation, the test specimens in two experiments were a steel plate
to represent a non-absorbent substrate, and in another two a piece of
plasterboard to represent an absorbent substrate. The investigation was
performed in a laboratory at ca 20°C and 50% RH.

5.2.2 Weighing

The plate or board was placed in a weighing machine and its weight was noted.
About 30 g of adhesive was then uniformly applied (ca 5 m?#/1) to it. The new
weight including the adhesive was noted. Readings were then made at frequent
intervals for an hour.

5.2.3 Results

The results in the form of moisture of adhesive that had evaporated during an
open time of one hour are plotted in Fig. 5.6. When 100% of the moisture of
adhesive had evaporated, all water in the adhesive, i.e. ca 30% of the total
weight of adhesive, had gone.

100%

80%

Non -adsorbent substrate
60% 1

40%

o)
Adsorbent substrate

20% 1

Proportion of moisture of adhesive
that evaporates

00
0 10 20 30 40 50 60
Time [minutes]

Fig. 5.6. Proportion of moisture of adhesive that evaporates during the first
hour on different types of substrate. Sjoberg & Wengholt Johnsson
(1999).
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524 Evaluation

The quantity of moisture remaining in the adhesive which can be absorbed into
the substrate can be calculated from Fig. 5.6. The quantities of moisture that
remain after different waiting times when the adhesive is applied to an
absorbent substrate are set out in Table 5.2. The original moisture content of
the adhesive (kg/m?3) can be calculated from the manufacturer's data concerning
the density and solids content of the adhesive.

Similar calculations of the remaining quantities of moisture on a non-absorbent
substrate are set out in Table 5.3.

Table 5.2 Absorbent substrate. Remaining quantities of moisture of adhesive
for 5 m?/l of adhesive (4 m?/l in brackets) after different open times
(in minutes). The original quantity of water can be calculated as
density x (1 — solids content (%)).

oT Remaining quantity of moisture [10-3 kg/m2]
minute % 300 350 400 450 500
0 100 60 (75) 70 (88) 80 (100) 90 (113) 100 (125)
2 98 59 (73) 68 (86) 78 (98) 88 (110) 98 (125)
5 94 57 (71) 66 (83) 75(94) 85(107) 94(118)
10 89 53 (67) 62 (78) 71(89) 80 (101) 89(111)
15 84 50 (63) 59 (74) 67 (84) 76 (95) 84 (105)
30 72 43 (54) 51 (64) 58 (72) 65 (82) 72 (90)
45 64 39(48) 45 (56) 51 (64) 58 (73) 64 (80)
60 59 35(44) 41(52) 47 (59) 53 (66) 59 (73)
120 46 28 (34) 32 (40) 37 (46) 41 (52) 46 (57)

Table 5.3 Non-absorbent substrate. Remaining quantities of moisture of
adhesive for 5 m2/I of adhesive (4 m2/l in brackets) after different
open times (in minutes). The original quantity of water can be
calculated as density x (1 — solids content (%)).

oT Remaining quantity of moisture [10-3 kg/m2]
minute % 300 350 400 450 500
0 100 60 (75) 70 (88) 80 (100) 90 (113) 100 (125)
2 95 57 (71) 66 (84) 76 (95) 85(107) 95 (119)
5 88 53 (66) 61 (77) 70 (88) 79 (99) 88 (109)
10 77 46 (58) 54 (68) 62 (77) 70 (87) 77 (97)
15 67 40 (50) 47 (59) 53 (67) 60 (75) 67 (83)
30 42 25 (31) 29 (37) 33 (42) 37 (47) 42 (52)
45 31 19 (23) 22 (27) 25 (31) 28 (35) 31 (39)
60 26 15(19) 18 (23) 21 (26) 23 (29) 26 (32)
120 18 11 (14) 13 (16) 15 (18) 16 (21) 18 (23)
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5.3 Influence of method of application and type of
adhesive

The aim of this investigation which was originally published in Fritsche et al
(1997) was to make a detailed study of how emission from a flooring on a
substrate of self-desiccating concrete is affected by different conditions.
Examples of such conditions are method of application and type of adhesive,
type of cement and drying process.

5.3.1 Test specimens

Nine test specimens PF3 were cast with concrete C3 as described in Subsection
2.1.1. These test specimens were turned upside down prior to final vibration
during casting. The next day the moulds were turned the right way up and the
stainless steel plates were removed from the surfaces. The surfaces were now
covered with two layers of aluminium foil to prevent premature drying of the
surface. One test specimen, however, was not covered with foil but was allowed
to dry directly. The test specimens were stored in a controlled climate room
(+20°C, 50% RH) until the time the floorings were laid. The aluminium foil was
removed 28 days after casting, and two days later the flooring was bonded. In
most cases a homogeneous PVC flooring and a latex adhesive were used; see
Table 5.4, Experimental setup.

In experiments d2.01 and d2.02 the floorings were laid loose on the concrete.
The floorings were of different types and makes, and were kept in place with a
steel ring.

Samples d2.1 and d2.2 were made with the same materials, open times and
bonding method as in Wengholt Johnsson (1995). The open time during
application of the adhesive was ca 15 minutes before the flooring was fixed to
the concrete surface. In experiment d2.3 a "solventless" adhesive was used.
The method of applying the adhesive was varied in experiments d2.4 — 6; in
experiment d2.4 the adhesive was applied by single spread, to the flooring
instead of the concrete. In experiment d2.5 the flooring was bonded by contact
adhesive, i.e. the flooring was laid directly into the wet adhesive, immediately
withdrawn and finally laid on the concrete when the adhesive on both the
flooring and concrete had dried to a tacky state. The flooring in experiment d2.6
was laid in the wet adhesive, i.e. the flooring was laid directly into the wet
adhesive without any open time.

The concrete surface of the sample in experiment d2.7 was not covered with
aluminium foil but the concrete was allowed to dry directly. In experiment d2.8
the aluminium foil was removed 14 days after casting. The flooring was bonded
in these experiments in the same way as in the reference samples, 30 and 16
days respectively after drying commenced. The only difference between d2.1
and d2.2 (reference samples) and experiment d2.9 was that in the latter
experiment sulphate resisting low alkali cement was used instead of standard
cement. This was done to study the effect of lower alkali content in the
concrete.
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5.3.2 Moisture and emission measurements

The moisture status of the test specimens was measured several times during
the curing period. When the adhesive was applied the moisture level was
approximately 84% RH in all test specimens with the exception of d2.9 which
had a moisture level of 94% RH; see Table 5.5 and Fig. 5.7. The moisture level
was also measured one week after the adhesive had been applied and once
more about 20 weeks later. RH measurements were made with RH probes
which were inserted into measuring tubes at a depth of 4 cm in the test
specimen, one day before a reading was made. The method is described in
Subsection 2.3.1.

Emissions from the test specimens were measured on two occasions. The first
was about 7 weeks, and the second about 26 weeks, after the flooring had been
laid. Sampling was performed by the method described in Subsection 2.3.3, with
FLEC and TENAX tube. The subsequent analysis of the TENAX tube was
performed with GC-FID at the Department of Chemical Environmental Science,
Chalmers University of Technology.

5.3.3 Results

The results in the form of the emission factor EF, 7 and 26 weeks after the
flooring had been laid, are set out in Table 5.4. The results from all the RH
measurements in the investigation are set out in Table 5.5 and in Fig. 5.7.

Table 5.4 Experimental setup and the results of investigation dZ.

Experiment 01 .02 1 2 3 4 5 .6 7 .8 9
Bonding method - - 1 1 1 1 4 1* 1 1 1
Open time - - 15 15 15 15 60 0 15 15 15
Flooring FL. F1 F1 F1 F1 R F1 F1 F1 F1 F1
Adhesive - - M AM Al A M A A4 M M
Concrete c3 €G3 G C3 C3 a3 a3 c3 C3* C3* c3t
Designation VIa VIb I Ie II IITa IIIb ITic Iva IVb \"
BtOH 7w <2 4 17 203 395 371 7 1941 12 23 26
BtOH26w <2 <2 8 32 20 55 24 280 9 16 21
EtHx 7w <2 9 28 5 134 83 18 326 38 39 16
EtHx 26w 7 5 15 44 100 72 19 315 4 19 32
v Adhesive on flooring ¢ Drying for 2 and 4 weeks respectively
& Flooring laid into wet adhesive # Sulphate resisting low alkali cement
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Table 5.5 RH in test specimens at 40% of the depth at different times after
casting. Investigation dZ.

Experiment 8 days 15 days 24 days 30 days* 37 days 169 days

d2.1 84 83 83 84 83 77
d2.2 - - - - - -
d2.3 - - - - - -
d2.4 - - - - - -
d2.5 - - - - - -
d2.6 85 83 83 83 83 79
d2.7 83 82 83 82 82 76
d2.8 83 83 83 83 82 76
d2.9 99 96 96 94 92 82

* Bonding of PVC flooring
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Fig. 5.7 RH in test specimens at 40% of the depth at different times after
casting. Investigation d?.
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5.3.4 Evaluation

Influence of drying of concrete surface and type of cement

When EF from test specimens that were allowed to dry for 2 and 4 weeks (d2.7
and d2.8 respectively) and from the reference samples (d2.1 and d.2.2) is
compared, nho major difference can be seen apart from one single value for
butanol at 7 weeks from experiment d2.2. This reading may be erroneous since
the values in the twin sample d2.1 are not equally high. Nor did a different
cement type, with a lower alkali content, change emission appreciably (d2.9).

The reason that there is no difference may be that the moisture level at the
time the adhesive was applied was too low, about 84% for all test specimens
with the exception of d2.9 in which the moisture level according to Table 5.5
was 94%. The rapid drying may be due to self desiccation of the concrete. The
reason that elevated emissions were not measured from d2.9 in spite of the
high moisture level may be that this sample had a different cement, or that
moisture leaked out between the flooring and the steel mould before it was
redistributed and gave rise to alkaline hydrolysis of the flooring adhesive.

Emissions when the flooring is loose laid

The comparisons made here show that the loose laid floorings were not affected
by the concrete. Two different types of PVC floorings were laid loose, and the
values of EF have been compared with their primary emissions in Fig. 5.8.

The flooring in experiment d2.01 is a homogeneous PVC flooring (M1) intended
for bonding. The EF measured shows that it emits only a small proportion of
what is quoted as primary emission; see Fig. 5.8.

The flooring in experiment d2.02 is a heterogeneous PVC flooring (M4) with a
backing of compressed polyester fibre, intended for loose laying. The polyester
fibres on the back resemble felt. Emission measurements show that this flooring
also emits only a small proportion of what is quoted as primary emission.

Since EF from the loose laid floorings is low, even lower than the values of
primary emission quoted by the manufacturers, it may be assumed that in these
floorings there had been no decomposition. The reason that EF is low in the
investigation may be that the manufacturers measure primary emission 4 and
26 weeks after manufacture. The floorings used in the investigation were older,
and primary emission may have ceased even though they had been packed in
several layers of aluminium foil since manufacture.
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Fig. 5.8 Emissions from loose laid floorings after 7 and 26 weeks and values of
primary emission quoted by the manufacturers. EF, and EF,; denote
primary emissions from the floorings 4 and 26 weeks after
manufacture. d2.01 is flooring M1, and d2.02 is flooring M4.

Influence of method of application and type of adhesive

The comparison made here shows the significance for emission from the
finished floor system of the method used to apply the adhesive, and the
significance of the type of adhesive. The comparison is made for EF from seven
of the experiments in the investigation.

The bars at the left of Fig. 5.9 and 5.10 show high EF from the test specimens.
In experiment d2.6 the flooring was laid into the wet adhesive on the test
specimen, and this may explain the high EF. According to Fig. 5.6, only a small
proportion of the moisture of adhesive could evaporate before the flooring was
laid down.

In the next experiment (d2.4) the adhesive was applied to the flooring, and the
open time was ca 15 minutes. In this experiment also, the emission was higher
than in the references (see below). The reason may be that there is no
opportunity for the moisture of adhesive to be absorbed into and to be
redistributed inside the concrete during the open time. According to Fig. 5.6,
approx. 35% of the moisture of adhesive had however evaporated after 15
minutes on a non-absorbent substrate, and only about half as much on an
absorbent substrate.

The twin samples in experiments d2.2 and d2.1 may be regarded as references
in this investigation. Compared with the loose laid flooring, decomposition has
occurred in these samples also. The high value of butanol at the first
measurement on d2.2 may be due to an erroneous reading.

In experiment d2.5 the flooring was laid by pressure sensitive bonding as
described in Subsection 2.1.3. Emission from these test specimens is low.
According to Fig. 5.6, 40% of the moisture of adhesive may have evaporated
before the flooring was laid.
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The loose laid flooring in experiment d2.1 had low primary emissions.

The bars at the right of Fig. 5.9 and 5.10 are from an experiment with a
different adhesive (A1) which is based on broadly the same polymers as the
reference adhesive (A4). Conditions were otherwise the same as in the
references d2.2 and d2.1, but EF was higher. The difference demonstrates that
apparently similar materials may give rise to different values of EF.
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Fig. 5.9 Comparison of emissions of butanol from floor systems bonded by
different methods. Flooring laid into wet adhesive (d2.6), adhesive
spread on flooring (d2.4), adhesive spread on concrete (d2.2 and
d2.1), pressure sensitive bonding (d2.5) and loose laying (d2.01).
Finally, d2.3 was bonded to the concrete with a different adhesive
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Fig. 5.10 Comparison of emissions of ethylhexanol from floor systems bonded
by different methods. Explanation of the bars is given in fig 5.9.
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5.4 The influence of screed

In this investigation, a comparison was made of emissions when PVC floorings
were bonded to test specimens with seven different kinds of screed. Previous
investigations by Wengholt Johnsson (1995) showed that a screed had a
favourable effect when PVC floorings were bonded to self-desiccating concrete
(low w/c ratio).

5.4.1 Test specimens

Eight test specimens PF3 (pot) were cast with concrete C3 as described in
Subsection 2.1.1. A space was left between the surface of the concrete and the
top of the mould to accommodate the thickness of the layer of screed to be
spread later on. The test specimen for experiment d3.0 which had no screed
was turned upside down on a steel plate and vibrated. The next day it was
turned the right way up and covered with plastic. The other test specimens
were covered with close fitting plastic directly after casting. Test specimens
were stored in a controlled climate room up to the time when emission
measurements were made.

After the test specimens had cured for seven days under a close fitting plastic,
the screed was spread on all samples except d3.3 and the one (d3.0) without
screed. RH at this time had dropped to below 90%, see Table 5.7 and Fig. 5.11
and 5.12. This moisture level was the highest recommended by the suppliers for
spreading the screeds. The screeds were delivered ready mixed, only water had
to be added. After water had been added, the screeds were mixed in a paddle
mixer and spread as described in Subsection 2.1.2. The screed for test specimen
d3.3 was spread on a separate occasion.

The seven screeds studied were of three types. The first three (d3.1 — d3.3)
were normal screeds based on aluminate cement; see Subsection 2.1.2. Two
(d3.4, d3.5) were rapid hardening screeds based on aluminate cement, and the
last two (d3.6, d3.7) were gypsum based screeds. The experimental setup and
the results are set out in Tables 5.6. The experiment and the results are also
described in Konieczny (1997).

The floorings were bonded one day after the rapid hardening screeds had been
spread. On the normal hardening screeds the floorings were bonded 7 days
after spreading, and on the gypsum based screeds after 14 days. These were
the shortest drying times recommended for the screeds concerned. The
floorings on all test specimens were laid into the wet adhesive in the same way,
with 10 minutes' open time before the flooring was pressed down. PVC floorings
and adhesives were the same for all test specimens. The method of applying
the adhesive is described in Subsection 2.1.3.
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5.4.2 Moisture and emission measurements

The moisture status of the test specimens was measured several times during
the curing period. The first measurement was made at the time the screeds
were spread, ca 1 week after the concrete had been cast. Measurements were
then repeated 2, 3 and 14 weeks after casting. RH measurements were made
using RH probes which were inserted into measuring tubes 4 cm below the tops
of the test specimens, inclusive of screed if any, one day before a reading was
made. The measuring method (No 1) is described in Subsection 2.3.1.

Emissions from the test specimens were measured on five occasions, 14, 26, 36,
40 and 44 weeks after the floorings had been laid. Sampling was performed
with FLEC and TENAX tube and the subsequent analysis with GC-FID, as
described in Subsection 2.3.3.

5.4.3 Results

The results in the form of the emission factor EF, 14 — 44 weeks after the
floorings had been laid, are set out in Table 5.6. The results of all RH
measurements in the investigation are set out in Table 5.7 and in Fig. 5.11 and
5.12.

Table 5.6 Experimental setup and the results of investigation d3.

Experiment d3.00 d3.01 d3.0 d3.1 d3.2 d3.3 d3.4 d3.5 d3.6 d3.7

Screed - - - S1 S2 S3 S4 S5 S6 S7
t [mm] - - - 5 5 5 5 5 20 20
[Z d;;/r:]e - - 8 747 747 747 741 741 5 7%
Flooring Steel F1 F1 F1 F1 F1 F1 F1 F1 F1
Adhesive - - A2 A2 A2 A2 A2 A2 A2 A2
Concrete - - C3 C3 C3 C3 C3 C3 C3 C3
Designation Steel Flooring A G F H D E C B

B14w <2 6 141 16 9 12 <2 <2 7 12
B26w <2 <2 77 2 15 7 <2 8 20 7

B36w <? <? 40 4 3 <2 <2 5 5 <?
B40 w <2 <2 28 5 <2 <2 50 <2 <2 5

Bdw <2 <2 24 <2 <2 <2 3 <2 <2 <2

El14w <2 4 150 9 17 14 <2 <2 12 8

E26w <2 <2 193 10 17 18 4 15 13 24
E36w 8 5 139 29 26 22 144 29 34 26
E40 w <2 <2 154 143 95 93 159 39 35 42
E44w 6 <2 89 12 <2 8 7 8 8 12
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Table 5.7 RH in test specimens at 40% of the depth at different times after
casting. Investigation d.3.

Experiment 7days 8days 14days 21days 95 days
d3.0 89.2 89.1** 87.0 86.1 86.5
d3.1 88.1* 87.3 86.3** 85.3 83.3
d3.2 87.2% 85.9 84.1**  82.7 84.9
d3.3 90.1 89.3 87.6* 87.2%* 849
d3.4 87.5* 86.9*%* 85.1 84.3 85.3
d3.5 88.0* 87.5** 86.0 85.8 87.0
d3.6 86.2* 87.2 86.6 77.8¥*  80.0
d3.7 85.5% 86.4 86.7 78.4%*  82.0
* Spreading of screed
** Bonding of PVC flooring
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Fig. 5.11 RH in test specimens at 40% of the depth at different times after
casting. Investigations d3.1 — d3.4.
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Fig. 5.12 RH in test specimens at 40% of the depth at different times after
casting. Investigations d3.0 and d3.5 - d3.7.
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5.4.4 Evaluation

Influence of type of screed

This comparison was made to find if the type of screed that is used on self-
desiccating concrete has any critical significance.

EF from the experiment with concrete C3 without screed is shown at the
extreme left in Fig. 5.13 and 5.14. The value of EF in this experiment is the
highest in this investigation. The result is so high that it may be due to
secondary emissions caused by alkaline hydrolysis of the adhesive, which also
agrees with the results in Wengholt Johnsson (1995).

The other seven experiments, with screed, all have a low EF at the first two
emission measurements plotted in Fig. 5.13 and 5.14. However, the value of EF
measured after 40 weeks is high, which may be due to external disturbance of
the measurement and analysis procedure.

It is remarkable that the moisture level in the concrete drops to ca 86-90% RH
after 7 days. After three weeks, the moisture level in most experiments is
around 85% RH. After this the level does not drop appreciably, apart from
samples d3.6 and d3.7 on which a gypsum based screed had been spread. The
rapid drying down to 85% RH may be due to self desiccation of concrete C3.

The reason that the decrease in moisture level ceases may be that an
impermeable flooring which prevents drying from the surface has been bonded
to the samples. The reason that the moisture level rises between 21 and 95 for
experiments d3.0, .2, .4, .6 and .7 may be that the moisture in the test
specimen is redistributed. Any moisture from the bottom of the test specimen
may be transported up to the level at which measurement is made, or moisture
in the screed may be transported down to this level.

One failing in the investigation is that all the cement based screeds were based
on aluminate cement. Aluminate based screeds are low alkaline, with pH around
11.
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Fig. 5.13 Comparison of emission of butanol from test specimens with
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Fig. 5.14 Comparison of emission of ethylhexanol from test specimens with
homogeneous PVC flooring bonded to different types of screed. In
experiment d3.0 the flooring was however bonded directly to the

concrete.
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5.5 Influence of time during which the concrete
surface dries before the flooring is bonded

The moisture properties of the concrete layer below the adhesive and flooring
are significant for the rate of emission. In the above investigation d2 which is
also described in Fritsche et al (1997), it was found that the open time after
application of adhesive to concrete of low w/c ratio was an important
parameter.

In this investigation emission from floorings with different concrete substrates
and open times was measured. In some cases the period of exposure to air,
from removal of the plastic to application of the adhesive, was varied.

5.5.1 Test specimens

For this investigation, 21 test specimens PF3 (pot) according to the description
in Subsection 2.3.3 were cast. Of these, 13 were concrete C2 and the remaining
8 concrete C4; see Tables 5.7 — 5.9. Directly after casting, the test specimens
were turned upside down on a steel plate and vibrated. The next day they were
turned the right way up and covered with plastic. They were then stored in a
controlled climate room (20°C, 50% RH), covered with plastic, for 25 days. The
plastic foil was removed and after 5 days PVC floorings were bonded to the
concrete samples. The quantity of adhesive applied, 15 g, was the same for all
samples. The floorings were laid into the wet adhesive with open times of 2 or
10 minutes. See Subsection 2.1.3 for description of the methods of applying the
adhesive. Some samples dried without plastic for 20 instead of 5 days.

The samples on which screed was to be spread were not turned but were stored
covered for 25 days, and ca 5 mm screed was spread after another 5 days. The
flooring was bonded to the substrate 7 days after the screed had been spread.

A different experiment, d4.1 with a linoleum flooring, was included in the
investigation. The aim of this was to have a pilot experiment for a possible later
investigation of EF from bonded linoleum floorings.

5.5.2 Moisture and emission measurements

The results of RH measurements of surface moisture in test specimens made
from the same concrete, which had dried under the same conditions for the
same time, are set out in Table 5.6. Measurements of surface moisture were
made on samples extracted at depths of 0-5 mm by method No 3 described in
Subsection 2.3.1. A complete description of the RH measurements and all
results are given in Sjéberg & Wengholt Johnsson (1999).

Measurements of EF were made approximately 10 and 26 weeks after the
flooring had been laid. Sampling was performed with FLEC and TENAX tube,
followed by analysis with GC-FID according to the method described in
Subsection 2.3.3.
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5.5.3 Results
The results in the form of RH at the concrete surface are set out in Table 5.8 for
the two concrete types and drying times.

The experimental setup and emission factors EF, 10 and 26 weeks after the
flooring had been laid, are set out in Tables 5.9 — 5.11 and in Fig. 5.15 and
5.16.

Table 5.8 Moisture at concrete surface (0-5 mm) when impermeable flooting is

laid.
Surface moisture [%RH]
Experiment 2 c4
Drying for 5 days 71.8 81.3
Drying for 20 days 66.9 78.5

Table 5.9 Experimental setup and the results of investigation dZ.

Experiment 400 d4.1 d4.2 d43 d44 d4.5 d4.6 d4.7
Open time [min] - 2 5 5 10 2 2 2
Drying [days] - 5 5 5 5 5 5 20
Screed - - - - - - - -
Flooring Steel F3 F1 F1 F1 F1 F1 F1
Adhesive - A2 A2 A2 A2 A2 A2 A2
Concrete - C2 2 C2 C2 C2 c2 C2
Designation 00 EB2 EB1 EB3 EB4 EB5 EB6 EB7

EFBUOH 10w <2 3 899 1254 786 1612 1673 20
EFBuOH26w <2 2 322 294 266 678 577 152

EF EtHx 10 w <2 1 540 895 618 720 813 17
EF EtHx 26 w <2 210 726 765 641 1016 876 178

Table 5.10 Experimental setup and the results of investigation dZ.

Experiment d4.8 d4.9 4.10 4.11 4.12 4.13 4.14 4.15
Open time [min] 10 2 2 2 15 25 10 10
Drying [days] 20 5 5+7 5+7 5+7 547 5 5
Screed - - S2 S2 S2 S2 - -
Flooring F1 F1 F1 F1 F1 F1 F1 F1
Adhesive A2 A2 A2 A2 A2 A2 A2 A2
Concrete C2 C2 C2 C2 C2 C2 C4 C4
Designation EB8 EBO EBA1 EBA2 EBA3 EBA4 ET1 ET2
EF BUuOH 10 w 80 1285 27 20 17 0 1383 1319
EFBUOH26w 69 579 9 5 1 3 731 5%

EF EtHx 10 w 59 780 26 25 31 21 663 730
EF EtHx 26 w 114 1059 26 17 17 17 1303 1177
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7Table 5.11 Experimental setup and the results of investigation d2.

Experiment 416 4.17 d4.17 d4.19 d4.20 d4.21
Open time [min] 2 2 2 2 15 25
Drying [days] 5 5 5+7 5+7 547 5+7
Screed - - S2 S2 S2 S2
Flooring F1 M1 M1 M1 M1 M1
Adhesive L2 L2 L2 L2 L2 L2
Concrete C4 Cc4 C4 C4 C4 Cc4
Designation ET3 ET4 ETA1 ETA2 ETA3 ETA4
EF BUuOH 10 w 1986 1411 1 18 12 7
EFBUOH26w 723 563 7 6 1 4
EF EtHx 10 w 1121 973 4 32 30 25
EF EtHx 26 w 1505 1232 26 13 20 16

5.5.4 Evaluation

Influence of linoleum flooring

EF from experiment d4.1 with linoleum flooring can be compared with
experiments d4.5 and d4.6 which have PVC flooring but are in all other respects
similar. In all measurements, EF for the linoleum flooring is lower than those for
PVC flooring.

On both occasions, the measured values for butanol are low for d4.1. The
measured value for ethylhexanol is low at the first measurement but increases
at the second. This is usual for EF for ethylhexanol in this investigation when a
high EF has been measured.

Influence of different open times

On comparing experiments which are otherwise similar, the significance of open
time can be studied. When open times of 2 and 5 minutes are compared for
concrete C2, no clear differences in EF can be discerned. This may be because
the difference in the remaining quantity of moisture of adhesive is not so great
that it has an appreciable effect; according to Table 5.3, the difference is only
7%.

Nor do the results in comparisons of EF from corresponding experiments with
concrete C4, in which the open time varied between 2 and 10 minutes, show

any clear differences. According to Table 5.2, in this case the difference in the
remaining quantity of moisture of adhesive is 5%.
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Influence of time during which the concrete surface dries before the
flooring is bonded

By grouping the bars for EF in Fig. 5.15 and 5.16, the effect of drying time can
be judged. For all concretes, the bars at the left, EF after 5 days' drying time,
are generally higher than the bars at the right. In other words, in all tests EF is
high after 5 days' drying time, irrespective of concrete, but low for concrete C2
after 20 days of drying. The reason may be that the concrete surface is drier
and copes with moisture increment from the adhesive; see Table 5.8. Generally,
however, concrete may be drier in these experiments because of the longer
drying period.

In experiments where screed was laid on the concrete, EF is low irrespective of
the concrete. The explanation may be that the screed dries rapidly and copes
with moisture increment from the adhesive.

Another explanation may be that alkaline hydrolysis does not occur when the
surface had dried for 20 days, and/or when a screed is used because its pH
value is low. After drying for 20 days, the concrete surface may react with
atmospheric carbon dioxide, i.e. carbonation takes place. This lowers the pH
value from ca 13 to below 9. According to the manufacturer, the pH value of
screed is lower than 11.

2000

010w
Hos w
m [ Concrete C2 Concrete C4
=y 1500 A
£
=, Mors Ml proo  screed
T 1000
@]
=)
Q
5 I
500 T
DTS5 Screed
0 I-r

2 3 456 9 7 81011121314 151617 18 19 20 21

Fig. 5.15 Influence of the period during which the concrete surface dries before
adhesive is applied, and of the use of screed, on emission of butanol.
Experiments were made on two concrete types with ca 90% RH when
the PVC flooring was bonded. Experiments Nos 2-21 refer to d4.x.
Experiments d4.00 and d4.1 have been omitted.
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Fig. 5.16 Influence of the period during which the concrete surface dries before
adhesive Is applied, and of the use of screed, on emission of
ethylhexanol. Explanation of the bars is given in fig 5.15.

5.6 Discussion of moisture distribution, moisture of
adhesive and elevated EF, and conclusions

A moisture increment on the top of the concrete can temporarily increase the
moisture level at the surface. If an impermeable layer such as a PVC flooring is
laid on the concrete immediately after the moisture increment, moisture
redistribution can takes place only downwards into the concrete. This may take
one to several weeks.

If the moisture increment is considerable in proportion to the available moisture
capacity of the concrete surface, there may be an appreciable increase in RH.
This increase in RH may cause hydrolysis of the flooring materials, primarily the
adhesive since this is in direct contact with the concrete. This reaction forms
decomposition products which can migrate upwards through the flooring and
escape from the top surface. At this surface, elevated EF values can be
measured for a long time.

For otherwise similar conditions, this increase in RH at the surface may be
greatest when moisture is added to impervious concrete. Such concrete in most
cases has less available moisture capacity than normal concretes of higher w/c
ratios. Depending on the moisture capacity and moisture transport properties of
the concrete, a similar moisture increment can give rise to different increases in
RH. See Fig. 5.17.
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Fig. 5.17 RH profile (%) before application of adhesive and moisture increment
due to moisture of adhesive. Fritsche et al (1997).

The open time between application of the adhesive and laying of the flooring
can affect EF from the floor construction. A large proportion of the moisture of
adhesive may evaporate during the open time if it is sufficiently long. The effect
of a long open time on a concrete of low w/c ratio may be twice that on a
concrete of high w/c ratio.

Drying of the concrete surface can reduce EF from the floor construction. A
possible explanation for this is that alkaline hydrolysis of floorings does not
occur if the concrete had dried for a sufficiently long period. The reason may be
that in such a case the concrete can cope with the moisture increment from the
adhesive without the critical moisture level being exceeded. Another reason
might be that the pH value of the concrete surface decreases owing to
carbonation, reaction with atmospheric carbon dioxide, during the drying period.

A screed can have a positive effect in preventing elevated values of EF.
According to experiments made in this study, the different types of screed
appear to have a similar effect. An explanation for this favourable effect may be
that alkaline hydrolysis of the flooring is prevented by the screed. The reason
may be that the screed dries rapidly and can cope with the moisture increment
from the adhesive. Another reason may be that the screed reduces the pH value
in contact with the flooring to ca 11; the pH value of concrete is 13 or higher.
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6 Qualitative model

6.1 General

The model discussed in the introductory chapter has been verified by
measurements in a large number of experiments in this study. Relationships and
properties which may have a critical influence on EF from the floor construction
and OCIC have been determined. The qualitative model in the form of a block
diagram is shown in Fig. 6.1.

Rflooring ‘ VOC
\_/ v
| u

Adesive
(sensitive

Alkaline-

ecomposition

organic : hydrolysis -
material) ’ [OTLTEE Change
ﬁ ~ circumstance
Moisture Doc OCIC
) —— _ Alkali | N/ ‘\ /

Fig. 6.1 Block diagram of the qualitative model.

Alkaline moisture and acrylate copolymer are two critical components for
alkaline decomposition of flooring adhesive. The way moisture distribution in the
concrete slab is affected by moisture increment from the adhesive is illustrated
at the left hand side of Fig. 6.1.

However, it is not enough for the concrete to be alkaline or moist, both
conditions must be satisfied simultaneously, and to a sufficient degree, for the
substrate to react with the adhesive. If these conditions are satisfied,
decomposition, alkaline hydrolysis of the adhesive, takes place and
decomposition products are formed.

These decomposition products, OC, can then be transported away. Depending
on the properties of the adjoining materials, they are transported to different
extents both upwards and downwards. The quantity that migrates down into
the concrete, OCIC, can become bound there and later, when conditions at the
surface change, it can migrate upwards again and escape into the air.

In this chapter, three typical cases are examined and qualitatively evaluated.
The time scale and extent of the reaction are not dealt with in the qualitative
model. These typical cases are bonding of PVC floorings to;

1. Normal structural concrete
2. Self-desiccating concrete

3. Self-desiccating concrete with screed.
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6.2 Concrete of high w/c ratio, ca 0.7

Casting up to application of adhesive, Fig. 6.2

Immediately after casting, the moisture level in concrete drops. Drying takes
place from the surface. A steeply inclined moisture profile can be formed when
moisture is transported upwards through the concrete.

Alkali may be moved with the moisture up towards the surface and increase in
concentration as the moisture evaporates. Carbonation of the concrete surface
can lower the pH value.

Just before application of adhesive to about one day afterwards, Fig.
6.3

Moisture of adhesive can increase the moisture level at the top of the concrete.
However, the critical moisture content is not necessarily exceeded.

Alkali may accompany the moisture of adhesive into the concrete. This transport
may be so slight that it has no practical significance.

From one day after application of adhesive to about one month later,
Fig. 6.4

Moisture may equalise to the same level in the whole concrete. If the concrete
was moist when the flooring was bonded, the moisture level may be above the
critical moisture level for alkaline hydrolysis of the adhesive.

The carbonated layer may become alkaline again.

OC may form through hydrolysis of the adhesive. If the concentration of OC just
below the flooring is high, transport upwards through the flooring and
downwards into the concrete may take place. It may take time for OC to diffuse
through the flooring and begin to be emitted into the room air. During all this
time, OC may penetrate down into the concrete.

From a month or two after application of adhesive to several years
later, Fig. 6.5

Moisture in the concrete can slowly dry out through the flooring. The moisture
level can gradually drop below the critical value.

After some time, decomposition may decrease and stop completely if the
moisture level is sufficiently low. Concentration below the flooring may decrease
when decomposition ceases, since no new OCs are being formed and transport
may take place both upwards and downwards. Diffusion through the flooring
and emission to the room air may progressively diminish as the concentration
below the flooring decreases. Migration down into the concrete may continue,
but to a smaller extent as concentration below the flooring decreases.

If concentration below the flooring is lower than that in the concrete, transport
may change direction and OCs may be transported up from the concrete and
through the flooring into the room air. If moist conditions persist, hydrolysis and
emission may continue until a critical component is exhausted.

102



Moisture Alkali OC

7~
= =

Fig. 6.2 Casting up to application of adhesive.
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Fig. 6.3 Just before application of adhesive to about one day afterwards.
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Fig. 6.4 From one day after application of adhesive to about one month later.
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Fig. 6.5 From a month or two after application of adhesive to several years
later.
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6.3 Self-desiccating concrete

Casting up to application of adhesive, Fig. 6.6

Immediately after casting, the moisture level in concrete drops. Drying may
mostly occur through self desiccation. A little water may be transported to the
surface where it evaporates, a moisture profile decreasing towards the surface
may form.

Alkali may be transported with the moisture up towards the surface and
increase in concentration as the moisture evaporates. Some carbonation of the
concrete surface may occur, so that the pH value drops.

Just before application of adhesive to about one day afterwards, Fig.
6.7

Moisture of adhesive can increase the moisture level at the top of the concrete.
The critical moisture level may be exceeded since the concrete is so impervious
that it cannot redistribute moisture.

Alkali may accompany the moisture of adhesive into the concrete. This transport
may be so slight that it has no practical significance. Total recarbonation may
occur.

OC may form through alkaline hydrolysis of the adhesive. Since the
concentration of OC just below the flooring is high, OC may migrate upwards
through the flooring and downwards into the concrete.

It may take some time for these OCs to penetrate into the flooring and begin to
be emitted into the room air. A little penetration of OC down into the concrete
may take place during this time.

From one day after application of adhesive to a month or two later,
Fig. 6.8

Moisture level may continue to decrease owing to self desiccation. Moisture
increment from the moisture of adhesive, and most of the moisture profile, may
have spread out evenly due to drying of the surface. Moisture level at the
surface may have dropped below the critical value.

0OCs which have formed below the flooring may have penetrated through this
and escaped into the room air. Decomposition may have ceased as the moisture
level dropped below the critical value. The concentration of OCs below the
flooring may decrease when decomposition stops, since transport may take
place both upwards and downwards, and there are no new OCs formed.

From a month or two after application of adhesive to a year or two
later, Fig. 6.9

Moisture in the concrete may slowly dry out through the flooring. Self
desiccation in the concrete may continue, but to a smaller extent than in the
beginning.

Penetration through the flooring and emission into the room air may
progressively decrease as concentration below the flooring drops. Migration
down into the concrete may continue, but to a smaller extent as concentration
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below the flooring decreases. If concentration below the flooring is lower than
that in the concrete, transport may change direction and OC may be transported
upwards from the concrete, through the flooring and into the room air.
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Fig. 6.6 Casting up to application of adhesive.
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Fig. 6.7 Just before application of adhesive to about a day afterwards.
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Fig. 6.8 From one day after application of adhesive to a month or two later.
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Fig. 6.9 From a month or two after application of adhesive to a year or two
later.
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6.4 Self-desiccating concrete with screed

Casting up to application of adhesive, Fig. 6.10

Immediately after casting, the moisture level in the concrete drops. Drying may
mostly take place through self desiccation. After it is spread, screed may reach a
low moisture level in a short time since it is open textured and can rapidly dry
out through the surface.

Alkali may be transported with moisture up towards the surface before the
screed is spread. Alkali may accompany moisture from the screed down into the
concrete. This transport may be so slight that it has no practical significance.

Just before application of adhesive to about one day afterwards, Fig.
6.11

Moisture of adhesive may increase moisture level in the screed. The screed is so
open and porous that moisture can be redistributed in the layer without the
critical moisture level being exceeded.

Screeds may be low alkaline, which means that their pH value is low, about 11,
in the uncarbonated state.

From one day after application of adhesive to a month or two later,
Fig. 6.12

Moisture increment in the screed from the moisture of adhesive may spread
down into the concrete and also dry out through the flooring. Moisture level in
the concrete may continue to decrease owing to self desiccation, but now to a
smaller extent.

From a month or two after application of adhesive to a year or two
later, Fig. 6.13

Moisture in the screed may slowly dry out through the flooring. Self desiccation
in the concrete may almost have ceased.
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Fig. 6.10 Casting up to application of adhesive.
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Fig. 6.11 Just before application of adhesive to about a day afterwards.
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Fig. 6.12 From one day after application of adhesive to a month or two later.
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Fig. 6.13 From a month or two after application of adhesive to a year or two
later.
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7 Quantitative model

The theoretical model described in this chapter focuses on Organic Compounds
(OC) which are formed in conjunction with the chemical reaction that can occur
when impermeable PVC floor coverings are bonded to moist concrete subfloors
with water based acrylate adhesives. The model focuses on the reaction that
can form an OC in a material combination, and also on the binding of OC in the
floor construction and the transport of OC in the material. Apart from OC, water
is also bound and transported in the material. Moisture content is critical in
several respects, for instance for the production, binding and transport of OC.

Some aspects relating to the transport and binding of moisture are explained
only in outline in this report. The reason is that transport and fixation of
moisture in concrete can be assumed to be known in these contexts. Those
interested will find references to the literature in the text. Even though moisture
is regarded as an area about which a lot is known, there is still appreciable
research to be done here.

7.1 Quantity of OC produced in the reaction

The quantity of OC produced (@) can be described as a function that is
governed by many different parameters such as time, RH and pH. It also
depends on the materials which are in contact with one another in the studied
section, whether these are inert or contain components that may react with one
another. The sections which are of interest are primarily the material boundaries
where compounds from different materials may meet and undergo a chemical
reaction in consequence. The quantity of OC produced (@) can be expressed as

QO = function(t, RH, pH, materials) I_kg / mZJ (7.1)

The equation for @ can be simplified by fixing certain parameters at a constant
value. However, this has the result that the model is not valid in the general
case but only under certain conditions. To start with, let us make the
simplification that the equation is valid only in the contact zone between
adhesive and concrete. As mentioned before, it is mainly the contact zone at
material boundaries that is of interest. The reason for studying this contact zone
is that it is here that a material which is sensitive to high pH, i.e. the adhesive,
meets moist concrete that has a high pH.

According to Meinighaus (2000), decomposition of the adhesive is an alkaline
hydrolysis that is catalysed by hydroxide ions. Since hydroxide ions are not
consumed the pH — value is only a starting condition for the decomposition
associated with material boundaries.

If we take into consideration the experiences from investigations of “sick
buildings”, we can further simplify the model. According to Schrewelius (2000),
a film of adhesive which has lost all its adhesion capacity because of
decomposition can still contain some acrylate polymers. In such a case, these
can form more decomposition products, OC.

Let us therefore make the simplification that the model is only valid for contact
zones with high pH values and that the supply of acrylate polymers from the
adhesive does not restrict the decomposition . In that case Q is only a function
of the duration of reaction, i.e. the elapsed time (t), and RH.
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According to Ramnas (2000), the rate at which a chemical reaction occurs is
determined either by the rate of the reaction itself or the rate of mass transport
of the substances that participate in the reaction, up to the site of the reaction .
If we bear in mind that hydroxide ions (OH") in concrete must be available in
the liquid phase at the site of reaction with the adhesive, this can explain an
observation made by Kumlin (2000). He noticed that the more moisture there is
in the concrete surface, the more extensive the decomposition seems to be. The
more moisture there is in the concrete, the more contact zones and transport
routes there are for the hydroxide ions. The effect is better contact and faster
mass transport, with more extensive decomposition as a result. Let us make the
reasonable assumption that the rate of formation of the compounds (g;) in the
reaction is a function of RH in accordance with the above reasoning.

dr = q7(RH) |kg/m? /s (7.2)

If we consider the above plus the observation of Kumlin (2000) that "the longer
the concrete surface has been moist, the more extensive the decomposition
seems to be", we can develop our reasoning further. It is reasonable to assume
that the quantity of OC formed (Q) is governed by the duration of the reaction
and that g is governed by RH which can, in turn, change over time in
accordance with the above.

O0) = [q,(0) Gt = [, (RH (1)) Gl lkg/m?] (7.3)

According to Hedenblad & Nillson (1987) there is a critical value of humidity
(RH,.;;) for the alkaline hydrolysis in the system with PVC floor coverings bonded
to concrete. In that study it was not possible to determine an unambiguous
RH., but the material combination as a whole must be considered. In the light
of this, we can make the simplification that no reaction takes place below the
critical limit and that g, increases as RH exceeds RH,.. For the sake of simplicity
we assume a linear increase from RH,to a maximum value gg .. at 100% RH.
See Fig. 7.1. This simplification may not be quite correct since the value of g;
may rapidly increase when some critical parameter changes, and since there is
probably a slight decomposition of the adhesive even below RH,;, but in
practical terms this is negligible in this context.

g R,max

! —>
0 RHcrir 100%

Fig. 7.1. Generalised diagram of rate of reaction g, over the range 0 — 100%
RH.
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The equation for the rate of formation is equal to zero over the whole range,
except when the actual humidity (RH..) is between RH,;;and 1.0 (100% RH).

B RHact <
g, =0 [kg/mz/sj Rggrit (7.9)
_dq, _ 2
dr = dRH WRH,, -RH,,) lkg/m /SJ RHact 2 RHcri (7.3)

The differential coefficient of the rate of formation with respect to RH is the
same as the slope of the line in Fig. 7.1. In the range between RH_;and 1.0,
the differential coefficient can be written as

dQR — qR,max 5
RH _ 1—RH |_kg/m /9] (7.6)

crit

By substituting equations (7.5) and (7.6) into equation (7.3), we have the
following expression for @ when RH,., > RH_,;.

1-RH

crit

0= [T qr,, 1)~ RH,,,) lke/m? | 7.7)

The limits in the above equation are the times when RH,. passes RH,. t, is the

time when RH,, passes RH_, with a positive derivative, see Fig. 7.2, and t, the

time when RH,. passes RH_, with a negative derivative. This pair of values (t;
and t,) can be repeated in time if the contact zone is rewetted after RH,. had
dropped below RH_.. This is however something that is very unusual. In the

contact zone between adhesive and floor covering, a normal change in humidity

may have the form illustrated in Fig. 7.2.

Bonding of flooring with Redistribution d it
. : added moisture from the edistribution down 1nto
Drying of construction adhosive concrete and drying
RH, damp jl | through flooring

l
Positive Negative derivatative
derivative

rl >

N TN
h RHM(t\U‘ /{\
Y

»
Ll

4 t tid

Fig. 7.2. Curve for RH,. in the contact zone between adhesive and floor
covering.
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7.2 Concentration of OC in concrete

The total content (C,,) of organic compounds (OC) in porous moist materials is
the sum of OC in the gas phase (C,;,), OC bound to the cell walls in the pores of
the material (C.), OC dissolved in the pore water of the material (C,) and OC
bound in the structural matrix of the material (C.,), see Fig. 7.3.

Clol = Cair + Cc + Cw + Cm I_kg / m rsnalerialJ (7'8)

Fig. 7.3. The total guantity of OC (C,.) in a moist pore of the material is the
sum of OC in the gas phase (C,.), bound on the cell walls (C_),
dissolved in the pore water (C,) and bound in the matrix (G,).

The matrix in concrete consists of aggregate, i.e. gravel and sand, and cement
gel. The aggregate and the matrix in the cement gel are very impervious
inorganic materials which probably have little capacity to adsorb OC. If we
assume that this is so, we can ignore C,,.

Already at a moisture level as low as 25-30% RH, on average one layer of water
molecules (3.5R) is bound on the cell walls in the pores of the material, Ahlgren
(1972), Hillerborg (1977) and Xu (1992). When the first layer has been formed,
OC must compete for room with water by finding "holes" in the water layer
where there is an empty material surface. In normal applications, moisture level
in concrete is seldom below 60% RH, which, on average, implies 1.5 molecular
layer, and at 80% RH which is a usual value in concrete, two molecular layers
will, on average, have been bound to the cell walls. See Fig. 7.4. At high
moisture levels, water is also bound by capillary condensation in the narrowest
pores. See Fig. 7.5.
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Fig. 7.4  Curve showing mean Fig. 7.5 Gradual filling of a pore by

thickness of adsorbed adsorption and capillary
water layer Hillerborg condensation. Ahlgren (1972).
(1975).

Since OC must almost always compete for room with water, it might be possible
to ignore binding (C.) to material surfaces. In view of this simplification, the
total quantity of OC in concrete can be written

Clol = Cair + Cw [kg/mrsntrlj (79)
This assumption will be further discussed in Section 8.1.

According to Henry's law, the mass of gas which is dissolved by a given volume
of a liquid at a constant temperature is directly proportional to the partial
pressure of the gas (Donald et al 1991). This means that c,, can be written as a
function of the solubility (S)in water of OC at a certain partial pressure,
prevailing temperature (7), the saturation vapour pressure of OC (c,.) and the
concentration of OC in air (c,,) above the liquid.

¢, = funktion(S,T,c_,,c,,) |_kg/ mfmmj (7.10)

According to Henry's law, the concentration of OC dissolved in a certain quantity
of pore water can be written as

¢, =SG§"—” lkg/m,..| (7.11)

sat

Decomposition of adhesive in floor constructions occurs almost always in houses
that have been taken into use. The reason is that surfacing materials, among
them the floor coverings, are the last to be completed before people move in.
We can thus make the simplification that the temperature at the top of the
concrete when the chemical reaction takes place and most of the binding of OC
occurs, is indoor temperature. Let us assume that temperature is constant at
20°C.

Let us instead study the quantity of a single specific OC per volume of concrete.
Concrete contains a certain quantity of water w per unit volume. At constant
temperature, 20°C, Sand ¢, can be treated as constants.
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C, =i ke /ms,,| (7.12)
pw csal

The quantity of free OC in a certain volume of material (C,.) depends on the
concentration of OC in the air in the material pores (c,.) and the free pore
volume (V). V;is that proportion of the pores that are filled not with water but
air.

air = cair GI/V_“ [kg/mitrlj (7' 13)

mtrl

C

In moist porous materials, some of the pore volume is filled with liquid. The free
pore volume is then a function of the total pore volume of the material (V,) and
the water content, i.e. the proportion of the volume that the pore liquid
occupies.

Va Vp w 5 .
- T, mair m:n ¥ 7 14
lerl thrl p W I' / 1l J ( )

By introducing the expression for porosity, p = V,/V,., the available porosity p,
that is equal to V/,/V,.., can be written as

y PP, 2, /m, ] (7.15)

If equations 7.13 and 7.15 are combined, we have an expression for C,;:

Cair = cair I:Ep _pij [kg/mrsntrlJ (7 16)

The total quantity G, in the air and pore water (excluding C,) can be described
by substituting equations 7.12 and 7.16 into equation 7.9:

w w i
C,=C,+C, =c, Dp-—— |+ Lmde  |ke/m .
ol air w calr I:Ep pw] pw cml |. g/mmtrlJ (7 17)

Since the term c,; is a factor of both terms, it can be taken outside the bracket,
and equation 7.17 becomes

w w S
Co =€ M| p—— |+ —DB— kg/m’, 7.18
Eﬁ[ P, j P, Cuu } [ / /J (7.18)

The term for OC in water is much larger than the term for OC in air, see Section
8.1. G, can therefore be ignored, which means that ¢, may be equal to C,.

N 3
Ctat = Cw = Cair GIOK E'c_ [kg/m:ntrlJ (7' 19)
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7.3 Transport of OC in concrete

The transport of organic compounds (OC) in porous moist materials is the sum
of diffusion in the gas phase (g,,), diffusion in the matrix (g,,), convection of OC
dissolved in water that is moved along with the mass transport of water (g,,.),
and diffusion of OC in water (g,).

Got =air T D T Do ¥ 4, lkg/ (m’ B)J (7.20)

As we have said before, the matrix in concrete consists of very impervious
inorganic materials which may have little capacity to take up and redistribute
OC. This means that we can ignore g,. With this simplification, transport of OC
takes place only in the pores of the material. These are at all times wholly or
partly filled with water; see Fig. 7.6.

UL Amw

Qair

[

=

Fig. 7.6 General model for transport of OC in a moist concrete pore.

The magnitude of the transport of OC dissolved in water which is transported in
water when this moves along, (g...), depends on the rate of liquid transport and
on the concentration of OC dissolved in water (c,). According to equation 7.46,
transport of water in the pore system in the liquid phase can be described by
the water content () and the diffusion coefficient for liquid transport.

q,,, = function(w, D', c,) |kg/(m* )| (7.21)

Transport of OC in concrete takes place mainly in concrete with an impervious
coating, i.e. there is little moisture transport in the liquid phase. The transport
of OC with the mass transport of water in motion can therefore be ignored.

The diffusion of OC in pore water (g,) depends on differences in the
concentration of OC in the liquid phase and on the presence of a continuous
liquid phase in the pore system. The thickness and continuity of the liquid phase
can be described with the help of RH, see Fig. 7.4 and 7.5.

q, = function(RH ¢, |ke/(m* @) (7.22)

In the model the migration of OC in water is ignored since diffusion of OC in the
vapour phase, according to material data taken from CRC (1997), is 102 times
faster.
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Diffusion of OC in the gas phase (g..) is driven by differences in the
concentration of OC in air (c,.), with the goal of equalising these differences.
When the gas is enclosed in a porous material, the rate of diffusion is also
influenced by a material-dependent diffusion coefficient (Jd,.). According to the
conceptual model that is illustrated in Fig. 7.7, d,c varies with the moisture level.

G = function(3,.c,,) lkg/(m* 3] (7.23)
With the help of Fick’s first law diffusion can be described as

Gur = O %M I_kg/(m2 B')J (7.24)
X

In numerically describing flow according to equation 7.24, flow takes place
between two "midpoints” in cells of size Ax. The driving potential gradient in the
flow calculation isdc/0x , i.e. the "slope" of the curve that describes

concentration. See Fig. 7.7.

Cair
[kg/mj‘,]
A .
Cair .
[ke/m, qi-2 q2-3
::\(> e i | —— | —
(1)
0\
™ 02;2) c(x3)
_____ e
Ax
<>
i i i >
X1 X2 X3 X [m]

Fig. 7.7. "Real” concentration profile of c,. (top), and numerical approximation
with distribution of concentration in "points" (bottom).
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In a general case, the flow q,, between points 1 and 2, and the flow g,
between the points 2 and 3, can be described with the difference in
concentration as the driving potential, divided by the distance between the
points.

Gy =0, % ke/m* )| (7.25)
4y =0, ) =) |ke/(m* 3| (7.26)

Ax

The flow in the material gives rise to changes in total concentration (G,.) at
every point. The change in concentration at a point can be described as the
difference in the flow towards and away from the point during a short time (A4%).
The "point" has a size (4x) according to Fig. 7.8.

q Co qtlhq
(]

> e JI— >

e
Ax

Fig. 7.8. The change in total concentration (AC,.) at a point of size (Ax) is
described by the flow towards and away from the point during a short
time.

During a small time increment the change in concentration in a "cell" is equal to

—(g.. +Ag . .
AC[OI - qmr (qalr qmr) mt [kg/m:n”IJ (7.27)
Ax
In the limit when Ax and At - 0, the above equation has the following form

after it it shortened and rewritten:

oC,, 0 3
= =-0g,, lkg/(m), | (7.28)
or o0x
Through substitution of 7.24 into 7.28, the change in concentration in the cell is
described with the concentration difference dc;;, as the driving potential:
oC

0 c,; 3
ol =19, air kg/(m , [$ 7.29
al ax oC ax |_ g/( { )J ( )
In numerically solving the change in a cell according to equation 7.26 it is often
assumed that J'is constant and can therefore be moved outside the
differentiation.

aclol —_ a Cair 3
o %oc ox DaaT lkg/ (1, DV)J (7.30)
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It is sometimes possible to use, in equation 7.29, an effective diffusion
coefficient (D.) that contains the storage capacity (dC,, /dc,;), Nilsson (1992).

O,
D . = e 2/
v dCtot /dcair |-m /SJ (7.31)
Rewriting Equation 7.30, we get an expression for doc:
50(7 = Deff’ WC[O! /dcair Ifnz/SJ (732)

Substituting equation 7.32 into equation 7.29, we have:
oC, 0 fC gc »
ot — 7 m ) tot air k 3 B )
af ax eff de-r ax |. g/(mmtrl )J (7 33)

With the simplification that D is constant, 7.33 can be rewritten and shortened
to Fick's second law. The equation can be rewritten in the following two ways:

2

Yo - p, e/, ] (739
2

T = p, e ke /o2, ] 235)

The mathematical solution to Fick's second law, in an incremental change in a
semi-infinite medium, is the complement to the "error function", Crank (1975):

_ _ _x 3
Cx,0)=C, 01 erf{z DE,fEJ lkg/m2,.,| (7.36)

C; is the concentration at the surface. By measuring the states of ¢, or G, in
structures, D.scan be evaluated if the time during which transport occurred is
known. By assuming that the ratio dC,:/dc,is constant, the value of D.+can be
determined.

Equation 7.38 that is needed for this evaluation is plotted in Fig. 7.9 for different
values of D.r & The concentration Csat the surface of concrete is assumed to be
constant.
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Fig. 7.9. Complement to the error function. The values of D . t in equation
/.36 are written alongside each curve.
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7.4 Transport of OC through the floor covering

A simplified calculation of OC can be performed if it is assumed that there is
only one resistance without storage capacity between two different
concentrations. Equation 7.24 can be rewritten so as to apply for a layer
between two different concentrations:

C, ¢
Ax
This layer may, for instance, be a floor covering where the thickness is

specified, there is little storage capacity, and the concentrations on the two
sides are very different. See Fig. 7.10.

Gy =0pc |ke/(m* &) (7.37)

g is the flow expressed in SI units or as the emission factor (EF) from the floor
covering. EF is, for example, measured with FLEC (Field and Laboratory
Emission Cell) and has the unit ug/(n?- A). FLEC is described in Subsection
2.3.3.

Low concentration (c1) [g/m3]
Axy = P q [ke/(m®s)] = EF/3,6:10'2 [ug/m’h]
|

? High concentration (c2) [g/m3]

Fig. 7.10. The flow q has the goal of equalising the differences in concentration
between the two sides of the floor covering. The storage capacity of
the floor covering Is ignored.

The flow resistance (R;) for the floor covering can be defined as

_ Ax
Ri=~— [s/m] (7.38)
ocC
By putting the expression for the flow resistance, equation 7.40, into the
rewritten version of Fick's first law, equation 7.37, we have a new equation for
the flow:

Qur = (CZR—Q) |kg/(m* )| (7.39)
Je
This equation can be rearranged so as to make it better suited for the case
when the reaction takes place below a floor covering in a ventilated room.
Compared with the concentration below the floor covering (c;), concentration in
the room (c,)is small. Let us put ¢, equal to the background concentration in
the premises (¢,). The equation is then of the form

(¢, —¢)

Rfc

Qur = |ke/(m* )| (7.40)
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7.5 Moisture fixation in concrete

Every porous material has the capacity to bind (fix) moisture that is taken from
the air. The higher the RH of the air, the greater the amount of water that can
be bound in the material. Moisture is bound through adsorption on the internal
material surfaces and capillary condensation in small pores. These types of
binding are discussed in detail by Ahlgren (1972).

The maximum moisture content (W, of concrete can be estimated with
reference to the cement content (CEM), the water/cement ratio (/c)and the
age of the concrete, i.e. the degree of hydration(a), Fagerlund (1982).

w_=CEM(w/c—0,19) |kg/m’| (7.41)

A special characteristic of concrete compared with other building materials is
that the quantity of moisture in the range above the hygroscopic region (98-
100% RH) is very small. At 98% RH the pore system in concrete is almost in a
state of capillary saturation.

The sorption isotherm describes the relationship between RH in the air and the
water content of the material at a given temperature. Owing to hysteresis, the
absorption and desorption isotherms for concrete are different. A comparison of
Fig. 7.11 and 7.12 will show that the desorption isotherm is at a much higher
level than the absorption isotherm. Sorption isotherms and hysteresis are
discussed in detail by Ahlgren (1972).

Since it is difficult to deal with hysteresis mathematically, only one isotherm is
used in the model.
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Fig. 7.11. Absorption isotherms for Fig. 7.12. Desorption isotherms for
Concrete, from a modify concrete. Nilsson (1980). In the
calculation according to figure w,.., according to formula
Fagerlund (1982). In the figure, /.41 has been marked with
Wiay @ccording to formula 7.41 rings.
has been marked with rings. w/c 0.3 is a=0.50
w/c 0.3 /s a=0.50 w/c 0.40 is a=0.60
w/c 0.40 is a=0.60 wyc 0.50-0.90 is a=0.80

wy/c 0.50-0.90 is a=0.80

In modelling moisture fixation, moisture capacity is an important property of the
material. The moisture capacity of a material can be described as the slope of
the sorption isotherm at a point; see Fig. 7.13.

3
W [kg/m’]

T |kg/m’| (7.42)

Fig. 7.13. The moisture capacity of
concrete Is equal to the
slope of the moisture
[sotherm. Nilsson
(1994).
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7.6 Moisture transport in concrete

The transport of moisture in concrete takes place as a combination of a number
of different transport mechanisms. According to Nilsson (1994), most transport
occurs in the vapour and liquid phases. Fig. 7.14 illustrates the different
mechanisms which dominate at different moisture levels in concrete.

Fig. 7.14. Moisture transport according to betonghandboken. At a low moisture
level, transport occurs only through vapour diffusion (g,). At higher
moisture levels, transport occurs as a combination of vapour diffusion
and capillary suction (g.).

When we consider only diffusion of water vapour in the pore system, it is
described by Fick's law which states in general terms how differences in
concentration are equalised.

0
=-5 |ke/(m* )| (7.43)
0x
When we consider only capillary suction g, in a pore system filled with liquid, it
should, in purely physical terms, be described with the pore water pressure A,
as the driving potential:

k, op, :
‘. :—7% ke/m’ B (7.44)

In order to avoid using the pore water pressure as the driving potential, a liquid
diffusivity D', can be introduced for liquid transport:

k 1
D, =——L3— 2/, ,
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The equation for capillary suction can then be written with the total water
content, i.e. the water content w, as the driving potential:

0
=-p ¥ |kg/(m* )| (7.46)
0x
The total moisture transport is a combination of vapour transport and capillary
suction in the pore system:

v k v aw
=9 L . ke /(m? 3 7.47
8 =05 % 8,5 ~Dl o |ke/(m* B)| )

The pore water pressure is a unique function of the vapour content if the
temperature is constant, Ahlgren (1972). This means that the total moisture
flow g, can be described with only one driving potential. The vapour content v
or the water content w is usually chosen.

ov .1 _dw
=0 — 0 =0 +D —[F—
gw 5101 ax tot v W Vsm dRH (7.48)
v
D 4 = 5[(12‘ o
g, =D, (Z_w ! dw (7.49)
g dRH

The water content w at a point in concrete can change, over a certain time At, if
the moisture flows towards and away from that point are of different

magnitude, see Fig. 7.15, and if the cement reaction chemically binds water
(w,). The drying of concrete owing to water being bound by the cement

reaction is treated in detail by Norling Mjornell (1997).

Aw,
ﬁ g+Ag

un@ﬂun@

Fig. 7.15. The change in water content at a point of size Ax is described by the
flow of moisture towards and away from the point and by the
increase in chemically bound water w, per time At.

During a small time increment, the change in water content in a small cell is

— + A
Aw = %g)m ~Aw, |kg/(m* )| (7.50)
In the limit, when both Ax and At - 0, the equation can be written

aw _0g 0w,

=3 k 3G .
af Ox ot |- g/(mmtrl )J (7 51)
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7.7 Moisture of adhesive

When the adhesive is applied to the concrete, a certain amount of water may
evaporate to the air before the floor covering is laid, see Section 5.2. After the
floor covering has been laid, only a small amount of water will be transported
up through the floor covering and evaporate to the air.

Most of the water from the adhesive WFA will however be redistributed
downwards into the concrete. Flow down into the concrete is determined by the
moisture level in the adhesive and in the surface of the concrete, and by the
diffusion coefficient of the adhesive (d+), equation 7.52.

g, =-5, % |kg/(m* )| (7.52)
Ox
We can make the simplifying assumption that the water is uniformly distributed
in the adhesive. Since the film of adhesive has little thickness, it may be
regarded as a flow resistance. The resistance of the adhesive to moisture
migration down into the concrete is put at half the total flow resistance of the
adhesive layer.

= & lkg/(m? B3)
&= 0 g/(m” [3) (7.53)

The fixation of moisture in the adhesive is treated in a way similar to that for
concrete, with a sorption isotherm; see Section 7.5.

7.8 Moisture transport through the floor covering

Moisture transport through a layer of negligible moisture capacity can be
calculated in a simplified way. This simplification is analogous to that made in
respect of the transport of OC through impermeable layers of low capacity, see
Section 7.4. A PVC floor covering is a surface layer which has large resistance to
moisture flow but little moisture capacity.

The water vapour transmission resistance Z of the floor covering can be written
in a way similar to the flow resistance to OC in equation 7.38.

Ax
Zp=5- [s/m] (7.54)

tot

Flow through the floor covering is mostly described with the vapour content as
the driving potential. Compare equation 7.55 with equation 7.40 which
describes the flow of OC through the floor covering.

_Av

g = |ke/(m* )| (7.55)

re
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7.9 Numerical solution

The equations are solved by using a Forward Finite Difference Method. To get
converging solutions a limited time increment is calculated for moisture and OC
in every time increment, see equation 7.56. It is usually the moisture flow which
decides the required time increment:

s _dw
L S 8

2000,

(7.56)

For extreme values, the required time increment can be as short as one minute!

The model calculates the increase in Organic Compounds and the distribution of
moisture and Organic Compounds in the following way:

1. Input data for material parameters and environmental conditions are
given.

2. Initial conditions for w(x, t=0) and Q(x, t=0) are chosen.
3. Atime increment is estimated.

4. The boundary conditions are taken from the climate file containing T(t)
and RH,q(t) for the air above the surface.

5.  With T(x,t), the water content w(x,t) gives the vapour content v(x,t) in
each cell from the sorption isotherm.

6. The gradient of vapour contents v(x,t) gives the vapour flows.

7. The flow of moisture to each cell gives a change in moisture content
Aw(x,t) and a new moisture content w " (x,t).

8. RH in the adhesive gives the amount of newly produced OC and adds it
to Q(adhesive,t).

9. The OC content Cii(X,t) gives the OC concentration c.i{x,t) in each cell.
10. The gradient of OC concentration c,;(x,t) gives the OC flows.

11. The flow of OC to each cell gives a change in OC content ACi«(x,t) and a
new OC content C’ (X, t).

12. With the new moisture and OC distributions a new time increment is
estimated.

13. The calculations are repeated from point 4.

14. The calculated results are stored at certain times for display.

15. The calculations continue until a certain calculation time is reached.
16. Calculation results are copied and labelled.

This procedure was run in an Excel Workbook.
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8 Quantifying the parameters in the
model

The values of many of the parameters in the model in Chapter 7 have been
known for some time. This is particularly the case regarding the parameters to
do with moisture transport and moisture fixation in concrete. Tables of these
parameters have been compiled by e.g. Hedenblad (1996) and Nevander &
Elmarsson (1994). These parameters are not discussed further in this study.

The parameters concerning transport and fixation of butanol or some other OC
in concrete have not been treated in the literature to the same extent. Two of
these parameters, d,c and R, have however been determined by investigations
in Chapter 4. In this chapter, another two parameters in the model, binding
capacity (dCyy/dc,;) and maximum OC produced per unit time (qr max) Will be
evaluated.

8.1 Evaluation of the storage capacity of concrete for
butanol

By far the greatest proportion of OC is bound in concrete, Cyoung. It is only a
small part of the total quantity of OC which is found free in the air filled pores,
Cair-

When Cy in concrete increases or decreases as a result of e.g. a flow, both the
bounded quantity of OC and the free concentration of OC in the air in the pores
of the concrete will change. The storage capacity dC/dc.; is a measure of how
a change in the total quantity of OC will affect the free concentration.
Conversely, the total quantity of OC can be calculated from the magnitude of
free concentration.

8.1.1 Theoretical evaluation

The foundations for a theoretical evaluation of storage capacity are laid in
Chapter 7 where the total quantity, C,, is described as a function of ¢,,. This
expression is valid for the cases where it may be assumed that OC in concrete
occurs only in the vapour phase and dissolved in pore water. Equation 7.17 in
Chapter 7 expresses this relationship.

w w ;
C,=C, +C, =c, Op-—— |+ Lt |ke/m’ .
tot air W calr I:Ep pw J pw er |_ g/mmtrlJ (8 1)

The data necessary for solving Equation 8.1 can be found in the literature.
According to CRC (1997), for butanol at 20°C S'is equal to 0.077 (kg/m3,...) and
C.r€qual to 17-1073 (kg/m3,,). According to Fagerlund (1994), the porosity of
concrete p may be estimated at 0.15.

According to Equation 8.1, the total quantity of OC in a certain quantity of
material varies with the moisture content w. For butanol, the relationship
between C,.and ¢, for different values of the moisture content w is plotted in
Fig. 8.1.
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Fig. 8.1 Storage capacity according to bound.0; C: as a function of ¢,, and w
at constant temperature, 20°C.

The storage capacity can be calculated from the slope of the line concerned in
Fig. 8.1. For instance, at moisture content w = 100 kg/m? the storage capacity,
as given by Equation 8.2, is 0.44-1073 (-).

dC ; — Acml — 7’5 —_ 3 kg kg
o = = =0,4400 Sy _
dc,,  Nc,, 17007 m’ (8:2)

3

mirl air

8.1.2 Evaluation from measured data

The storage capacity can also be evaluated from measured data for &, and D
In Section 4.2, the value of &, for butanol in concrete was determined as
92.7:10° (m?/s), and in Section 4.3 the value of D. was determined as 5.80-10-?
(m?/s). According to Equation 7.31, the storage capacity can be written as the
ratio of the diffusion coefficient for OC in the gas phase to the effective diffusion
coefficient; see Equation 8.3. The storage capacity, as given by Equation 8.3, is
16.0-10° (-).

dc, / _Op _ 92,7007 _ ; kg | ke
o/, =S - =16,0000 = :
dc,, D, 580007 My | m, (6:3)

mirl

air
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8.1.3 Appraisal of the evaluation

The results obtained by evaluating the storage capacity in different ways differ
by a factor of 36. The reason may be that the result from Equation 8.3 is
misleading because the diffusion coefficients d,c and D may have been
evaluated from concretes of different properties and moisture levels. According
to Section 4.2, diffusion coefficients are highly moisture dependent. In addition,
D.r was evaluated from a profile on the assumption that the surface
concentration was constant, which may be wrong if we consider the variations,
shown in Fig. 8.6, in the flow from the test specimen through the flooring. It is
also possible that theoretical evaluation of the storage capacity is incorrect.

Let us call the storage capacity evaluated in Subsection 8.1.1 "Bound,0".

Bound,0

According to Equation 8.1, the total concentration of OC in concrete is the sum
of the free concentration C,;, and the bound concentration C,,,.» The free
concentration can be written as the concentration in the air filled pores
multiplied by the available pore volume, as in Equation 8.4.

Cmt = Cair + Cbnund = Cair I:Ep - pﬂj + Cbnnd lkg/mrsnlr/J (8'4)

w

The quantity of bound OC calculated in Equation 8.3 may be too low. The
calculation is based on the assumption that OC is only "bound" in proportion to
a factor k, multiplied by the moisture content of the pores, as set out in
Equation 8.5. The value of k, can be calculated with reference to Henry's law.

Cbound,O = i ES Ei’—” = kO B/V l‘_&air lkg/mjmﬂlj (85)

w sat

Bound,1

It is possible that OC is bound in moist concrete in some way different from that
described by Equation 8.5. Another possibility is that OC is also bound to wet
surfaces in the concrete, as shown in Fig. 8.2.
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Fig. 8.2 Bound, 1 implies that OC can dissolve in liquid and bind to moist
surfaces in the concrete. In such a case the binding capacity may be
highly moisture dependent.

According to this assumption, OC can also dissolve in the liquid in the pores,
and mainly binds to wet surfaces in the concrete pores. This moisture
dependence can be described, for instance, by the constant k, in Equation 8.6.

Cbound,l = kl BV lj?air [kg/mrsntrlj (8'6)

By assuming that the storage capacity calculated in Equation 8.3 holds for w =
100 (kg/m3), the value of k; is found to be 165 (m3/kg). The storage capacity
with G4, for different moisture contents is given in Fig. 8.3.
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Butanol in the vapour phase at 20°C [kglm3|uﬁ]

Fig. 8.3 Storage capacity according to bound. 1; C,: as a function of ¢, and w
at constant temperature, 20°C. k, = 165 (m?/kg).

The storage capacity for w = 100 kg/m3 is now 16.5:103.
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Bound,2

Binding of OC need not be directly proportional to moisture content. It is
possible that OC binds to all surfaces in the concrete, but mainly in the cement

gel.

In this case also, the binding capacity is slightly moisture dependent. In
Equation 8.7, this moisture dependence is denoted by the constant k,. The part
of the binding capacity that is not moisture dependent is denoted by the
constant b. The value of b should be highly dependent on texture, and perhaps
mainly on the specific surface of the concrete.

C/mum!,z = (k2 B/V + b) |}air lkg/mjmﬂlj (8'7)

By assuming that the storage capacity calculated in Equation 8.3 holds for w =
100 (kg/m?3) and that k; is equal to ko(= S/ pw *Cs), i-€. 4.53 (m3/kg), the value
of b is 16.1:10° (-). Storage capacity with G- is now almost independent of
the moisture content; see Fig. 8.5. For w = 100 kg/m3, the storage capacity is
still 16.5-107.
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Butanol in the vapour phase at 20°C [kglmsluﬁ]

Fig. 8.5 Storage capacity according to bound.2;-C,: as a function of ¢, and w
at constant temperature, 20°C. k, = 4.53 (mP/kg) and
b=16.1-10° (-).
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8.2 Evaluation of qi for butanol from experiments

The rate of formation g is of critical importance for the incidence of OC in floor
constructions of high moisture content. The value of g can be determined from
experiments in which the moisture status and the total quantity of OC formed
are known. The relationship between gz, moisture status and total quantity of
OC formed is given in Equation 7.7.

1y

4R max
0= [:[m WRH,, ()~ RH ,,)Ld lkg/m2 J (8.8)
The total quantity of OC (Q) that has been produced in the material combination
can be calculated by drawing up a mass balance. The total quantity of OC
produced is equal to the sum of the quantity of OC stored in the concrete and
the quantity of OC emitted from the construction, if the quantity that may have
been stored in the flooring and the film of adhesive is ignored.

The total quantity of OC bound in the concrete can be evaluated from the
experiment described in Section 4.3. In the original study by Wengholt Johnsson
(1995) in which the test specimens were used, the emission factor EF and the
moisture distribution were also measured. It is thus possible to draw up a mass
balance for test specimen NSt2.

8.2.1 Quantity of OC emitted from the sample through
the flooring

The emission factor, i.e. the flow, was measured on five occasions in the
investigation by Wengholt Johnsson (1995). These measurements, together
with the initial value EF ~ 0 at the time the flooring was laid, give a good
estimate of the total quantity of OC emitted from the test specimen over a
period of about 450 days.

The total quantity of OC emitted from the test specimen can be calculated by
integrating the flow from the test specimen over the period during which
emission proceeds; see Equation 8.9.

Qo = [l lkg/m? | (8.9)

Table 8.1 Summary of the flows measured during emission measurements on
NSt2; values of EF (ug/(m 2-h)) from Wengholt Johnsson (1995).

Butanol
Days EF [ug/m>h] g [kg/m*s]
0 ~ 0% ~ 0%
76 2470 686102
107 1790 497-10'12
174 940 261-10"2
230 490 136:10"
388 100 27-10™"2

* Initial value, negligible emission when flooring is laid
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On day 0, in Table 8.1, the flooring was bonded to the test specimen. The
concrete was casted 29 days before day 0. It is assumed that emission of OC
caused by decomposition of the flooring starts after the flooring is laid. The
emission curve for butanol from NSt2 is plotted in Fig. 8.6.

The reason for the rapid drop in the rate of emission in Fig. 8.6 may be that
concentration below the flooring decreased due to cessation of the reaction. It
is reasonable to suppose that the reaction ceased since the moisture level at the
surface of the concrete dropped below the critical value during the
measurement period; see Subsection 8.2.3. This may be due to leakage at the
edge of the test specimen, between the flooring and the steel mould.

800

600 T

Iy
o
o

q [107% kg/(m®-s)]

200 T

0 90 180 270 360 450
Time [days]

Fig. 8.6 Emission of butanol from test specimen NSt2 as a function of time.
Values from Wengholt Johnsson (1995).

The integral in Equation 8.9 above can be determined by calculating the area
below the curve. The area is then multiplied by a scale factor to obtain the
results in the correct units.

Table 8.2 Total emitted quantity of butanol. Evaluated from Fig. 8.6.

Quantity Unit Butanol
_ k;
Area {10 "B Eliygn} 100.5
mmlrl
Qe 10~ kg /m?,,| 8.69
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8.2.2 Quantity of OC stored in the concrete

The concentration of free butanol in the concrete, ¢, in specimen NSt2 (c1.2) is
plotted in Fig. 8.7.
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Fig. 8.7 Free concentration c,;, of butanol in test specimen NSt2 as a function
of depth. Values measured about 2 years after the floor had been laid

The total concentration G, can be calculated from the storage capacity, as
shown in Equation 8.10.

C ol 3
Ctal = Cair dC l [kg/mmtrlJ (8 10)

air

The total quantity of OC in the test specimen is calculated by integrating G,
over the penetration depth

L

Qstore = J.Clol Ldlx [kg/mzj (8.11)

0

Table 8.3 Values of c,, and G, calculated from Table 4.7. G, Is calculated

with the storage capacity according to Equation 8.2, and Ciy 1 »
according to Equation 8.3.

Depth Cair Crot,0 Cot,1,2
[107° m] [kg/m*ai] [kg/mM’me] [Kg/m> ]
4 38.5-10°° 18.2:10° 672:107
15 25.0-10°° 11.8:10° 429-10°3
38 7.0-10° 3.3:10° 121-10°3
70 0 0 0

The integral in Equation 8.11 above is solved by calculating the area below the
curve in Figure 8.7.. This area is 978:10° (mm - kg/m3,;). The area is then
multiplied by a scale factor to obtain the results in the correct units.
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The results for the storage capacity described in two different ways are set out
in Table 8.4.

Table 8.4 Values of Q... for butanol in concrete. Areas.
Unit Bound Bound, ,
Quiore [0 thg/m2,,|  0.461 16.75

8.2.3 Quantity of OC produced in the reaction

The quantity of OC produced in the construction, @,., can be described as a
function of the maximum rate of formation g .., if the moisture distribution RH,
and the critical moisture level RH,,, prevailing during the period are known. The
relationship is described in Equation 8.8.

In NSt2, the moisture level at the time the flooring was laid was determined as
95% RH in the measuring tube at depth 0.4d; see Fig. 8.8. Measurement was
made by Method No 1 described in Subsection 2.3.1. On day 255 after the
flooring had been laid, the moisture level at the concrete surface was measured.
For this measurement, pieces of concrete were broken out from an identical test
specimen. The pieces were immediately placed in a glass test tube and the
moisture level was measured as ca 88% RH. Measurement was performed by
Method No 3 described in Subsection 2.3.1.

255 days after flooring had been laid

) O
T = 7
50%RH N 88%RH 95%RH
] A -}~
95%RH
ZIOO%RH
“Moisture level [%RH] " “Moisture level [%RH] "

Fig. 8.8 Moisture distribution in test specimen before the flooring is laid, after
redistribution of remaining "construction water", and 255 days after
the flooring had been laid. Measurements according to Wengholt
Johnsson (1995).

According to Nilsson (1979), the moisture level measured at 0.4d, i.e. at 40% of
the depth, is equal to the average moisture distribution in the concrete after
redistribution. Fig. 8.9 shows the results of calculations of the moisture status at
the top of the concrete. The calculations were performed by the forward finite
difference method and were based on the RH levels in Fig. 8.8.

During the first 29 days the moisture level drops from 100% to ca 55% RH in
the surface of the concrete. After the flooring is laid, the moisture in the
concrete is redistributed so that the moisture level at the surface rises. After
about 30 days RH. is exceeded at the surface. Moisture level below the flooring
decreases rapidly. The cause may be diffusion of vapour through the flooring
and leakage between the flooring and the steel mould.
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Fig. 8.9 Distribution of moisture in the surface of the test specimen before the
flooring is laid, after redistribution and 255 days later. According to
Wengholt Johnsson (1995).

The concrete used in NSt2 was B4 as described in Section 2.1. Moisture
increment from the adhesive has no major effect on the moisture level because
of the high moisture capacity of the concrete. The significance of the moisture
of adhesive is examined in depth in Chapter 5.

During the time that RH, is greater than RH.;;, the moisture level at the surface
of the concrete can be approximated by a straight line. The highest moisture
level occurs in the beginning of the period when the remaining construction
water has been redistributed. The moisture level thereafter decreases
monotonically as shown in Fig. 8.10.

0,05
=0,05 >
o 7)=o. 13,9010°
——
5%RH e e - -
— — -—

90%RH " [< e
59 161 days=13,9-10°s 220

Fig. 8.10 Approximate moisture distribution at the surface of test specimen
NSE2 during the time that RH,. Is greater than RH,.

If we assign the value 90% RH to RH,, Equation 8.8 can be simplified to

_4qx,
Qprod -

o Dﬁj (RH,,,, ()~ 0.9) [ kg /m”] (8.12)

In this special case, the function for RH(t) can be rewritten as the equation for
the straight line in Fig. 8.10. RH(t) = 0.05 — (0.05/13.9-:10¢)-t.

qx 13,900° 0.05
=120 0,05——— 17 |l k : 8.13
med 0,1 6[ [ 13’9|:|]06 ] |_ g/m J ( )
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After integration, we have

13,000°
qR max 0,05 2 ’ 2
O = Tkm [Eo,os F-——2 4 |kg/m?| (8.14)
P 0,1 13,900° 2 |,

o

After the limits are inserted, the relationship between Qs and Qg may iS

Q _ qR,max EQ;;)S I:[I3,9 |:|]06 - qR’maX B’S |:|]O6 [kg/mzj (8.15)

prod ~ 0,1

8.2.4 Mass balance

For the mass balance to be correct, the sum of the emitted and stored
quantities of OC must be equal to the produced quantity. The rate of formation
can be described by using the produced quantity of OC according to Equation
8.16. The quantities formed and the rates of formation are summarised in Table
8.5.

Qemit + Qsmre = med = qR,max B’S DIOG I.kg/’n 2 J (8- 16)
Table 8.5 Quantities formed and rates of formation. Bound, 0 is calculated with

the storage capacity according to Equation 8.2, and Bound, 1,2
according to Equation 8.3.

Unit Bound,0 Bound,1,2
Quoa  [10°Tg/m2,] 3.5 gmee 3.5 M
Qemit 0" xg/m2,| 869 8.69
Quoe 107 Tke/m2,] 0.6 16.75
Gemx  |107 kg /m2,, ] 2.6 7.3

The maximum rate of formation for butanol, evaluated with bound,0, is
calculated by inserting the values in Table 8.5 into Equation 8.16.

Bound0 _ Qemit +Q.\'mre — 8569 D]O_3 +0a46 D]O_3 — 9a15 |]O_3

=2,6007° 8.17
3,500° 3,500° 3,500° 8.17)

The maximum rate of formation for butanol, evaluated with bound,1 or
bound, 2, is calculated by inserting the values in Table 8.5 into Equation 8.16.

Boundl,2 _ Qemil +Qslore — 8369 D]O_S +16775 D]O_S _ 25,44 D]0—3

o 3,500° 3,500° 3,500°

=73007 (8.18)
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8.3 Discussion

The evaluation in this chapter has been made in one case, from one single
experiment. Because of this, plus the fact that there is reason to suspect that
leakage had occurred in the experiment between the flooring and the steel
mould, the results are unreliable.

The binding capacity calculated according to bound,0 appears to be far too
small. It implies that only 1/20 of the OC formed, as set out in Table 8.5,
penetrates into the concrete. This does not accord with the experiences related
by Kumlin (2000). Measurements made after the flooring is replaced show that
the value of EF is still quite high, although no reaction is taking place. This
phenomenon can be explained by assuming that the value of ¢, in the concrete
is high because Q... is large. With a binding capacity calculated according to
bound,1 or bound,2, about two-thirds of the decomposition products have
migrated down into the concrete, which may be much more plausible.

There is an ambiguity regarding the value of the surface concentration ¢,. In
evaluating OCIC, it is assumed to have been constant, 45:10° (kg/m?3,,), for two
years. At the same time, when EF is evaluated, it is assumed to have given rise
to a flow through a flooring (of constant resistance). EF is assumed to vary in
such a way that ¢, decreases from its peak value of 2540-10° to 100-10° during
the first year. The value of ¢;may possibly decrease during the second year in
such a way that both these assumptions are correct.

The drop in the value of RH in the “adhesive layer”, shown in Fig. 8.9, is very
rapid. Since this early version of test specimen had no seal around its edge, the
rapid drop may be due to leakage between the flooring and the steel mould.

The drop may also be due to an "unknown" error in measurement. It is usual
for widely different values of RH to be measured in concrete near places where
the adhesive has been hydrolysed. One common explanation for this
phenomenon is that the properties of the RH probe are affected by OC.
Different RH probes may be affected in different ways.
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9 Comparison of measurements and
calculations with the model

In this chapter, comparisons are made between some measurements previously
described in this study and calculations with the computer model described in
Section 7.9.

A comparison is first made with respect to the increase in RH that occurs when
moisture of adhesive is adsorbed into the concrete surface. This is described in
Section 5.1. Measurements of moisture level, emission from the surface and
OCIC, decribed in Section 8.2, are then compared. Finally, some comparisons
are made between the FLEC measurements and the model.

9.1 Material data for the calculations

Material data for calculation of the model were primarily obtained from the
literature. Where material data were not available, values were evaluated or
assigned.

Generally speaking, material data concerning moisture transport and fixation
were taken from the literature, while corresponding values for OC were
evaluated in this study or were assumed.

Data according to Hedenblad (1996) apply for old well cured concrete. In the
absence of data for young concrete, these data were also used for concretes
C1-C4 which, especially in the test with moisture of adhesive, are much
younger.

9.1.1 Material data for the transport and fixation of
moisture

Material data for the transport and fixation of moisture are needed both in
calculating adsorption of moisture of adhesive into the concrete surface and in
calculating emissions from floor systems. In the latter case this is critical since it
is the moisture level in the surface of the concrete that governs the duration of
the reaction. For the fixation of OCIC the moisture level in the concrete is also
critical.

In the calculations of moisture adsorption, material data for three different
grades of concrete, C1, C3 and C4 according to Table 2.1, were used. In
calculating EF from the floor system, material data for concrete grade C4 were
used. Material data for these are taken from Hedenblad (1996), with the
exception of w,., that was evaluated from Fig. 7.12.

Moisture fixation

Moisture fixation in concrete takes place through adsorption into the internal
material surfaces and capillary condensation in small pores, in the way
described in Section 7.5.

In the model, only one sorption isotherm per concrete is used to describe the
relationship between RH and moisture content. The hysteresis effect which
occurs when the concrete passes from the dry to the wet state, or vice versa, is
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ignored. This simplification may have a very great effect, since a small moisture
increment can give rise to a large increase in RH in the cases where the
moisture content of the concrete is located on the desorption isotherm. When
this occurs, the moisture status, instead of being described by desorption
isotherms, Fig. 7.12, changes into being described by absorption isotherms, Fig.
7.11.

In the model simplified sorption isotherms have been used. The isotherms are
described by three straight lines which are determined by the origin, w . at
100% RH, and by a further two points where the gradient of the line changes.
These points for the sorption isotherms are set out in Table 9.1. Fig. 9.1 shows
the simplified isotherms which consist of three straight lines.

The calculations have been simplified by making the sorption isotherms for
concretes C1 and C3 equal. In this way, the values from Hedenblad (1996) can
be used in all cases.

Table 9.1 Points of gradient change for simplified isotherms for moisture in

concrete,
Concrete Cl1/C3 C4
W [kg/m°] RH [%] RH [%]
0 0 0
50 50 65
100 90 90
115 100 -
150 - 100
160 ]
140 - /

Moisturecontent [kg/m3]

0 20 40 60 80 100
RH [%)]
Fig. 9.1 Sorption isotherms for moisture in concrete. The values for CI1 and C3

have been put equal. The figure is based on values from Hedenblad
(1996).
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Corresponding material data for moisture fixation in the adhesive were not
found in the literature. In the model the adhesive has been given a simplified
sorption isotherm in the same way as the concrete. However, the sorption
isotherm for the adhesive consists of only two straight lines. These are
determined by the origin, w,, at 100% RH, and by w.,/8 at 96% RH.

The maximum value of w,4 has been calculated as 80-103 kg/m?2. According to
the values in Table 2.4, the water content of a wet adhesive is approximately
400-10 kg/m3. And, according to Sjoberg & Wengholt Johnsson (1999), when
the adhesive is applied it is spread at a rate of approximately 5 I/m?2.

Moisture transport

In the model, moisture transport is calculated with the vapour content as the
driving potential; see Section 7.6. The diffusion coefficients &, taken from
Hedenblad (1996), are set out in Table 9.2. Analogously with fixation of
moisture in concrete, material data for concretes C1 and C3 have been put
equal.

In the model a simplified curve has been used for the moisture dependence of
the diffusion coefficient. Analogously with the simplification of the sorption
isotherm above, this curve consists of a number of straight lines. The points of
gradient change for these straight lines are given in Table 9.2.

Table 9.2 Points of gradient change for simplified curve showing the moisture
dependence of the diffusion coefficient in concrete.

Concrete Cl1/C3 Cc4
W Tkg/m’] &t [M?/S] B [M?/s]
0 0.13°10%  0.17-10°
70 0.2:10%  0.17°10°
100 0.510° 1.3-10°
115 0.7:10°® -
120 - 9.0-10°°
150 - 40.0-10°®

According to Hedenblad (1996), the transmission resistance Z;. of the flooring to
moisture is 2-10° (s/m) for an impermeable (PVC) flooring, and 0.1-0.2-108
(s/m) for an open textured (linoleum) flooring.

Values of the transmission resistance Z,,of films of adhesive to moisture were
not found in the literature. In the calculations Z., was given the value 600 s/m.
In view of the fact that moisture transport may occur in the wet adhesive, it was
decided to make this value low.
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9.1.2 Material data for the transport, formation and
fixation of butanol/

Material data for the transport and fixation of butanol in concrete were not
found in the literature. These values, together with the transmission resistances
of floorings to butanol, are required for calculations with the model in Section
7.9. The values used in the calculations were either evaluated in this study or
assumed.

A total of five different sets of values have been used in calculations in this
study; see Table 9.3. Two of the calculation cases, Calc. 1 & 3, are used for the
comparisons in this chapter. All the calculation cases are used in the parametric
study in Chapter 10. All results from all calculation cases are set out in Appendix
No 4.

All the values for transport and fixation of butanol in concrete are constant, i.e.
their possible moisture dependence is ignored.

Values of grma in Calc.2 — 4, are taken from the evaluation in Table 8.5, but
they have been slightly adjusted because of the limitations in the calculation
model. Values of 3., in Calc.4 — 5, are taken from evaluation of measurements
in Section4.2.

"Bound" denotes different ways of describing storage capacity; see Subsection
8.1.3. Factor b is that part of fixation which is not dependent on moisture
content in bound,3.

Table 9.3 Values for calculation of transport and fixation of butanol in concrete

4.

Quantity Unit Calc.1 Calc.2 Calc.3 Calc.4 Calc.5
R max [10° kg/(m*s)]  0.03 0.26 2.6 7.3 7.3
Ooc [10° m?/s] 2.5 2.5 2.5 93 93
Bound - 0 0 0 1 2

S [kg/m?] 0.077 0.077 0.077 2.8 0.077
Ky [m3/kg] 4.53 4.53 4.53 165 4.53
b [10°] - - - - 16.1

According to Table 4.3, the transmisson resistance R;. of the flooring to butanol
is 3.7-10¢ (s/m) for impermeable (PVC) flooring, and 2.9-10°% (s/m) for open
textured (linoleum) flooring. The resistance to moisture transport of the film of
adhesive, Z,q, is given the value 0.6-:10° (s/m).
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9.2 Adsorption of moisture of adhesive

In this chapter, the results of three measurements of the adsorption of moisture
of adhesive, described in Section 5.1, are compared with calculations. The
calculations are made with the model and are based on the material data
described above.

In each calculation, the original moisture distribution, before the flooring was
bonded, was estimated from the measured values. Its value is given for each
case together with the calculated moisture curve.

9.2.1 Calculation of experiment No 1, 300 g moisture of
adhesive per n’ of concrete C1, w/c ratio 0.32,

In Fig. 9.2, the measured values from the experiment with a large quantity of
adhesive are plotted as dots and triangles, and the results of calculations as
lines.

The dots show the results of measurements of moisture level before the flooring
is bonded. The triangles are values of moisture level measured 133 hours after
the flooring was bonded. RH in the concrete had by then reached its maximum
value; see Fig. 5.1.

The lower full curve in Fig. 9.2 is the estimated moisture distribution before the
flooring is bonded. This moisture distribution is assumed in the calculations to
be the initial value. The upper full curve shows the calculated moisture
distribution after 133 hours.

On repeated calculations, the value of the diffusion coefficient 3 in the areas of
high moisture increased by about 10 times. The calculation results for this are
shown with the dashed line in Fig. 9.2.

100
—_ 133h after bonding
& measured (triangles)
X calculated (line)
% calculated with increased d (dot line)
8
o A
5 Sl
7] ~
[ ) T — A
80 1 ) ¢
Before bonding
/(\‘(/\.\ measured (dots)
75 | ‘r\nlr\nlnharl (h,r\n) |
0 10 20 30 40 50

Depth in concrete [mm]

Fig. 9.2 Calculated and measured moisture distribution at different times
before and after the PVC flooring was bonded with a large quantity of
adhesive to a concrete of low wyc ratio (CI1).
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The measured and calculated moisture curves are plotted in Fig. 9.3. The
measured moisture curve refers to a depth 11 mm below the surface. The
calculated moisture curves refer to six different depths, 1, 3, 5, 7, 9 and 12 mm.
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Fig. 9.3  Moisture distribution at different times after the PVC flooring was
bonded with a large quantity of adhesive to a concrete of low w/c
ratio (C1), compared with moisture level measured at 11 mm depth in
the concrete.

9.2.2 Calculation of experiment No 2, 90 g moisture of
adhesive per n?’ of concrete C3, w/c ratio 0.42.

In Fig. 9.4, the measured values from the experiment with a small quantity of
adhesive are plotted as dots and triangles, and the results of calculations as
lines.

The dots show the results of measurements of moisture level before the flooring
is bonded. This moisture distribution is assumed in the calculations to be the
initial value. The triangles are values of moisture level measured 58 hours after
the flooring was bonded. RH in the concrete had by then reached its maximum
value; see Fig. 5.2.

The full curve in Fig. 9.4 is the estimated moisture distribution before the
flooring is bonded. The dashed curve shows the calculated moisture distribution
after 58 hours.
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d moisture curves refer to five different depths, 1, 3, 5, 7 and 9 mm.
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Calculated moisture distribution at different times after the PVC
flooring was bonded with a small quantity of adhesive to a concrete of

low wyc ratio (C3), compared with moisture level measured at depths
of 3 and 11 mm in the concrete.
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9.2.3 Calculation of experiment No 3, 230 g moisture of
adhesive per n?’ of concrete C4, w/c ratio 0.686.

In Fig. 9.6, the measured values from the experiment with a large quantity of
adhesive on a concrete of high w/c ratio (C4) are plotted as dots and triangles,
and the results of calculations as lines.

The dots show the results of measurements of moisture level before the flooring
is bonded. This moisture distribution is assumed in the calculations to be the
initial value. The triangles are values of moisture level measured 41 hours after
the flooring was bonded. RH in the concrete had by then reached its maximum
value; see Fig. 5.3.

The full curve in Fig. 9.6 is the estimated moisture distribution before the
flooring is bonded. The dashed curve shows the calculated moisture distribution
after 41 hours.
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Fig. 9.6 Calculated and measured moisture distribution at different times
before and after the PVC flooring was bonded with a large quantity of
adhesive to a concrete of high w/c ratio (C4).

The measured and calculated moisture curves are plotted in Fig. 9.7. The
measured moisture curve refers to a depth of 5 mm below the surface. The
calculated moisture curves refer to four different depths, 5, 9, 12 and 20 mm.
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Fig. 9.7 Calculated moisture distribution at different levels at different times
after the PVC flooring was bonded with a large quantity of adhesive to
a concrete of high wyc ratio (C4), compared with moisture leve/
measured at a depth of 5 mm in the concrete.

9.2.4  Discussion, adsorption of moisture of adhesive

The calculations show that the moisture of adhesive affects the moisture status
of the concrete surface, although by not as much as indicated by the
measurements.

The measurements show a more rapid rise in the RH level than the calculations.
The measurements also show that the increase in moisture level occurs at a
greater depth than shown by the calculations.

One important explanation of the difference between calculated and measured
moisture curves, mainly the rate of increase, may be hysteresis. The moisture of
adhesive wets the drying concrete surface. This wetting actually occurs in
accordance with a hysteresis curve that is very flat compared with the
desorption and adsorption isotherms in Table 9.1 and Fig. 9.1; what this means
is that moisture capacity is much lower than in the calculations, which produces
a greater, and more rapid, increase in RH.

Another explanation may be the simplified way of calculating moisture transport,
according to which all transport occurs with the vapour content as the driving
potential. Calculations may be in better agreement with measurements if
transport is divided into two as described in Section 7.4, and is quantified more
accurately.
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9.3 Comparison with earlier measurements.

In this section, measurements of the moisture curve, emission from the surface
and OCIC for test specimen NSt2, PVC flooring bonded to moist concrete of w/c
ratio = 0.66 (C4), are compared with calculations with the model. The test
specimen and the measurements are described in Section 8.2. Calculations are
made with the model and are based on the material data described above.

9.3.1 Moisture curve

The moisture levels measured in test specimen NSt2 form the basis of the
assumption in Subsection 8.2.3 concerning a moisture process which may have
occurred at the surface of the concrete after the flooring had been bonded. The
curve of the moisture process is plotted in Fig. 8.9.

In the calculations, the concrete dried, in a climate at 60% RH and 20°C, to
95% RH at 0.4d. Test specimen NSt2 had dried in a controlled climate room at
50% RH and 20°C. However, during a large proportion of the drying period,
NSt2 was covered with plastic; Wengholt Johnsson (1995).

In Fig. 9.8 the moisture curve for NSt2 is compared with the calculated moisture
curves. Calculations were made for both an impermeable PVC flooring of Z;. =
2:10% s/m, and for one of lower resistance, Z;. = 0.1-10°% s/m. The lower
resistance may represent possible leakage between the flooring and the steel
mould for the test specimen, or a linoleum flooring.
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/ Open textured flooring or
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Fig. 9.8 RH at the surface of the concrete, comparison of test specimen NSt2
and values calculated with Z, = 2-10° and = 0.1-10°¢ s/m.
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9.3.2 Emission from the surface

In Fig. 9.9, measurements of emission from NSt2 over 500 days are compared
with values calculated with Calc.3; see Table 9.3. The measured values for NSt2
are set out in Table 8.1. Full calculation results for Calc.3 are given in Appendix

No 4.

In Fig. 9.9, values of emission from the surface, measured at different times
after the flooring had been bonded, are plotted. The dashed curve may
represent a least possible emission from NSt2. Prior to the first measurement at
76 days, emission may also have been greater than shown by the dashed curve.

The calculated emissions plotted in Fig. 9.9 apply for floor systems which had
dried, at 0.4d, to the moisture levels shown, 91-96% RH, before the flooring
was bonded. The calculations represent bonding of a PVC flooring during which
the surface of the concrete receives 80 g/m? moisture of adhesive.
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Fig. 9.9 Calculated emission from the surface, comparison with measured
values from test specimen Nst2 where the dashed curve may
represent a least initial emission. Emission for different moisture levels
calculated with Calc.3 in the model.

The total (cumulative) emission from the surface as a function of time is set out
in Fig. 9.10. The curves are based on the values in Fig. 9.9.
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Fig. 9.10 Total emission from the surface, measured from test specimen NSt2
and calculated for different moisture levels with Calc.3.
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9.3.3 OcCIC

In Fig. 9.11 the measurements of OCIC in NSt2 after ca two years are compared
with values calculated with Calc.1. The measured values for NSt2 are set out in
Table 8.3. Full calculation results for Calc.1 are given in Appendix No 4.

The rings in Fig. 9.11 are measured values. The calculated profiles for OCIC
apply for floor systems which had been dried, at 0.4d, to the moisture levels
shown, 91-96% RH, before the flooring was bonded. The calculations represent
bonding of a PVC flooring during which the surface of the concrete receives 80
g/m? moisture of adhesive. All profiles refer to the situation ca 2 years after the
flooring was bonded.
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Fig. 9.11 Profile of butanol in the gas phase in concrete, calculated with Calc. 1.
All profiles refer to the situation ca 2 years after the flooring was
bonded. Comparison with values measured in NSt2, represented by
rings.

9.3.4  Discussion, previous measurements

Moisture process

The moisture process assumed for NSt2 cannot be recreated in the calculations.
The high moisture level in the concrete surface immediately after bonding
cannot be obtained when the moisture level must subsequently drop to 88% in
ca 200 days.

The explanation may be an error in the assumed moisture process, large
uncertainties in the measured results, or something else. What is most likely,
however, is that the moisture process which was assumed on the basis of a few
calculations was erroneous. The measurements were made at other, different
depths, and may be subject to large measurement uncertainties.
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It is unreasonable to suppose that the moisture content drops as rapidly as
assumed in a test specimen in a steel mould with a "cover" of impermeable PVC
flooring, even if there is leakage between the flooring and the steel mould.

Emission from the surface

The shape of the curve in Fig. 9.9 which represents emission measurements on
NSt2 does not agree with the calculated curves. Emission from the surface is
however about the same as that measured ca 3 months after the flooring had
been bonded. After this the calculated values increase, while those measured
decrease. The reason for the difference may be that in the calculations the
concrete is moist below the flooring and new emissions are produced, while in
the test specimen the reaction had ceased. Only the residual substances are
being emitted.

The shape of the curve for the measurements has greater similarity to those
calculated for an open (linoleum) flooring; see Fig. 9.14. Emission from the
surface decreases because the reaction ceases. This happens when the
moisture level in the surface of the concrete drops below the critical level.

Reaction in the test specimen may have ceased before the first measurement.
In that case it is likely that the emission had been greater earlier, and it had
decayed by the time of the first measurement. Decay may then proceed over a
long time and it is the mean concentration in the surface which gives rise to the
measured penetration profile. However, the simple calculation model used was
not able to reproduce this.

OCIC

The penetration profile in the concrete according to Calc.1 agrees with the
measured OCIC profile according to Fig. 9.11. However, the surface
concentration in calculation case Calc.1 is so low that it cannot give rise to the
high emissions which were measured; see Appendix No 4. According to Calc.1,
the maximum emission during the first 3 years, when the moisture level in the
concrete is 95% RH, is equal to 11-:10*2 kg/(m*s). The maximum measured
emission from the test specimen is 686-10-2 kg/(m?:s). This means that the
surface concentration in NSt2 may be more than 60 times as high as in the
corresponding calculation which creates the same penetration profile.

In calculation case Calc.3, emission from the surface is about the same as that
measured, but the penetration profile does not agree. The free concentration in
the concrete surface is approximately 80 times too high; see Appendix No 4.
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9.4 Comparison with new measurements

In this section, some of the measurements from the investigation in Sections
5.3 and 5.5 are compared with results calculated with Calc.3.

9.4.1 PVC flooring

Measurements made on specimens d4.2 - .6, d4.9 and d4.14 - .17, with PVC
floorings, show an average EF of butanol of ca 1300 ug/m?2-h) after 70 days,
which corresponds to 380-10'% kg/(m?s), see Tables 5.9 - 5.11 and Fig. 5.15.
After 180 days the average emission was about 150-10*2 kg/(m?:s).

The remaining specimens in investigation d4 are not compared with calculations
since they were covered with screed or the surface was allowed to dry for a
long time.

The means of the above measurements and calculations of emission from floor
systems with bonded PVC floorings are plotted in Fig. 9.12. The calculated
emissions refer to floor systems which had dried, at 0.4d, to the moisture levels
shown, 91-96% RH, before the flooring was bonded. The calculations represent
bonding of a PVC flooring where the concrete surface receives 80 g/m? moisture
of adhesive.
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Fig. 9.12 Emission from the surface. The rings represent the means of several
merasurements in investigation d4. The curves are calculated with
Calc.3 for different moisture levels.

Calculations show that the moisture level at the surface of the concrete will be
redistributed to the level which prevailed at 0.4d before the flooring was
bonded. The moisture level at the surface will then slowly decrease; see Fig.
9.13. This does not agree with the moisture curve assumed for NSt2; see Fig.
9.8. These specimens are similar to NSt2 and may therefore exhibit the same
moisture process.
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The rate of emission in the measurements also decreases much earlier than in
the calculations, which agrees with the presumed drop in RH in the test
specimen.
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Fig. 9.13 RH at the surface of concrete. The values are calculated with Calc.3
for different moisture levels. It is assumed that Z; for the PVC flooring
is 2-10° s/m.

9.4.2 Linoleum flooring

Measurements made on specimen d4.1 with linoleum flooring show no elevated
emissions of butanol after 10 or 26 weeks; see Table 5.9. The moisture level
measured at the surface before the flooring was laid was ca 72% RH.

Calculated values of emission from floor systems with bonded linoleum flooring
are plotted in Fig. 9.14. The calculated emissions refer to floor systems which
had dried, at 0.4d, to the moisture levels shown, 94-97% RH, before the
flooring was bonded. The calculations represent bonding of linoleum flooring
where the concrete surface receives 80/m? moisture of adhesive.
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Fig. 9.14 Emission from the surface. The values are calculated with Calc.3 for
different moisture levels.

Calculations show that floor systems which have a moisture level below 94% at
a depth of 0.4d before the flooring is bonded do not exceed the critical moisture
level at the surface; see Fig. 9.15. No decomposition products can therefore
form, and consequently there is no emission from the surface.

1,00
0,95
Moisture level at 0.4dbefore
the flooring is bonded
I
/\ Y,
4 0,90 96%RH
94%RH
/_\W)RH
0,85
90%RH
0,80
0 200 400 600 800 1000 1200

Time [days]

Fig. 9.15 RH at the concrete surface. The values are calculated with Calc.3 for
different moisture levels. Z;. for the PVC flooring is equal to 0.1-10 ¢

s/m.
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9.4.3 Loose laid flooring

Measurements made on specimens d2.01 and .02 with loose laid PVC flooring
show no elevated emissions of butanol; see Table 5.2. This agrees with the
model.

The model presupposes that there is adhesive present which can be hydrolysed
so that butanol and other decomposition products may be formed. According to
the model, mere contact between PVC flooring and a moist alkaline substrate
produces no decomposition products.

9.4.4  Discussion, new measurements

PVC flooring

In Fig. 9.9 the shape of the curve representing measurements does not agree
with the calculated curves. The measured values decrease over time, while the
calculated ones increase.

The reason for the difference may be that in the calculation there is moisture
below the flooring and new emissions are produced, while in the test specimen
the reaction has ceased. Only the remaining substances are being emitted.

Reaction in the test specimen may have ceased before the first measurement
because the moisture level at the surface had dropped below the critical value.
In such a case it is likely that the emission had been greater before, which
agrees with the calculations.

Linoleum flooring

On the assumption that the moisture level at the concrete surface had been
lower than 90% the whole time, the measurements on d4.1 may agree with the
calculations. According to the calculations, this implies that the moisture level at
0.4d was lower than 94% before the flooring was bonded. Possible leakage of
moisture between the flooring and the steel mould might further reduce
moisture level at the concrete surface.

Loose laid flooring

According to the model, in loose laying no decomposition products can be
formed. The model presupposes that there is adhesive present which can be
hydrolysed, so that butanol and other decomposition products may be formed.
OC cannot therefore be emitted from the surface or penetrate into the concrete.

The values measured for these floor systems are very low. They may represent
primary emissions from the flooring.

Secondary emissions may however occur from a floor system with loose laid
flooring if one of the components of the flooring is decomposed by alkaline
moisture. It is however not shown that this is the case.
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OCIC deposited in the concrete slab may be transported upwards if a flooring is
loose laid on a contaminated floor. This is analogous with the results shown in
Appendix No 4.

Computer program

The material data used in the calculations were measured on old and well cured
concrete, while the measurements were made on fresh concrete in which there
was no time for the curing process to be completed. Since the structure of the
concrete develops during the curing process, the properties of the materials also
change. As a rule, in a fresh concrete of open pore structure, the transport
processes take place at a higher rate.

The fact that the assumed moisture distribution in NSt2 could not be recreated
in the calculations was a great limitation in comparisons between the model and
measurements. It is a limitation not to be able to control the moisture level at
the surface of the concrete other than by using different initial values and by
assuming different material data in the calculation.

Moisture transport is treated in a simplified manner, with the vapour content as
the driving potential. The effect due to hysteresis when the concrete surface is
rewetted is ignored. These are two serious simplifications in the model. By
improving the model with respect to transport and fixation of moisture, better
results can be obtained in calculating the adsorption of moisture of adhesive.

Transport and fixation of butanol in concrete is yet another area which needs
closer scrutiny. The assumptions in this study may have been too simple to
produce a satisfactory result.

The computer model is written in Excel with Macro in Visual Basic. This means
that it is not particularly powerful, and one single calculation may demand
several hours of computer capacity.
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10 Parametric study with the model

In this chapter the parameters in the model are subjected to analyses. An
analysis is made first of all of the maximum acceptable moisture level at the
surface when it is drying to different moisture levels in a number of drying
climates.

An analysis is then made of some parameters which influence the emission of
OC from the surface. The parameters analysed are the rate of formation, qg max
RH at 0.4d at the time the flooring is bonded, and the choice of flooring,
whether PVC or linoleum.

This is followed by an analysis of some parameters which influence the
transport and fixation of OCIC. The parameters analysed are the method of
binding, Bound,.,, RH at 0.4d at the time the flooring is bonded, and the choice
of flooring, whether PVC or linoleum.

Finally, an analysis is made of emission from the surface and residual OCIC after
"remedial treatment with exposure to the air" of a damaged floor. All the results
from all calculations are set out in Appendix No 4.

10.1 Highest possible moisture status at the surface

It is the drying climate and the composition of the concrete which determine the
available moisture capacity at the surface of the concrete. The diagrams below
illustrate the results of calculations with the model in Section 7.9 regarding the
highest moisture status that occurs at the surface after the application of 80
g/m? moisture of adhesive.

The term moisture status at the surface denotes the mean level in the topmost
2 mm of the concrete. Obviously, the moisture level in 2 mm of concrete is
difficult to measure, but it can be calculated theoretically.

Before the moisture of adhesive is applied to the surface, the concrete has been
dried to various moisture levels at the characteristic measurement depth, 0.4d.
These moisture levels are set out along the x axis.

The drying climate before the flooring is bonded is represented by different
curves in Fig. 10.1 and 10.2. The drying climate was varied between 40 and
70% RH. Any self desiccation of the concrete is disregarded.

The highest moisture level at the surface is read off along the y axis. The
dashed line represents the moisture status that will be established after the
remaining moisture in the concrete had come to a uniform level following
bonding of an impermeable PVC flooring. The quantity of moisture of adhesive
is then quite negligible in comparison with the construction water in the
concrete.
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Fig. 10.1 Moisture level including moisture of adhesive at the surface of
concrete C1 (wyc ratio=0.32) for different drying climates. The
dashed line represents the moisture status that will be established
after the remaining moisture in the concrete had come to a uniform
level following bonding of an impermeable PVC flooring.
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Fig. 10.2 Moisture level including moisture of adhesive at the surface of
concrete C4 (w/c ratio=0.66) for different drying climates. The
dashed line represents the moisture status that will be established
after the remaining moisture in the concrete had come to a uniform
level following bonding of an impermeable PVC flooring.
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10.1.1 Discussion, highest moisture status

According to the results of calculations which are set out in Fig. 10.1 and 10.2,
the concrete surface is able to adsorb the moisture of adhesive if the concrete
had been dried in dry drying climates (<60% RH). For normal structural
concrete of w/c ratio=0.66, a somewhat more humid drying climate (<70% RH)
can be permitted.

The moisture states which will prevail when the moisture of adhesive has
temporarily raised the moisture distribution to a level higher than the final one
after redistribution, are the triangle shaped area formed over the dashed line in
the top left hand corner in Fig. 10.1 and 10.2.

In the calculations illustrated, the moisture of adhesive exerts an influence on
the maximum moisture status at the surface only when the concrete is dried to
below 90% RH in a drying climate that is 60% RH or more humid.
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10.2 Emission of butanol from the surface

Emission of butanol from the surface is influenced by the concentration at the
top of the concrete and by the resistance of the flooring.

The influence of concentration at the top of the concrete is analysed with
reference to the influence of gg ... Of four different values, 0.03 — 7.3-10°
kg/(m’S), and the moisture level at 40% of the depth before the flooring is
bonded. The moisture level at 0.4d is varied between 91 and 97% RH.

The influence of the resistance R;. of the flooring is analysed for two values,
2.9:10° and 3.7-10° s/m. According to the evaluation in Tables 4.3, these are
denoted as linoleum flooring and PVC flooring respectively. The resistances Z of
these to moisture transport are also completely different, which affects the
moisture level at the surface and thus the formation of butanol.

10.2.1 The influence of Gg max

The calculated emission of butanol from the surface, as a function of time, is
plotted in Fig. 10.3 for four different values of Qg ... NOte that the y axis has a
logarithmic scale. Three of the curves, Qg mx = 0.03, 0.26 and 2.6 kg/(m’[s), are
calculated with the same values for the transport and fixation of OCIC. The
curve denoted Qg max = 7.3* is calculated with different values; see Table. 9.3.
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Fig. 10.3 Calculated emission of butanol from the surface of a concrete floor
with PVC flooring. Calculated moisture level at 0.4d before the
flooring is bonded is 95% RH. All the curves are calculated with the
assumption regarding binding Bound.0, except the one denoted * for
which Bound. 1 is used.

The total calculated emission from the above calculation cases is plotted in Fig.
10.4. The calculations are based on the results set out in Fig. 10.3.
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The maximum quantity of butanol than can be formed from the adhesive is
20.8:10° kg/m?, on the assumption that adhesive is applied at the rate of 5 m?/I,
the density of adhesive is 1300 kg/m? and the adhesive contains 8%
butylacrylate; see Subsections 2.1.3 and 3.3.3. The quantity of moisture of
adhesive is then 80-103 kg/m?.
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Fig. 10.4 Total calculated emission of butanol from the surface of a concrete
floor with PVC flooring. The calculated moisture level at 0.4d before
the flooring was bonded was 95% RH. All the curves are calculated
with the assumption regarding binding Bound.0, except the one
denoted * for which Bound. 1 is used.

10.2.2 Influence of RH for floor constructions with PVC
flooring

The calculated emission of butanol from the surface, as a function of time, is
plotted in Fig. 10.5 for six different values of RH. The moisture levels 91-96%
refer to RH at 0.4d before the flooring is bonded. The transmission resistance of
the flooring to butanol is 3.7:10¢ s/m (PVC flooring). Owing to shortcomings in
the calculation model, no calculations could be made for cases with moisture
levels exceeding 96% RH.

In the calculations, Grmsx = 2.6-10°kg/(m?*s). All the parameters are set out in
Table 9.3 as Calc.3.
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Fig. 10.5 Calculated emission of butanol from the surface of a concrete floor
with PVC flooring. The moisture levels refer to 0.49d. Calculated with
Cale.3 and G max = 2.6:10  kg/(n?[35).

The total emission from the above calculation cases is plotted in Fig. 10.6. The
calculations are based on the results set out in Fig. 10.5.
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Fig. 10.6 Total calculated emission of butanol from the surface of a concrete
floor with PVC flooring. The moisture levels refer to 0.4d. Calculated
with Calc.3 and G me=2.6-10~ kg/(n’'3).

162



10.2.3 Influence of RH for floor constructions with
linoleum flooring

The calculated emission of butanol from the surface, as a function of time, is
plotted in Fig. 10.7 for four different values of RH. The moisture levels 94-97%
refer to RH at 0.4d before the flooring is bonded. The transmission resistance of
the flooring to butanol is 2.9-10¢ s/m (Linoleum flooring) and for moisture it is
0.1-105 s/m.

In calculating moisture levels below 94% RH no emissions were obtained from
the surface. The explanation is that no reaction had started because RH;; was
not exceeded at the surface of the concrete. Owing to shortcomings in the
calculation model, no calculations could be made for cases with moisture levels
above 97% RH.

In the calculations Qemx = 2.6-10° kg/(m’S). All parameters are set out in Table
9.3 as Calc.3.
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Fig. 10.7 Calculated emission of butanol from the surface of a concrete floor
with linoleum flooring. The moisture levels refer to 0.4d. Calculated
with Calc.3 and Qg max = 2.6-10 < kg/(n7'15).

The total emission from the above calculation cases is plotted in Fig. 10.8. The
calculations are based on the results set out in Fig. 10.7.
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Fig. 10.8 Total calculated emission of butanol from the surface of a concrete
floor with linoleum flooring. The moisture levels refer to 0.4d.
Calculated with Calc.3 and gg max=2.6-10 7 kg/(n?[3).

10.2.4 Discussion, emission from the surface

Emission from the surface is primarily governed by the concentration at the top
of the concrete and the resistance of the flooring. The surface concentration is
largely determined by Qg max- This is @ parameter whose value must be rigorously
verified to enhance the reliability of the model.

The assumption regarding binding also has great influence on emission from the
surface. In Fig. 10.3 the curve with Q.. = 7.3 kg/(m’S) has a lower emission
than the curve with e = 2.6 kg/(m’S), although it should be the other way
round if conditions were otherwise the same. The explanation is that the curve
With Gemm = 7.3 kg/(m*S) was calculated with another assumption regarding
binding, Bound.1, instead of Bound.0, which means that more OC is bound in
the concrete. It is estimated that emission from the surface according to
calculations with Qe = 7.3 kg/(m?s) and Bound.0 would be 10 times higher
than with Bound.1.

The transmission resistance of the flooring is also critical for emission. The
higher the transmission resistance for OC, the lower is emission (over an
extended period) at the same surface concentration. The transmission
resistance to moisture is also important since a low resistance enables the
concrete to dry out. The consequence of this may be that any reaction that may
be taking place ceases after a time and emission from the surface decreases;
see Fig. 10.7.

It is likely that the emission processes described in Section 10.2 are
approximately the same as from a floor construction with a similar flooring,
provided that all other conditions are the same. If the flooring has a different
transmission resistance Ry , the rate of emission may however be different.
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Equation 7.40 is used to calculate the rate of emission in the new case which
has a known transmission resistance.

In the same way, the rate of emission can be calculated from a known surface
concentration ¢,. However, penetration of OCIC is also influenced by the surface
concentration ¢,, which means that the above relationship is only approximate.

10.3 Transport and fixation of butanol in concrete

Transport and fixation of butanol in concrete are influenced, among other
things, by the concentration of butanol at the top of the concrete, ¢, the
diffusion coefficient o, and the assumption regarding binding Bound.

The influence of concentration at the top of the concrete is analysed with the
help of the influence of g . at four different levels, 0.03 — 7.3-10° kg/(m?*S). In
the first three calculations, with gg .x = 0.03-10°, 0.26-10° and 2.6-10°
kg/(m*S), Bound.0 was used. In the two calculations with g max = 7.3-10°
kg/(m*s), Bound.1 and Bound.2 were used.

Two different values of the diffusion coefficient were used in the calculations,
Ooc = 2.5-10% and 93-10°. Finally, three different methods of binding were
analysed, Bound.0, Bound.1 and Bound.2. See Subsection 8.1.3.

10.3.1 The influence of different assumption regarding
binding

The calculated quantity of butanol that is transported down into the concrete as
a function of time is plotted in Fig. 10.9 for five different cases. Three of the
cases are calculated with the same method of binding, Bound.0, but with
different surface concentrations. Surface concentration is varied by postulating
different values of the rate of formation qg max-

In the cases denoted Bound.1 and Bound.2 in Fig. 10.9, the value qgmax =
2.6-10° kg/(m?s) was used. The values of all parameters used in the
calculations are set out in Table 9.3. In all calculations, the moisture level before
the flooring was bonded was 95% RH.
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Fig. 10.9 Calculated guantity of butanol transported down into a concrete floor
with PVC flooring. Analysis of the effect of different surface
concentrations and assumptions regarding binding.

Profiles of butanol in the gas phase which is formed in the concrete after a long
time (1200 days) are plotted in Fig. 10.10. The results are based on the same

calculations as those for Fig. 10.9.
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10.3.2 Influence of RH for PVC flooring

The calculated quantity of butanol that is transported down into the concrete as
a function of time is plotted in Fig. 10.11 for six different values of RH. Moisture
levels 91-96% refer to RH at 0.4d before the flooring is bonded. The
transmission resistance of the flooring to butanol is 3.7-10¢ s/m (PVC flooring).
Owing to shortcomings in the calculation model, no calculations could be made
for cases with moisture levels above 97% RH.

In the calculations Qg max = 0.03-10° kg/(mZE). Assumption Bound.0 regarding
binding is used; this gives a small quantity of bound OCIC in the concrete. All
parameters are set out in Table 9.3 as Calc.1.
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Fig. 10.11 Calculated quantity of butanol that is transported down into a
concrete floor with PVC flooring. The moisture levels refer to 0.4d.
Calculated with Calc. 1 and Gr max = 0.03-10 7 kg/(mP[5).

Profiles of butanol in the gas phase down in the concrete after a long time
(1200 days) are plotted in Fig. 10.12. The results are based on the same
calculations as those for Fig. 10.11.
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Fig.10.12 Profiles of butanol in the gas phase in a concrete floor with PVC
flooring after a long time (1200 days). The moisture levels refer to
0.4d. Calculated with Calc.1 and G mex = 0.03:10 = kg/(nP[5).

10.3.3 Influence of RH for linoleum flooring

The calculated quantity of butanol that is transported down into the concrete as
a function of time is plotted in Fig. 10.13 for four different values of RH.
Moisture levels 94-97% refer to RH at 0.4d before the flooring is bonded. The
transmission resistance of the flooring to butanol is 2.9-10° s/m (linoleum
flooring).

In the calculations for moisture levels below 94% RH no transport of butanol
down into the concrete was obtained. The explanation is that no reaction had
started because RH.; was not exceeded at the surface of the concrete. Owing to
shortcomings in the calculation model, no calculations could be made for cases
with moisture levels above 97% RH.

In the calculations Grm = 0.03-10° kg/(m?s). Assumption Bound.0 regarding
binding was used; this gives a small quantity of bound OCIC. All parameters are
set out in Table 9.3 as Calc.1.
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Fig. 10.13Calculated quantity of butanol that is transported down into a
concrete floor with PVC flooring. The moisture levels refer to 0.4d.
Calculated with Calc.1 and Gg max = 0.03-10 7 [kg/(n7*[5)].

Profiles of butanol in the gas phase, for maximum surface concentration, are
plotted in Fig. 10.14. These profiles occur at about the same time as when the
quantity of OCIC in the concrete is greatest; see Fig. 10.13. Profiles of butanol
after a long time (1200 days) are also plotted. The results are based on the
same calculations as those for Fig. 10.13.
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Fig. 10.14Profiles of butanol in the gas phase in a concrete floor with linoleum
flooring, after a fong time (1200 days). The moisture levels refer to
0.4d. Calculated with Calc.1 and g max = 0.03-10 ~ kg/(n7'[5).
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10.3.4 Discussion, transport and fixation of OCIC

The diffusion coefficient and the binding capacity are critical for the quantity of
OCIC that can be found. These are also the parameters whose values must be
rigorously verified to enhance the reliability of the model.

In floor constructions where the reaction decreases after a time, OCIC will
continue to be emitted from the surface. After the reaction has come to an end,
no new OC is formed. Continued emission of VOC from the surface may occur
because OCIC is transported upwards through the construction. The rate of
emission from the surface decreases when the reaction is over. Continued
emission is instrumental in reducing the total quantity of OCIC inside the floor.

10.4 Residual OCIC after exposure to the air

One possible remedial measure when there is high emission from a floor
construction is to replace the flooring. Any alkaline hydrolysis will then cease
when the adhesive is removed. If the moisture level at the surface of the
concrete, inclusive of new moisture of adhesive, exceeds RH,;; after the new
flooring had been bonded, a new reaction may commence.

When the old flooring is removed, emission from the floor may steeply increase.
During the time that the floor construction is exposed to air, the quantity of
OCIC in the concrete decreases.

For a floor that has been treated as described above, the calculated moisture
level at the surface of the concrete and the emission from the surface are
plotted in Fig. 10.15. At 0.4d, the moisture level at time 0, before the PVC
flooring is bonded, is 95% RH.

About three years after the flooring was bonded, it is removed. The floor is then
left exposed to the air for four months. At the end of this period, a new linoleum
flooring is bonded to the concrete.

In the calculations qg max = 0.03-10 kg/(m?E), R = 3.7-10° s/m for PVC
flooring and 2.9:10°¢ s/m for linoleum flooring. The assumption regarding
binding is Bound.0 which gives a small quantity of bound OCIC in the concrete.
All parameters are set out as Calc. 1 in Table 9.3.

170



EF [kg/(m2s)]

/.
% [

60
0 500 1000 1500 2000 2500 3000
Time [days]

RH [%]

Fig. 10.15Calculated emission of butanol from the surface, and moisture level at
the surface of a floor with PVC flooring which is "exposed to air” at an
age of ca 1100-1230 days. A linoleum flooring Is then bonded. In the
calculations Qg ma = 0.03-10 ~ kg/(m?(s), Calc. 1.

Emission from the surface while it is exposed to the air is plotted in Fig. 10.16.
The figure shows the curve, after the flooring had been removed, at a larger
scale. The rate of emission is very high in the beginning when the PVC flooring
is removed at an age of ca 1100 days. As the quantity of butanol near the
surface diminishes, emission of butanol from the surface progressively
decreases. When the linoleum flooring is bonded at the age of 1230 days,
emission decreases. The change in direction at ca 1140 days may be due to the
limitations of the calculation model.
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Fig. 10.16Calculated emission of butanol from the surface while a concrete floor
is exposed to the air at an age of ca 1100 — 1230 days. At 1230 days
a linoleum flooring is bonded. In the calculations ggms = 0.03-10 -
kg/(n7°[38), Calc. 1.
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The free concentration of butanol at seven different depths in the concrete, as a
function of time, is plotted in Fig. 10.17.
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Fig.10.17 Free concentration of butanol at seven different depths in the
concrete as a function of time. In the calculations Gg mex = 0.03-10
kg/(n’'[5), Calc.1.

The profiles of the free concentration of butanol, on four different occasions, are
plotted in Fig. 10.18. These occasions are marked in Fig. 10.17. The first is
three years after the PVC flooring was bonded, just before it is removed as part
of remedial treatment. The next profile in chronological order is after 4 months'
exposure to air, just before a new linoleum flooring is bonded to the concrete.
The third profile shows the distribution about three months after the linoleum
flooring was bonded. The last profile shows what the distribution of the free
butanol in the concrete may be like, many years after the reaction had ceased.
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Fig. 10.18Profiles of free concentration of butanol on four different occasions
which are marked in Fig. 10.17. In the calculations Gg ey = 0.03-10
kg/(n[5), Calc.1.

10.4.1 Discussion, residual OCIC after exposure to the air

The results of the calculations, plotted in Fig. 10.15, show that emission from
the floor increases when the flooring is removed. As the adhesive is removed
and/or the moisture level at the surface decreases, any reaction that may be
taking place ceases. The rapid emission when the flooring is removed is
instrumental in reducing the total quantity of OCIC at the surface of the
concrete.

When the free concentration of OC at the surface of the concrete decreases, it
is the transport of the OC in the concrete, up to the surface of the concrete,
which determines the rate of emission; see Fig. 10.16. In consequence,
decrease of OCIC in the concrete proceeds at the fastest rate in the beginning
when the free concentration of OC at the surface of the concrete is high.

In the calculation, emission takes place all the time to room air with negligible
concentration. In a real case, concentration in the room air may steeply increase
when the flooring is removed. The rate of flow of air in the room must be very
high to ensure that concentration in the room remains at a low level.

All calculations have been made on the assumption that OC can be bound only
by dissolving in the pore water. If the calculations are instead based on the
other two methods of binding, the quantity of OCIC may be much greater. The
consequence of this is that emission is higher for a longer period.
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11 Discussion and conclusions

11.1 Attainment of the objects

As described in Section 1.3, this study had a number of objects. To a certain
extent, all these objects have been attained. They may be summarised as
follows.

+ Increase knowledge of the interaction in combinations of materials, one of
which is concrete, in floor constructions with bonded floorings.

 Create a model, based on an understanding of the physical processes in a
floor construction, which can predict the reduction in the service life of
the above material combinations.

» Develop methods for non-accelerated measurement of the properties of
the construction which are important for these processes.

+ Develop knowledge which will help prevent or limit the emission of VOC
from the building to indoor air, in both the long and short term.

The project has examined all these points. In Chapter 6 and 7 the processes
which give rise to secondary emission are described. All the processes which are
not covered in the literature have been quantified. In some cases this was done
using methods which are well documented, in other cases methods of
measurement developed in this study were used. Some mechanisms, such as
the rate of formation of OC below the flooring, could not be measured directly.
Values for these were instead evaluated from other measurements with the help
of the model.

Both a qualitative and a quantitative model have been developed. The
qualitative model which is presented in Chapter 6 comprises all relevant partial
processes. The model describes the processes in material combinations for
different applications: normal structural concrete, self-desiccating concrete with
and without screed. The quantitative model is described in Chapter 7. This
model is based on an understanding of the physical processes and quantifiable
material parameters. It describes the transport and fixation of essential
components of the system, such as moisture and OC.

New methods for non-accelerated measurements have been developed in the
study. The aim of these methods is to measure material properties which are
used in the quantitative model, and the processes which verify the model. These
measurements are described in Chapters 2 — 5. Some of the methods must
however be improved since they were found to have large uncertainties.

11.2 The hypothesis

The original hypothesis which is described in Section 1.5 has been found to be
largely correct. It has been possible to verify it almost completely in the study.

To begin with, it was demonstrated in the study that significant substances,
such as moisture and OC, can migrate into and between the materials and be
emitted from the surface of the construction. This is the most important
cornerstone of the hypothesis.
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Moisture is significant in the sense that it is the moisture level which governs
decomposition of the adhesive when it is in contact with the alkaline
environment created by the surface of the concrete. An ample supply of
moisture in the concrete is a necessary condition for the presence of hydroxide
ions and for the establishment of contact between these and the adhesive. The
moisture content of the concrete may also influence the sorption isotherm for
OCIC. However, this has not been confirmed.

Transport and fixation of OC in the materials is significant for emission from the
surface, partly because the transmission resistance of the flooring has a great
influence on migration upwards, and partly because it is the transport properties
and sorption isotherms which determine the quantity of OC that can penetrate
into and be stored in the concrete.

The hypothesis is also correct insofar as there are certain substances in the
subfloor, hydroxide ions, which can react with the flooring. It has however been
shown that it is primarily the adhesive and not the flooring that decompose.

Alkaline hydrolysis of the adhesive is a catalytic process. The hydroxide ions are
not used up in the way posited in the hypothesis. For each hydroxide ion that is
"consumed" in the reaction, a new one is formed due to the dissociation of the
water. It is the quantity of alkali, i.e. the positive counter-ions to the alkali
metals, which is the condition for the commencement of hydrolysis. There is no
demand for constant transport towards the surface to "replace the consumed
alkali", as posited in the hypothesis.

11.3 The calculation model

The calculation model developed as part of this study has been found to be in
reasonable agreement with the measured results. Unfortunately, however, most
of the measurements were defective and incomplete, since they are taken from
an earlier project. At that time, it was not known what was important to
measure and how this should be done.

The weaknesses of the model derive mostly from the fact that all the
parameters could not be measured satisfactorily. Examples of two of the
parameters which were not measured in the study are the maximum rate of
formation and the sorption isotherm for OCIC.

It is also desirable for moisture calculations in the model to be developed so
that the hysteresis that occurs when the flooring is bonded can be taken into
consideration. The existing model underestimates the increase in RH due to the
increment from the moisture of adhesive.

In order that others should be able to use the calculation model, it is necessary
to make it more user friendly. It is also desirable to develop it into a
freestanding program that makes better use than Excel of the computational
capacity of the computer.
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11.4 The assumption regarding fixation

One of the great uncertainties in the quantitative model is the assumption
regarding fixation. In the study, three different assumptions were made
regarding fixation. These are based on assumptions that could not be properly
verified. These assumptions have important consequences for the way OC is
distributed between emission from the surface and the quantity that is stored in
the concrete as OCIC.

No measurements of the sorption isotherm for OCIC were made in the study,
and the few values that were found in the literature ignore its dependence on
moisture in the concrete. When other investigations refer to sorption isotherms,
they often make an outline study of the fixation of a nhumber of compounds to
many different materials. One material that is often studied is plasterboard; the
idea underlying this choice may be that plasterboard is on the outside of the
construction and is in direct contact with compounds in the indoor air. However,
plasterboard is usually given a finish, paint or wallpaper, and it is the properties
of this material which determine the quantity of OC that can be transported into
the material and stored there. The results of such studies cannot be directly
used since plasterboard and paper have a pore structure and moisture fixation
mechanism different from that of concrete.

The concentration of OC in room air is in most cases negligible in comparison
with the total concentration in equilibrium with a material that emits large
quantities. In cases where a construction contains a material emitting large
guantities, the principal transport to other materials may take place directly into
adjoining materials, and not via emission to the room air and then absorption
into the materials in the surfaces of the room.

Obviously, this holds on condition that the materials in contact with the emitting
material and the surface materials in the room have the structure and the
properties which permit adsorption, and that the room has acceptable general
ventilation that dilutes the room concentration.

11.5 Maximum quantity of OC which is formed

The assumption that the quantity of OC formed per unit time, i.e. the rate of
formation, is directly proportional to the moisture level above RH; could not be
verified satisfactorily.

It is reasonable to assume that the rate of formation is influenced in some way
by the moisture level. The simplest relationship, however, would be that there is
no reaction at moisture levels below RH.; and that it occurs at maximum rate
above this value. This is denoted by line A in Fig. 11.1.

In view of the experiences gained in SBS investigations, presented by Kumlin
(2000), it may be more reasonable to assume that the rate of formation
increases with the increase in moisture level above RH.. The simplest curve is
then a straight line denoted B in Fig. 11.1 This relationship for the rate of
formation is the one used in the calculation model.

The relationship between the rate of formation and RH need not be linear. Fig.
11.1 also gives examples of two possible nonlinear relationships. Curve C is
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intermediate between lines A and B. Curve D denotes a function where the rate
increases steeply as the moisture level increases above RH;.

qR,max

0 RHcrit | 00%

Fig. 11.1 Four possible assumptions regarding rate of formation as a function of
moisture level. The assumption represented by line B is the one used
in the calculation model.

Even though the relationship between RH and the rate of formation is unknown,
a certain amount is known about the reaction through the measurements
described in Chapter 3. These measurements show that a higher pH value
accelerates the reaction, and also that more decomposition products are formed
as the quantity of adhesive increases.

11.6 Emission of VOC from the surface

The calculations presented in Chapter 10 show that the moisture status of the
concrete is critical for emission from the surface. Differences in RH by one or
two percentage points give rise to markedly different rates of emission.

11.7 OCIC stored in the concrete

The concentration of decomposition products stored in the concrete may be
very high after the adhesive had been decomposing for some time. It is difficult
at present to make any statement regarding the total concentration of OCIC
since it was the free concentration that was measured. Conversion of this into
the total quantity would require a verified sorption isotherm.

We know this because in buildings where targeted action was taken to remedy
these problems, the complaints of the users were reduced or completely cured.
In cases where the action was confined to replacement of the flooring without
dealing with OCIC, the complaints of the users often returned after a short time.

The bound quantity is thus much greater than the free concentration in the air
and the amount dissolved in the moisture in the pore system.
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11.8 Practical application of concentrations in the
concrete

It is difficult to establish a safe limiting value for the concentration of OC which
has been stored in the concrete. The compounds we have so far studied are
trace elements which indicate differences in the construction and cannot with
certainty be pinpointed as causing SBS. However, in view of the precautionary
principle, it may nevertheless be appropriate to reduce all emissions from the
materials in a building. This also applies to emissions from a component
damaged by moisture, inclusive of the stored OCIC.

According to the Swedish Internal Climate Institute (1990), new materials can
be assigned to material emission classes (MEC). MEC-A denotes low-emitting
materials and finishes with a maximum emission factor of 40 ug/(m?-h) at 20°C
and 50% RH. MEC-B are medium-emitting materials and finishes with the
maximum limit of 100 ug/(m*h), and MEC-C denotes high-emitting materials
and finishes without any upper limit to the emission factor.

MEC-A is the class which designers endeavour to use in constructing healthy
buildings. Since the emission requirement for this class is 40 pg/(m?*h), it may
be reasonable to stipulate that the emission from composite constructions in the
building should also not be permitted to exceed this limit during the service life
of the building.

Seifert (1990) writes that "No individual VOC should exceed 50% of the
concentration allotted to its class and 10% of the TVOC concentration”.
According to Seifert's reasoning and the requirement concerning low-emitting
building structures, EF for an individual compound must not exceed 4 pg/(m?*h).
In the emission from the decomposition of floor adhesive, the alcohols BUOH
and EtHx are the dominant compounds.

For an ordinary PVC flooring which has a transmission resistance Ry, = 3.7-10°
s/m for butanol, this means that the difference in the concentration of butanol
on each side of the flooring must not exceed 4.1-10¢ kg/m? for the maximum
emission of 4 pg/(m*h). The corresponding value of the resistance to
ethylhexanol is R, = 0.38:10° s/m, which gives 0.4:10° kg/m? as the maximum
difference in concentration on each side of the flooring.

In Table 11.1 values of EF are evaluated for different concentrations of VOC
below floorings of different degrees of impermeability. In the table, a dotted line
has been drawn at EF = 4 ug/(m*h) and a full line at 40 pg/(m?-h). These relate
to the limits of low-emitting materials according to MEC-A and Seifert's
reasoning.
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Table 11.1 EF [ug/(n7’-h)] for different transmission resistances of the flooring
to OC and for different surface concentrations of OC. The room
concentration of OC is ignored.

Rs — transmission resistance to OC [s/m)]

¢ \ Rec 4000 400 40 4 0.4 0.04
0.11  0.0001 0.001 0.01 0.1 1 10
= 1.1 0.001 0.01 o1 1 10 100
-% < 11 0.01 0.1 1 10 100 1 000
2y 2 0.02 02 2 . 2 200 2 000
28 55 0.05 05 5 50 500 5 000
5§ 110 0.1 110 100 1000 10000
3 220 0.2 2 20 200 2000 20000
3 1100 1 10 100 1000 10000 100 000
11000 10 100 1000 10000 100000 1 000 000

According to the Swedish Board of Housing, Building and Planning (1994),
experiences from the major cities in Sweden show that TVOC contents between
150 and 300 pg/m? normally give rise to very few complaints. It is however very
uncertain what these values are based on and how they were determined. The
Swedish Ventilation Guide for Housing (BFR 1993), however, lays down 200 and
400 Cg/m? respectively for its best comfort classes.

In view of the precautionary principle, it is advisable to try and limit the
occurrence of chemical compounds in room air. Let us assume that 150 pg/m? is
the maximum concentration that is acceptable for the sake of safety, even
though we cannot say that these compounds are harmful for the health of the
users. This has been indicated by a full limiting line in Table 11.2 which sets out
the contribution of the floor to the concentration in the room for different values
of EF and air change rates.

Table 11.2 is based on the room concentration expressed as the sum of
emission factors divided by the air change rate and room height; see Equation
11.1.

> EF|ug/(m? @)

Vent [ach] [Foom height[m]

TVOC = g/ m| (11.1)

It is advisable to limit the contribution that a single source makes to
concentration in the room air. If, for instance, it is permissible for 10% of the
concentration to derive from a single source, then the maximum contribution of
the floor is set at 15 pg/md. This is indicated by a dotted line in Table 11.2.
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Table 11.2 Contribution to room concentration [ug/n¥] for different emission
factors from the floor and for different air change rates. The
calculations are based on Equation 11.1. The room height is 2.40 m.

EF — emission factor from the floor [ug/(m2-h)]
ach \ EF 1 10 20 40 100 1 000

50 0.008 0.083 0.167 0333 0.833 833
10  0.042 0417 0.833 167 417 417

5 0.083 0.833 1.67 3.33 8.33 83.3

2 0.208 2.08 4.17 833 20.8 208

1 0.417 4.17 8.33 16.7 41.7 417
0.5 0.833 8.33 16.7 33.3 83.3 833

0.2 2.08 20.8 41.7 83.3 208 2080

Air change rate [ach]
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11.9 Conclusions

The secondary emissions from a floor construction comprising a flooring bonded
to a concrete slab may derive from a chemical reaction that decomposes the
layer of adhesive. No contribution by components in the flooring could be
identified in this study.

It is the alkalinity and moisture level at the surface of the concrete, which is in
contact with the adhesive, that is critical for the reaction and therefore the
future emission from the construction. The reaction is an alkaline hydrolysis in
which hydroxide ions catalyse decomposition of acrylate and possibly acetate
copolymers which comprise a considerable proportion of the adhesive, ca 25%
of the dry weight. Moisture at the surface is determined, inter alia, by the
construction water in the concrete and by the moisture increment at the
surface, for instance from the moisture of adhesive. The level of construction
water can be checked by moisture measurement at the characteristic depth.

The influence of surface moisture decreases when concrete is dried in a dry
climate, RH<60%.

The decomposition products do not only migrate upwards through the flooring
to be emitted into the indoor air, they can also migrate down into the concrete
and become fixed there. The quantity of organic compounds that is fixed in the
concrete (OCIC) constitutes a large proportion of the total quantity of
decomposition products. The stored decomposition products may continue to be
emitted to the indoor air for a long time after the reaction had ceased. OCIC
may be a significant source of volatile organic compounds (VOC) in indoor air
after a floor construction damaged by moisture had been renovated, unless
special attention is paid to the stored compounds.

These processes can now be quantified with the model developed in this
project. It is found that the model can correctly describe many practical
applications. The predictions made with the model are however highly
dependent on the reliability of the values of the parameters that are available
for use as input data. For the materials in use today, data are almost completely
nonexistent. Further studies are needed into methods of measurement to obtain
these data, and the model must be validated in relation to more accurate
laboratory and field measurements.
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12 Future research and development

Let us for a time disregard the fact that we do not actually know what causes
the SBS, and accept instead the experiences of the Nordic SBS investigators that
there is a coupling between secondary emissions from decomposed adhesive
and SBS. In such a case our problem becomes tractable, and we can
concentrate our resources on learning more about this coupling and also on
learning how to reduce these emissions. This can be a practical way of
alleviating SBS in many buildings. In order that we may learn how to reduce the
secondary emissions, we must focus on understanding the underlying physical
relationships. Research based on weak relationships in medical statistics,
between illhealth and building technological parameters in general, cannot
produce the knowledge needed for this.

The knowledge and the research results that are available today in this area
may be sufficient for recommendations on how decomposition can be avoided in
new buildings in which existing material combinations are used. If, however, we
want to design new floor combinations where special materials are chosen to
increase the margin of safety, we need to know more about the underlying
mechanisms and the properties of the materials.

When moisture related damage is investigated in a building, a description of the
causative relationships often requires a much more thorough knowledge of the
material properties, damage mechanisms and critical threshold levels. This
knowledge is available today as regards moisture, but it is not quite enough if
we want to proceed just a step further and examine the consequential effects of
moisture such as emissions and health effects due to decomposition of the
adhesive or fungal attack. Often, the SBS investigator will even want to provide
a description of the sequence of events on the basis of the condition
assessment of the building and the findings of the investigation. It has been
found that this demands far more knowledge than that needed at the outset to
decide what is the correct procedure.

The relationships and critical levels which govern decomposition of the floor
construction have not yet been sufficiently elucidated. We must know more
about how different moisture and pH levels affect the mechanism underlying
decomposition of the adhesive layer. We do not know at present how
temperature influences the process or whether we can prevent it by basing the
adhesive on different polymers. We do know, however, that we do not get the
same decomposition products.

In order that we may be able to make predictions and record the sequence of
events, it is also important that the constituent materials are described in a
relevant way. The capacity of OCIC to bind to concrete and also to adhesive and
flooring must be measured and verified. These are of great significance for an
assessment of how much OC can be stored in the materials and constitute a
future emission source. Diffusion coefficients also are important material
properties which must be determined in order that these assessments may be
made.

The calculation tools which we use today for moisture and its harmful effects
must be improved so that relevant tasks may be performed with acceptable
accuracy. At present, the tools are designed for researchers rather than for
industry. It is often difficult to judge when they can be used, what are the
simplifications that are made and therefore how reliable the results are. In order
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to solve the problems of industry, it is necessary to develop easy to use tools
that are based on accepted and well documented knowledge.

The input data used for these programs often have flaws, and these should also
be improved. Material data are often old, development of new material grades
and improved methods of measurement has often taken place after the
properties of the old materials had been determined. The critical threshold
values the calculation results are compared with require further study. As
regards the mechanism underlying moisture damage and its consequences,
poorly substantiated appraisals which are relevant for old material grades are
often made. By elucidating the mechanisms active in the different types of
damage, the critical values of the relevant parameters can be determined for
each type of damage and each material.

In order that the effects of the intermediate layers in the form of screeds, alkali
and moisture barriers which are available in the market today may be reliably
evaluated, these must be investigated. We need to chart and understand their
material properties and the way they affect the floor system as a whole, so that
we may judge whether they confer positive properties on a floor construction.
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Appendix No 1 - Uncertainty in measuring
RH with electrical instruments

The measurement uncertainty for the three methods based on RH measurement
with electrical instruments was calculated by applying the recommendations
given in Sjéberg (1998b); a summary of this report in English is given in Sjéberg
(1998c¢). The factors which influenced these methods are examined in this
appendix.

General

In assessing the total uncertainty, both systematic and random effects are
considered. The total measurement uncertainty is calculated as the square root
of the sum of the squares of the individual factors, as described later on in this
appendix and in Sjéberg (1998b,c).

Systematic and random deviations (factors) can be described by reference to
the hit pattern on a target; see Fig. B1.1. The random deviation (spread,
precision) is represented by the spread over the hit pattern. Systematic
deviation (accuracy, bias) is the difference between the centre of the target and
the centre of the hit pattern.

Random
deviation

/ Systematic

deviation

Fig. B1.1 Systematic and random deviation illustrated by the hit pattern on a
target.

The systematic and random effects which influence the results in RH
measurements mainly derive from only a few sources. For the measurement of
relative humidity in materials the four principal sources of error are as follows:

« The measuring instrument, i.e. the factors which arise owing to the
properties of the materials the instrument is made of, or owing to the
construction of the electronics in the instrument.

» Calibration of the measuring instrument which is carried out to reduce its
measurement uncertainty and to correct deviations.

» Handling of the equipment during and between RH measurements.

» Evaluation of the measured values.

These four principal sources and the factors which derive from them and
influence the results are described below.
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The measuring instrument

Uncertainty in measured values due to the instrument can be compensated for
by performing a calibration. The interval between calibrations must be suited to
the stability and performance of the instrument to ensure that no major
changes can occur in the instrument between calibrations.

According to Vaisala OY, the total uncertainty for the probes used is £2% RH
over the interval 0-90% RH, and £3% RH over the interval 90-100% RH. The
uncertainty in temperature measurements is £0.3°C. There is no information
concerning the coverage factors of the values. This uncertainty is considered to
be rather large, perhaps unreasonably so in some cases. A more exact
evaluation of the instruments used in this study has therefore been made. The
sources of uncertainty in RH measurements which can be distinguished in the
measuring instrument are as follows:

Systematic factors
a) Nonlinearity of the RH instrument

b) Drift of the RH probe, i.e. the value measured by a probe
changes over time

Random factors

¢) Hysteresis of the RH probe, i.e. the RH probes have different
calibration curves when their moisture content is increasing
and decreasing.

Calibration

The object of calibration is to quantify the magnitude of deviations and
uncertainties, if any, in the measuring instrument. The correction determined
during a calibration is also subject to a measurement uncertainty, and this must
be taken into consideration.

Examples of factors which may give rise to uncertainty in calibration are as
follows:

Systematic factors
d) Temperature difference during calibration
Random factors
e) Random factors associated with salt solutions
f) Temperature variations during calibration
g) Other factors during calibration

h) Total measurement uncertainty of calibration in dual pressure
humidity generator
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Handling

Factors which arise owing to handling cannot be eliminated by calibration. They
can be avoided only by correct handling or, in certain cases, by subsequent
correction of the measured values.

The following summary of the factors which arise during handling presupposes
that measurement is carried out correctly and that no other factors arise
because of faulty handling.

Systematic factors

i) Moisture measurement at a temperature different from that
during calibration

j) Moisture measurement at a temperature different from that in
service

k) Storage of RH probe in a dry environment

I) Moisture capacity of RH probe in measurements on extracted
samples

m) Moisture capacity of RH probe in measurements in drilled
holes

n) Temperature difference between sensor and concrete
0) Recently drilled measuring holes
p) Difference in alkalinity.

Random factors

Evaluation

q) Variation in temperature during measurement
r) Non-uniform extraction of samples

s) Condensation in test tube during transport of extracted
samples

t) Differences in depths of measuring holes.

There are factors which can influence the results of evaluation, which are not
affected by the measurement or the performance of the measuring instrument.
The effect of these factors can be taken into consideration by correct and
accurate evaluation of the measured data. In many cases it is even possible to
correct for the influence of these factors at a later time.

Systematic factors

Random factors

u) Wrong slab thickness.
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Method No 1, Measurement with electrical RH probes
in cast-in measuring tubes

In this method, RH probe HMP 36 and hand instrument HMI 31 from Vaisala
were used. Measurements were made in special tubes which had been mounted
in the test specimens before the concrete was poured. The probes were
inserted into the tubes one day before the measurement. The RH instruments
were calibrated, before and after measurements, in relation to the equilibrium
RH above saturated salt solutions.

The factors which contribute to the measurement uncertainty in Method No 1
are discussed and quantified below.

a) Nonlinearity of RH instrument

RH probe HMP 36 from Vaisala which was used in this method was judged to
have a nonlinearity of the same order as that described in Hedenblad (1995).
The maximum difference between read and "true" RH is 2% RH; the maximum
difference occurs at a moisture level of 90% RH. See Fig. B1.2.

"Correct" value

70 75 80 85 90 95 100
Read value

Fig. B1.2 Nonlinearity of RH probe, measured by two different laboratories.
According to Hedenblad (1997).

The value of nonlinearity given by Hedenblad (1995) is 2% RH deviation at 90%
RH. If we assume that the deviation has normal distribution at 90% confidence
level, the standardised measurement uncertainty (S%,) is

S!=—2_=12%
1.645

where 1.645 is the coverage factor for a two-sided confidence interval, with
90% probability of "covering” the true value.
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b) Drift of RH probe

The term drift refers to the change over time which occurs in the value read by
an RH probe (for the same RH).

In Sjéberg (1998b), 496 measurements made during repeated calibrations of 17
RH probes HMP 36 from Vaisala were statistically evaluated. This evaluation
cannot show that there was any systematic drift in these probes.

The standardised measurement uncertainty (S%) in this method can therefore
be assumed to be equal to zero:

St =0

c) Hysteresis of RH probe

The term hysteresis of an RH probe refers to the fact that the RH probe has
different calibration curves when its moisture content is increasing and
decreasing.

If the temperature has small transient (rapid) variations, deviation due to
hysteresis is less than when the temperature is constant. During small transient
temperature variations RH varies all the time because the moisture content of
the air is constant while its saturation vapour content varies. The moisture
content is situated along the hysteresis curves, and the value of RH that is read
is between the sorption isotherms for increasing and decreasing moisture
content; see Fig. B1.3.

Variation in RH due to transient
temperature changes

Fig. B1.3 Effect of temperature vatiations on equilibrium RH owing to
hysteresis.
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Hedenblad (1995) states, however, that in an investigation made at the
Department of Building Materials, University of Lund Institute of Technology,
hysteresis of up to 1% was observed on RH probes. If we assume that
probability has normal distribution with 90% confidence interval, the coverage
factor is 1.645. The standardised measurement uncertainty (S,) is then

L . 0.61%

SC
1.645

d) Difference in temperature during calibration

The equilibrium RH of salt solutions is temperature dependent. If the
temperature of the salt solution is different from the expected temperature, a
difference occurs. The equilibrium RH of most salts has some temperature
dependance. However, for small temperature differences this factor can be
ignored; see Table B1.1

Table B1.1 Differences in equilibrium RH measured above saturated salt
solutions due to differences in temperature

Salt RH (20°C) 9%RH /°C 0.1°C 0.5°C 1.0°C
Lithium chloride LiCl 11.3 0,00 0.00 0.00 0.00
Potassium acetate KC,H;0, 23.1 -0.09 -0.01 -0.05 -0.09
Magnesium chloride MgCl, 33.1 -0.06 -0.01 -0.03 -0.06
Potassium carbonate K,CO; 43.2 0.00 0.00 0.00 0.00
Magnesium nitrate Mg(NO-). 54.4 -0.30 -0.03  -0.15 -0.30
Sodium chloride NaCl 75.5 -0.03 0.00 -0.02 -0.03
Potassium chloride KCI 85.1 -0.16 -0.02 -0.08 -0.16
Barium chloride BaCl, 91 -0.17 -0.02 -0.09 -0.17
Potassium nitrate KNO3 94.6 -0.18 -0.02 -0.09 -0.18
Potassium sulphate K,S0, 97.6 -0.06 -0.01 -0.03 -0.06

Of the salts used to calibrate RH probes in this study, potassium nitrate KNO; is
the one most sensitive to temperature differences. Owing to the uncertainty in
the temperature level of the controlled climate room and because of internal
heat sources, for instance lighting and the technicians performing the
measurements, it is not absolutely certain that the temperature of the salt
solution was exactly +20°C. Since the magnitude of this difference is not
known, its maximum value was estimated at 1.0°C. It is reasonable to suppose
that this temperature difference has normal distribution, and that the probability
of the maximum temperature difference (1.0°C) being exceeded is less than
1%. The confidence interval is then 99%, and the coverage factor is 2.576. The
standardised uncertainty (S%,) is

_-0.16 _

Si == 0.06
2.576
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e) Random factors associated with the salt solutions

For ideal conditions, ASTM E104 (1985) states that the uncertainty or accuracy
is dependent on the salt used and the temperature of the solution. Table B1.2,
from Sjoberg (1998b,c), sets out the uncertanty in the equilibrium RH of
saturated salt solutions according to ASTM E104 (1985), and the standardised
measurement uncertainty.

Table B1.2 Uncertainty in equilibrium RH of saturated salt solutions, according

to ASTM E104 (1985).
Salt RH (20°C) Uncertainty Std. meas.
uncertainty
Lithium chloride LiCl 11.3 +0.3 0.17
Potassium acetate KC,H;0, 23.1 +0.3 0.17
Magnesium chloride MgCl, 33.1 +0.2 0.12
Potassium carbonate K,CO; 43.2 +0.3 0.17
Magnesium nitrate Mg(NOs); 54.4 +0.2 0.12
Sodium chloride NaCl 75.5 + 0.1 0.06
Potassium chloride KCI 85.1 +0.3 0.17
Barium chloride BaCl, 91 +2 1.2
Potassium nitrate KNO3 94.6 + 0.7 0.40
Potassium sulphate K,S0, 97.6 +0.5 0.29

Of the salts used to calibrate RH probes in this study, potassium nitrate KNO; is
the one that has the highest measurement uncertainty due to this effect. The
standardised measurement uncertainty (S.) is then

Se = 0.40%

f) Temperature variations during calibration

Transient (rapid) temperature variations in the air that is in equilibrium with the
salt solution give rise to deviations from the expected RH value. During these
transient temperature variations there is no time for equilibrium between the
salt solution and air to be re-established. These transient temperature variations
may be caused, for instance, by a door being opened, a light being turned on or
a person coming into the room, i.e. events which usually occurred when
readings with the RH instrument were made.

The explanation of this phenomenon is that although the air retains its original
vapour content during a rapid temperature oscillation, the temperature and thus
the saturation vapour content are altered. If the temperature of the air rises,
saturation vapour content increases and RH decreases. If the temperature
drops, saturation vapour content decreases and RH increases.

The maximum theoretical uncertainties for usual variations and the maximum
measured variations are set out in Table B1.3. The magnitude of the uncertainty
caused by a certain temperature variation is governed by the temperature and
the RH level at which the calibration is performed.
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Table B1.3 Maximum theoretical uncertainty in RH owing to transient
temperature variations, and the maximum variations measured in
concrete. Sjoberg (1998b).

Variation Uncertainty Measured variation
+0.1 °C +0.6 %RH +0.5 %RH

+0.5 °C +3.0 %RH +1.0 %RH

+1.0 °C +6.0 %RH -

According to Sjoberg (1998a), temperature variations during measurements in
the climatically stable room (CA 12) are approximately £0.5°C for a moderate
occupancy level. According to Sjoberg (1998b), calibration with potassium
sulphate K,SO, (97.6% RH) at +20°C produces an uncertainty of 2.93% RH
when the temperature variation is £0.5°C. Let us assume that the temperature
has normal distribution and that the probability of the maximum temperature
variation being exceeded is less than 1%. The confidence interval is then 99%
and the coverage factor is 2.576. The standardised uncertainty (S;) is

2.93 _
2.576

1.14%

S

where 2.576 is the coverage factor for a two-sided confidence interval, with
99% probability of "covering” the true value.

g) Other factors in calibration

Unless great accuracy and cleanliness are observed in work with salt solutions, it
is likely that new factors will arise to influence uncertainty. Since fresh salt
solutions prepared in accordance with ASTM (1985) were used, this uncertainty
(S,) can be disregarded.

S, = 0%.

h) Total measurement uncertainty for calibration in dual pressure
humidity generator

This type of calibration was not carried out, and the standardised uncertainty
(S,.) for this effect need not therefore be considered.

i) Moisture measurement at a temperature different from that
during calibration

Calibration and moisture measurements were performed in the same laboratory
premises, and the temperature difference at no time exceeded 5°C. The
standardised uncertanty (S§*) can therefore be ignored.

§* = 0%.
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1) Moisture measurement at a temperature different from that in
service

The service stage was considered to occur in the same laboratory premises in
which moisture measurements were made, since the test specimens at no time
left these premises. The standardised uncertainty (S*) can therefore be
disregarded.

S*, = 0%.

k) Storage of RH probes in a dry environment

If the RH probes are stored in a drier environment than the one in which
measurement are made, the time to establishment of equilibrium increases. The
reason is that the RH sensor has dried out and needs time to absorb moisture
again.

The RH probes with sensors were stored in a climate of ca 75% RH. The
standardised uncertainty (5%, can therefore be ignored.

S* = 0%.
1) Moisture capacity of RH probe in measurements on extracted
samples

This method did not use extracted samples, and the standardised uncertainty
(5*) for this effect need not therefore be taken into consideration.

m) Moisture capacity of RH probe in measurements in drilled holes

A certain quantity of the moisture in concrete is used up in wetting the RH
probe. This gives rise to a systematic factor which makes the measured value
too low.

The protective filter is the part of the RH probe that has the highest moisture
capacity. Depending on construction, moisture capacity may be assessed as 4-
10 mg over the 40-97% RH interval, i.e. if the filter had been exposed to room
air, it takes up 4-10 mg moisture from the time it is inserted into the measuring
hole until it comes into equilibrium with the moist concrete. According to Nilsson
(1979), a sintered bronze filter has a moisture capacity of 4.3 mg/(40%
RH;97% RH), and an RH sensor <0.5 mg/(40% RH;97% RH).

For an RH probe of little moisture capacity and for an open texture concrete, the
factor is smaller; see Table B1.4. The difference decreases in time if the RH
probe is left in place, since moisture is transported to the hole from the
concrete. As a rule of thumb, the difference is halved every 5 days; Sjéberg
(1998b).

An RH probe of very little moisture capacity does not have much effect on RH in
the concrete. By using a guard of minimum moisture capacity, for instance RH
probe HMP44 from Vaisala with the "paper filter" removed, moisture capacity
can be reduced to less than 1 mg.
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Table B1.4 Systematic deviation (% RH) due to the fact that moisture from a
hole driflled in concrete, of moisture level of 90% RH, is used to wet
the inserted RH probe. Sjoberg (1998b).

Moisture Concrete grade (w/c ratio)
capacity
(mg) w/c =04 w/c=0.5 w/c=0.7
1 0.7 0.6 0.5
4 2.5 2.3 2.0
10 5.3 4.7 4.2

The moisture capacity of the probes used in this study is about 4 mg. With this
method, readings are taken after about one day. The systematic deviation (S%)
is then as set out in Table B1.5.

Table B1.5 Systematic deviation S*,, (% RH) for different concrete grades.
Concrete grade (w/c ratio)
w/c =04 w/c=0.5 w/c=0.7
S 2.5 2.3 2.0

n) Temperature difference between sensor and concrete

If there is a temperature difference between the RH sensor and the concrete, a
systematic error occurs during measurements. If the temperature of the RH
sensor is higher than that of the concrete, the measured value is lower than the
real RH in the concrete. If the temperature of the RH sensor is lower, the
measured value is higher.

In the study, test specimens and measuring equipment were kept in the same
climate as the one in which the measurements were made. It is therefore
reasonable to suppose that there was no temperature difference between the
sensor on the RH probe and the concrete. The standardised uncertainty (S%,)
can therefore be ignored.

S§ = 0%

0) Recently drilled measuring holes

The measuring tubes were cast into the test specimens, not drilled after the
concrete had hardened. The standardised uncertainty (5% for this effect need
not therefore be taken into consideration.

p) Difference in alkalinity

RH is influenced by the alkalinity of the concrete. If the quantity of moisture in
kg/m? is the same for two concrete types which are identical apart from
alkalinity, then, according to Hedenblad and Janz (1994), the RH measured in
the concrete of lower alkalinity is higher. The pore liquid in the concrete can in
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that case be regarded as a salt solution that has a lower RH in equilibrium with
air.

Since it is the RH of the air in the pores of the concrete that is measured and
this is not converted into moisture content, the effect can be ignored, and the
standardised uncertainty S*, is

* = 0%

qa) Variation in temperature during measurements

Concrete is a material that responds slowly to changes in temperature and
moisture conditions. Its temperature and moisture content change fairly slowly.
It is not likely that large transient temperature variations can arise in concrete.
Our own measurements made at the Department of Building Materials,
Chalmers University, have shown that the difference can be as much as 1% RH;
Sjoberg (1998a).

The largest difference due to this effect that is measured in a test specimen is
1% RH. If it is assumed that the probability function has normal distribution,
with 90% confidence level, then the coverage factor is 1.645. The standardised
measurement uncertainty (S,) is

_1%RH

S
9 1.645

=0.61

r) Non-uniform extraction of samples

In this method measurements were made not on extracted samples, but in cast-
in measuring tubes. The standardised measurement uncertainty (S,) for this
effect need not therefore be taken into consideration.

s) Condensation in test tube during transport of extracted samples

In this method measurements were made not on extracted samples, but in cast-
in measuring tubes. The standardised measurement uncertainty (S;) for this
effect need not therefore be taken into consideration.

t) Differences in the depths of measuring holes

Drill holes were not always precisely the depth they were supposed to be. This
difference is important, for instance when RH is measured at the characteristic
depth when concrete slabs are drying out, and the value is compared with a
critical limiting value. If the hole is drilled too deep, the measured value will be
on the safe side, while if it is too shallow, the value measured will be lower than
that at the characteristic depth.
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The value measured in the measuring tubes which are cast into test specimen
No 3 (the pot) is a mean over a depth which is equal to the inside diameter of
the tube. See Fig. B1.4. The placing of the measuring tubes was improved in
test specimen No 4 (the bucket). There they are fixed into the base, and the
depth of measurement is determined by the distance between the top of the
tube and the surface. See Fig. 2.12.

Fig. B1.4 Determination of depth of measurement.

The positions of the measuring tubes are determined and well documented in
this study. This effect can therefore be ignored, and the standardised
uncertainty (S,) is

S = 0%

u) Wrong slab thickness

It is sometimes found that the actual thickness of the slab is different from that
given. The reason may be that the person giving the information has mixed up
different figures, or his memory is at fault. The reason may also be that for
some reason the slab was not cast to the thickness specified on the drawing.
Whatever the reason, evaluation of the maximum moisture content after the
residual construction water had been redistributed will be in error if the
thickness of the slab is not correct. After an impermeabile finish has been
applied, the level of moisture in the whole slab will be that which prevailed at
the characteristic depth before redistribution took place.

Since the thicknesses of the test specimens and the positions of the measuring
tubes are determined and documented, this effect can be disregarded, and the
standardised uncertainty (S,) is

S, = 0%
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Total measurement uncertainty in Method No 1

For the calculation of the total uncertainty in this method, the 21 standardised
measurement uncertainties S, ... S, are combined. The factors which influence
uncertainty may be assumed to have normal distribution, and there is little
probability that all factors act fully in concert. There is also very little probability
that all factors cancel out, i.e. act completely in opposition. According to
Lindskog (1994), a suitable "statistical compromise™ is to sum the factors as
shown by C in Fig. B1.5.

Y . 3

<
A. B. C.
Maximum Minimum "Statistical
value value compromise”

Fig. B1.5 The figure illustrates three possible ways of combining measurement
uncertainties. A and B produce too high or too low values, while C
provides a suftable statistical compromise, according to Lindskog
(1994).

The combined standardised measurement uncertainty ("statistical
compromise”) can be calculated as

Sy TSI +SE 82+, +ST+S2 + S

where
Sot = combined standardised measurement uncertainty
S....S, = standardised measurement uncertainty for factor a ... u

The combined standardised measurement uncertainty has a standardised
coverage factor of 1.0, and its confidence interval is equal to 68.27.

The factors which contribute to the total measurement uncertainty for Method
No 1 are summarised in Table B1.6.
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Table B1.6 Summary of factors and their magnitudes, Method No 1.

name w/c ratio

0.4 0.5 0.7
a nonlinearity 1.22 1.22 1.22
b drift 0 0 0
(o hysteresis 0.61 0.61 0.61
d AT, calibration -0.06 -0.06 -0.06
e salt 0.40 0.40 0.40
f AT*, calibration 1.14 1.14 1.14
g calibration 0 0 0
h dual pressure humidity generator - - -
i AT calibration/measurement 0 0 0
j AT measurement/service 0 0 0
k storage in the dry 0 0 0
| moisture capacity, samples - - -
m moisture capacity, drilled holes 2.50 2.30 2.00
n AT sensor/concrete 0 0 0
o recently drilled holes - - -
p alkalinity 0 0 0
q AT*, measurement 0.61 0.61 0.61
r non-uniform extraction of samples - - -
S condensation - - -
t deviations, depth of measurement 0 0 0
u wrong slab thickness 0 0 0
a-u Sum 3.15 3.00 2.77

* transient temperature variations
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Method No 2, Measurement with electrical RH probes
left inside cast-in measuring tubes

In this method, RH probe HMP 44 from Vaisala and datalogger Mitec AT40, and
RH probe HMP 36 and hand instrument HMI 31 from Vaisala were used.
Measurements were made in special tubes which had been mounted inside the
test specimens before the concrete was cast. The probes remained inside the
tubes during the entire measurement period which varied between 11 and 45
days for different measurements. The RH instruments were calibrated before
and after measurements in relation to the equilibrium RH above saturated salt
solutions.

The factors which contribute to the measurement uncertainty in Method No 2
are discussed and quantified below. In the absence of better data, factor a) for
RH probe HMP 44 is judged to be the same as for HMP 36; these have already
been discussed in Method No 1. Factors c-e, g-i, k-s are also judged to be the
same as in Method No 1.

b) Drift of the RH probe

It is reported that the standardised measurement uncertainty (S%,) of RH probe
HMP44 from Vaisala is very high, but this has not been verified. According to
information that has not been documented, it may be as much as several % RH
per month.

Let us assume that the drift is normally distributed and that the probability that
the maximum drift between calibrations will exceed 3% RH is less than 5%. The
confidence interval is then 95% and the coverage factor is 1.96. The
standardised uncertainty (%) is

Sf =3 =1.53%
1.96

f) Temperature variations during calibration

Probes HMP44 are calibrated in an insulated aluminium block. The method is
described in detail in Sjoberg (1998a). The transient temperature variations in
the block are approximately £0.1°C since it had been kept in a room of stable
temperature.

According to Sjéberg (1998b,c), calibration with potassium sulphate K,SO,
(97.6% RH) at +20°C gives an uncertainty of 0.58% RH when the temperature
variation is £0.1°C. Let us assume that the temperature has normal distribution
and that the probability of the maximum temperature variation being exceeded
is less than 1%. The confidence interval is then 99% and the coverage factor is
2.576. The standardised uncertainty (S;) is

0.58 _

St
2.576

0.23%
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m) Moisture capacity of RH probe in measurements in drilled holes

A certain quantity of moisture in the concrete is used to wet the probe. This
systematic factor makes the measured value too low. The deviation decreases in
time if the RH probe is left in the hole, since moisture is transported to the hole
from the concrete. As a rule of thumb, the deviation set out in Table B1.5 may
be said to decrease by half every 5 days.

Since in this method the probes are left inside the measuring tubes, this effect is
greatest at the beginning of the measurements and is small at the end. On
average, measurements lasted 18 days. The middle of the measurement period
thus occurred, on average, after 9 days when, according to the rule of thumb,
the effect had been halved almost twice.

The moisture capacity of the probes used in the study is about 4 mg.
Measurements are made over a long period, and it may be assumed that the
effect is, on average, reduced by half twice. The systematic deviation (§%,) is
then as set out in Table B1.7.

Table B1.7 Systematic deviation (57 ,) for different concrete grades.
Concrete grade (w/c ratio)

w/c =04 w/c=0.5 w/c =0.7
S*n 0.63 0.58 0.50
t) Deviations in the depths of the measuring holes

The positions of the measuring tubes were subsequently determined with a dial
gauge. The accuracy of measurement is estimated to be better than £0.5 mm.
Sjoberg (1998b,c) describes that a usual moisture gradient is 3% RH/cm.

Let us assume that there is very little probability that the error in measuring the
positions of the tubes exceeded 0.5 mm, which means that the error in RH is
+0.15% (0.05 cm-3% RH/cm). Let us also assume that the confidence interval
is 99%, which makes the coverage factor 2.576. If the error in measurement is
assumed to be normally distributed, the standardised measurement uncertainty
(S is

0.15

S, =——> =0.06%
2.576
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Total measurement uncertainty in using Method No 2

The factors which contribute to the total uncertainty for Method No 2 are set
out in Table B1.8.

Table B1.8 Summary of factors and their magnitudes, Method No 2.

name w/c ratio

0.4 0.5 0.7
a nonlinearity 1.22 1.22 1.22
b drift 1.53 1.53 1.53
(o hysteresis 0.61 0.61 0.61
d AT, calibration -0.06 -0.06 -0.06
e salt 0.40 0.40 0.40
f AT*, calibration 0.23 0.23 0.23
g calibration 0 0 0
h dual pressure humidity generator - - -
i AT calibration/measurement 0 0 0
j AT measurement/service 0 0 0
k storage in the dry 0 0 0
| moisture capacity, samples - - -
m moisture capacity, drilled holes 0.63 0.58 0.50
n AT sensor/concrete 0 0 0
o recently drilled holes - - -
p alkalinity 0 0 0
q AT*, measurement 0.61 0.61 0.61
r non-uniform extraction of samples - - -
S condensation - - -
t deviations, depth of measurement 0.06 0.06 0.06
u wrong slab thickness 0 0 0
a-u Sum 2.28 2.26 2.24

* transient temperature variations

No consideration has been given in this estimate to the difference in moisture
level which may arise between the concrete precisely above the tube and the
rest of the concrete at the same distance from the surface. This difference is
probably greater when the distance between the tube and the surface is
smaller.
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Method No 3, Measurement with electrical RH probes
on pieces of concrete placed in test tubes

In this method, RH probe HMP 36 and hand instrument HMI 31 from Vaisala
were used. Measurements were made in test tubes into which pieces of
concrete from the test specimen had been placed. The probes were inserted
into the tube one day prior to the measurement. The RH instruments were
calibrated before and after measurements in relation to the equilibrium RH
above saturated salt solutions.

The factors which contribute to the measurement uncertainty in Method No 3
are discussed and quantified below. Factors a-k, m-q, and u, are judged to be
the same as in Method No 1.

1) Moisture capacity of RH probe in measurements on extracted
samples

A certain quantity of the moisture in the samples is used in wetting the RH
probe. Note that this systematic factor makes the measured value too low, and
that the factor decreases as the size of the piece of concrete used increases.

The pieces of concrete used in the study weighed at least 20 grammes.
According to Sjoberg (1998b), the standardised systematic deviation (S#) over
the 80-90% RH interval is as set out in Table B1.9.

Table B1.9 Systematic deviation (5%,) over the 80-90% RH interval for different

concrete grades.
Concrete grade (w/c ratio)
w/c =04 w/c=0.5 w/c=0.7
s 0.24 0.24 0.20
r) Non-uniform extraction of samples

When pieces of concrete are taken from the test specimens, they must
represent the concrete at the depth of measurement. If the pieces are irregular
in shape or if the distribution of the coarse aggregate is not uniform, their
centre of gravity may be displaced so that it is not at the calculated depth of
measurement; see Fig. B1.6. In a 100 mm thick slab of normal structural
concrete, RH at the characteristic depth may vary by ca 2-3% RH/cm.
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Fig. B1.6 Systematic deviation of 'centre of gravity” in circular test pieces
because of their shapes.

The pieces in the study are about 1 cm high. Let us assume that the shapes of
the pieces are as in the centre illustration in Fig. B1.6, but with the larger area
at the top. The measured value in this case is too low since the centre of gravity
of the piece is above the depth of measurement. The RH gradient is assumed to
be about 3% RH/cm. The random deviation will then be [(0.5-0.44)x3] = 0.18%
RH.

It is further reasonable to assume that the position of the centre of gravity in
cement paste is normally distributed if a large number of samples are taken,

and that the confidence interval for the above assessment is 68%. The coverage
factor is then equal to 1, and the standardised measurement uncertainty (S,) is

s) Condensation in test tube during transport of extracted samples

Test tubes with the pieces of concrete were at no time exposed to large
temperature variations. The standardised uncertainty (S,) for this effect can be
ignored.

S, = 0%

t) Differences in depths of measuring holes

In this method there is an effect due to the depth at which the pieces are taken.
It is estimated that accuracy in this study is £5 mm. According to Sjoberg
(1998b), a usual moisture gradient is 3% RH/cm.

Let us assume that there is very little probability that the error in measuring the
position where the pieces were taken was more than 5 mm, and that this gives
rise to an error of £1.5% RH

(0.5 cm-3% RH/cm). Let us also assume that the confidence interval is 99%,
which makes the coverage factor 2.576. If the error in measurement is assumed
to have normal distribution, the standardised measurement uncertainty (s.) is

1.5

S, =
2.576

=0.58%
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Total measurement uncertainty in Method No 3

The factors which contribute to the total uncertainty in Method No 3 are
summarised in Table B1.10.

7Table B1.10 Summary of factors and their magnitudes, Method No 3.

name w/c ratio

0.4 0.5 0.7
a nonlinearity 1.22 1.22 1.22
b drift 0 0 0
(o hysteresis 0.61 0.61 0.61
d AT, calibration -0.06 -0.06 -0.06
e salt 0.40 0.40 0.40
f AT*, calibration 1.14 1.14 1.14
g calibration 0 0 0
h dual pressure humidity generator - - -
i AT calibration/measurement 0 0 0
j AT measurement/service 0 0 0
k storage in the dry 0 0 0
| moisture capacity, samples 0.24 0.24 0.24
m moisture capacity, drilled holes - - -
n AT sensor/concrete 0 0 0
o recently drilled holes - - -
p alkalinity 0 0 0
q AT*, measurement 0.61 0.61 0.61
r non-uniform extraction of samples 0.18 0.18 0.18
S condensation - - -
t deviations, depth of measurement 0.58 0.58 0.58
u wrong slab thickness 0 0 0
a-u Sum 2.03 2.03 2.03

* transient temperature variations
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Appendix No 2 Uncertainty in measuring
organic compounds

General

In the literature there are studies which evaluate, among other things, the
uncertainty in measuring emissions with FLEC-GC-FID/MS (Field and Laboratory
Emission Cell — Gas Chromatography — Flame Ionisation Detector / Mass
Spectometry). Four of these investigations, one of which is our own, and
experiences communicated by tekn. dr. Ramnas, form the basis for the
assessment of the total standardised measurement uncertainty in this study.
See Table A2.1.

Table A2.1 Uncertainty in measuring organic compounds with FLEC — GC.
Coverage factor are 1.

Author Uncertainty Type
Gustafsson and Jonsson (1993) +16% Reproducibility
Wengholt Johnsson (1995) +£19% Reproducibility
Gustafsson et al (1995) +15% Reproducibility
Sjoberg (1998a) +10%* Repeatability

*>20 hours' conditioning period

The total standardised measurement uncertainty for this method is judged to be
less than £20%. According to Ramnas (2000), analysis of the TENAX tube in
GC-FID accounts for only a small proportion of this (<£3%). Most of the total
uncertainty is probably attributable to variations in the objects of measurement,
sampling, handling of the TENAX tube or possibly some other factor which is
dealt with later on in this appendix.

Some previous investigations

Gustafsson and Jonsson (1993) describe a study in which twin analyses were
made parallel with sampling. 35 different materials were measured on two
occasions. In these 70 sampling events, two TENAX tubes were used in parallel.
The evaluated total standardised measurement uncertainty from these "twin
analyses" was 16%.

Wengholt Johnsson (1995) used twin specimens to evaluate the total
measurement uncertainty in the test method. A large number of identical "twin"
specimens, comprising bonded PVC flooring on concrete, were cast and
conditioned in the same way. At the time of sampling, one TENAX tube was
taken from each specimen of the twin. The standardised measurement
uncertainty for the whole method, evaluated from 30 pairs of analyses, was
19%.

Gustaffson et al (1995) describe a study in which emission measurements were
made on the same material in two laboratories. Measurements of primary
emissions from a PVC flooring were made on three occasions, 1, 14 and 28 days
after production. The total standardised measurement uncertainty for this
investigation was 15%.
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Sjoberg (1998a) measured the concentration of exhaust air from FLEC after
different conditioning periods, without moving the FLEC in between. This
investigation is described later in this appendix.

Contributions due to different factors

The total uncertainty in the studies which is set out in Table A2.1 can be divided
into four principal contributory components. The contributions by these principal
components vary a lot in the different studies. These components are the
contribution due to the GC analysis of the TENAX tube (I), the contribution due
to sampling with FLEC including the handling of the TENAX tube (II), the
contribution due to differences between laboratories (III), and the contribution
due to the difference between twin specimens (IV).

These principal components can, in turn, be broken down into subsidiary
components which make up the contribution by the principal component. One
example is that sampling with FLEC can be broken down into the contribution
due to variations in conditioning period, the variation in flow through the TENAX
tube, the compounds left in the TENAX tube, etc. The more a method is
examined in depth, the greater the number of contributions that can be
identified and later quantified.

Table A2.2 Four principal components that contribute to the total uncertainty in
measuting with FLEC,

Component Contribution
I  GC analys of TENAX tube +3 %
IT  Sampling with FLEC 9.5 %
III Different laboratories +11 %
IV Twin specimens +16 %

The contribution due to the GC analysis of the TENAX tube (I) can,
according to Ramnas (2000), be estimated at ca £3%. This is a recognised
estimate of the uncertainty of analysis with GC.

The contribution due to sampling with FLEC (II) including the handling of
the TENAX tube can be estimated according to Sjoberg (1998a), as described
later in this appendix. All measurements were made in the same laboratory with
the same equipment and by the same person. Measurements in one series were
in addition made on the same test specimen. In these measurements, it is
therefore only components (I) and (II) which contribute to the total
measurement uncertainty. According to Box et al (1978), contributions to the
total measurement uncertainty can be combined by adding the squares.

(Total std. uncertainty)? = (contribution No 1)? + (contribution No 2)? ... +
(contribution No n)?

If the total measurement uncertainty is £10% in this case, then contribution (II)

is equal to102-3* = 9.5%.
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The contribution due to the difference between laboratories (III) can
be estimated according to Gustafsson et al (1995). In this investigation, a
material was split up and sent under controlled conditions to different
laboratories for measurement. In these measurements it can therefore be
assumed that components (I), (II) and (III) together contribute to the total
measurement uncertainty. With the help of earlier estimates, the contribution

due to (IIT) can be calculated as 15>-3°-9.5% = 11%.

The contribution due to the difference between twin specimens (IV)
can be estimated according to Wengholt Johnsson (1995). All measurements
were made at the same laboratory, with the same equipment and by the same
person. Measurements were made on pairs of twin samples which had been
made and handled in exactly the same way by the same person. In these
measurements it can therefore be assumed that components (I), (II) and (IV)
together contribute to the total measurement uncertainty. With the help of
earlier estimates, the contribution due to (IV) can be calculated as

19* -32-9.5 = 16%.

Experimental study of measurement uncertainty in sampling with
FLEC

In the study an investigation was made of the influence due to the period of
conditioning the surface with FLEC, i.e. the time during which the surface was
"flushed" with air before sampling commenced. From the results it is possible to
evaluate the contribution that this parameter makes to the total measurement
uncertainty in sampling with FLEC.

Sampling was performed with the measurement cell FLEC (Field and Laboratory
Emission Cell) and a TENAX tube as absorber. In the subsequent analysys GC —
FID was used. The entire measurement procedure is described in Subsection
2.3.3. The arrangement for sampling is shown in Fig. A2.1.

—> —>

- |
Pure air from ¢ \ TENAX tube
gas cylinder Divided i
5 l—> air flov L T
e
Pure K= A E = D D :
water x : T ﬂg — % D D
ke —> «—
—\
Gas washing bottle FLEC Air pump

Fig. A2.1 Arrangement for sampling with FLEC.
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In the investigation the total uncertainty was determined experimentally by
making a number of measurements on the same test specimen. The quantities
and distributions of OC in the TENAX tubes may alter if they are left for a long
time before the analysis. The risk increases if they are stored warm. In order to
minimise the "waiting time" for the TENAX tubes, the GC analysis was
completed before the next sampling was performed.

A total of 64 emission measurements were made in 12 "measurement series".
The term measurement series refers to the measurements which were made on
a test specimen after different conditioning periods (without moving the FLEC).
On average, each series consisted of five measurements, one of which was
made after a conditioning period of about 24 hours.

The measurement after 24 hours' conditioning has been used as the reference
in comparing the measurement series. The values measured in each series were
divided by the value obtained after 24 hours. The quotient is called the relative
emission factor. The relationship between conditioning period and relative
emission factor is plotted in Fig. A2.2.
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Fig. A2.2 Relative emission factor (EF/EF24) as a function of the conditioning
perfod, and the approximate interval for the total standardised
measurement uncertainty.

The confidence interval with a standard deviation is shown in the figure by full
lines. The lines delineate the outer limits of the interval within which the
measured value will be located with 68% probability. If it is assumed that the
value measured after 24 hours is the "true" value, there is 68% probability that
a value which is measured after 1 hour will be located within the "true" value
+80%. Measurements made after a conditioning period of 20 hours or more
have a repeatability (uncertainty) of £10%.
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Field tests on the significance of the conditioning period

Edenholm (1998) made comparative measurements in the field to study the
influence of the conditioning period. Samplig was performed with room air
through FLEC after conditioning periods of 1 and 24 hours. The subsequent
analysis was made with GC — FID / MS as described in Subsection 2.3.2.

The object of measurement was a newly constructed flat in Stockholm, with
flooring of linoleum (1) and PVC (2 & 3). The results of three measurements,
after the readings had been adjusted to allow for contaminants in the room air,
are set out in Table A2.3.

Table A2.3 Field measurements with FLEC — GC. Comparison of results after
conditioning periods of 1 and 24 hours with FLEC.

Experiment 1 hour 24 hours Relationship
1 >2000* >2000* uncertain
2 180 115 1.6

3 125 125 1.0

* larger than the measurement range of the instrument

The field measurements do not indicate that there is an unambiguous
relationship between emissions after conditioning periods of 1 and 24 hours.
Differences varied between measurements, and the relationships between the
results in the three measurement series were different.

Discussion

It has been found that it is difficult to measure the emission from floor
combinations with great accuracy using FLEC. There are many factors, not only
sampling, which influence the results. However, the use of FLEC — GC provides a
useful technique for assessing the order of magnitude of emissions from
surfaces.

The greatest contribution to the total measurement uncertainty in measuring
emissions from material combinations derives from differences between the
specimens in twin tests. In the test specimens in this investigation, a chemical
reaction was created; the conditions governing this have not been fully clarified.
To some extent, the breakdown products from this reaction will be fixed in the
material but will also be emitted from the surface. Today, we have only begun
to research into what governs this fixation and transport. In view of this, it is
not unreasonable to find that the difference between emissions from two test
specimens is 16% when we proceed as well as we can.

It is recognised that there is a variation in analytical results between
laboratories. In this case, this difference gave rise to a measurement
uncertainty of 9.5%. It may be reasonable to believe that the difference is of
the same magnitude irrespective of the purpose of the emission measurements.
This may be something to bear in mind when emission factors for different
materials are compared.
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Appendix No 3 Vapour content at
saturation for some OC

The diagrams are based on values of vapour content at saturation at different
temperatures, taken from CRC (2000).
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Fig. A3.1 Vapour concentration of n-butanol at saturation as a function of
temperature.

100 7

80

60 7

40

Temperature [°C]

20 1 .7

0 T T .

0,1 1 10 100 1000
Saturated concentration of Etylhexanol [10° kg/m?]

Fig. A3.2 Vapour concentration of 2-etylhexanol at saturation as a function of
temperature
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Appendix No 4 Results from all
calculations

In this appendix, the results of 10 calculations made in Excel with the
calculation model described in Chapter 7 are summarised. The calculation
results are compared in Chapter 9 with the measured values for butanol. In
Chapter 10, the effect on the calculation results due to variations in some of the
parameters in the model are studied.

The calculations are made with 5 different combinations of parameters for the
formation, fixation and transport of butanol in concrete. These combinations of
parameters are called Calc.1 — 5; see Table B4.1.

For each parameter combination, calculations were made with two different
floorings, PVC and linoleum. In the calculations, the floorings are treated as
transmission resistances for moisture and OC, with no storage capacity
whatever. See Table B4.2.

Table B4.1 Values for calculation of transport and fixation of butanol in Concrete

4.
Quantity  Unit Calc.1 Calc.2 Calc.3 Calc.4 Calc.5
QR max [10° kg/(m*s)]  0.03 0.26 2.6 7.3 7.3
Doc [10° m¥/s] 2.5 2.5 2.5 93 93
Bound - bo bo bo b1 bz
S - 0.077 0.077 0.077 2.8 0.077
b [10°] - - - - 16.1

Table B4.2 Transmission resistance for moisture and OC — PVC and
linoleumn flooring.

Quantity Unit PVC Linoleum
Zq [10°% s/m] 2 0.1
Rf [10°% s/m] 3.7 2.9
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A4.1 Calculation No 1, results with PVC flooring

Calculations made with maximum rate of formation qg m.x = 0.03:10° [kg/m?-s].
The diffusion coefficient of concrete for OC in the gas phase, Dyc = 2.5-10°
[m?/s]. Fixation assumption according to Equation 8.5, Cyounao = Ko'W-Cyy, Where
ko, = 0.077 [m3/kg].
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Fig. A4.1 Emission from surface, results from Calc.1 with PVC flooring.
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Fig. A4.2  Curves of total emission from Calc.1 with PVC flooring.
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Fig. A4.3  OCIC as a function of time in Calc.1 with PVC flooring.
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Fig. A4.4  Profile of OCIC after a long time in Calc.1 with PVC flooring.
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A4.2 Calc.2, results with PVC flooring

Calculations made with maximum rate of formation qg m.x = 0.26-10° [kg/m?-s].
The diffusion coefficient of concrete for OC in the gas phase, Dyc = 2.5-10°
[m?/s]. Fixation assumption according to Equation 8.5, Cyounao = Ko'W-Cyy, Where
ko, = 0.077 [m3/kg].
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Fig. A4.5  Emission from surface, results from Calc.2 with PVC flooring.
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Fig. A4.6  Curves of total emission from Calc.2 with PVC flooring.
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Fig. A4.7  OCIC as a function of time in Calc.2 with PVC flooring.
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Fig. A4.8  Profile of OCIC after a long time in Calc.2 with PVC flooring.
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A4.3 Calc.3, results with PVC flooring

Calculations made with maximum rate of formation Qg nex = 2.6-10° [kg/m?*s].
The diffusion coefficient of concrete for OC in the gas phase, Doc = 2.5-10°
[m?/s]. Fixation assumption according to Equation 8.5, Cyounao = Ko'W-Cyy, Where
ko, = 0.077 [m3/kg].
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Fig. A4.9  Emission from surface, results from Calc.3 with PVC flooring.
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Fig. A4.10  Curves of total emission from Calc.3 with PVC flooring.
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Fig. A4.11  OCIC as a function of time in Calc.3 with PVC flooring.
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Fig. A4.12  Profile of OCIC after a long time in Calc.3 with PVC flooring.
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A4.4 Calc.4, results with PVC flooring

Calculations made with maximum rate of formation Qg nex = 7.3:10° [kg/m?*s].
The diffusion coefficient of concrete for OC in the gas phase, Doc = 9.3-108
[m?/s]. Fixation assumption according to Equation 8.6, Cyounao = Ky*W-Cyy, Where
k, = 2.8 [m3/kg].

300
—96%
—95%
250 - 94%
— —93%
@ 200 1| —92%
g —91%
2
~ 150 A
%
-

"/
e

0 200 400 600 800 1000 1200
time [days]

Fig. A4.13  Emission from surface, results from Calc.4 with PVC flooring.
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Fig. A4.14  Curves of total emission from Calc.4 with PVC flooring.
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Fig. A4.15 OCIC as a function of time in Calc.4 with PVC flooring.
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Fig. A4.16  Profile of OCIC after a long time in Calc.4 with PVC flooring.
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A4.5 Calc.5, results with PVC flooring

Calculations made with maximum rate of formation Qg = 7.3:10° [kg/m

%s).

The diffusion coefficient of concrete for OC in the gas phase, Doc = 9.3-108
[m?/s]. Fixation assumption according to Equation 8.7, Cyoungo = (kyW + b)-Cay,

where k, = 0.077 [m?/kg] and b = 16100 [-].
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Fig. A4.17  Emission from surface, results from Calc.5 with PVC flooring.
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Fig. A4.18 Curves of total emission from Calc.5 with PVC flooring.
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Fig. A4.19 OCIC as a function of time in Calc.5 with PVC flooring.
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Fig. A4.20  Profile of OCIC after a long time in Calc.5 with PVC flooring.
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A4.6 Calc.1, results with linoleum flooring

Calculations made with maximum rate of formation qg m.x = 0.03:10° [kg/m?-s].
The diffusion coefficient of concrete for OC in the gas phase, Dyc = 2.5-10°
[m?/s]. Fixation assumption according to Equation 8.5, Cyounao = Ko'W-Cyy, Where
ko= 0.077 [m3/kg].
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Fig. A4.21  Emission from surface, results of Calc.1 with linoleum flooring.
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Fig. A4.22  Curves of total emission from Calc.1 with linoleum flooring.
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Fig. A4.23  OCIC as a function of time in Calc.1 with linoleum flooring.
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Fig. A4.24  Profile of OCIC at max ¢, and after a long time in Calc.1 with
linoleum flooring.
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A4.7 Calc.2, results with linoleum flooring

Calculations made with maximum rate of formation qg m.x = 0.26-10° [kg/m?*-s].
The diffusion coefficient of concrete for OC in the gas phase, Dyc = 2.5-10°
[m?/s]. Fixation assumption according to Equation 8.5, Cyounao = Ko'W-Cyy, Where
ko= 0.077 [m3/kg].
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Fig. A4.25  Emission from surface, results from Calc.2 with linoleum flooring.
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Fig. A4.26  Curves of total emission from Calc.2 with linoleum flooring.
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Fig. A4.27 OCIC as a function of time in Calc.2 with linoleum flooring.
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Fig. A4.28  Profile of OCIC at max ¢, and after a long time in Calc.2 with
linoleum flooring.
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A4.8 Calc.3, results with linoleum flooring

Calculations made with maximum rate of formation Qg mex = 2.6-10° [kg/m?*s].
The diffusion coefficient of concrete for OC in the gas phase, Doc = 2.5-10°
[m?/s]. Fixation assumption according to Equation 8.5, Cyounao = Ko'W-Cyy, Where
ko= 0.077 [m3/kg].
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Fig. A4.29  Emission from surface, results from Calc.3 with linoleum flooring.
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Fig. A4.30 Curves of total emission from Calc.3 with linoleum flooring.
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Fig. A4.31  OCIC as a function of time in Calc.3 with linoleum flooring.
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Fig. A4.32  Profile of OCIC at max c, and after a long time in Calc.3 with
linoleum flooring.
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A4.9 Calc.4, results with linoleum flooring

Calculations made with maximum rate of formation Qg nex = 7.3:10° [kg/m?*s].
The diffusion coefficient of concrete for OC in the gas phase, Doc = 9.3-108
[m?/s]. Fixation assumption according to Equation 8.6, Cyounao = Ky*W-Cyy, Where
k,= 2.8 [m3/kg].
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Fig. A4.33  Emission from surface, results from Calc.4 with linoleum flooring.
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Fig. A4.34  Curves of total emission from Calc.4 with linoleum flooring.
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Fig. A4.35 OCIC as a function of time in Calc.4 with linoleum flooring.
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Fig. A4.36  Profile of OCIC at max c, and after a long time in Calc.4 with
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A4.10 Calc.5, results with linoleum flooring

Calculations made with maximum rate of formation Qg nex = 7.3:10° [kg/m?*s].
The diffusion coefficient of concrete for OC in the gas phase, Doc = 9.3-108
[m?/s]. Fixation assumption according to Equation 8.7, Cyoungo = (kyW + b)-Cay,
where k,= 0.077 [m?/kg] and b = 16100 [-].
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Fig. A4.37  Emission from surface, results from Calc.5 with linoleum flooring.
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Fig. A4.38  Curves of total emission from Calc.5 with linoleum flooring.
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Fig. A4.39 OCIC as a function of time in Calc.5 with linoleum flooring.
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Fig. A4.40 Profile of OCIC at max c, and after a long time in Calc.5 with
linoleum flooring.
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