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Voorwoord 

Na de eerste en tweede energiecrisis in de ?Oer jaren staan problemen door vocht 
en schimmels in de hedendaagse bouwpraktijk in een hernieuwde belangstelling. 
De toegenomen eisen aan de kwaliteit van het binnenmilieu lijken hier ten dele 
debet aan. In de media wordt met regelmaat melding gemaakt van conflicten 
tussen huurders en verhuurders, leidend tot bevriezing van de huur of zelfs tot 
'onbewoonbaar ' verklaring of onverhuurbaarheid van de woning. Het effect van 
schimmels in woningen op de volksgezondheid is inmiddels onderkend, met een 
naar verwachting toenemende rol in relatie tot CARA bij een vergrijzende bevol
king. 
Ondanks de bouwtechnische vooruitgang in de laatste decennia blijken vocht- en 
schimmelproblemen niet alleen in bestaande woningbouw, maar ook in een sub
stantieel deel van de nieuwbouw op te treden. Naast duidelijk aanwijsbare oor
zaken, die samenhangen met gebreken in ontwerp, uitvoering of onderhoud, 
wordt vaak een relatie gesuggereerd met energiebesparing, of wordt de bewoner 
als schuldige aangewezen. Met name de nationale 'kierenjacht' met een daaruit 
mogelijk volgend vochtiger binnenklimaat is een veelvuldig terugkerend item. 
Schimmelproblemen worden echter ook aangetroffen in woningen die gemiddeld 
als droog gekwalificeerd kunnen worden. 
De voornoemde aspekten en daarmee samenhangende conflicten blijken veeleer 
aan te geven dat de kennis van het proces dat leidt tot schimmelproblemen in 
woningen onvoldoende is. In het voorliggende proefschrift is er vanuit gegaan dat 
voor een beter begrip van het basis proces een multidisciplinaire benadering 
vereist is. 

Het hier beschreven onderzoek heeft een periode van 6 jaar in beslag genomen, 
en werd in deeltijd uitgevoerd bij TNO Bouw te Rijswijk en de TU Eindhoven, 
vakgroep Fysische Aspekten van de Gebouwde Omgeving. Het multidisciplinaire 
en experimentele karakter had tot gevolg dat velen in dit onderzoek werden be
trokken. Aan ieder, die op enigerlei wijze aan het voorliggende resultaat heeft bij
gedragen, ben ik dank verschuldigd. Met name wil ik prof.ir. }. Vorenkamp en 
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dr. R.A. Samson bedanken voor hun continue stimulans en de vrijheid die ik 
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Nomenclature 

Nonnalietter symbols 

a volumetrie air content [m3·m-3] 
a · • activity of i [-] 
a; condensation constant of the i-th layer (BET) [-] 
ab the additives/binder ratio used for preparation [kg· kg-I] 

Bo extemal applied magnetic field [T] 
b; evaporation constant of the i-th layer (BET) [-] 
c factor descrihing the adsorbent-adsorbate 

interaction (BET) [-] 
C; stoichiometrie coefficient of component i [-] 
CPCV critica! pigment volume concentration [% by volume] 
D diffusivity of water vapour in air [m2·s-l] 

DT thermal moisture diffusivity [m2·s-l] 

De isothermal moisture diffusivity [m2·s-l] 
d thickness [m] 
E ra te of evaporation [s-I] 
f resonance frequency (NMR) [MHz] 
f frequency of high relative humidity periods [day-1] 

f temperature ratio [-] 
!(iJ)) the observed frequencies of assessments of 

specimens assigned to category i by observer A 
and to category j by observer B [ -] 

f(iJ+) the observed frequency of assessments of 
specimens assigned to category i by observer A [-] 

f(+j) the observed frequency of assessments of 
specimens assigned to category j by observer B [-] 

f ctr correction for volume contraction during 
hydration [-] 

f swl correction for swelling during initia! drying [-] 
GR growth rate [day-1] 
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I neutron beam intensity after transmission [m-2-s-1] 

Ia neutron beam intensity before transmission [m-2-s-1] 
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K reaction constant [-] 
K unsaturated hydraulic conductivity [m·s-1] 
L number of categones [-] 
LIP duration of the initia! period [day] 
lm traverse length [f,Lm] 
M water potential [Pa] 
M molar mass [kg·mol-1] 
N total number of judged subjects [ -] 
N maximum number of adsorbed layers (BET) [-] 
n the total number of rnales [-] 
nm the monolayer capacity (BET) [-] 
p partial pressure [Pa] 
p total pressure [Pa] 
por average open porosity [-] 
PVC pigment volume concentration [% by volume] 
q water flux density [kg·(m2·s)-1] 
R universa! gas constant U·(K-mo!)-1] 

Ra surface roughness coefficient, based on the 
arithmetic meao of all profile ordinates [f.Lm] 

Rz surface roughness coefficient, based on the 
arithmetic mean of peak-to-valley heights [f,Lm] 

RH relative humidity [%] 
r radius of curvature [m] 
re radius of the inner co re [m] 
rp pore radius [m] 
s entropy U·K-1] 
s standard deviation [-] 
S; surface area covered by i adsorbed layers (BET) [m2] 
T temperature [K] 
TOW time-of-wetness [h·h-1] 

t time [s] or [day] 
V volume [m3] 
w moisture content [kg·m-3] 

wb the water/binder ratio used for preparation [kg· kg-I] 
wO the ratio of strocrural bound water and 

CaS04 • 112H20 [kg·kg- 1] 

x coordinate [m] 
y coverage area rating [-] 
!:!.Go Gibbs free energy in the standard state T 

attemperature T [k}"r.nol-1] 

!:!.Gf Gibbs free energy at pressure pand temperatureT [k}"moi-1] 
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Greek letter symbols 

a tortuosity factor [ -] 
a upper asymptotic value in the growth model [-] 
a heat transfer coefficient [W·m-2-Kl] 

f3 coefficient in the growth model [ -] 

f3 mass transfer coefficient [s·m-1] 
(j water vapeur permeability [s] 
(j time-coordinate of the point of inflection 

in the logistic model [day] 
t: the first derivative with respect to time 

in the point of inflection of the logistic model [day-1] 
l/J; average isosteric heat of adsorption of the i-th 

adsorbed layer (BET) U·moi-1] 
lfJL heat of liquefaction U·moi-1] 
q; contact angle [0] 
y surface rension [N·m-1] 
y gyromagnetic ratio (NMR) [MHz·T-1] 

y coefficient in the growth model [-] 
K factor for inter-observer agreement [-] 
À Boltzmann transferm [m·s-05] 

f-li macroscopie attenuation coefficient of component 
i in scanning neutron radiography [cm-1] 

f-li chemica! potenrial of i U·mol-1] 
IJ osmotic pressure [Pa] 
e volumetrie moisture content [m3·m-3] 
p density [kg·m-3] 

pO skeletal density of po rous substances or 
density of non-porous substances [kg·m-3] 

r liquid rension [Pa] 
ro liquid tensile strength [Pa] 
{} 

l molar volume of i [m3·moi-1] 
V factor for inter-observer agreement [ -] 
(J) coefficient in the Weibull growth model [ -] 

'l/J, suction [m] 
'Ijl water vapeur potenrial [m] 

Subscripts 

a additives 
al aluminium 
B barametrie 
b binder 
c capillary 
cl cell 
clw cellular water 
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con convective 
cp cup 
d calcium sulphate dihydrate 
dr dry 
e extemal, in the surroundings, outdoor 
g dry gypsum 
H hydrostatic 
Hg mercury 
h calcium sulphate hemihydrate 

indoor; generally, i is used as a pointer 
liquid 

m mean 
mat material 
s solid 
sur surface 
T at temperature T 

turgor 
V 

vs 
w 
0 
8 

• 

18 

vapour 
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Glossary of mycological tenns1 

anamorph: imperfect (or asexual state) conidial form of sporulation 
ascoma: a fruit-body in Ascomycetes containing asci and ascospores 
ascospores: sexual spore produced in an ascus 
ascus: meiosporangium in which the ascospores are formed after karyogamy 
and meiosis 
basidium: the organ (meiosporangium) of the Basidiomycetes which bears 
the basidiospores after karyogamy and meiosis 
cleistothecium: an aseoma without a special opening 
colony: (of mycelial fungi) a group of hyphae (with or without conidia), 
which arise from one spore or cell. Colony appearance varies e.g.: velvety, 
floccose, funiculose, fasciculate, granulose, powdery, synnematous 
conidiogenous cell: the fertile cell from which or within conidia are directly 
produced. Conidiogenous cells may be morphologically identical with or 
differentiated from vegetative cells (vegetative hyphae) 
conidiophore: specialized hypha, simpte or branched, on which conidio
genous cells are bom 
conidium: asexual, vegetative, non-motile propagule, not formed by cleav
age (as in sporangiospores). In Deureremycetes the term "conidium" is 
recommended and the term "spore" is reserved to zoo-, sporangio-, and 
basidiospores 
diploïd: having 2n chromosernes 
exudate: dropiets excreted by the mycelium. Can be characteristic for a 
species e.g. in Penicillium chrysogenum 
fasciculate: hyphae and/or conidiophores in bundies 
floccose: cottony 

1 Samson R.A. and E.S. van Reenen-Hoekstra (1988) Introduelion 10 Jood-borne fungi, 
Centraalbureau voor Schimmelcultures, Baarn, the Netherlands. 
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funiculose: hyphae/conidiophores aggregated into strands 
haploïd: having n number of chromosarnes 
hyaline: transparent or nearly so 
hypha (pl. hyphae): (vegetative) filament of a mycelium, without or with 
septa 
karyogamy: the fusion of two sex nuclei after cell fusion 
lateral: at the side 
meiosis: that part of a life cycle in which a diploïd nucleus (2n) undergoes 
reduction and becomes haploïd (n) 
metabolite: any substance produced during metabolism 
mycelium: (vegetative) mass of hyphae; thailus (vegetative) body of the fun
gus 
mycotoxin: taxie metabolites produced by fungi 
osmophilic: growing under conditions of high osmotic pressure 
septum: a crosswall in a cell 
sporangiophore: a specialized hyphal branch, which supports one or more 
sporangia 
sporangiospore: a spore produced within a sporangium 
sporangium: asexual reproductive structure, unicelular, in which spares are 
produced by cytoplasmic cleavage 
spore: a general term for a reproductive structure in fungi, bacteria, and 
cryptogams. In fungi the term "spore" is used in several combinations e.g. 
chlamydospore, ascospore, zoospore, basidiospore 
synnematous: compact groups of erect and sametimes fused conidiophores 
thallic: a segment of a fertile hypha differentiates by conversion into a conid
tum 
xerophilic: preferring dry places, growing under dry conditions 
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CHAPTER 0 

Introduetion 

0.1 STARTING POINTS 

Over past decades, standards for the quality of indoor environments have grad
ually been raised. Fungi play a significant role in the indoor environment and 
their implications range from unacceptable musty smells and defacement or 
structural damage of interior finishes, to health effects and, indirectly, legal pro
ceedings. There is little doubt that there is no fungal growth without dampness. 
In the Netherlands, moisture problems were estimated to occur in some 19% of 
the housing stock (Anon., 1993); in Belgium 20% was reported in social housing 
(Anon., 1991a), and in the UK the indications were that 12% was seriously af
fected, whereas a further 9.5% had slight condensation problems (Sanders and 
Comish, 1982). Moisture problems on this scale are not just typical of the tem
perare West-European elimate, and may be found in warmer areas. In the coastal 
region of Israel, containing more than 50% of the country 's population, Becker 
(1984) reported that 45% of the dwellings suffered from condensation and 
mould growth, with 20% having severe problems. 

Moisture problems can arise from rain penetration of the building fabric, rising 
damp or leakage of water supply and drainage systems. More commonly, the 
origin of material dampness causing serious fungal growth is water vapour, most 
of it being generared by the normal dornestic activities of the occupants. 
Moreover, surface condensation is often adopted as the main cause for biodeteri
oration in dwellings (e.g. Garratt and Nowak, 1991). 

The problem of fungal growth was familiar to our ancestars in the most ancient 
of times. Probably one of the oldest control strategies of fungal growth in houses 
is found in the Bible, Leviticus 14:33-14:57, where the removal of contaminated 
spots on walls and re-p lastering were prescribed as a first step. If not successful, 
the second step involved the house being torn down. The modem approach is 
less drastic and generally concerns the factors affecting the microelimate at the 
interior surface. In reality, the microelimate is determined by a complex and 
continuous interaction of the building construction and the indoor and outdoor 
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conditions. Consictering the surface temperature and water vapour pressure, two 
main issues are usually evaluated: 
(a) the average indoor climate, in relation to heating, ventilation and occupancy 
behaviour on the one hand and planning and design on the other. Occupancy 
behaviour is probably highlighted whenever the causes in a particular case are not 
quite clear. The general impact of planning and design is revealed from statistica! 
analyses of post-occupancy surveys in Israel (Becker, 1984) Belgium, Germany, 
Italy and the UK (Anon. 1991 b) showing that location and orientation of 
dwellings and occupancy density (occupants/volume ratio) affect risks of indoor 
fungal growth, which is in line with theoretically anticipated trends. 
(b) the quality of the building envelope, particularly with respect to thermal 
bridges and air tightness. 

Since the energy crisis in the early seventies, the air tightness of the building en
velope has improved, as has the thermal insulation. Furthermore, public con
sciousness of energy saving has been raised, probably in volving a change towards 
reduced and interminent heating and ventilation. Although a causa! relationship 
between such energy conservation measures and an increase of moisture prob
Ierus and fungal growth is sometimes suggested, there is no evidence as to 
whether such a relationship exists. Nevertheless, a survey by the Dutch Govern
ment of the housing stock in the Netherlands (Anon., 1993) showed that meis
ture problems were more frequently encountered in dwellings built before 1968 
than in newer ones. 

0.2 HEAL TH IMPLICA TI ONS OF FUNGI IN INDOOR 
ENVIRONMENTS 

Although the primary significanee of fungal growth often concerns the deface
ment of materials, sometimes affecting the structural integrity of the finishing 
material, and the accompanying musty smells, the potenrial implications to hu
man health should not be under-estimated. Both viabie and non-viabie fungal 
particles are important in relation to such effects. The following possible fungus 
related risks to health are generally recognised (Samson et al., 1994): 
(a) allergie reactions, both immediate and delayed, occurring 4-8 h later; for ex
ample, Verhoeff (1994) concluded that sensitisation to inhalant allergens pro
duced by both house dust mites and fungi plays a causa! role in the relation be
tween home dampness and childhood respiratory symptoms. 
(b) response to fungal metabolites like volatile organic compounds and myco
toxins, often related to the sick building syndrome and the organic dust toxic 
syndrome; 
(c) respiratory infections. Some of the fungi are opportunistic pathogens. 

An international workshop in 1992 was devoted to health implications of fungi 
in indoor environments (Samson et al., 1994). It was concluded that since no 
dose-response relationships between the exposure to fungi and fungal metabolites 
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on the one hand and health effects on the other are available, exposure guidelines 
cannot be established at present. The workshop stressed that 

"Based on the known health effects of fungi, jungal growth in non-industrial 
indoor environments is not acceptable from a medica! (and hygienic) point of 
view." 

0.3 OBJECTIVE AND OUTLINE OF THE PRESENT WORK 

As the interior finish highly affects the micro-environment of the fungus, it is a 
third and obvious issue to be considered in evaluation and prevention of fungal 
growth. However, our knowledge of fungal artachment to the material and the 
different material parameters involved prior to and during fungal development is 
limited. Most efforts in this area have been concerned with the efficacy of 
biocidal additives reducing risks of biodeterioration. Besides being selective and 
providing only short-term protection, their environmental impact and health ef
fects should be considered. The workshop mentioned previously (Samson et al., 
1994) stared that 

"Until the potential health risk of using biocides indoars is more fully understood, 
the use of biocides should be the last option for cantrolling jungal growth in indoor 
environments. " 

In the present work, the relationship between material properties and fungal 
growth is studied, assuming material dampness originates from the air. The usual 
approach to fungal problems (see 0.1) is basedon averaged humidities and tem
peratures. Indoor and outdoor elimate dynamics, however, introduce transient 
conditions in the microelimate at the interior surface, influenced by both the 
material properties of the construction and decorative finish and the boundary 
conditions in the air near the surface. The frequent occurrence of fungal prob
lems in Dutch indoor environments that are considered relatively dry, probably 
emphasises the significanee of such effects, the consequences of moisture starage 
in particular. Considering this everyday reality, the objective of the research 
described in this thesis was to imprave the understanding of the process inducing 
the fungal defacement of interior finishes. Such improved insight could be a first 
step towards eco-friendlier, healthier and lasting control strategies for indoor fun
gal growth, in el u ding optimisation of material properties. 

The experimental workin this thesis concerns a single fungal species only, and is 
limited to gypsum based matcrials in order to prevent to many parameters ob
scuring the basic process. This is in contrast with previous studies of other work
ers, simuiaring the real ecological environment. Future research with respect to 
other indoor fungi and finishing matcrials is required to accomplish more general 
conclusions applicable to building practice. 
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The thesis starts with an introduetion into the abiotic factors affecting fungal 
growth, outlining the conditions occurring in building practice. Chapter 2 is par
ticularly concerned with the vita! role of water, defines the quantities commonly 
used to describe fungal water relations and discusses their background within the 
context of the water uptake mechanisms of the fungus. The Chapter concludes 
with a preliminary investigation using Environmental Scanning Electron 
Microscopy. This new technique allows reai-time microscopie observation of the 
fungal cel! responding to transient water vapour pressures. Chapter 3 deals with 
3 issues. In Part I, the testing of the material resistance to fungal growth is re
viewed and a new methad is proposed to test interior finishes; in Part 2, a modi
fied cryogenic method is introduced to observe the fungal growth in its most 
natura! farm on the substrates considered and in Part 3, the effect of material 
properties on fungal growth under steady-state conditions is investigated sys
tematically on the basis of the proposed testing method. The research in Part 3 
contrasts with usual fungal growth experiments, applying to an overall as
sessment of the fungal resistance and not focusing on the relationship between 
resistance and material properties. 

The second part of the thesis concerns the fungal growth under trans i ent relative 
humidities. Chapter 4 starts with a discussion of the theory descrihing the water 
balance of porous materials, both under equilibrium and transient conditions. It 
is generally recognised that the water transport in monolithic porous materials 
can be described using a macroscopie diffusion-type equation. Until now, the de
termination of the ditfusion coefficients in this equation was a major problem. 
Two new non-destructive measuring techniques were developed on the basis of 
the neutron beam attenuation and nuclear magnetic resonance principle, respec
tively. The scanning neutron radiography technique in Chapter 4 is a joint result 
of a study of kaolin clay drying shrinkage and stresses (Ketelaars, 1992), moisture 
transport in brick work (Pel, 1994) and the present work. The NMR measuring 
device was developed by Kopinga and Pel (1994) . In the present study, both 
techniques are applied to determine the isothermal diffusivities directly from 
transient moisture content profiles. For the first time, water content profiles in a 
dry material responding to transient relative humidities below saturation are mea
sured. The resulting diffusivities underline the significanee of the interaction of 
vapour, liquid and solid phases in the porous system, which is aften neglected. 
The consequences on moisture transfer rnadelling are discussed. 

Taking account of these results, experiments on fungal growth responding to 
transient relative humidities are dealth with in Chapter 5. Despite the everyday 
reality of elimate dynamics, no data with respect to this issue have been found in 
the literature. A new experimental method to study these effects is elaborated, in
cluding non-linear regression techniques to model sigmoidal curves descrihing 
vegetative fungal growth. The statistica! analysis of transient relative humidity 
effects on fungal growth is based on response variables deduced from these 
curves. In this Chapter, time-of-wetness (TOW') is introducedas an overall mea
sure for the water availability for fungal growth under transient conditions. 
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Finally, Chapter 6 comments on the effects of the therm al quality of the building 
construction and the indoor water vapour generation on the microelimate condi
tions and risks of fungal growth. On the basis of the results of Chapter 4, some 
examples of TO W calculations as related to the indoor conditions are included. 
The main results of the present work are summarised. In conclusion, a perspec
tive of envisaged controlstrategies with respect to fungal defacement of interior 
finishes is given. 
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CHAPTER 1 

Environmental factors and indoor 
Jungal growth 

1.1 INTRODUCTION 

In any biologica! system, growth can be defined as the orderly increase of all 
chemica! components (Stanier et al., 1976). Consictering growth of fungi, three 
developmental stages are generally distinguished: germination, vegetative growth 
and reproduetion (Fig. 1.1). 

Although fungal growth may originate from simple fragments of a fungal body, it 
is usually initiared by sexual and/or asexual spores, highly specialised cells, 
produced by fruiting structures. During the germination stage three successive 
morphological changes are observed: swelling of the spore and emergence and 
elongation of the germ tube. 
Fungi have a typically branched vegetative growth in a predominant tilamenrous 
form . Individual filaments are called hyphae, which are long, often branching 
tubular structures, elongating at the tip. Hyphae may be divided at regular or 
irregular intervals by septa (partitions) , that have pores through which the cyto
plasm and even nuclei may move. The cytoplasm is thus continuous throughout 
the mass of hyphae, called mycelium. The vegetative mycelium constitutes the 
major part of the fungal colony and is concerned with the uptake of nutrients 
and artachment to the solid surface. 

Reproduetion of the fungus occurs vegetatively or by production of sexual or 
asexual spores. The asexual spores may arise singly on hyphae or on specialized 
sporulating structures (e.g. sporangia or conidiophores) . Sexual spores are often 
produced within or on a fruiting body (e.g. ascomata or basidiomata). The 
mycelium is often hyaline, while the sporulating structures may be lightly to 
darkly pigmented. 

Either passive or active mechanisms release the spores into the air (Ingold, 
1966). The passive dispersion occurs as a consequence of mechanica! forces, 
such as wind and gravity, whereas the active release requires specialized dis
charge mechanisms mostly taking place during periods of high relative humidity. 
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Figure 1.1. Example of the fungus Penicillium withits characteristic stages of growth in the life cycle. 

(A) swelling of the conidium; (B) emergence and elangation of the germ tube; (C) initia! hyphal 
growth; (D) vegetative growth; (E) the mature mycelium, with asexual spares (conidia) arising on 

conidiophores. Release of conidia into the air. The inset shows a spore bearing conidiophore. 

Generally, spores are more resistant to dessication than vegetative cells. Owing to 
their small size (2-200 J.lm in diameter) and low density ( < 1.4 kg·dm-3) they have 
a low sedimentation velocity and can remain airhome for a long time. 

Another approach to the stages of growth is based on the overall growth of a 
batch culture in liquid medium. A typical growth curve is given in Fig. 1.2. 
Generally, six main phases can be recognized (Wilkinson, 1986): 
(I) the lag phase, which represems a period when the inoculum is adapting to ac
tive growth in the new environment. The lag phase includes the time required for 
germination. 
(11) the acceleration phase. Normally cells come out of lag asynchronously, giving 
rise to a gradually increasing population growth rate as the proportion of cells 
growing increases. 
(111) the exponential phase. In this phase, the generation time of cells is constant, 
representing the minimum generation time for the prevalent conditions. The rate 
of increase in biomass is proportional to the existing biomass. The proportional
ity factor is often called the specific growth rate. 
(IV) the deceleration phase. The specific growth rate of the culture declines, 
usually as a result of changing environmental conditions. 
(V) the stationary phase. Exhaustion of particular nutrients or accumulation of 
toxic products inhibiting growth causes the biomass to be constant. The station
ary phase can result from an equilibrium between multiplication and death. 
(VI) the death phase. An increasing divergence between the total and viabie cell 
counts occurs. Autodigestion may take place. 
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Figure 1.2. Plot of a rypical sigmoidal growth curve of a batch culture. (I) lag phase; (II) acceleration 
phase; (lil) exponential phase; (IV) deceleration phase; (V) stationary phase; (VI) death phase. 

The phases of indoor fungal growth may all be affected by environmental condi
tions. In this Chapter the abiotic factors determined by physical and chemica! 
parameters are discussed. It is emphasised that the actual micro-environment is 
defined by the immedia te surroundings of the fungus and may vary greatly within 
a small surface area at the interior surface. Furthermore, some general character
istics of interior finish es are considered in view of these factors. 

1.2 FUNGAL FLORA OF INDOOR ENVIRONMENTS 

The fungal flora of indoor environments is generally represented by common 
species of the genera Penicillium, Aspergillus and Cladosporium (Beaumont, 1985; 
Fradk.in et al., 1987; Hunter et al., 1988; Anon., 1991; Pasanen, 1992). These 
genera can play a significant role in allergies and other health complaints 
(Gravesen, 1978, 1979; Beaumont, 1985; Samson, 1985; Waubke, 1987; Hunter 
et al., 1988; Milier et al. , 1988). In both damp and relatively dry living and work
ing environments, xerophilic species of the genera Eurotium, A spergillus and 
Wallemia are regularly found (Samson, 1985; Waubke, 1987) and there are indi
cations that these moulds also may be involved in health problems. 

Although the results of most studies were obtained from samples of airhome 
fungal propagules, species growing on surfaces of interior decorative material are 
similar (van Reenen-Hoekstra et al., 1991; Pasanen et al., 1992). A review 
(Anon., 1991) of species isolated from disfigured surfaces in Belgium, Italy, 
Germany, the N etherlands and the UK showed that A spergillus versicolor, 
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Penicillium brevicompactum, P. chrysogenum and Cladosporium spp were the most 
prevalent. 

The fungal flora on surfaces may differ depending on the average indoor relative 
humidity. In wet rooms such as bathrooms or kitchens, the fungal flora aften 
consists of darkly pigmented Hyphomycetes or yeasts. Common species occur
ring in such rooms on tiles, plaster or silicon caulking, are Aureobasidium pullu
lans and Phoma exigua, but also Alternaria alternata, Cladosporium herbarum, C. 
sphaerospermum, C. tenuissimum, Fusarium, Trichoderma and Ulocladium spp and 
yeasts can be found (e.g. Steinert et al., 1981; Tiefenbrunner, 1990). Fungi, in
cluding Acremonium stnáum, Fusarium oxysporum, P. brevicompactum, P. chryso
genum and Ulocladium, may even occur on wall paint treated with fungicides. 

Wallpaper may serve as a suitable substrate for various species: Acremonium 
strictum, Aspergillus niger, A. versicolor, Cladosporium herbarum, C. sphaerospermum, 
Epicoccum nigrum, Fusarium solani, Gymnoascus spp, Penicillium aurantiogriseum, 
P. glabrum, P. citrinum, P. chrysogenum, P. corylophilum, Stachybotrys chartarum, 
Ulocladium spp and yeast species. True cellulolytic species, e.g. Chaetomium spp 
may occur, but these species are now rarely encountered except for Stachybotrys 
chartarum., which has been found quit regularly in indoor environments in 
Scotland, Canada and the Scandinavian countries (Samson, personal communi
cation). The occurrence of Scopulariopsis brevicaulis on wallpaper, its toleranee of 
high pH, and its significanee as producer of the poisonous trimethylarsine has 
been reported in the literature and reviewed by Morton and Smith (1963). S. 
brevicaulis can be detected from airhome samples and dust samples, but has not 
been observed growing on wallpaper used in modem buildings. 

The discomycete Pyronema damesticurn can develop on new plastered ceilings or 
walls and appears as a whitish to pinkish stain. This species is known as a py
rophilous fungus invading natura! environments where fire has occurred or 
steam-sterilised soil (Moore and Korf, 1963). During hydration of plaster, the 
temperature rises and can in duce the germination of the ascospores. 

1.3 ABIOTIC FACTORS AFFECTING FUNGAL GROWTH 

Knowledge of the effects of abiotic factors on fungal growth is essential to 
understand or control the fungal inhabitants of a natura! environment. This 
paragraph deals with the major factors and those that are most effective in 
cantrolling fungal growth. 

1.3.1 Infestation 

Fungi are present at all times in the outdoor environment, on dead and decaying 
organic matter and in the soil. Spores are produced in large nurnbers and re
leased into the surrounding air, enabling rapid spread. Levels of outdoor spore 
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concentrations vary somewhat seasonally. Typical values during summer amount 
to some tens of thousands per cubic metre of. air (Lacey, 1962), while this con
centration may decline to several hundreds per cubic metre during winter. A dis
tinet seasonal pattem in outdoor concentration is observed in a subarctic elimate 
with winter snow cover (Pasanen, 1992). Furthermore, the actual outdoor con
centration may also vary with time of day, the local weather, and whether the site 
is rural or urban (Brundrett, 1990). 

Because of normal air exchange due to ventilation and infiltration, a souree of 
fungal spares is always present in the indoor air. Numerically, fungal spares 
commonly dominate the air spora, probably outnumbering pollen and bacteria. 
This predominanee is related to several fungal characteristics, primarily their 
enormous spore production and the ease of spore liberation, and the ability of 
spares to resist desiccation. While the air spora indoars is aften considered to be 
a reflection at a reduced level of that outdoors during spring to autumn period, 
the airbome spore count within dwellings during winter is normally greater than 
outdoors. Verhoeff et al. (1990) recorded widely varying indoor spore concentra
tion levels to 18000 viabie airhome fungal spares per cubic metre. The higher 
concentrations are caused by indoor sourees or resuspension of spares, which 
have settled on indoor surfaces along with dust particles. Lebtonen et al. (1993) 
showed that large temporal fluctuations can occur due to household activities. 

1.3.2 Water 

Like all living processes, fungal growth requires the availability of water. The 
water relations of fungi are aften expressed in terms of the water activity, aw, or 
the relative humidity, RH. The background and relationship of these concepts is 
discussed in the next Chapter. On the basis of their water relations, fungi can be 
classified (Pelhate, 1968; Pitt, 1975; Verhoeff, 1994). Pitt's (1975) definition of a 
xerophile as being a fungus 'capable of growth under at least one set of environ
mental conditions at 0 .85 aw or less' is widely accepted. 

Generally, a saturated environment of 100% RH, or 1.0 aw, is taken astheupper 
limit for fungal development. Nevertheless, Scott (1957) mentioned that fungal 
growth is impossible in pure water, probably being a consequence of the absence 
of dissolved nutrients. 

The RH or aw influence each of the main phases of the growth cycle. In studies 
of Aspergillus, Cladosporium and Penicillium species (Ayerst, 1969; Magan and 
Lacey, 1984), the minimum value required for germination was lower than that 
to sustain linear growth, and likewise the minimum value for linear growth was 
usually lower than the minimum required for asexual sporulation. In the majority 
of studies, differences of 0 .02 aw between minima for gemination, linear growth 
and sporulation have been recorded. 
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The ultimate lower aw limit for fungal germination has been studied by several 
werkers. The existence of this limit is often attributed to the distortien of the 
helical structure of the DNA molecule due to dehydration (Chen and Griffin, 
1966). From a review on fungal water relations, Scott (1957) found that some 
fungi could grow at aw's as low as 0.64 after 1-2 years incubation, with occasion
ally conidia of Eurotium echinulatum germinating at 0.62 aw. Andrews and Pitt 
(1987) showed that Eurotium sp. was capable of growing at 0.68 aw, and 
Harrewijn (1979) mentioned 0.65 aw as the ultimate lower limit. lt is emphasised 
that the lower limit for germination may nor always be sharply defined, since it 
depends to some extent on the lengrh of the observation period. Furthermore, 
many reports of fungal growth at the lower limit refer to substrates of high 
nutriem status. 

In addition to the uptake of water from the environment, the cell metabolism 
produces a slight amount of water, which may induce further fungal develop
ment. For example, the breakdown of carbohydrates and fats releases water. 

1.3.3 Temperature 

One of the most influential factors affecting fungal growth is temperature. Fungi 
possess no means of centrolling intemal temperature, and the temperature within 
the cellis therefore determined by the extemal temperature. 

The molecular basis of temperature effects on growth is not clearly understood. 
Gaudy and Gaudy (1980) suggest these effects relate to the functions of lipids 
and proteins in the cell. 

Lipids are essenrial structural components of bath the cytoplasm membrane and 
the intemal membranes. The cytoplasm membrane must maintain the proper 
balance of fluidity and structural integrity to allow control of the passage of 
molecules, while prevenring the loss of essenrial cellular contents. At high tem
peratures, membrane lipids may melt, causing loss of the structural integrity of 
the membrane and leakage of the cell contents. At low temperatures the fluidity 
of the membrane may decrease sufficiently to prevent the functioning of trans
port systems, so that molecules cannot enter the cell rapidly enough to support 
even a low ra te of growth. 

Proteins perferm much more varied functions in the cell than lipids do. They are 
structural components of membranes and of ribosomes, along with RNA, but 
besides, many different proteins in the cell function as enzymes that catalyze 
several reacrions required for growth. For each of these functions the specific 
prorein involved requires a precise three dimensional structure. An increase in 
temperature may change the spatial arrangement of the molecule, causing a loss 
of an essenrial enzyme function, alteratien of membrane structures, or inactiva
tion of the prorein synthesis due to alteratien of ribesome conformation . 
Elevated temperatures thus can inactivate many essenrial processes. 
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Fungi have a wide toleranee of temperatures. The approximate maximum tem
perature for mycelial growth of common indoor species ranges between 35 oe 
(Panasenko, 1967; Weersink, 1987) and 52 oe (Ayerst, 1966). Growth and sur
vival are not necessarily affected in the same way. Generally, spares are more re
sistant to high temperatures than the vegetative mycelium. The upper tempera
ture limit, being the temperature to kill spares within a 30 min period, is 60-63 
oe (Carpenter, 1972; Gaudy and Gaudy, 1980; Bravery, 1985), except for the 
ascospores of heat resistant species. 

Although some fungi are able to grow below the freezing point (Ayerst, 1966), 
the lower limit for most fungi generally is 0-5 oe, while common indoor species 
have minimum temperatures for germination and growth between 5 oe and 10 
oe (Carpenter, 1972; Bravery, 1985; Weersink, 1987). Some species grow at or 
adapt to lower temperatures, such as Cladosporium spp growing in refrigerators. 
Normally, temperatures below the minimum only affect growth, but not viability. 
In this temperature range, fungi may remain dormant for considerable periods of 
time. 
The optimum temperature for mycelial growth of common species generally is 
between 22 oe and 35 oe (Ayerst, 1966; Panasenko, 1967; Carpenter, 1972). 

1.3.4 Nutrients 

The reproduetion of a cell requires synthetic reacrions of two types: firstly, syn
thesis of small organic molecules (amino acids, sugars, vitamins) and secondly, 
assembling of these molecules into macromolecules (polymerization). Both reac
rions are catalyzed by specific enzymes, the structure of which is specified by the 
DNA. Therefore, genetic information probably determines nutritional require
ments for growth (Gaudy and Gaudy, 1980; Wilkinson, 1986). 

Fungi are heterotrophic organisms. Since carbon is the essenrial element in all 
organic compounds and camprises a major part of the dry weight of the cell, the 
preserree of a utilizable carbon souree is a major determining factor in the ability 
to flourish in a given habitat. Due to the absence of chlorophyll, photosynthesis 
is not possible, so they have to live as sapropbytes or parasites. 
Fungi show a remarkable ability to utilize a wide range of carbon compounds. 
Most fungi, such as Penicillium and Aspergillus species, excrete digestive enzymes 
which enable them to grow on nearly any substrate that comains organic matter 
(Carpenter, 1972). Fungi secure carbon from carbohydrates, especially glucose, 
and some can utilize alcohols or organic acids. Carbon can also be secured from 
proteins and few species utilize fats extensively. 

Nitrogen is the second main element that is required. The organic material in the 
substrate would usually fumish this. Most fungi are able to utilize amino acids, 
inorganic nitrogen in the form of nitrates or ammonium as sourees of nitrogen. 
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All elements present in the cell in minor proportions, such as phosphorus and 
sulphur, can be utilised in the fonn of inorganic salts (Gaudy and Gaudy, 1980). 
Some elements are required in very smal! amounts (e.g. copper, zinc, man
ganese), which are referred to as trace elements. They often occur in sufficient 
amounts as contaminants of other components. Many fungi can synthesize all 
the vitamins required (Carpenter, 1972; Harrewijn, 1979). 

1.3.5 Alkalinity 

Unlike the temperature, the internat pH of the cell is not detennined solely by 
the environment. Within limits, the cell can control the passage of ions into and 
out of the cell, including the hydragen ion. Furthermore, fungi may also be 
capable of a !tering the pH of the environment by the release of alkaline products 
or by the remaval of certain ions from the environment. The most common 
cause of an increased pH is the metabolism of proteins or amino acids (Gaudy 
and Gaudy, 1980). 

The control of growth rate and viability by environmental pH is no more com
pletely understood than is the effect of temperature. Gottlieb (1978) suggested 
that the enzyme activity and pH relationship is an obvious explanation, since 
each enzyme is active within only a specific and usually narrow range of pH and 
displays maximum activity at an optimum pH. However, Gaudy and Gaudy 
(1980) concluded that this explanation cannot account for all the effects of pH. 
A second, complementary explanation is based on inhibiting effects on mem
brane transport. For compounds that are transporred by binding to certain 
membrane proteins, pH may influence the contiguration and thus the activity of 
the binding protein. 

The pH limits for common fungi differ greatly within the range of pH 2.2 to 9.6 
(Carpenter, 1972). Penicillium variabile even showed a minimum pH value for 
growth of 1.6 and a maximum of 11.1 (Silliker and Elliot, 1980; Gaudy and 
Gaudy, 1980). Generally, most fungi prefer an acid to neutral environment, 
growing most rapidly between pH 5 and pH 8 (Carpenter, 1972; Silliker and 
Elliot, 1980). 

1.3.6 Other factors 

Although water, temperature and nutrients are considered to be the major factors 
affecting fungal growth, radiation, air movements and oxygen may also be of 
importance. 

Radiation 
Radiation may have inhibiting as wel! as stimulating effects on gennination and 
growth of fungi, depending on the spectrum and the species considered. In par
ticular the ultraviolet part of the spectrum may be hannful (Panasenko, 1967; 
Gottlieb,1978). Effects of light are usually conneered to the germination and 
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sporularion stages (Hawker, 1966). Many fungi are a bie ro sporulare in the dark, 
bur daylight conditions may enhance sporulation. The so-called "black light" 
(near UV radiation) greatly enhances (with greatest effect at 310 nm) the farmu
lation of fruit-hodies in Ascomycetes or Coelomycetes, or conidium formation in 
Hyphomycetes (Gams et al., 1987) . 

Air movements 
A less obvious factor is the movement of air. Only very few, aften conflicting 
(Ayerst, 1966), observations are known on the effects of air velocity. Probably 
the main effect is one of drying or moistening (Block, 1953). Ayerst (1966) 
mentioned that rnaving air, even when it has no drying effect, may inhibit the 
growth of fungi, although it was not completely clear from the lirerature re
viewed, whether the effect of drying was completely eliminared in the experi
ments. 

Oxygen 
Most filamentous fungi in the indoor environment are obligate aerobes. They are 
unable to grow in the complete absence of oxygen, although a very minure 
amount is aften sufficient (Carpenter, 1972; Gaudy and Gaudy, 1980). lt is 
sametimes suggested that fungal growth mainly occurs at the surface as a conse
quence of the oxygen requirement. 

In genera!, fungal germination and growth are only slightly affected by the factors 
mentioned above. A fuller discussion can be found in the workof Scott (1957), 
Gottlieb (1978) and Weersink (1987). 

1.3.7 Interactive effects 

Predietiens on the response of fungi to abiotic factors will mostly be based on 
implied or explicit generalizations made from the known behaviour of a limited 
number of fungi, assuming general principles are applicable to the particular sys
tem involved.The majority of fungal growth experiments is focussed on the 
action of specific factors on various phases of growth. The factor under study is 
the sole variable, while other factors are often held close to their optimum levels 
for the organism concerned. Simultaneous effects of abiotic factors have been 
studied to a lesser degree. In this paragraph, some simple generalizations are 
formulated on the basis of several review studies of interactive effects (Ayerst, 
1966; Weersink, 1987; Adan, 1990). 

Water activity-temperature interaaions 
The simultaneous effect of water activity, aw,and temperature, T,is clearly shown 
in T law-diagrams with curves (so-called isopleths) conneering points of equal 
growth rate or points of equal time required for germination. Alternaria, 
Cladosporium , Fusarium and Stachybotrys species show shallow curves over a 
wide temperature but limited aw range, whereas Penicillium and A spergillus species 
tend to grow within narrower temperature ranges and are more tolerant of low 
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aw's (Ayerst, 1969; Smith and Hill, 1982; Magan and Lacey, 1984). Generally, it 
can be said that 
(1) most xerophilic species can be identified with isopleths showing maximum 
growth at aw levels markedly below l.O. In experiments of Magan and Lacey 
(1984) Euratium amsteladami, E. repens and Aspergillus versica/ar grew fastest 
between 0.90 and 0.95 aw. Observations of Smith and Hili (1982) showed a 
similar pattem forA. versica/ar and A. restrictus. 
(2) the maximum toleranee to extremes of aw is exhibited at approximately the 
optimum T, which is aften near the upper end of the temperature range, and 
conversely the maximum toleranee of temperature extremes is near the optimum 

aw· 
(3) growth ra te (i.e. in the exponential phase) and the duration of the lag phase 
are increasingly sensitive to changes in aw and T near the limiting val u es. 

Water activity-nutrients interactians 
( 4) Increasing the nutriem con centration generally reduces the minimal aw 
requirement for fungal growth (Scott, 1957; Ayerst, 1969; Grant et al., 1989). 
However, the limiting values of aw seem to be independent of nutrient supply, 
provided certain minimal requirements are satisfied. 

Water activity-temperature-alkalinity interactians 
There is little information on the interactive effects of pH with Tand aw on fun
gal growth. The early work of Von Schelhom (1950) showed that some 
Aspergillus species grew at lower aw at pH 7 than at pH 3-5, and Pitt and 
Christian (1968) suggested the failure of some Aspergillus species to germinate at 
low aw was a consequence of the low pH of the substrate. In the study of Magan 
and Lacey (1984) on Aspergillus and Penicillium species at optimum temperatures, 
decreasing the pH from 6.5 to 4 increased the duration of the lag phase by 1-2 
and 7 days respectively at high and low aw. Similar effects were observed by Pitt 
and Hocking (1977) . 

1.4 GENERAL CHARACTERISTICS OF SOME INTERlOR 
FINISHES 

Interior finishes can be considered multilayered systems, consisring of one or 
more sublayers on the building fabric and a decorative outer layer. Furthermore, 
additional treatment of building constructions is sametimes applied, such as the 
application of water repellants, which may affect all constituent finishing 
materials. 

1.4.1 Plasters 

The sublayers of decarating material mostly consist of plasters or renders, which 
primarily have a levelling function preceding decorative finishing of the con
struction, and a function with regard to air tightness. Furthermore, some plasters 
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are also suitable for decorative purposes. Plasters may be classified in three cate
gones: 

(1) Mineral piasters, basedon lime gypsum or lime-cement mixtures. Hardening 
is a re sult of bath hydration and carbonation. In bath cases, the presence of cal
cium hydrate causes an initia! alkalinity of the plaster. As a consequence of car
bonation, however, surface alkalinity is quickly reduced to values near neutraL 
Today, mineral plasters aften contain small quantities of synthetic resins to im
prove mechanica! properties. 

(2) Plasters based on synthetic resins, aften containing lime or gypsum additives. 
The hardening of these plasters is based on physical drying. Lime additives may 
cause discolouration (yellowing), which sametimes is confused with microbio
logical attack. 

(3) Gypsum piasters. Because hardening of these materials is based on very fast 
hydration (< 1 h), retarders such as tartaric acid are used to imprave applicabil
ity. Besides, several other additives are found in manufactured gypsum (Helff 
and Mosch, 1978; Anon., 1982; van Raalte, 1989): agents, based on cellulosic 
derivatives are commonly added to imprave concrete and plaster adhesion, fine- . 
grained sand, perlite to imprave thermal properties and decrease specific weight, 
and hydrophilic additives for water retention, i.e. to reduce the drying rate. 
Elements such as some metals and phosphorus occur in minor quantities. 

1.4.2 Wallpapers and paints 

Wallpapers ranging from woodchip to vinyl wallpapers usually contain cellulosic 
compounds, which like the organic constituents of adhesives may supply nu
trients for fungi. 

Paint constituents are generally distinguished into binders, solvents and emulsi
fiers, pigments, fiJiers and additives. Conventional solvent-home paints aften 
have a base of acrylic resins or the widely used alkyd resins, dissolved in organic 
solvents. The newer waterhome paints are based on aqueous dispersions of syn
thetic vinyl-type binders, such as polyvinylacetate or polyvinylpropionate (co-) 
polymers, and acrylic polymers. About 80% of the waterhome paints in the 
Netherlands are dispersions of polyacrylates (van Faassen and Borm, 1993). 
These acrylic dispersion paints contain a number of functional components that 
are not present in the traditional alkyd paints: ammonia and volatile amines to 
stabilize the binder and the paint pH (8-9), surfactants including antifoaming 
agents and emulsifiers of the binder, filler, thickener and pigment, corrosion in
hibitors to prevent corrosion of metallic parts, and preservatives for the in-can 
conservation and conservation during production. The preservatives are neces
sary because the paint formulation may contain microbially degradable com
pounds, such as surfactants and cellulosic thickeners, in an aqueous environ-
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ment. Generally, binders used for waterborne paints are highly resistant to 
microbiological attack (Ross, 1969). 

A small amount of organic solvents are added mainly because of their function in 
film formation. The film formation of waterborne paints is quite different from 
that of solventborne paints (Bondy and Coleman, 1970). During film formation 
of waterborne paints, physical drying takes place; solvent-borne paints dry 
chemically, e.g. alkyd resin binder oxidation occurs. As a consequence, porosity 
and pore-size dis tribution of both types may differ widely (factor 1 0-20). 

Pigments used in paints can be inorganic (e.g. white titanium dioxide, iron 
oxide) or organic compounds. The impact of the pigment volume concentration 
(defined as the volumetrie percentage of pigment present in the total solids of a 
paint system) on paint properties is well known. Asbeck and Van Loo (1949) 
introduced the Critica! Pigment Volume Concentration (CPVC) as a transition 
point in a pigment-binder system at which substantial differences in appearance 
and behaviour of the film will be encountered. For pigment volume concentra
tions below CPVC the paint is virtually non-porous, for values above CPVC 
porosity increases with increasing pigment volume concentration. 

Generally, waterhome paints are more hygroscopic than solvent-home paints. 

1.5 REVIEW OF EXPERIMENTS ON FUNGAL GROWTH ON 
BUILDING MATERIALS 

1. 5.1 Constructional materials 

The early workof Coppock and Cookson (1951) concemed decorated wood and 
various types of plain, white-washed and cement-rendered brick. Except for red 
clay brick, all specimens tested showed slight to moderate growth within a 4-
week period at steady-state RHs in the range of 80-95% and a temperature of 
27°C. They suggested that mould growth should be related to geometrie proper
ties of the substrate, i.e. porosity and possibly pore-size distribution, although no 
proof could be deduced from their experiments. 

1.5.2 Plasters 

Manufactured plasters often contain organic additives and it is clear that these 
materials may be susceptible to fungal growth. Fungal growth on interior plasters 
has been examined by several researchers. Becker and Puterman (1987) found 
fungal growth on plain gypsum boards (within 5 days after inoculation) and on 
manufactured lime-cement plasters (within 9 days after inoculation), both at 
97% RH. Francis ( 1987) tested gypsum plasters in a 1 0-week period at RHs of 
86, 92 and 97%. Only at 86% plasters remained virtually unaffected. In experi-
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ments of Herback ( 1990) traces of fungal growth occurred on manufactured gyp
sum after a 5-week incubation at 97% RH. 

Morgenstem (1982) studied effects of polyvinylacetate (PV AC) additives of gyp
sum-lime plasters on the susceptibility to fungal growth. These additives are of
ten applied to improve strength, elasticity and adhesion. Experiments under 
conditions near saturation at 23 oe clearly demonstrared an accellerated and 
intensified fungal development as a consequence of PVAC addition. Initially, the 
alkalinity of the plaster inhibits fungal development. Owing to carbonation, pH 
alters towards more tolerabie values. The experiments showed that PVAC addi
tives nearly halved the time needed for entire carbonation. Besides, PVAC addi
tives resulted in increased water content of the plaster. Both hydralysis of PVAC 
and carbonation were related to this effect. Although polyvinylacetate itself can
not be used as a carbon souree by the species of fungi tested, hydralysis resulted 
in the formation of polyvinylalcohol and acetate, the latter being a possible 
nutrient. 

1.5.3 Decorative finishes 

Fungal growth on finishing or decorating materials has received more attention, 
although it has been focused on exterior rather than on interior applications. 
Becker et al. (1986) and Becker and Puterman (1987) studied the effect of paint 
porosity, as related to the pigment volume concentration, on growth of Aspergillus 
niger and Penicillium expansum on polyvinyl acetate and acrylic emulsion paints at 
97% RH. They concluded that the Critica! Pigment Volume Concentration 
seems to be a transition point, as fungal growth increased significantly for PVC 's 
above this value. Grant et al. (1989) studied the minimal water requirement for 
fungal growth on woodchip paper (either plain or emulsion painted) pattemed 
wallpaper, vinyl wall covering and emulsion painted gypsum plaster. On emul
sion painted woodchip paper Aspergillus versica/ar and Penicillium chrysagenum 
were able to grow after 3 weeks exposure to 25 oe and steady-state RHs down to 
79%. Furthermore, their study showed that the nature of the base substrate 
affected fungal growth on the coating, but there was no consistent pattem for all 
fungal species examined. 

Pasanen et al. (1992) investigated fungal growth on wallpaper, plywood, gypsum 
board and acoustical fibre board. Both the microflora on material sampled from 
damp buildings and fungal growth of a mixture of the same species in a range of 
steady-state RH's in the laboratory was studied. Aureabasidium pullulans, 
Cladasparium cladaspariaides, Penicillium verrucasum, Stachybatrys chartarum and 
Trichaderma viride were found. For all materials considered, the minimum RH 
required for fungal growth was 83-96% depending on the species involved. 
Furthermore, their study indicated that successive growth of the species used 
takes place in relation to the RH conditions. Similarly, Grant et al. (1989) sug
gested primary colonizers growing at aw below 0.8 (e.g. Penicillium spp and 
Aspergillus versicalar), secondary colonizers growing in the aw range 0.8-0. 9 (e.g. 
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Cladosporium spp) and tertiary colonizers growing at aw above 0.9 (e.g. 
Stachybotrys chartarum and Aureobasidium pullulans). 

1.6 CONCLUSIONS 

The main factors affecting fungal growth are water, temperature and nutrients. 
Normally, the temperature of building materials and interior finishes in the 
indoor environment will be in the range permitring fungal development. The 
nutritional requirements are minimal and are satisfied either by the material 
constituents or by a minor contamination of the surface by dust or other deposits 
(Becker and Puterman, 1987; Grinbergs et al., 1993). There is no doubt that 
water is the only limiting factor in building practice, allowing a sustained control 
of fungal growth. Although fungal disfigurement of materials is often related to 
surface condensation, experimental evidence shows that most fungi readily ger
minate and grow on substrates in equilibrium with RH's below saturation. 
Moreover, virtually all fungi have optimum conditions for growth in a range below 
saturation. 

The maximum toleranee to moisture conditions is exhibited on materials of a 
high nutritional content under optimum temperature and alkalinity. The ultimate 
lower aw for germination on culture media is found to be in the range of 0.62-
0.65 aw which may be translated to 62-65% RH if equilibrium between the sub
strate and the air exists. Fungal growth experiments on common building and 
finishing materials indicate a threshold value that is more significant for control 
strategies in building practice. The studies reviewed imply that susceptible sur
faces can be kept free of fungal growth if the RH is maintained below 80%. It is 
emphasised that this value is based on 3 weeks exposure at 25°C. For less 
favourable conditions and shorter exposure periods this value will increase. 
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CHAPTER 2 

Water, the key factor 

2.1 INTRODUCTION 

Water is the key factor in the understanding of fungal development in building 
practice. Among others, water activity, water potential, relative humidity and 
moisture content are used, often simultaneously, to describe the humid micro 
environment. In this Chapter, these parameters are treated within the context of 
water up take mechanisms of the fungus. 
The interaction of the fungal cell and the environment is closely connected to the 
main functions of the cell membrane in separating the internal and extemal envi
ronment, and in transporting molecules or ions from one side to the other. The 
transport may be either passive, i.e. driven by ditierences in chemica! potentials 
on opposite sides of the membrane, or active, i.e. driven by intracellular energy 
conversions. Some membrane transport mechanisms are concisely discussed. 
Water relations of fungi are often considered on the basis of macroscopie models, 
leaving the membrane transport mechanisms aside and consictering the mem
brane as a black box. Such approach is primarily focused on the chemica! po
tentials of the extra- and intracellular water. 
Instead of the chemica! potential of water in the immedia te surroundings of the 
cell, derived quantities are generally used, of which the water activity and the 
relative humidity are most common. Both are discussed in this Chapter. 
Although these concepts are related, marked differences occur, imposing limita
tions on their application to analysis of mould growth on porous substrates in 
building practice. 
Another quantity used to describe water relations of fungi on interior materials is 
the moisture content of the substrate. In contrast to the water activity and the 
relative humidity, this parameter includes both qualitative and quantitative in
formation on water availability. The significanee for mould growth intheindoor 
environment is considered. 
The state of water in the cell is often described on the basis of the classica! os
motie system. In this simplified approach, it is assumed that most of the cell wa
ter exists in a free state like that of a dil u te aqueous solution, so again a water ac
tivity (or osmotic pressure) can be used. Experimental studies inthelast decades, 
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however, indicated that this approach is oversimplified and established that the 
bulk of the cell water should exist in an ordered state. Consequently, new theo
retica! concepts were introduced, of which the coherent theory of Ling (1988a 
and b) is discussed briefly in this Chapter. 

Water relations of fungi are usually studied under steady-state environmental 
conditions. In that case, the relation between the extracellular quantities men
tioned above is well-defined. However, in the indoor environment fungi are ex
posed to elimate dynamics. This Chapter concludes with a preliminary investiga
tion into the response of the fungal cell to transient air humidities. A new micro
scopie technique allowed reai-time observation of changes in dimensions 
(swelling) of the cell as a consequence of vapour pressure alterations, and pro
vided data on the water uptake inertia. 

2.2 THE FUNGAL CELL 

The most basic division of living organisms is between the eucaryotes, either uni
cellular or multicellular organisms that have a true nucleus, and the procaryotes, 
that have no nucleus. The latter only includes bacteria and blue-green algae. 
Fungi are heterotrophic eucaryotic micro-organisms. The fungal cell is sur
rounded by a thick rigid cell wall, usually composed of chitin or of a chitin-cellu
lose complex. The main cell-wall function is providing a mechanically strong 
bounding layer, which enables the cell to survive in a dilute aqueous environ
ment. Although the cell wall is not a semipermeable membrane, it can act as a 
molecular sieve, prevenring large molecules from passing through. 
Looking at it in a simplified way, the fungal cell consists of three essenrial compo
nents: the nucleus, the cytoplasm, which provides an equable environment for 
cellular activities, and the surrounding cell membrane, which maintains the 
intemal environment. Besides some metabolites and a variety of enzymes, the 
cytoplasm comains some membranous organelles, complex, well differentiated 
intemal structures, bounded by membranes similar to those that surround the 
cell (Fig. 2.1). 
Two membranes perforated by pores separate the nucleus from the cytoplasm. 
The outer nuclear membrane is probably continuous with a complex intemal 
membrane system, the endoplasmie reticulum, which forms channels throughout 
the cytoplasm. Parts of the endoplasmie reticulum (the rough ER) are covered 
with ribosomes, small bodies containing protein and ribonucleic acid (RNA), 
which are the site ofprotein (and enzyme) synthesis. 
The mitochondrion is an organelle bounded by a double membrane and contain
ing án intemal membrane system, within which are a number of enzymes asso
ciated with respiratory metabolism. Mitochondria are concemed with energy 
conversions, converring the energy of oxidative reactions into useful forms, es
pecially adenosine triphosphate (ATP). ATP is the predominant high energy 
phosphate compound of all living organisms, which has a pivotal role in cell en 
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Figure 2.1. Schematic presentation of the fungal cell. ER= endoplasmie rericulum; G = Golgi 

body; M = mitochondrion; N = nucleus; Nu = nucleolus; R = ribosomes; S = starage granules; V = 
vacuole. 

ergetics, mediating the energy transfer by interconversion with the diphosphate 
(ADP). 

Many eucaryotic cells contain Golgi bodies, stacked membranes that function in 
secretion. The Golgi apparatus may package and transport material synthesised 
by the cell from one area of the cell to another or to the cell's exterior. 
Another important organelle is the vacuole, which appears to be involved in the 
accumulation and starage of metabolic intermediates and ions. The vacuole may 
function in osmotic regulation. 

lipid bilayer 

Figure 2.2. The '!luid mosaic model' of a biologica! membrane, according to Singer and Nicholson 

(Wilkinson, 1986). This model consisrs of a phospholipid bilayer and embedded proteins. 

Surrounding the cytoplasm in all cells is the cytoplasmic membrane or plasma 
membrane. According to the model suggested by Singer and Nicholson 
(Wilkinson, 1986), the cell membrane is considered a fluid mosaic structure, 
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consisring of a double layer of phospholipids (Fig. 2.2). In this bilayered stroc
ture proteins are embedded, some spanning the membrane, some on one side 
only. The membrane is fluid, because protein components can diffuse laterally in 
its structure. The cell membrane bas a vita! function (a) in being selectively per
meable and (b) in transporting specific solmes in either direction. While water 
and some small molecules may diffuse through the membrane, the transport of 
most nutrients across the membrane in either direction usually involves their 
specific combination with protein molecules called permeases (carriers), which 
are built into the membrane structure. Energy provided by the cel! may be neces
sary for this transport. The membrane transport mechanisms involved are further 
discussed in the next paragraph. 

2.3 MEMBRANE TRANSPORTAND UPT AKE OF WATER AND 
NUTRIENTS 

Fungi obtain their food in a soluble form by uptake through the cytoplasmic 
membrane. Several roodels of transport across membranes exist. Some examples 
are the black box approach of Oster, Perelson and Katchalsky (1973) and 
Schnakenberg (1977), in which the details of membrane structure and molecular 
transport mechanisms are neglected completely and the transport is expressed in 
terms of overall resistances and capacitances within a network representation, 
and the frictional model of Kedem (Thain, 1967), descrihing flows through a 
leaky membrane. The latter model is based on steady state thermodynamics, and 
starts from the phenomenological equations and the Onsager reciprocal relation
ship. A more detailed approach to membrane transport mechanisms is usually 
connected to the unit membrane, a structure typical of most selective permeable 
membranes of eucaryotic cells. Generally, a classification is made into 
- Passive transport, or 'down-hill' transport, as a consequence of potenrial differ
ences. The passive transport results in a lowering of the free energy of the system. 
- Active transport or 'up-hili' transport. Energy provided by the cell metabolism is 
necessary for the transport process. 

Passive transport 
The passive transport of lipophilic particles is believed to be a consequence of 
simple diffusion through the plasma membrane (Bernards and Bouman, 1983; 
Hoppe et al., 1983; Wilkinson, 1986). In that case, the semipermeability of the 
membrane is caused by the selective solubility of the particles in the fatty sub
stance composing the membrane. 
This mechanism does not apply to lipophobic particles. The following roodels are 
commonly suggested : 
-The membrane comains water filled pores. The proteins spanning the mem
brane may act as such. In this case, the transport of water and smal! solutes is de
scribed by osmosis. According to Thain (1967), it is difficult to explain the high 
permeability of biologica! membranes to water by any other means. 

48 



WATER, THE KEY FACTOR 

-The transport across the membrane is achieved through the action of carrier 
mechanisms. Proteins probably function as carriers, showing two striking fea
tures: (1) they demonstrate specificity, which allows control over what enters the 
cell, and (2) they can accumulare nutrients within the cell to a higher concentra
tien than in the environment. The latter feature involves active transport. 
Such specific transport systems increase the rate of passage into and out of the 
cell manifold as compared with the rate of simpte diffusion (Wilkinson, 1986). 
The mechanism is based u pon the hypothesis that linking of particles to carriers 
results in a complex with a good solubility in the membrane substance. The con
sequent transfer is similar to diffusion, and is therefore aften called 'facilitated 
diffusion' (Bemards and Bouman, 1983). 
All charged particles and ions may be considered lipophobic. In addition to the 
transport of uncharged particles, electric farces have to be taken into considera
tion. Due to charge transfer, an electric potenrial difference, the transmembrane 
potential, is created. This potenrial may oppose or support the transport due to 
chemica! potenrial differences, depending on specific membrane permeabilities 
and chemica! potentials (Thain, 1967; Bemards and Bouman, 1983; Hoppe et 
al., 1983) . Asthere may be an interaction ofions with solvent (e.g. due to the 
dipole structure of water), an electric potenrial gradient can also produce a flow 
of uncharged solvent. This phenomenon is called electro-osmosis. The electrical 
potenrial gradient causes anions and cations to flow in opposite directions. The 
electro-osmotie flow of solvent occurs in the direction of motion of the ions 
which have the largest interaction with the solvent (Thain, 1967). 

Active transport 
To maintain an equable intemal environment, active transport is needed. Two 
types of active transport are generally distinguished: 
- Carrier transport. To oppose a potenrial gradient, input of energy provided by 
the cell is necessary. It is assumed that the carrier transport is ATP driven, i.e. 
conversion of ATP releases energy. Analogous to the passive carrier transport, 
this mechanism shows specificity. The simultaneous transport of Na and K 
through eucaryotic cell membranes is probably the most studied example of this 
mechanism (Bemards and Bouman, 1983; Hoppe et al., 1983). 
- Another mechanism employed by microorganisms for uptake of particulate 
matter is endocytosis: the ability of the cell membrane to engulf food particles by 
invagination of the membrane ( in particulate form by phagocytosis, in liquid 
form by pinocytosis) . This active mechanism is poorly understood. A similar 
mechanism may be applied to excretion of waste products and is called exocyto
sis. 
Fungi are incapable of exo- and endocytosis as a consequence of their cell wall 
structure extemal to the membrane (Wilkinson, 1986). However, they are a bie to 
hydrolyse polymers extracellularly by secretion of enzymes. 
Table 2.1 gives an overview of active and passive transport mechanisms and sum
marizes some general features. 
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Table 2. 1. Overview of passive and active membrane transport mechanisms. L1!1 and L1E represent the 

chemica! potenrial difference and the electrical potenrial difference, respectively. 

~ .·.· . 
': Partiele Driving force Mechani!!W. General 

.... · characteristics : · . " 

lipophilic L1!1 solubility of particles in the 

membrane + simple ditfusion 

lipophobic no accumulation; 

u L1!1 ditfusion through pores slightly affected by 
;. 

(water, small solutes) .... temperature; riJ 
riJ co uncharged L1!1 carrier transport independent of the ·j:l. 

.. metabolism; 

L1E electro-osmosis small selectivity 

(water, due to charged flow) 

charged L1!1 + L1E diffusion through pores 

all types ATP-> ADP 
u 

carrier, membrane pump accumulation; 
;. .... ... conversions dependent on tem-
u endo- and exocytosis perature and meta-co 

bolism; selective 

2.4 RELATIVE HUMIDITY AND WATERACTIVITY 

Two quantities are commonly used to describe the state of water in the micro 
environment of the fungus: the water activity aw (Scott, 1957) and the relative 
humidity RH (Coppock and Cookson, 1951 ; Ayerst, 1968; Pasanen, 1992) . 
Although these quantities are related, there are marked differences. 
From the Gibbs-Duhem equation 

L,n; · d.U; = -S · dT + V · dP (2.1) 

where n; is the number of mol es of i in the system, and V, Tand S the volume, 
the temperature and the entropy of the system, respectively, it follows that the 
variation of the chemica) potential .U; of substance i with pressure P is given by 

If substance i is an ideal gas then 
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and hence 

P; = p, ,o + R · T · In (P) (2.4) 

If i is a component of a mixture of gases, Pis replaced by P;,v, the partial pressure 
of i. The reference state P;,o is the chemica! potential of the gas under a partial 
pressure of 105 Pa, and is a function of the temperature T only. 
The concept of an ideal gas is useful in discussions of thermodynamics of gases 
and vapours. Many cases of practical interest are treated adequately by ideal gas 
approximations. Description of the properties of solutions, however, is much 
more complicated. Since the vapour pressure of a component above the solution 
is a good measure of the tendency to escape from the solution, and therefore re
flects the physical state of affairs within the solution, the activity a; of a compo
nent i in the salution was introduced. When equilibrium between the component 
i and its vapour exists, the chemica! potential Pi,! of i in the solution equals the 
chemica! potenrial Pi,v of i in the vapour phase. 

11 . 1 = 11 . = 11 . 0 + R . T . In (P. ) r-z, t-'J,v ,.-,, z,v (2.5) 

Comparison to the chemica! potenrial of pure solvent p~ in a reference state in-
' traduces the activity a ; of i in the solution. It is emphasised that the activity de-

pends strongly on the reference state chosen. 

In case of pure solvent i 

p ~ = p, 0 + R · T · In (P ~ ) 
z,l ' 1,v 

(2.6) 

From expression (2.5) and (2.6) follows 

P;,1 - P,~,t = R · T ·In( a,) (2.7) 

Two definitions of the activity a; can be found in the literature (Thain, 1967; 
Moore, 1978; Hoppe et al., 1983) 

(2.8) 

and 
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(2.9) 

with 

(2.1 0) 

As long as the vapour behaves as an ideal gas, the activity a; of a component i in 
the salution equals the ratio of the partial pressure of i above the salution to the 
vapour pressure of pure i in the reference state. Again, it is emphasised that equi
librium between the liquid and vapour phase is required. The first definition (2.8) 
of the activity implies that the activity of the pure solvent always is 1 (Thain, 
1967). The consequence ofthe second definition (2.9 with 2.10) is that the ac
tivity slightly depends on the total hydrastatic pressure PH (Moore, 1978; Hoppe 
etal., 1983). 
For non-ideallity, a new function called fugacity f was introduced (Moore, 
1978) . In that case, the activity a; is calculated from the ratio of f ; of i in the 
salution and F of pure i in a reference state. However, since the vapour pressure 

' in the indoor environment is sufficiently low ( <2.3x1 03 Pa), non-ideality may be 
neglected. 

The relative humidity is defined as 

(2.11) 

Although this expression resembles the definition of the activity in (2.8), consid
eration of the assumptions underlying (2.8) shows marked differences. The RH 
concerns water in the vapour phase, whereas aw refers to water in another state, 
either liquid or bound to the substrate. Furthermore, the RH is a measurable 
quantity, and aw can only be deduced from other quantities such as the RH un
der equilibrium conditions and the osmotic pressure (paragraph 2.6.1). 

2.5 THE MOISTURE CONTENT OF THE SUBSTRATE 

It is also suggested (Bravery, 1985; Foarde et al., 1994) that water requirements 
of fungi are best considered in terms of the moisture content of the substrate. 
The moisture content primarily includes quantitative information on the water 
availability. The physical state of water in the material can be deduced from the 
sorption isotherm, relating the moisture content and the RH under equilibrium 
conditions. A complicating factor, however, is due to hysteresis . In that case the 
moisture content is not a single valued function of the RH, but also depends on 
the previous history of the materiaL 
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The significanee of the amount of water in the substrate is still not clearly un
derstood. Galloway (1935) used the hysteresis in the water sorption isothermsof 
cellulose to distinguish between the effects of the amount and the physical state 
of water. Block (1953) increased the equilibrium moisture contents of cotton by 
adding magnesium chloride. Compared with controls under the same RHs, 
fungal growth increased significantly. From both studies, however, it is 
concluded that it was the RH (or a w) rather than the equilibrium moisture 
content which determined fungal growth. 

2.6 THE STATE OF WATER IN THE CELL 

2.6.1 The osmotic concept 

With respect to the uptake of water and nutrients, the fungal cell is often consid
ered an osmotic system, leaving membrane transport mechanisms aside. In that 
case, water requirements are expressed in terms of osmotic pressures, which may 
be calculated from water activities. 
In a simplified model, the cytoplasm is treated as one phase, which consists of a 
vacuole containing an aqueous solution. Furthermore, it is assumed that the 
membrane is ideally permeable, meaning that it is only permeable to water. 
When a surrounding aqueous solution is hypo-osmotie to the contents of the cell, 
water enters the cell, that swells and distencts the cell wall slightly. Consequently, 
the cell wall exerts a pressure opposing the water inflow. This pressure is called 
turgor P,. 

The fundamental thermodynamic equation for the osmotic pressure ll of a solu
tion with solvent i is (Thain, 1967): 

(2.12) 

with a, according to defmition (2.8). From expressions (2.5) and (2.8) follows 

J.l; = j.l, ,o + R · T · ln ( p; (PH , T) · a ; (PH, T)) (2.13) 

or 

J.l ; = J.l; (PH, T) + R · T · In (a; (PH, T) ) (2.14) 

so the chemica! potenrial J.l w ,e of the water in the surrounding solution is 
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(2.15) 

where the barometric pressure PB is chosen as the reference pressure. Assuming 
that variatien in the molar volume with pressure is negligible, the chemica! po
tential of water in the cell Jl w,el is deduced from equation (2.2): 

(2.16) 

This equation emphasises that the chemica! potenrial of the water in the cell not 
only depends on the osmotic term related to the water activity of the cell liquid, 
but also on turgor pressure P,. 
The direction of the water flow depends on the difference between the water ac
tivities of the intracellular and extracellular solution. At osmotic equilibrium, i.e. 
no net water flow occurs, the chemica! potenrial of the cellular water equals the 
chemica! poten ti al of water in the surrounding solution, so 

(2.17) 

The quanrity on the left side is called the water potenrial Me1 of the cell. Me1 is 
completely defined in measurable quantities, whereas the chemica! potential in
cludes an indeterminable quantity Jl~. Therefore, in practice water transport due 
to osmosis is convenienrly discussed in terros of water potenrials of the cellular 
water and the surrounding solution (equalling the inverse osmotic pressure -lle). 
Water potenrials may be converred easily into water activities and vice versa. 

Turgor 
It is often suggested that turgor and hyphal extension might be related. The role 
of turgor in hyphal development was first highlighted in observations of Park and 
Robinson (I 966) and Robertsen and Ritzvi (1968). Eamus and Jennings (1986) 
discussed the simple hypothesis that turgor provides the driving force for growth. 
From their experimenrs, turgor pressure at the mycelial front and colony radial 
growth seem to be related. This result conflicts with earlier findings of Adebayo 
et al. ( 1971) and Luard and Griffin ( 1981). However, their studies were based on 
the mistaken assumption that the mycelial water potenrial Me is in equilibrium 
with the water potential Me of the substrate. The mainrenance of a water poten
rial gradient is essenrial for a sustained water influx. Nevertheless, the role of 
turgor in fungal growth is still under discussion. 

The osmotic pressure of capillary water 
When the substrate is a capillary porous body, the osmotic pressure of the exter
nal water not only depends on the water activity of the solution, but is also af
fected by capillarity. In thermodynamic equilibrium, the osmotic pressure of the 
capillary water is given by (Appendix Il): 
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Dc =- :~ T · In(aw(PB,T)) +Pc=-:~ T · ln(RH) 

w,l w,l 

(2.18) 

showing that the total stress Pc can be divided into tensiometric and truly osmotic 
components. The latter becomes significant with increasing concentrations of 
capillary solutes in building materials, salts in particular. 

2.6.2 The multilayer polarization concept 

The osmotic concept is widely used to defme the properties of the cell water, by 
studying the behaviour of the cell volume in aqueous solutions with various os
motie pressures. Results of such experiments are often analysed in terms of the 
van 't Hoff equation, which by analogy with the ideal gas law can be written 

(2.19) 

where n is the total number of moles of solutes in the cytoplasm and Vc1w is the 
volume of water in the cytoplasm. It can be shown that the van 't Hoff equation is 
a special case of the general thermodynamic equation (2.12), assuming that the 
solution is very dilute and behaves ideally, i.e. the activity ai of i in the solution 
equals the mole fraction of i (Thain, 1967). As a consequence of these approxi
mations, even ideal solutions should not obey the van 't Hoff equation at high 
concentrations of solutes. 
Consiclering the volume of solids in the cell, equation (2.19) leads at osmotic 
equilibrium of the cell and the surrounding solution to 

(2.20) 

where Vc1 is the cell volume and the index 0 denotes the reference condition of 
the cell in its natura! environment. Consequently, a plot of the experimentally 
determined Vel versus fl.-• should be a straight line of slope Vc!w,o· Numerous 
studies showed this Iinear relationship between certain Iimits of the osmotic pres
sures of the solution, which provided a most rational basis for the assumption 
that all water and ions in a cell exist in a physical state essentially that of a dilute 
aqueous solution. However, the value of Vc1w,o obtained from the slope was 
usually less than that obtained by direct measurement of the water content of the 
cell. This observation led to the ad hoc assumption of a 'non-solvent' fraction of 
cell water, probably caused by the binding of water to proteins in the cytoplasm 
(Thain, 1967; Negendank, 1985). 
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Results of a number of physiological studies accumulated in the last decades are 
incompatible with the classica! osmotic approach and led to radically different 
concepts of the state of cell water and ions (Negendank 1985, 1988; Ling, 1988a 
and b). These studies emphasised that the solure exchange between the cel! and 
the environment, and some associated physiological functions should be consid
ered to understand the physical state of water in the cel!. 
The validity of the osmotic experiment mentioned above rests on the assumption 
that no net movement of solutes occurs during the time that water re-equili
brates. Actually, the membrane is quite permeable to various solutes, of which 
the exchange of the universally present potassium K+ and sodium Na+ is most 
prominent 1 • The in- or outflow of ions produces an electrical potenrial difference 
across the plasma membrane, which opposes the flow of solutes. The 
transmembrane potenrial at electrical equilibrium is determined by the relative 
concentrations of the ions compared to the extracellular environment and the 
specific membrane permeabilities. lt is recognised that this electrical equilibrium 
is incompatible with the chemica! equilibrium of the solutes. Although no net 
charge transfer occurs, exchange of solutes still takes place as a consequence of 
concentratien differences. The osmotic equilibrium of the water is achieved by 
the counterbalancing hydrastatic pressure exerted by the rigid cel! wal!. 
The chemica! disequilibrium of solutes led to the postuiatien of membrane pump 
mechanisms to maintain an equable intracellular environment. The primary 
souree of energy of the performance of such pumps should be supplied by the 
high energy phosphate bond of ATP. The pump concept was further elaborated 
when it was discovered that the membrane may contain an enzyme which hy
drolyses ATP in the presence ofboth K+ and Na+ (Skou, 1960). lt was suggested 
that this Na, K-ATP ase, was in fact an important component of the sodium 
pump. 

The membrane pump concept left little doubt about the basic assumption that 
cel! water and ions exist in a state of a dilute aqueous solution. However, an ob
vious question to ask was whether the cel! has enough energy to operate the pos
tuiared pump. Among others, this question was addressed by Ling (1962), who 
estimated that the energy required for pumping might even exceed the maximally 
available energy substantially. Furthermore, Negendank (1985) observed that the 
cel! volume could be maintained when sodium pumping was inhibited. As a 
consequence, an ordered state of bulk water in the cel! was suggested. 
Besides the physiological observations, some physical chemica! properties indi
cate this nature of the cel! water. Aspects of this were reviewed by Ling (1988b) 
and Negendank ( 1985). Since the flow of solutes through the leaky membrane 

1The osmotic pressure of a solution has been defined, operationally, as the excess pressure which 
must be applied to the solution to prevent a net flow of solvent across a semipermeable membrane 
separating the solution from the pure solvent. Actually, the pressure required to produce zero volume 
flow across the membrane is measured in an osmotic experiment. Deviations of this apparent pressure 
from the real osmotic pressure are caused by the parrial balancing of the water flow by the solute flow, 
and the possible interaction of sol u te and solvent in the membrane. 
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obscures the results from osmotic experiments using solutions, Ling and 
Negendank (1985) studied the equilibrium cell water content (or volume) during 
exposirion to water vapour of various relative pressures. According to expression 
(2.12), this relative pressure can be translated into the osmotic pressure. The 
common plot of the water contentor cell volume versus rr.-1' however, markedly 
condensed the lower range of osmotic pressures and showed a substantial fraction 
of non-solvent water. A much better perspective of the situation was obtained by 
plotting the water content as a function of the relative pressure, a straightforward 
measure of the water activity. In that way, the results of Ling and Negendank 
showed that the linear relationship of cell water and rr.-l corresponded to less 
than the upper 3% of the range of water activities. Ling reasoned that the water 
must be ordered in multilayers and therefore adopted the description of Bradley 
(1936) for multilayer adsorption of substances with permanent dipole moments 
onto polarisable substrates. Application of this concept showed a curve fitting 
almost all data. Obviously, the assumption that the bulk of cell water is ordered 
in multilayers could account for a wide range of water activities, including the 
apparent behaviour of cells as osmometers in a limited range. Furthermore, there 
was no need to introduce a fraction of 'non-solvent' water. Ling (1988b) 
postuiared that this modeHing may be universally valid to cellular water. Proteins 
should be responsible for this ordering of the bulk cell water. 
Further evidence of water existing as polarised multilayers was attributed to the 
reduced diffusion of water into cells compared to diffusion into free water 
(Hazlewood, 1979; Beal, 1983), and solute exclusion (Ling, 1988a). 

2. 7 A PRELIMINARY ESEM-STUDY OF RELA TIVE HUMIDITY 
EFFECTS 

Some preliminary experiments focused on the response of the fungal volume ( or 
water content) to transient relative humidities have been carried out using an 
Environmental Scanning Electron Microscope (ESEM). This new technique al
lows reai-time SEM observations of changes in cell dimensions. The work was ac
complished with an ElectroScan ESEM, Model E-3, with a Peltier Effect 
Temperature Control system. 

2.7.1 Environmental Scanning Electron Microscopy 

The principle of the ESEM secondary electron dereetion is based on gas ioniza
tion. The low-energy secondary electrons from the beam impact point on the 
surface are accelerated toward the detector electrode by a moderate electric field. 
Successive collisions with the ambient gas molecules liberare more free electrons, 
resulting in a proportional cascade of current within the gas. The positive ions 
created in the gas serve effectively to neutralise the destructive build-up of excess 
electron charge on the specimen. In the experiments, water vapour was used as 
ionizable gas. 
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ESEM allows imaging of unprepared wet specimens without the need to apply an 
artificial coating layer. eompared with conventional scanning electron mi
croscopy (SEM), the technique does not require a high vacuum environment. 
More detailed information is given in a series of publications by Danilatos and 
Brancik (1986) Danilatos (1988, 1990a and b) and Peters (1990). 

2.7.2 Experimental and operational procedures 

ESEM experiments involved two types of substrate: (a) plain reference gypsum 
and (b) waterbome acrylic paint on a gypsum base substrate. eomposition and 
characteristics of the substrates are described in ehapter 3 and Appendix I. Both 
types we re inoculated with dry conidia of a 1 0-day culture of P. chrysogenum. 
Inoculations were made using cotton swabs, according to the methods recom
mended in paragraph 3.3.4. Two sets of observations were made: 
(1) Examinatien directly following inoculation. Small pieces, approximately 2 
mm2 in area and 1 mm thick, were taken from the substrates and transferred to 
the temperature-controlled stage in the ESEM specimen chamber. Next, the 
specimen chamber was evacuated and the stage temperature was lowered from 
23 oe ambient temperature to a constant level in the range of 6-9.4 oe. During 
observation the water vapour pressure was maintained at 0.5x103 to 1.1x103 Pa, 
i.e. RH was altered in a drying-wetting cycle up to 100%. The experiments were 
performed in triplicate at an acceleration voltage of 15 kV. 
(2) Examination of specimens incubated for 24 h at 97% RH. After inoculation, 
specimens were incubated in a small transparent container with a saturated 
aqueous potassium sulphate salution at ambient temperature. After 24 h, a 
specimen was removed from the test cabinet and a small sample was taken. The 
experimental procedure was identical to the aforementioned procedure for direct 
observation. The experiments were duplicated. 

2.7.3 Results 

In both types of experiment the alteration of the water vapour pressure remark
ably affected fungal morphology. As it would be with conventional SEM, initia! 
observations show collapsed conidia, probably as a consequence of the vacuum 
environment in the specimen chamber. The observations directly following 
inoculation, however, showed that raising the water vapour pressure stepwise up 
to saturation at 9.1 oe resulted in the recovery of the dry conidia from collapse. 
Globose and subglobose conidia were observed at water vapour pressures below 
saturation. It was observed that no further change in morphology occurred when 
raising the water vapeur pressure up to saturation. The immediate phenomenon 
of condensation on the surface starred at the conidial sites, both for plain gypsum 
and the acrylic paint. 
Observations of specimens incubated for 24 h show progressive changes in mor
phology with increasing water vapour pressures. In Fig. 2.3, micrographs depiet a 
catastrophic alteration in morphology of swollen conidia, while raising the water 
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Figure 2.3. Alteratiens in morphology of swollen conidia of P. chrysogenum (CBS 40 I. 92) as a con

sequence of an increasing water vapour pressure. All micrographs (x840) show the same area and are 
taken from an ESEM-experiment of plain gypsum specimens incubated for 24 h at 97% RH. (a) At 

initia! water vapour pressures in the ESEM of 0.7x103 Pa(~ 65% RH) and 7.9 oe, ESEM observa

tions showsome collapsed conidia; (b) swollen conidia at a water vapour pressure of 0.8x103 Pa (~ 
75% RH), 5 min after raising the pressure; (c) conrinued swelling of conidia and radical changes in 

morphology at a water vapour pressure of 0.9x103 Pa(~ 85% RH), 8 min; (d) radical changes in 

morphology at a water vapour pressure of 0.95xl03 Pa (~ 90% RH), 10 min; (e) catastrophic changes 

in morphology, causing bursting of conidia at l.Oxi03 Pa c~ 95% RH), 11 min; (f) most conidia have 
burst at l.Oxl03 Pa(~ 95% RH), 12 min. 

59 



CHAPTER 2 

vapour pressure stepwise from 0.7x103 Pa, i.e. 65% RH (Fig. 2.3(a)), to 0.8x103 

Pa, i.e. 75% RH, after 5 min (Fig. 2.3(b)), 0.9x103 Pa, i.e. 85% RH after 8 
min(Fig. 2.3(c)), 0.95xl03 Pa, i.e. 90% RH after 10 min (Fig. 2.3(d)), and 
l.Oxi03 Pa, i.e. 95% RH, after 11 min (Fig. 2 .3(e)) at a temperature of 7.9 °C. 
At 95% RH, most conidia had burst. Fig. 2.3(f) shows the final situation, after 12 
min. Scanning the remaining surface area of the gypsum sample showed a similar 
pattern, all observations being reproducible. 

2.7.4 Discussion 

In the ESEM studies, both dry and swollen conidia were high penneable to wa
ter vapour. The immediate alteration in cell morphology with increasing water 
vapour pressures suggests a passive water uptake mechanism. Apparently, a high 
water influx can he secured for water vapour pressures below saturation, and the 
cell is capable of responding very rapidly to changes in water vapour pressure. 
Furthermore, differences in the mechanica! properties of the cel! walls were 
clearly revealed when raising water vapour pressure in the ESEM experiments. 
The low environmental pressure resulted in an increased mechanicalload on the 
cell wall: for dry conidia, the rigidity of the spore wall was sufficient to resist or 
exert the turgor pressure opposing the water influx under lowered atmospheric 
pressures, whereas the wall of the incubated conidia had a decreased resistance to 
mechanica! stress, causing a progressive disrension of the cell, with catastrophic 
consequences. A reduction in wall rigidity may be due to plastic or visco-elastic 
properties in growing regions of the wall, required to allow for expansion 
(Sietsma and Wessels, 1990). 

2.8 CONCLUSIONS 

The definitions of RH and aw emphasise that these quantities are only inter
changeable in case of equilibrium between the substrate and the adjacent air. 
Scott (1957) already emphasised that equilibrium is of major concern in myco
logical experiments on culture media. The water activity of the substrate should 
be controlled at a known level of the matching RH in order to be constant in 
space and time during the experiment. 
Under transient RHs, gradients in the material aw will occur. In that case, using 
the aw to describe water relations is further complicated, since the actual aw is not 
directly measurable. Previous studies (Adan, 1991; A dan and Samson, 1994) 
showed that the growth of various fungi found in the indoor environment at least 
initially appears to he a superficial phenomenon. Similar observations for P. 
chrysogenum on porous interior finishes are reported in Chapter 3. As a conse
quence of these facts, water relations of fungi should primarily focus on the sur
face humidity conditions during transient elimate conditions. Assuming imme
diare local thermadynamie equilibrium, the surface RH is related to the state of 
water in various phases in the surroundings of the fungus at the surface. As in 
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that case the RH should be the most appropriate measure to describe water rela
tions of fungi, it is used in this thesis. 

The moisture content is a third quantity sametimes used in water relations of 
fungi and primarily includes quantitative information on the water availability. 
Unambiguous data on the effects of the amount of water at the same RH on fun
gal growth have not been found in the literature. Therefore, as long as the signifi
canee of the moisture quantity to fungal growth is not clearly understood, it is 
recommended that the moisture content should be taken into account in com
parison of fungal growth on different materials under the same RH (e.g. in fungal 
resistance tests) only. In that case, the amount of water actually available should 
probably be a more appropriate measure than the equilibrium moisture content. 
This fraction of the equilibrium moisture content can be estimated on the basis 
of the sorption isotherm, consiclering the fact that no growth is observed below a 
threshold value of the RH, typical of the fungal species under study. A hypothet
ical case is given in Fig. 2.4. 

;:: 
"' ;:: 
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~ a 
<Jl 

<3 e 

RHacrual 

RHthreshold l 

relative humidity 

Su, actual 
} t.Sn, effective 

Sr, actual 

} <'>Sr, effective 

Figure 2.4. Comparison of moisture conditions in 2 different matenals under the same equilibrium 

RH. Although the acrual moisture content of material I is lower than that of material IJ, the estimates 

of the effective water availability can show a different picture. 

The osmotic model is a widely accepted concept that underlies the water rela
tions of cells. Osmosis essentially assumes the uptake of water in the liquid phase. 
A radically different theory based on multilayer polarization, however, could 
improve the description of water uptake data significantly over a wider range of 
aw or RH. Furthermore, in contrast to the osmotic approach, the polarization 
model includes the Bradley isotherm which primarily applies to the uptake of 
water in the vapour phase. Consiclering the humidity range for maximum growth, 
the polarization model should probably be more appropriate with respect to the 
area of indoor fungal growrh, as described in the present thesis. 
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The ESEM experiments indicate that conidia of P. chrysogenum are capable of an 
instantaneous water uptake as the RH increases. A distinct increase in the cell 
volume is already visible in the RH range of 75-85%. Although a fuller discussion 
of the ESEM results must await further detailed experimentation, the fast 
response of the cell suggests that short periods of a high surface RHs should oot 
be negleered in analysis of indoor humidities with respect to fungal growth. 
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CHAPTER 3 

Fungal growth on interior finishes 
under steady-state relative humidities 

3.1 INTRODUCTION 

Tackling fungal problems in the dornestic environment requires consideration of 
(a) indoor climate, i.e. water vapour emission, ventilation and heating, as related 
to occupancy behaviour and design characteristics (e.g. Becker, 1984; Anon., 
1990), (b) the building envelope quality, particularly air tightness and thermal 
bridging (e.g. Anon., 1991), and (c) the susceptibility of the interior finish to 
fungal growth. The impact of chemica! and physical characteristics of interior 
finishes on risks for fungal growth has been pointed out by several researchers 
(e.g. Morgenstern, 1982; Becker et al. 1986; Becker and Puterman, 1987; Grant 
etal., 1989;Adan, 1990, 1991). 
Nevertheless, in spite of the increasing interest of fungal probieros in indoor envi
ronments the testing of materials for resistance to fungal growth is not common 
practice in building physics. Such testing should be part of an overall strategy to 
tackle indoor fungal problems, in addition to measures for controlling indoor 
climate. 
This chapter consists of three parts, dealing with fungal growth under steady
state conditions. In Part I, Standards for testing fungal resistance of materials are 
reviewed and a new method is proposed to test interior finishes. Gypsum finishes 
are widely used in Dutch dwellings; the application of Waterborne paints is in
creasing, partly out of concern for the environment. Part II and III of the present 
chapter report on the fungal growth on these types of interior finish. In Part II, a 
modified cryogenic method is introduced to abserve fungal growth in its most 
natura! form on the substrates considered. Fungal growth rates of a prevalent 
airborne species as related to geometrie, moisture and nutritional characteristics 
of the substrate were studied on the basis of the proposed method of test in Part 
III. Using a single species instead of the commonly used mixture facilitates ob
servation and interpretation of effects of material properties. The assessment of 
growth in the fungal resistance test was based on observations with the naked 
eye. The low temperature scanning electron microscopy (LTSEM) in Part II was 
performed to obtain a comprehensive picture of the fungal development on the 
substrates considered. 

65 



CHAPTER3 

3.2 MATERIAL 

3.2.1 Fungal species 

The fungal species used in this study was Penicillium chrysogenum (CBS 401.92), 
cultivated for 10 days on 2% malt extract agar (Samson and van Reenen
Hoekstra, 1988) at room temperature. This species was isolated from airhome 
contaminants in preliminary fungal resistance tests in the same experimental ar
rangement (Adan, 1991). 
Some additional experiments were performed with Eurotium herbariarum (CBS 
260.93) cultivated for 10-14 days on malt extract agar containing 20% sucrose, 
and with Aureobasidium pullulans (CBS 259.93), cultivated for 7 days on 2% malt 
extract agar . 

3.2.2 Finishes 

Fungal growth was studied on plain gypsum substrates as well as on waterhome 
acrylic paints on gypsum-based substrates. All materials were prepared under 
aseptie conditions, but were not sterilised. 

Gypsum 
Two types of gypsum substrate were used: 
(1) a reference substrate consisring of pure calcium sulphate-dihydrate 
(CaS04.2H20) and known additional nutrients . The gypsum was prepared from 
a mixture of 3 parts (by mass) of calcium sulphate hemihydrate and 2 parts (by 
mass) of demineralised water containing ingredients taken from a Czapek solu
tion (Samson and van Reenen-Hoeks tra, 1988). The composition of this aque
ous solution is given in Appendix I. 
(2) a common Dutch machine-made gypsum plaster. The composition of the 
substrate is not known in detail; the characteristics are specified according to the 
DIN 18550 (Anon., 1985), classification P IVb. As was mentioned in Chapter 1, 
various additives may be preent. 

In the LTSEM experiments (paragraph 3.4) samples 12 mm in diameter and 3 
mm thick were cast on stubs in copper moulds finished with a Teflon inlay. After 
15 min, samples and stubs were removed from the moulds, and air dried at am
bient conditions (20±1 oe, 50±5% RH) for at least 4 days; additional drying in 
a 10 Pa vacuum was conducted for a minimum of 1 week. Unless stated other
wise, this procedure was used as the standard preconditioning method. 
In the fungal resistance tests (paragraph 3.3 and 3.5) samples measuring 75xl00 
mm and 5 mm thickness were cast in stainless steel moulds. The samples re
mained in the moulds during the entire experiment. 

Pa int 
Waterborne paints were used to finish gypsum base substrates. These paints are 
based on aqueous dispersions of an acrylic polymer binder, and were synthesised 
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in the laboratory for various pigment volume concentrations (PVC) . In the 
present study an acrylic paint was used with a 30% and 60% volume con
centration of an inorganic pigment, i.e:white titanium dioxide. As in preliminary 
tests the CPVC appeared to be approximately 45%, this paint is considered non
porous and porous, respectively (Asbeck and Van Loo, 1949). 

3.3 PART 1: METHOOS FOR TESTING FUNGAL RESIST ANCE 

3.3.1 Introduetion 

Biodeterioration of paint and paint films provided a considerable challenge to 
microbiologists and chemists in the paint industry to develop paint preservatives. 
Their effort originated from fungal probieros during paint manufacturing and in
can spoilage, as well as from defacement of the dried film after application to the 
substrate. The last gave rise to development of methods for testing the fungal re
sistance of paint films (e.g. Anon., 1986, 1989; Bravery et al., 1978, 1983, 1984; 
Smith, 1978). 
Several methods for assessing the fungal resistance of other manufactured mate
rials applied in building practice exist (e.g. Anon., 1968, 1975), but none of 
them is particularly conneered with testing the performance under indoor condi
tions in dwellings. 

The application of fungicidal control measures alone in dwellings to eradieare 
fungi has often given disappointing results (Bravery, 1985) . Moreover, the reduc
tion of toxic additives and the recent application of more hygroscopic waterbome 
paints instead of solvent (i.e. hydrocarbon) thinned paints, which have been in
troduced in the interests of environmental safety, increase the need for assess
ment of fungal resistance of finishing materials. In this paragraph, Standards for 
testing the fungal resistance of matenals applied in building practice are reviewed 
and compared to some selected tests for other applications. Some modifications 
of the former methods, in order to test finishing materials designed for use in in
terior environments, are discussed and experimentally studied. The distigure
ment of interior finishes is the starting point; deterioration caused by wood-rot
ting fungi is not considered within this context. 

3.3.2 Standards for testing fungal resistance of materials 

Several testing procedures have been put forward as Standards or Recommenda
tions nationally, and some of are even internationally accepted; most tests con
cern fungal resistance of electrical specimens; synthetic polymerie materials, in
cluding paints; and textiles. In Table 3.1, a general outline of present Standards 
and Recommendations is given, summarising some features. Some of them are 
identical to IEC publications (not included). The most important aspects rele
vant to testing of interior finishes are now commented on briefly. 
Standards for fungal resistance tests (Table 3.1) include: 
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Table 3.1. Outline of Standards for testing fungal resistance 

Climate 
conelidons 

F~a:l_ 
species 

Inoculation 

Pre
C,9n4itiof!ing 

Solling 

Durarlon 

Assessment 

Control 

68 

BS1982 (1968) 
test (b) soft rot fungi 

25±2 oe, 
moistened soil 

."" no prescription 

nor applicable 

no srerilization or 
other pre-treatment 
of samples 

not applicable 

12 weeks 

once, at the end 
of test: visual, 
dry weight loss 
mechanica! strength 

same tests in sterile soil 
or other inert material 

test (c) mould 

25±2 oe, 
RH 95-100% 

Chaetomium globosum 
Ciados cladosporioides 
Paecilomyces variorii 
Penici/Jium funicu/osum 
Suu:hyborrys atra 

spraying spore suspension 
(mixture, aqueous) prepared 
on day of use, 
no quantiralive specificanon 
age of fungi < 3 months 

no requirements 
'pieces should be as clean as 
possible' 

no requirements 

min. 4 weeks 
max. 12 weeks 

at 4 weeks and at the end of 
test: visual, x 10 
magnification 
no rating scale 

no requirements 

CHAPTER3 

BS3900 Part G6 (1989) 

23±2 oe 
întermîttent surface condensation, 
switched on for 2 h, off for I 0 h (RH 
near saturation) 

Aspergillus versicolor 
Aureobasidium pullulans 
Cladosp. c/adosporimdes 
Penicillium purpuragenurn 
Phoma vio/acea 
Rhodotorula rubra 
Sporobolomyces 
Stachyborrys chartarum 
Ulocladium atrum 

spraying spore suspension I mi 
(mixture, aqueous) on horizonrally 
placed samples 
concentranon > 104 mi-l 
a ge of fungi 14 days 

23±2 oe, RH 50±5% 
paints for interior use: 
solvenr-bome: 21 days 
water-bome: 2 days 
paints for exterior u se: 
7 days + artificial weathering 

natura! or artificial soils 0.03 g per 
sample, applicable to paints for 
exrerior use and for interlor use with 
high soiling hazard 

12 weeks 

at 4 weeks and if nescessary at 6 and 
12 weeks: visual, naked eye or x25 
magnificationl using a numerical scale, 
ratings 0-5 (coverage area) 

control pa int to check for optima! 
growth conditions and viability 
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Table 3.1. Outline of Standards for testing fungal resistance (continued) 

ASTM G21-70 ASTM D3273-86 IEC 68-2-10 IIPEC 2.6.1 
(1975) (1986) Part 2.J (1988) (1988) 

28-30 oe, 32.5±1 oe, 28-30 oe, periadie cyclic temperature and 
RH> 85% RH 95-98% cycling due to thermo- humidiry conditions20 h of 

static control < I 0 C"h -I RH 95±5% and 30±1 oe, 
90%<RH <100% and 4 hof RH 100% and 

25±1 oe 

Aspergi/lus niger A ureobasidium pullulans AspergiJ/us niger Aspergi/lus niger 
Chaeurmium gklbosum Aspergillus niger A spergillus terreus A ureobasidium pullulans 
Penicillium funicowsum Peniciflium sp A ureobasidium pullulans Chaewmium gwbosum 
Aureobasidium pul/ulans (ATee 9849) Paecifomyces variotii G/iocladium virens 
Trichoderma sp Peniciflium juniculosum Penicillium junicuwsum 

Penicillium ochrochklron 
Scopulariopsis brevicaulis 
T richoderma viride 

spraying spore suspension pipetting spore spraying, dipping or spraying spore suspension 
(mixture, aqueous), no suspensions 5 mi each painting spore (mixture, aqueous), no 
quantity specified; (aqueous) evenly over suspension (mixture) quantity specified; 
concentration > 106 mi-l soil surface, after 2 weeks aqueous) concentratien > 106 mi-l 
to be used < 4 days incubation of panels prepared on day of u se, to be used < 7 days, age of 
age of fungi 7-20 days above soil; u se of smal! no quantitative subcultures 9-12 days 

fan for aerial dispersion specificatien 
ofspores age of fungi 14-28 days 

no requirements Ponderosa pine sapwood in case no soilîng is no cleaning of the test item is 
panels: dried to 15.5% applied, it is permissible permitted for 72 h prior to 
moisture content kg·kg- 1 to clean half of samples the test 
No sterilization of soil or by washing in ethanol or 
panels required. Paints: 4 water conraining 
days at 23±2 oe, RH detergent 
50±5% 

the specimens are placed no requirernents aqueous sucrose salution no requirements 
on solidified nutrient-salt used on day of 
agars, both the specimens preparatien 
and agar plates are no quantity specified 
inoculated 

3 weeks 4 weeks without soiling: 12 weeks 4 weeks 
with soiling: 4 weeks 

at the end of test: visual, each week: visual, x50 or at the end of test: visual, at the end of test: no further 
naked eye, using a x!OO magnification, naked eye and x50 specifications 
numerical scale, ratings using photographic magnification, using a 
0-4 ( coverage area) standards (Anon., numerical scale, ratings 
effeers on physical, optica! 1988c). 0-3 ( coverage area) 
and electrical properties Includes demands on electrical, mechanica! 
(other ASTM methods) repeatability and checks 

reproducibiliry 

viabiliry tests on hardened viability tests on various specimens inoculated viability tests on hardened 
nutriem-salts agar agar plates in incubator with water only nutrient-salrs agar 

uncoared rest panels in nutritive control strips to nutrîtive catton ducts in rest 
incubator to check for check viabiliry chamber to check for proper 
optima! conditions condîtions 
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- British Standard BS 1982 (Anon., 1968). In this, three types of test are pre
scribed. The following classification may be used as a guide to the choice of test 
most appropriate to the material and its proposed use : 

Test a: Resistance to wood-rotting Basidiomycetes, fungi which cause decay and 
breakdown of wood and other lignocellulosic material (the dry rot fungi, Serpula 
lacrymans, and wet rot fungi, e.g. Coniophora puteana). This test is suitable for 
building boards including hardboard, insulating board, plywood and chipboard. 
lt is not considered within the context of the present review. 
Test b: Resistance to cellulose attacking microfungi (commonly known as soft 
rot fungi, e.g. Chaetomium globosum). This test can be used on all sheet materials 
and is suitable for testing rot resistance of building fabric, feit and paper. It can 
be carried out without the resources of a mycological Iabaratory and is intended 
to give a quick general indication of the susceptibility to rotting of building mate
rials under damp conditions. 
Test c: Resistance to mould or mildew. Suitable for materials that are required to 
present a decorative finish or appearance, e.g. plasterboard and sheets made of 
plastics. It is however emphasised that "these tests are not normally applicable to 
paints, distempers and other decorative finishes" 

- British Standard BS3900, part G6 (Anon., 1989). This test is one of a series of 
Standards in group G of BS3900, which is concerned with environmental testing 
of paint films. lt describes a methad to assess the fungal resistance of paints, 
varnishes and lacquers, applied in the Iabaratory to specified panels, either as a 
part of a multi-coat system or separately. The methad has been elaborated after 
extensive international collaborative work, during which variations in technique 
have been tested both within and between laboratories (Bravery et al., 1978, 
1983, 1984). 

- ASTM Designation G 21-70 (Anon., 1975). The objective of this test is "to 
determine the effect of fungi on the properties of synthetic polymerie materials in 
the form of moulded and fabricated articles, tubes, rods, sheets and film maten
als". Therefore, it is also applicable to paint films. The test is limited to growth 
rates assessment, and evaluation of effects on optica! characteristics and mechan
ica! properties. 

- ASTM Designation D 3273-86 (Anon. 1986). This is the only one of the tests 
considered in which it is stated explicitly that the fungal resistance is evaluated in 
order to estimate the performance of coatings, i.e. paint films, designed for use in 
interior environments. 

For comparative purposes, the next test methods for electrical specimens have 
been included : 

- IEC Publication 68-2-10 (Anon., 1988a), to investigate fungal deterioration of 
assembied electrical specimens. Generally fungal growth may have two effects : 
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on the one hand the wet mycelium may cause formation of an electrically con
ducting path across the surface or cause a serious variatien in the frequency 
impedance characteristics of the circuit, on the other fungi can yield acid pro
ducts which may cause ageing effects. 

- Test 2.6.1 of the Institute for Interconnecting and Packaging Electronic 
Circuits (IIPEC) (Anon., 1988b), dealing with fungal resistance test of printed 
wiring materials. 

Fungal species 
All tests considered use a mixture of fungal species, however showing major dif
ferences in composition. Methods for electrotechnically assembied specimens 
employ a small selection of fungal species chosen to attack materials used in in
dustry. Species have been chosen such that the nature of attack may vary widely, 
ranging from paints and plastics to textiles and rubbers. In tests that may be 
applied for interior paints, except for Aspergillus versicolor and A. niger with mini
mum water activity (aw) of 0. 78 and 0. 77, respectively, for growth (Samson, 
1985), common indoor xerophilic fungi, such as some Eurotium species, with 
minimum aw near 0. 7 are not yet considered. As has been observed in a previous 
study (Adan, 1991) and in unpublished experiments, E. herbariarum grows well 
on interior finishes within a 12-week test period. 
As the fungal species used for resistance tests should reflect species encountered 
on affected surfaces as well as in the air, it is recommended that species with a 
toleranee to low water activity should be in fungal resistance tests of interior fin
ishes. 

Inoculation 
Inoculation is usually achieved by spraying an aqueous suspension of spores, or 
altematively by dippingor painting (Table 3.1). Only part of the tests considered 
include quantitative requirements on spore concentratien and volume to be 
sprayed on the samples. Differences in initia! spore concentratien applied to the 
samples may cause uncertainties in interpretation of growth-rates based on as
sessment of coverage area. Almost all tests include control features to check via
bility of spores, and set a limit to the age of fungi used, which ranges from 7 days 
to less than 3 months. However, only four methods include a time limit for using 
the spore suspension. 

Interior finishing materials may differ widely in their water absorption character
istics, water storage capacity and moisture diffusivities. Typical values for water 
sorption coefficients [kg·m-2·s0·5] of gypsum plasters and dispersion paints are re
spectively 0.155 (Anon., 1991) and 0.3·10-3 (Bagda, 1990) whereas moisture 
diffusivities are respectively 1. 7 ·1 o-9·e0 ·0206 ·w m2·s- 1, where w is the moisture 
content in kg·m-3, (Anon., 1991) and 7-13·I0-9 m 2·s-1 (Bagda, 1990).Water 
absorption and subsequent slower drying can play a significant role in prolonga
tien of favourable humidity conditions, i.e. RH and aw. Consequently, applica
tion of aqueous spore suspensions in test methods introduces uncertainties in 
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initia! conditions, which may become increasingly important for comparative 
tests of materials at steady-state humidities below saturation. This should be 
considered especially in tests of highly absorbent substrates, such as common 
gypsum piasters. Comparative tests of the more hydrophobic paint films proba
bly are less sensitive to this aspect. 

An alternative methad of inoculation, which negates these objections is pre
scribed in ASTM Designation D3273-86 (Anon., 1986). Aqueous suspensions 
of various moulds are evenly distributed over a greenhouse soil in the incubator. 
After a two-week cultivation period, test panels are placed in the incubator and a 
small fan is used for aerial dispersion of spores and inoculation. lnterlaboratory 
studies of this test showed satisfactory results with regard to reproducibility. 
Coppock and Cookson ( 1951) used a similar technique for inoculating samples 
by blowing a dry suspension of spores on to the surface by a gentle current of 
sterile air. Another methad was described by Grant et al. (1989), who success
fully used dry camel hair brushes. 

Incubation 
The principles of testing are fairly similar for electrical specimens, paint films and 
building materials. Most tests are based on incubation of specimens in test cabi
nets under specified conditions after inoculation with an aqueous spore suspen
sion of a mixture of fungal species. Generally, the relative hu11lldity is maintained 
at a more or less steady-state level near saturation, but in some cases interminent 
surface condensation is applied (Anon., I988b, 1989). In the BS3900 (Anon., 
1989) and the IIPEC 2.6.1 (Anon., 1988b) an interminent saturated atmosphere 
is introduced with simultaneous alterations in temperature. There is a striking 
agreement in the duration of tests: a fixed test period of 3 or 4 weeks, or 12 
weeks, with defined intervals for assessment of growth. In one Standard (Anon., 
1968), the duration of the test is set between these time limits. 
Almost all tests include control features to check for optimum environmental 
conditions in the test cabinets. 

Assessment of growth 
Generally, growth rates are assessed visually either by the naked eye or micro
scopically at magnifications up to xlOO, mostly using numerical scales for area 
covered. Only one of the test methods considered reeommencts examination by 
both naked eye and microscope. In ASTM D3273-86, photographic Standards 
(Anon., I988c) are prescribed as a reference for growth rate assessment. 
The frequency of inspeetion of test samples differs strongly: in the majority of 
tests specimens are assessed once at the end of the test period. The BS3900 
(1989) prescribes a first assessment at four weeks and further assessment at 6 
and 12 weeks ifnecessary. The highest frequency is found in the ASTM D3273-
86 (Anon., 1986), wherein a weekly inspeetion is demanded. 
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Preconditioning of materials 
None of the Standards concerning building and finishing materials include re
quirements with respect to sterilisation of samples prior to inoculation. Cleaning 
of electrical specimens is prescribed befare testing resistance to fungal deteriora
tion. 
Only part of the Standards for building and finishing materials demands pre
conditioning of the samples to be tested: both the BS3900 (Anon., 1989) and the 
ASTM D3273-86 (Anon., 1986) require drying of paints in an atmosphere of 
50±5% RH and 23±2 oe ambient temperature, for various time intervals. 
Furthermore, the latter Standard prescribes a maximum for the initia! water con
tent of waoden panels, which are used as base substrates. 

The BS3900 (Anon., 1989) is the only Standard considered, which includes arti
ficial weathering and deals with accelerated ageing effects for outdoor paints. As 
indoor elirnatic conditions are less extreme, no artificial weathering is required 
for interior finishes in fungal resistance tests. 

Soiling 
Generally, natura! or artificial soiling is applied to aid establishment of fungal 
growth. Soiling is often used for support of fungal spores to prevent remaval by 
dripping water, which is appropriate in the case of surface condensation on 
paints. Furthermore, although the clean material may be resistant to fungal at
tack, fungi may nevertheless grow on slight traces of dust, grease and other or
ganic contaminants. The increased biologica! risk under exterior and eertaio in
terior conditions which arises from heavy soiling is simuiared by providing nutri
ents superficially. Although it is not known to what extent it reflects the actual 
situation in dornestic environments, nutrients can be applied in order to obtain 
indications of the efficacy of biocides in practice. An alternative method is tested 
by Becker and Puterman (1987), who used samples which had been precondi
tioned for six months in dornestic dwellings. 
In genera!, the addition of an extra souree of carbon, either natura! or artificial, 
causes a reduction in minimum air humidities required for growth, or an increase 
in growth rate (Becker and Puterman, 1987; Grant et al., 1989; Herback, 1990; 
Adan, 1991). 

3.3.3 A proposed fungal resistance test for interlor finishes 

From the preceding review of Standards for fungal resistance tests, some modifi
cations are suggested for testing of finishes designed for use in indoor environ
ments. The main objections concern the use of aqueous suspensions for inocula
tion, which may cause an initia! disequilibrium between the porous substrate and 
the adjacent air. Especially for highly absorbent substrates, a dry inoculation 
technique is preferred. 

As tests should indicate performance of materials in practice, a mixture of species 
is commonly used. For indoor environments, it is recommended that true xe-
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rophilic fungi, such as Eurotium sp. are used. Inoculation with a single fungal 
species presents an alternative approach, that probably allows an easier interpre
ration of growth rates (and check for adventitious contaminants). As interactive 
effects and successional fungal growth are excluded it might be valuable to have 
comparative tests, focused on the effects of change in material properties (or the 
efficacy ofbiocides) on susceptibility to fungal growth. 
In the present study, several inoculation techniques have been compared for P. 
chrysogenum. 

3.3.3.1 Methods 
Sequence of tests 
The suitability of a modified inoculation technique of a single fungal species was 
tested in: 
- a preliminary study, in which the undennentioned techniques were compared 
for plain gypsum substrates, resulting in a tentative recommendation. 
- a series of five subsequent fungal resistance tests for gypsum-based interior fin
ishes, using the recommended technique (see paragraph 3.5). The present para
graph focuses on the feasibility of modifications in the experimental procedures, 
from the point of view of specimen reproducibility and agreement between ob
servers. 

Inoculation 
Three different inoculation techniques were tested. 
(1) Aerosolisation of 1 ml of an aqueous conidial suspension onto horizontally 
placed specimen surfaces. The sus pension, with a concentration of 107 coni
dia ·mi-1, was prepared according to procedures prescribed in the BS3900 
(Anon., 1989). The viability was approximately 105 conidia·mi-1. 

(2) Inoculation with dry conidia of P. chrysogenum using dry sterile catton swabs. 
Dry conidia we re gently picked off sporulating cultures on the tip of the dry ster
ile swab, transferred and randomly distributed across the specimen surface by 
brush ing. 
(3) Inoculation with dry conidia using wet sterile catton swabs. The swab was 
moistened in sterile demineralised water in order to imprave artachment and re
duce aerial dispersion of conidia. The experimental procedure was similar to in
oculation by dry sterile catton swabs. 

Initia/ spares distribution 
In the preliminary test, the initia! conidial distribution over the surface was com
pared for the different inoculation techniques. A quantitative examination was 
performed using a prototype real time confocal laser scanning microscope. This 
system is suitable for both reflection and fluorescence microscopy and allows 
scanning at video rates (Draayer and Houpt, 1987; Houpt and Draayer, 1989). 
Fig. 3 .1 shows a random selection of micrographs of sporulating conidiophores 
of P. chrysogenum on gypsum. The fluorescence mode proved to be the most 
effective aid for tracing conidia of P. chrysogenum on the surface (Draayer and 
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Figure 3.1. CLSM-micrograph ofsporulating conidiophores of P. chrysogenum (CBS 401.92) on the 

plain gypsum reference substrate, incubated at 97% RH: (a) confocal reflection mode (field 200xl50 

Jlm, integration depth 40 Jlm, numerical aperture 0.6); (b) the same micrograph in confocal fluores
cenee mode (emission filter LP 580); (c) confocal reflection mode (field 80x60 Jlm, integration depth 

40 Jlm, numerical aperture 0.8) 
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van Antwerpen, 1991), particularly on surfaces with a rough texture, such as 
gypsum.Conidial counts were determined fora series of areas measuring approx
imately 150x200 11m2 . 

Incubation 
Gypsum samples were suspended in incubation chambers. The incubation 
chamber had transparent walls, approximately 375x215x280 mm, and contained 
a saturated aqueous saltsalution for cantrolling relative humidity. At an ambient 
temperature of 21±0.5 oe, a saturated potassium sulphate salution was used to 
create a 97% RH environment. 

Assessment of growth 
During the two weeks of the preliminary test each day specimens were assessed 
by naked eye, using the BS3900 (Anon., 1989) numerical scale (Table 3.2). 
During the assessment, specimens remained in the incubator. In addition, several 
samples from a duplicate incubator were examined with a dissecring microscope 
at magnifications up to x50, using the same numerical scale. 

Table 3.2. Rating scales according to coverage area (Anon., 1989) and density 

Rat:i.n'g 
,. 

Appearance '· .$·Rating Density 
:,.._.... " ' ~""" 

0 no growth s sparse 

1 coverage ::; I % 
.,.. , ~ 

medium .· ~ ~ ~~ i! 
· 2 I% < coverage ::; I 0% D den se 

3 I 0% < coverage ::; 30% 1; !i i y very dense 
1 

4; 30% < coverage ::; 70% .: 

5 70% < coverage 

In the subsequent fungal resistance tests, all samples were assessed by naked eye, 
as in the aforementioned procedure. Each test involved approximately 225 sam
ples, each of which was assessed weekly by two operators over three months. 

3.3.3.2 Results 
The results of the preliminary study are summarised in Table 3.3. The distrihu
tien of ratings on the numerical scale of the BS3900 (Anon., 1989) is given for 
the three inoculation techniques as well as for controls, i.e . replicate specimens 
that were not inoculated. The Table only includes the results of assessments in 
Week 1 and 2 for the plain gypsum substrates. 
Distri bution of spares (not included in Table 3.3) appeared to be camparabie for 
the suspension and dry swab technique, although the latter shows a substantially 
higher average. Average numbers of 16 and 31 spares per 3x104 11m2 (standard 
deviation 9 and 17 per 3x1 04 !lffi2, respectively) were found for the suspension 
and dry swab technique, respectively. Application of a wet swab resulted in a un
even distribution of conidia, with a high concentration of approximately 86 
spares per 3xl04 11m2 at spots. 
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As a consequence of these results, dry inoculation was employed in subsequent 
fungal resistance tests of various interior finishes. In all tests, coverage of the 
surface appeared unaffected by presence or absence of microbial contaminants. 
Analysis of the metbod used concentrared on observer variability and on repro
ducibility of tests for the same types of specimen. 

Table 3.3. Distribution of coverage ratings for three inoculation techniques and controls 
(=uninoculated), I and 2 weeks after incubation at 97% RH 

Rating Percentage of tests in rating 

aerosolsusp. dryswab wet swab control 

(N = 8) (N = 10) (N = 10) (N = 10) 

1 week 2 weeks 1 week 2 weeks I week 2 weeks I week 2 weeks 

0 0 0 0 0 0 0 80 0 

1 0 0 0 0 0 0 10 60 

2 0 0 0 0 20 0 10 20 

3 13 0 0 0 30 40 0 20 

4 25 0 10 0 30 40 0 0 

5 62 100 90 100 20 20 0 0 

Agreement between observers was analysed using two measures, kappa K: and up
silon v întroduced by Cohen (1960, 1968). As illustrated by Schouten (1985), 
neither the correlation coefficient nor the proportion of agreement are good mea
sures. Likewise, comparison of the univaria te distributions of individual ob servers 
or comparison of the mean scores appeared insufficient. lnvestigation of inter
observer agreement should take account of both chance agreement and the fa ct 
that the frequency of disagreement may increase as the corresponding categones 
are more frequently used. Therefore K: and v are defined in such a way that they 
equal zero in case of pure chance agreement, and 1.0 in case of perfect agree
ment. 

Starting from two fixed observers: 

(3.1) 

and 
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1 ~~J(i,+)·!(+,j).(. ·)2 1 .~~ (· •) (· ·)2 
-. LJ LJ z- J - - LJ LJJ z ,J . l- J 
N •-1 1-1 N N i-1 1- 1 

V=-------±-±~f(~i,+~)·~:(-+,~J)-.(i--J-y ____ __ 
i21 1-1 N 

(3.2) 

number of categories 

total number of judged subjects 

the observed frequencies of assessments of specimens assigned to category i by 

observer A and to category j by observer B. 

the observed frequency of assessments of specimens assigned to category i by 

observer A. 

the observed frequency of assessments of specimens assigned to category j by 

observer B. 

The first term in the numerator in (3 .1) denotes the observed proportion of 
agreement, whereas the second term is an estimate of the proportion of agree
ment that is to be expected under the nul! hypothesis of independence. The lat
ter may he interprered as the proponion of agreement that is expected solely on 
the basis of chance when judgements do not depend on the judged subject. The 
difference of these terms represems the proportion of agreement in excess of 
what is expected under independence; as the denominator in (3.1) represems the 
maximum possible excess, the coefficient I( denotes the proponional excess be
yond what is expected under independence. 

The coefficient I( may also be regarcled as the proportional reduction in dis
agreement compared to the proportion of disagreement expected under inde
pendenee (Schouten, 1985). A degree of disagreement may be introduced by a 
disagreement weight v(i,j), concerning the assignment of a subject to category i 
by observer A and to category j by observer B. In the upsilon value in (3.2), the 
degree of disagreement v(i,j) is represented by the squared difference (i-j) 2 • 

When judgements are independently distributed, the coefficient v may therefore 
be considered as the proportional reduction in weighted disagreement compared 
to the chance weighted disagreement. 

Some results of analysis of the inter-observer agreement, both with respect to the 
coverage area and density, are presenred in two contingency tables (Table 3.4 
and 3.5). These tables show ratings for all specimens in one of the fungal resis
tance tests. 
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Table 3.4. Observed frequencies of coverage ratings on the BS3900 scale for two fixed observers A 
and B (rota! of assessments per observer N=2330) 

B 

Rating 0 1 2 
. .. 

· 3 4 5 Sum 

0 599 30 2 I 0 0 632 
1 44 151 18 I 0 0 214 

A 2 8 28 IlO 12 0 0 158 

3 0 9 30 112 11 0 162 

4 2 I 5 27 174 14 223 

s 0 0 0 6 44 891 941 

Sum 653 219 165 159 229 905 2330 

The I( and v values with respect to the total frequencies in Table 3.4 are 0.830 
and 0. 980, respectively. Weekly analysis of coverage ratings shows va lues for I( 

ranging from 0.689 to 0.903 and for v ranging from 0.953 to 0.994 during the 
12-week period. 
For the I( and v analysis, the density scale is assumed to be a quantitative scale, 
with ordered and equidistant categories. The consequent I( and v values with re
spect to the total frequencies in Table 3.5 are 0.840 and 0.949 respectively. 
Weekly analysis of density ratings shows values for I( ranging from 0.599 to 0.920 
and for v ranging from 0.836 to 0 .977 during the 12 weeks period. lt is empha
sised that the I( and v values for coverage and density ratings are not quite com
parable since the number of categories used is different (Schouten, 1985) . 
According to Schouten (1985) a I( and v value~O. 7 should be considered satis
factory with respect to inter-observer agreement. 

Table 3.5. Observed frequencies of density ratings for two fixed observers A and B (rota! of 

assessments/observer N= 2330) 

B 

Rating 0 s M D ~·.·' V Sum 

0 <: 576 31 0 0 0 607 

s 86 875 26 0 0 987 

A M 2 64 376 20 0 462 

D 0 0 22 129 0 151 

V 0 0 0 12 lil 123 

Sum 664 970 424 161 111 2330 

In Table 3.6, an analysis of the r~producibility of individual types of specimen is 
summarised. Three response variables, which have been used in the subsequent 
studies of effects of material properties on susceptibility to fungal growth 
(paragraph 3.5), are considered: 
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(1) the growth rate (GR), defined as the ratio of the maximum rating (on the 
BS3900 scale) during the 12-week test period and the time (in days) needed to 
achieve this score for the first time; 
(2) the length of the initia! period (LIP), defined as the time (in days) for the first 
rating greater than 0, i.e. for growth to be observed; and 
(3) the initia! growth rate (IGR), calculated from the ratio of the first rating 
greater than 0 and the duration of the initia! period (in days). 
The results are based on the average ratings of both observers. For all response 
variables, a skewed distribution of the differences between the same types of 
specimens was observed. The standard deviation of the experimental error for 
individual types of specimen is calculated from the sample varianee of these dif
ferences, assuming independency and homoschedasticy of the experimental error. 

Table 3.6. Reproducibility of individual types of specimen: minimum, maximum and median for 

the response variabie growth rate GR day- 1, lengthof the initia! period LIP days and initia! growth 

ra te IGR day-1 are given for all replicaces in one of the fungal resistance tests (N= 10 1). S represems 

the standard deviation of the experimental error within individual types of specimen. 

GR LIP IGR 

Minimum - ,' )• 0 7 0 

Median 0.113 18 0.069 -
Maxiinum 0.714 >83 0.714 

.. s 0.043 2.64 0.035 

S/Mediàn · 0.38 0.15 0.51 

3.3.4 Discussion and conclusions Part I 

Most fungal resistance tests for finishing materials concentrare on paints, var
nishes and lacquers exposed to outdoor conditions. Application of these tests to 
ether, less water-repeilent finishing materials that are designed for interior envi
ronments should be concerned with the definition of humidity conditions prior 
to and during incubation. 
As interior finishes may be capillary poreus, water absorption and subsequent 
slow drying by diffusion may cause prolongation of favourable humidity condi
tions for growth. Consequently, spraying an aqueous spore suspension onto the 
surface may cause initia! uncertainties. 
In several Standards, humidity conditions during incubation are defined by in
termittent condensation, which is aften controlled by changes in temperature. In 
Chapter 1, however, it was shown that optimum conditions for growth of virtu
ally all indoor fungi occur at aw< 1.0, i.e. on substrates in equilibrium with 
atmospheres with RH<lOO%. Moreover, the surface condensation in experimen
tal testing also introduces the need for (artificial or natural) soiling to minimise 
the risk for wash-down of spores from water-repelient finishes. This feature is 
probably not representative of actual interior environments. 
As a consequence of these considerations, an alternative method using dry catton 
swabs for inoculation of dry conidia and incubation at steady-state RH below 
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saturation has been tested experimentally. Analysis of the method used was di
rected towards both the reproducibility of replicates and inter-observer agree
ment. 

Some of the staristics conceming reproducibility of replicates are summarised in 
Table 3.6. The standard deviation S of the experimental error for individual 
types of specimen was calculated assuming the same varianee for all types. The 
ratio of this standard deviation and the median suggests that the initia! period 
and growth rate can be determined more accurately than the initia! growth rate. 
However, this certainly does not imply that the initia! growth rate should not be 
used. Similar data for other techniques have not been found in the literature. 
Bravery et al. (1984) evaluated a wet inoculation technique of a mixture offungal 
species. The criterion for reproducibility in that study allowed two outhers 
(differing by more than one rating on a six-point assessment scale) fora series of 
eight replica te specimens or more; 75% of the assessments for paint systems were 
comparable. 
Time intervals for assessment of growth should be dependent on what response 
variabie is chosen and on RH because of its effect on growth rates. In the context 
of the present experiments, weekly examination of specimens at 97% RH appears 
to be satisfactory for comparison of various measures of susceptibility of most 
samples tested. For lower RH, and decreased growth rates, Jonger time intervals 
for inspeetion may be sufficient. 

Analysis of the observer variability revealed high inter-observer agreement, both 
for the coverage ratings and the density ratings. The high v values indicate that 
most disagreement is found near the diagonal in the contingency tables. 
Another approach for evaluation of inter-observer agreement for coverage areas 
was adopted by Bravery et al. (1984). As for analysis of reproducibility of repli
cates, the criterion of agreement allowed two outhers (differing by more than one 
rating) fora series of at least 10 observations; 81% of the observations were in 
agreement. However, analysis of inter-observer agreement on the basis of this 
measure does not take account of chance agreement and other objections which 
led to the introduetion of IC 

Consiclering K and v, it is concluded that using a dry cotton swab for inocula
tion of test pieces with conidia of P. chrysogenum results in a satisfactory inter
observer agreement with respect to the coverage area. 

All tests reported here were performed under aseptie conditions without sterilisa
tion at elevated temperatures. For the gypsum substrates a temperature of 40 oe 
should not be exceeded, because phase transitions and consequential changes in 
material properties may occur at higher temperatures. Despite this restriction, no 
contaminating fungi appeared during the tests described. It is concluded that the 
dry inoculation with a common species on its own, i.e. P. chrysogenum, under 
aseptie conditions is a feasible alternative method for testing fungal resistance of 
interior finishes exposed to steady-state RHs below saturation. Although P. 
chrysogenum is a prevalent species in the indoor environment (Samson et al., 
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1994), results of such tests may not be considered universally valid. The main 
advantage of using a single species is that it facilitates interpretation of effects of 
changes in material properties and composition on fungal growth rates. 
The starting point for most Standards is that the method of test should provide 
conditions which are closely related to these prevailing in practice. Therefore, a 
mixture of fungi is commonly used, mirrering the species usually found in the air 
and on affected areas. As mentioned in paragraph 3.3.2, except for Aspergillus 
versicolor and A. niger, common indoor xerophilic fungi such as some Eurotium 
sp with minimum aw for growth close to 0.7 are not yet used, although their 
growth on interior finishes has been demonstrated in several previous studies 
(e.g. A dan, 1991). Wh en a mixture of fungal species is preferred for fungal resis
tance tests of interior finishes, it is recommended that species with a toleranee to 
low aw should be included in the mixtures. 
Finally, it must be noted that, although Iaberatory tests allow comparison of the 
relative resistance of materials to fungal attack, they are not necessarily reliable 
indications of the performance in building practice, as the actual conditions may 
deviate considerably from the standardised conditions in the test. This is well il
lustrated by the comparative study of Bravery et al. ( 1984) of Iaberatory and field 
exposure tests for paints. 
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3.4 PART 11: LTSEM STUDY OF FUNGAL GROWTH ON 
GYPSUM-BASED FINISHES 

3.4.1 Introduetion 

The understanding and impravement of fungal resistance of interior finishes 
should be based on a comprehensive picture of fungal development, as related to 
material properties. In research concerning fungal growth on building materials 
(e.g. Coppock and Cookson, 1951; Becker et al., 1986; Grant et al., 1989) 
growth is commonly assessed by the naked eye or by stereoscopie microscopy at 
low magnifications (up to xSO). Only a small number of scanning electron micro
scope (SEM) observations, providing a detailed picture of fungi in the indoor 
environment have been reported. Eduard et al. (1988) and Pasanen et al. (1989) 
used SEM for the identification and spore count. In these studies viabie and 
nonviabie spores collected on filters from air of Norwegian saw mills or from 
Finnish farm homes were identified and quantified. Adan examined the fungal 
disfigurement in a Dutch dwelling (1990) and the growth of various indoor 
fungi, including A. pullulans, P. chrysagenum and E. herbariarum on several inte
rior finish es exposed to controlled humidities (1991). 
Most studies provide a random picture of fungal growth on interior finishes. 
Pasanen et al. (1992), however, foliowed the initia! growth of P.verrucasum coni
dia on wall paper. Preliminary experimentsofAdan and Samson (1994) included 
a first attempt to record stages of growth of P. chrysagenum on gypsum substrates 
over a period of time. 
In all studies considered, the samples were directly examined in the SEM, .i.e. 
no fixa ti on of the samples was carried out. 

The main objective of the L TSEM study presented in this paragraph is to record 
stages in development of the common airbome species P. chrysagenum as a func
tion of time. These observations should provide a reference for the experiments 
on growth and material properties relations in the next paragraph. In that study, 
the extent of growth is assessed on the basis of coverage areas, and therefore 
primarily related to the sporulation of P. chrysagenum. This testing for resistance 
to fungal growth is performed under optimum environmental conditions, result
ing in accelerated growth rates. Consequential, initia! phases in development 
may occur in a very short period of time. 

Additional random L TSEM examina ti on of gypsum samples inoculated with E. 
herbariarum or A. pullulans and incubated at 97% RH was performed simultane
ously. A. pullulans requires air humidities near saturation for growth and is typi
cally found in bathrooms, whereas E. herbariarum is considered xerophilic. Some 
observations from this study are included to obtain an overall view of fungal 
growth on the materials considered. 
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3.4.2 L TSEM as a tooi to study fungal growth 

For observation of fungal structures by SEM the material can be airdried, but 
inherent disadvantages are the alterations in fungal morphology, i.e. shrunken 
and collapsed structures, and the occurrence of numerous artefacts (e.g. Adan 
and Samson, 1994). The commonly used critica! point drying metbod is also less 
suitable for examining growth on interior finishes, because fixation and chemica! 
treatment is often not possible or may cause alterations in material structure 
(Beckett and Read, 1986). Beckett et al. (1984), Beckett and Read (1986) and 
Samson et al. (1990) have shown that mycological specimens prepared and ex
amined by cryo-scanning microscopy exhibit better preservation than those pre
pared by chemica! fixation or other conventional procedures. The fungal struc
tures in the frozen state showed only little shrinkage and their appearance re
sembled the morphology of the natura! state, in terms of dimensions and surface 
texture. 
These L TSEM studies concemed observation of fungal structures on cheese and 
on plants on agar plates. In this paragraph a modified cryogenic metbod is de
scribed to observe the fungal growth in its most natura! form on gypsum plasters 
and other interior finishes. Several examples of airdried specimens have been in
cluded for comparison. 

3.4.2.1 Experimental and operational procedures 
Samples of gypsum plaster were inoculated according to the recommended tech
nique in paragraph 3.3, taking propagules directly from the agar colonies using 
sterile cotton swabs. Gypsum samples on stubs were placed on synthetic bolders 
and suspended in incubation chambers. At an ambient temperature of 20±1 oe, 
a saturated potassium sulphate solution and a saturated potassium chloride solu
tion were used to create 97% and 86% RH, respectively. All substrates were ex
amined directly after inoculation and at intervals in a 3 week and 6 week period 
test series for 97% and 86% RH, respectively. Each series was in triplicate. 

Airdried preparation 
Samples were taken from the incubator, directly mounted on a copper specimen 
holder with carbon tape, and sputter coated with gold in an Argon atmosphere 
for 160 s in a Polaron E5200 sputter coater. The coated specimen was trans
ferred to the stage of the microscope and observed at 15-20 kV acceleration volt
age. 

Cryo preparation (Fig. 3.2) 
The specimen to be observed was carefully removed from the stainless steel stub 
and mounted on a copper specimen holder with carbon tape. To improve con
duction during observation, sample edges were silverpaint coated. The specimen 
holder was placed on the end of the rod in the transfer device and put in the 
freezing chamber of the preparation unit. It is important to avoid a delay between 
preparation, and freezing of the samples. The samples were cast in an optima! 
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Figure 3.2. Schematic presentation of the experimental procedures in the LTSEM srudy 

size to reduce this time, and therefore limited the possibility in changes of the 
sample structure and dehydration of fungal ce11s, caused by environmental stress. 
The freezing chamber comains a polystyrene cup within which liquid nitrogen is 
held prior to slushing. Subsequently, the sample was rapidly frozen in slushed 
nitrogen (temperature -210 oe) for 15-25 s. After plunging into the slushed ni
trogen, the slushing chamber is repumped and at low pressure the sample was 
withdrawn into the inner tube of the transfer device which is sealed by an exter
na1ly operated door. As the instrument for cryopreparation is a non-dedicated 
system (Beckett et al., 1984), i.e. it is not attached directly to the microscope, the 
frozen specimen was transferred to it within a transfer device. In the microscope 
work chamber (temperature -170 oe), the specimen was sputter-coated with 
gold in an Argon atmosphere for 4 to 8 min (at 0.5-2 mA). Next, the coated 
specimen was transferred to the temperature contro11ed (cold) stage in the micro
scope specimen chamber (temperature -170 oe to -140 oe) and observed at 6- 9 
kV acceleration voltages .In some experiments, direct observation of fully frozen 
hydrated samples in the specimen chamber at a 1 kV acceleration voltage was 
performed, prior to sputter coating and further observation. In this case, a video 
recorder coupled to an image processing unit was conneered to the system to 
improve recording of observations. Superficial ice was removed by etching at 
stage temperatures ranging from -90 oe to -70 oe ' facing a cold trap of -170 oe 
under continuous monitoring in the SEM. 
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3.4.2.2 Airdried-preparation versus cryo-preparation 
Figs 3.3-3.6 and Figs 3.13-3.14 present a random selection of micrographs of 
fungal growth on gypsum based substrates as observed by LTSEM and by the 
conventional airdried technique. Generally, the airdried samples showed collaps
ed fungal structures (Figs 3.3, 3.5 and 3.6). The most drastic alterations in mor
phology were observed for P. chrysogenum (Fig. 3.3) and forA. pullulans (Fig. 
3.6). The teleomorphic structures of E. herbariorum, such as ascospores and as
comata, appeared less damaged compared to hyphae and conidia (Fig. 3.5). 

Contrary to these observations cryo-fixation resulted in excellent preservation of 
both the anamorphic and teleomorphic states (Figs 3.4, 3.13 and 3.14). Speru
lating structures were nicely preserved and conidial development was easy to 
recognize.The LTSEM observations proved to be reproducible. 

Figure 3.3. P. chrysogenum (CBS 401.92) on the gypsum reference substrate coated with a warer

bome acrylic paint, for 2 weeks, airdried: (a) collapsed hyphae, xlOOO; (b) collapsed conidiophore, 
x960; (c) strucrures ofhyphae and conidia, x830. 
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Figure 3.4. P. chrysogenum (CBS 401.92) on rhe plain gypswn reference substrate, incubated at 97% 

RH, cryo-preserved: (a) sporulation structures, x650; (b) detailed structure of conidiophore, growing 

in a upright position, x990 (c) initia! sporulation, xl540. 

3.4.3 Results 

Figs 3. 7-3.16 include a selection of pictures from the LTSEM experiments, in 
which the observations proved to be highly reproducible. 

3.4.3.1 Stages of growth of Penicillium chrysogenum at 97% RH 
Figs 3.7(a-d) depiet stages in fungal development on plain gypsum with nutriem 
additives at intervals up to 65 h after inoculation. Fig. 3.7(a) shows the initia! 
situation after inoculation with dry conidia of P. chrysogenum, prior to incubation 
at 97% RH. Fig. 3.7(b) shows that conidia had swollen by 21 h. Some germina
tion and hyphal growth has occurred by 41 h (Fig. 3.7(c)). Further growth and 
initia! formation of conidiophores was observed in 65 h (Figure 3. 7(d)), with hy
phae spreading over the surface. This exemplifies the superficial nature of mould 
growth, although highly porous media such as gypsum may still allow hyphae to 
penetrate the bulk structure (Adan and Samson, 1994). 
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Figure 3.5. E. herban"orum (CBS 260.93) on the gypsum reference substrate coated with a water

home acrylic paint, incubated at 97% RH for 3 weeks, airdried: (a) hyphae and conidia, xll50; (b) 

ascospore and ascomata, x540; (c) detailed structure of collapsed hyphae, xll50. 

Sequentia! stages in fungal development on the acrylic paint with a nutritive gyp
sum-based substrate are shown in Fig. 3.8. Again, Fig. 3.8(a) shows the conidia 
used as inoculum. In a similar manner to the plain gypsum, swelling of clumped 
conidia was observed after 21 h (Fig. 3.8(b)). However, subsequently growth 
was faster, resulting in more abundant cover of the surface. Fig. 3.8(c) shows 
swelling and germination of conidia by 48 h, with hyphae growing over the 
surface, and probably some early sporulation. After 68 h, very dense cover (Fig. 
3.8(d)), and associated sporulating conidiophores (not shown in this Fig., see 
Fig. 3.4) were observed. It should be noted that the area of interface between 
hyphae and the gypsum substrate was considerably smaller than between hyphae 
and the painted surface. 
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Figure 3.6. A. pullulans (CBS 259.93) on the plain gypsum reference substrate, incubated at 97% 
RH for 3 weeks, airdried : (a)- (c) collapsed suuctures of conidia, x710, x700, x810, respectively. 

Figs 3.9 and 3.10 show stages ofgrowth on a common gypsum plaster, plain and 
coated with the waterhome acrylic paint respectively. Compared with Figs 3.7 
and 3.8, Figs 3. 9 and 3.10 show an increase in shrinkage and collapsed conidia 
and hyphae, underlining that conditions are less favourable than on the nutritive 
gypsum substrates. 
In genera!, growth rates on the machine-made gypsum plaster, both plain and 
coated, are considerably lower than growth rates on the corresponding nutritive 
gypsum substrates. As on the Jatter, growth rates on the plain machine-made 
gypsum plaster appeared lower than on the corresponding coated plaster. 
At both 21 h (Fig. 3.9(b)) and 70 h (Fig. 3.9(c)) swelling of conidia was ob
served on the plain gypsum substrate, but germination was first observed only 
after 7 days (Fig. 3.9(d)) and hyphal growth after 14 days (Fig. 3.9(e)). 
On the acrylic coating, no obvious changes in fungal morphology had occurred at 
20 h (Fig. 3.10(b)). Swollen conidia and some hyphal growth were observed at 4 
days (Fig. 3.10(c)) and 7 days (Fig. 3.10(d)). 
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Figure 3. 7. Stages of growth of P. chrysogenum (CBS 40 I. 92) on plain reference gypsum, incubated 

at 97% RH, cryo-preserved: (a) conidia, initia! inoculum, x81 0; (b) swelling of conidia, 21 h, x770; 
(c) initia! gennination and hyphal fonnation, 41 h, x600; (d) hyphal growth spreading over surface 
and formation of conidiophores, 65 h, x920. 
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Figure 3.8. Stages ofgrowth of P. chrysogenum (CBS 401.92) on waterbome acrylic paint coating 

reference gypsum base substrate, incubated at 97% RH, cryo-preserved: (a) conidia, inoculum, x770; 

(b) swelling of conidia in clumps, 21 h, xl200; (c) swelling and germination of conidia, and hyphal 
growth, 48 h, x750; (d) abundant coverage of the surface, 68 h, x620. 
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Figure 3.9. Stages of growth of P. chrysogenum (CBS 401.92) on plain common Dutch gypsum 

plaster, incubated at 97% RH, cryo-preserved: (a) conidia, initia! inoculum; xl270; (b) initia! 
swelling of conidia, 21 h, x890; (c) progressed swelling of conidia, 70 h, x l200; (d) initia! germina

tion and swollen conidia, 166 h, xl040 (e) hyphal growth, 36 h, x1040. 
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Figure 3.10. Stages ofgrowth of P. chrysogenum (CBS 401.92) on waterbome acrylic paint coating 

of a camman gypsum base substrate, incubared ar 97% RH, cryo-preserved: (a) conidia, initia! 

inoculum, xl200; (b) conidia, na visual changes in morphology, 20 h, x! 620; (c) initia! growth, 96 h, 
xl310; (d) swollen conidia and initia! growth, 166 h, x!OOO. 
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Figure 3.11. Stages of growth of P. chrysogenum (CBS 401.92) on the plain reference gypsum, incu
bated at 86% RH, cryo-preserved: (a) some swollen conidia and early stages of germination, 8 days, 

xlOOO; note the amorphous mass, indicating the presence of water; (b) swollen conidia, germination 

and early hyphal growth, 2 weeks, x770; (c) swollen conidia and hyphal growth, spreading over the 
surface, 3 weeks, x650; (d) first sporulating conidiaphores, 4 weeks, xl 080; (e) sporulating condio

phores, 6 weeks, x540. 
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Figure 3.12. Stages of growth of P. chrysogenum (CBS 401.92) on a waterhome acrylic paint with 

the reference gypsum base substrate, incubated at 86% RH, cryo-preserved: (a) conglomerates of 
water and conidia, 8 days, x730; (b) some swollen conidia and early germination, 2 weeks, x1150; (c) 

early hyphal growth , 3 weeks, x580; (d) hyphal growth and probably some early formation of conid

iophores, 4 weeks, x500 ; (e) hyphae spreading over the surface and sparuiaring conidiophores, 6 

weeks, x620 
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3.4.3.2 Stages of growth of Penicilliurn chrysogenurn at 86% RH 
At 86% RH the relative growth on plain and coated reference substrates was ob
served to be different from that at 97% RH. On the plain reference gypsum, 
germination and initia! hyphal growth occurred after 2-3 weeks (Figs 3.11 (a-c)), 
whereas initia! stages of development on coated gypsum were only observed after 
3-4 weeks (Figs 3.12(a-c)). Formation of conidiophores and early sporulation 
required 3-4 weeks and 4-5 weeks on, respectively plain gypsum (Fig. 3.11 (d)) 
and acrylic paint (Fig. 3.12(d). On both substrates, by 6 weeks hyphae spreading 
over the surface and sporulating conidiophores were evident (Figs 3.11 (e) and 
3.12(e)) .As at 97% RH, on plain gypsum there was excellent preservation of 
fungal morphology, whereas on the gypsum coated with a film of paint, the fungi 
were shrunken and collapsed. Again, growth of P. chrysogenum on the substrates 
examined appeared to be superficial. 

3.4.3.3 Growth of Eurotiurn herbariarum and Aureobasidiurn 
pullulans 

Random observations indicate that initia] development of Eurotium and Aureo
basidium may also be considered a superficial phenomenon. For E. herbariorum, 
formation of both cleistothecia and conidiophores of the Aspergillus anamorph 
were observed (Fig. 3.13), indicating optima! conditions for development. A. 
pullulans (Fig. 3 .14) produces conidia in slimy exudates, leaving a distin ct transi
tion in discolouration of the substrate surface. 

3.4.3.4 Observation ofconglomerates ofaqueous residuals and 
funga1 structures 

Observation of amorphous structures containing fungal bodies appears to be an 
inherent feature of the L TSEM experiments on the substrates considered. Fig. 
3.15 comains a random selection of some observations on the plain gypsum and 
acrylic paint. Both the dry and incubated specimens were examined directly and 
after Au-coating, for the uninoculated as well as inoculated situation. Some 
marked results were noted: 
- Direct observation of (uncoated) specimens at an acceleration voltage of 1 kV 
showed results similar to the Au-coated specimens observed at higher voltages 
(Fig. 3.16(c)-(d)), indicating that the sputter-coating did notintroduce artefacts. 
- The amorphous structures mainly surrounded the swollen conidia (Figs 3.15 
and 3.16 (c)-(d)) and occurred on neither the plain gypsum (Fig. 3.16(a)) nor 
the paint surface. 
- The conglomerates were only observed on inoculated specimens incubated in a 
86% or 97% RH environment (Fig. 3.16(a)-(b) versus Figs 3.15 and 3.16(c)
(d)), suggesting that the obvious alterations intheimmedia te surroundings of the 
conidia are closely connected with the presence of fungi and exposition to a hu
mid environment. 
- In spite of the high relative humidity, no frost concealing the surface features of 
the fungal structures could be recorded. However, in some preliminary LTSEM 
experiments, uncoated fully frozen wet specimens revealed superficial ice crystals 
on fungal structures, suggesting that in the present study sublimation may have 
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occurred during the experimental procedures before examinátion. This is prob
ably due to temperature effects during transfer of the specimen to the L TSEM 
work chamber. Supporting experimental evidence for the occurrence of subli
matien could be deduced from some additional experiments, in which the same 
procedures were used and aerosolisation of the liquid water was applied onto the 
inoculated surface. The LTSEM observations showed residuals characteristic for 
sublimation. 
Same tests were focused on the effect of (continued) sublimatien on the amor
phous structures. Although the stage temperature was raised by 30 oe, no alter
ationsin the appearance could be observed. 
Consideration of the observations mentioned above suggests that the amorphous 
mass consists of conidia and aqueous residuals, probably containing some hy
drophilic exudates, such as polysacharides. Further research with respect to the 
composition, however, is outside the scope of the present study. 

3.4.4 Discussion and conclusions Part 11 

L TSEM proved to be an excellent tooi to ob serve fungal growth on interior fin
ishes. Generally, raising RH under test from 86 to 97% substantially increased 
the rate of development of P. chrysogenum. In spite of the high porosity of the 
gypsum substrate, observations clearly suggest that initia! growth of P. chryso
genum should be considered as a superficial phenomenon. In later stages of 
growth, fungal excudates may cause degradation and penetration of the materiaL 
Camparing plain and coated gypsum substrates, showed a striking difference for 
the considered humidities: at 97% RH, more rapid development occurred on 
coated surfaces than on plain gypsum, whereas observations at 86% show an op
posite picture. The indication that the interface area between hyphae and the 
gypsum substrate is considerably smaller than between hyphae and the paint 
film, introduces the possibility of differences in uptake rates of water and nutri
ents. None of the observed specimens showed any apparent degradation. 

The observations for A . pullulans and E. herbariorum show a similar consistent 
pattem, as did those for P. chrysogenum and A. pullulans (at 97% RH) and E. 
herbariorum (at 86% RH) on gypsum, acrylic paint and wallpaper in a previous 
study which employed conventional SEM, i.e. airdried specimens (Adan and 
Samson, 1994) . 

Rapid cryofixation not only results in excellent specimen preservation, with 
mycelium and propagules in the fully hydrated frozen state closely resembling 
those in the natura! state (in terms of dimension and texture), but also enables 
the presence of aqueous residuals surrounding fungal structures to be observed. 
The observation of such conglomerates in this study is consistent with previous 
experimental work. L TSEM micrographs of A dan and Samson ( 1994) for P. 
chryS(Fg<JJ:!Um .r.evealed coherent structures of conidia, hyphae and water, from 
which conidiophores and hyphae appeared to develop. Read et al. (1983) showed 
that fully frozen hydrated hyphae, gerrn tubes and spares cultured or grown in 
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Figure 3.13. E. herbariarum (CBS 260.93) on gypsum based finishes, incubated at 97% RH for 3 

weeks, cr:yo-preserved: (a) conidia and ascomata on the gypsum reference substrate coated with a wa

terborne acr:ylic paint, x620; (b) simpte sporulation structure of Aspergillus (anamorphic state of 
Eurotium) on the plain reference gypsum substrate, xl270; (c) conidia of Aspergillus on the gypsum 

reference substrate coated with a waterbome acr:ylic pa int, x890; ( d) ascospores and conidia on the 

gypsum reference substrate coated with a waterborne acr:ylic paint, xl620. 
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Figure 3.14. A. pullulans (CBS 259.93) on the plain reference gypsum, incubated at 97% RH for 32 

weeks, cryo-preserved : (a)- (d) conidial development, x330, x770, xl350 and xl200, respectively. 
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Figure 3.15. Conglomerares of aqueous residuals and fungal srrucrures of P. chrysogenum (CBS 

401.92) incubated ar 97% RH, cryo-preserved: (a) x850 and (b) x540 show conglomerares of aque

ous residuals and swollen conidia and some hyphae for both rhe plain (a) and coated (b) gypsum, 41 
h; (c) xl080 and (d) x350 show conglomerates of aqueous residuals and conidia for rhe coated (c) 
and plain gypsum (d), 21 h . 
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Figure 3.16. Incubation of the plain gypsurn reference substrate at 97% RH: (a) uninoculared, cryo

preserved and Au-coated, showing no arnorphous aqueous structures, 20 h, x850; (b) dry conidia of 
P. chrysogenurn (CBS 401.92), cryo-preserved and Au-coated, showing no arnorphous aqueous struc
tures, 0 h, i.e. before incubarion, x770; (c) conglornerates of conidia and aqueous structures, cryo

preserved and uncoated, i.e. direct observation, 24 h, x850; (d) conglornerates of conidia and aque

ous structures, cryo-preserved and Au-coated, 20 h, x850. 

humid environments are frequently coated with water dropiets or water films, 
which conceal surface features. 

LTSEM bas also been used successfully to observe the water phase in unsaturat
ed porous media. Gvirtzman et al. (1987) observed isolated water menisci in 
soils, while Burchard et al. ( 1991) made their observations on sandstone with 
capillary water uptake. However, in both experiments no fungal structures were 
involved. 
Furthermore, the L TSEM observations resembie the observations of superficial 
water in the case of initia! condensation in ESEM experiments (paragraph 2. 7), 
both on the plain absorbent gypsum and the water-repelient paint. When raising 
the water vapour pressure, formation of water dropiets mainly starts on (dumps 
of) conidia, obviously indicating hydrophilic features. 

The presence of aqueous residuals was somewhat unexpected because dry coni
dia were used as inoculum; dry sterile cotton swabs were employed and no water 
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in the liquid phase was added to the dried specimens prior to either incubation in 
a controlled humidity environment or preparatien for observation in the 
L TSEM. The observations indicate that the immedia te surroundings of the fun
gal structures are affected at incubation, and obviously show hydrophilic fea
tures. 

3.5 PART 111: THE EFFECT OF MATERIAL PROPERTIES ON 
FUNGAL GROWTH ON GYPSUM-BASED FINISHES 

3.5.1 Introduetion 

Data on fungal resistance of various building materials and interior finish es have 
been reviewed in Chapter 1. Except for Becker and Puterman (1987), who tested 
the effect of pigment volume concentrations (PVC) of some waterborne paints 
on fungal growth, all experiments concern an overall comparison of the fungal 
resistance of materials under more or less controlled conditions. Various mix
tures of fungal species are used, probably reflecting species commonly found on 
affected materials in practice. Humidity conditions under test differ widely, rang
ing from steady-state air humidities below saturation to intermirtent condensa
tion; inoculation is generally based on vaporisation of an aqueous suspension, 
which may introduce ambiguous effects. As a consequence of these considera
tions, interpretation of fungal resistance and material properties relations is aften 
obscured. 

This paragraph reports on fungal growth rates as related to geometrie, moisture 
and nutritional characteristics of the substrate. In view of this objective, the ref
erence gypsum substrate (paragraph 3.2.2), consisring of defined constituents is 
used as the starting point of the experiments. Some additional tests on a cam
man manufactured gypsum plaster and a latex paint were included for COil)para
tive purposes only. Inoculation with a single species and incubation were per
formed according to the metbod proposed in paragraph 3.3.3, which avoids the 
objections mentioned befare and facilitates observation and interpretation of ef
fects of material properties. 

3.5.2 Material parameters 

Fungal growth rates were studied both on plain and coated gypsum substrates. 

3.5.2.1 Base substrates 
Two types of gypsum substrates were prepared: 
(1) The reference substrate 
The experiments examined the effect of: 
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(a) nutriem content 
The nu trient content of the gypsum substrate was altered by varying the nu trient 
concentratien of the Czapek so1ution: samples for casting were made up in pure 
demineralised water and with nutriem concentrations at half and double the ref
erence concentration. Consequently, an average nutriem content in the dry gyp
sum substrate of 1.1, 2 .2 and 4.4% by mass was achieved. 
(b) porosity 
Alteratiens in the average porosity of the gypsum substrate are achieved by 
changing the mass-to-mass ratio of the demineralised water and the calcium sul
phare hemihydrate (Helff and Mosch, 1978) . This ratio was set at 0 .66 for the 
gypsum reference substrate and in other samples ranged through 0.45, 0.60 and 
0.75 to 0.90. In these experiments, the nutriem concentratien was set at the level 
of the reference substrate. 
The resulting porosity was determined according to the RJLEM Recommen
dation CPC 11.3 (Anon., 1984) method, as well as estimated on theoretica! 
grounds. The methods and results are given in Appendix lil. 
(c) surface roughness 
The gypsum surface roughness was changed using moulds with different surface 
roughness; consequently, the moulded side, i.e. reverse side, of the gypsum was 
inoculated. Several roughness parameters were measured with two non-contact
ing optica! methods, based on the confocal principle. A description of the 
methods used and a summary of some results is given in Appendix III. 
(d) initia! drying period 
The initia! drying period, i.e. the period of one-sided initia! drying of gypsum, 
was set at 5, 15 and 30 min. 
With respect to both surface roughness and initia! drying period, tests were per
formed on the frontandreverse sides of the specimens simultaneously. 
(2) Several interior gypsum piasters, commonly used in Dutch dwellings. 

3.5.2.2 Finishes 
The finishing materials used in the experiments were: 
( 1) Paints, based on aqueous dispersions of an acrylic polymer binder with dif
ferent pigment volume concentrations, as in paragraph 3.2.2. The pure acrylic 
binder was also tested separately. 
(2) A common manufactured latex paint as well as a common wallpaper were 
added for comparative purposes. 

3.5.2.3 Water repellents 
The following water repellents were used: a silane and a siloxane, dissolved in 
carbohydrates; a siloxane with water as the transport medium; and a silicone 
resin in a 5, 8 and 12% concentration by mass, dissolved in alcohol. The effect of 
the water repellents on fungal resistance was tested for single and repeated treat
ment of the gypsum. 

Overall examinatien of the water repellency of the gypsum substrates was simply 
performed by dribbling water on the surface and estimating the gypsum-water 
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contact angle by the naked eye. All water repellents used gave hydrophobic gyp
sum samples, showing an estimated gypsum-water contact angle ~ 90', except for 
the silane-based water repellent, which only retarded water absorption. The 
untreated, plain reference substrate showed a very fast absorption of water. 

3.5.3 Design of fungal growth experiments 

Five sequentia! tests were performed, each comprising 19 incubators with 12 
specimens. Each type of specimen consisred of a series of at least four replicates, 
randomly distributed over the incubators within one test. Furthermore, subse
quent tests included repeated measurements. In each experiment, several blanks 
and controts were added to check for reproducibility of experimental conditions. 
The controls consisred of the inoculated nu trient reference substrate. 

Inoculation and incubation 
Samples were inoculated with P. chrysogenum according to the recommended 
procedure using dry cotton sterile swabs. Similarly to the LTSEM experiments, 
incubation was done at RH levels of 86% and 97%. Incubators were placed in a 
elimate chamber, with an air temperature set to 21±0.5 °C. 

Assessment of growth 
At least once a week for 12 weeks, two observers separately assessed the speci
mens (still suspended in the incubator) with the naked eye according to the rat
ing scales of area of coverage and density of growth in Table 3.2 . 

3.5.4 Results 

To study material properties and fungal growth relations, three response vari
ables were employed as defined in paragraph 3.3.3.2: growth rate, initia! growth 
ra te, and duration of initia! period. For both RH 's, these response variables were 
examined in relation to the following quantitative or qualitative factors at differ
ent ranges of level: relative nu trient content, surface roughness, average porosity 
and initia! drying period, in the case of the gypsum substrate, and pigment vol
ume concentration and average film thickness in the case of the acrylic water
home paints on various base substrates. The effect of hydrophobic treatment was 
examined for the plain and coated gypsum substrate separately. 

The data set consisred of approximately Sxl 04 ratings for coverage area and 
density. Statistica! analysis was performed using the procedures General Linear 
Models (GLM) and Regression (REG) from the SAS software system (Anon., 
1987). The GLM procedure uses methods of least squares to fit general linear 
models. Main statistica! methods in the present analysis were regression and 
analysis of varianee (e.g. Myers, 1990). For testing procedures in GLM, the level 
of significanee was set to 5%. The REG procedure employes stepwise methods 
for selecting variables. For selecting methods, default significanee levels for entry 
and stay were used. 
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An estimate of the experimental error in the response variables used in these 
analyses was given in Table 3.6. Main results from the statistica! analysis are 
summarised below, including some examples of values. This analysis was primar
ily focused on the reference gypsum substrates, plain or coated with the water
bome acrylic paints. Data of fungal growth on some common interior finish es are 
added for comparative purposes only (see Table 3.7). 

Table 3. 7. Typical val u es of growth rates GR and initia! growth rates IGR for some common 

interior finishes in the Netherlands. 

Legend: gl = machine-made gypsum plaster; g2 = manually handled gypsum plaster, containing 

adhesives; g3 = manually handled gypsum plaster; I = manufactured latex painr; w = walt paper; p = 
synthesised acrylic waterhome paint (PVC= 60%), reference; N = number of observations; mean = 
average value ; S = standard deviation 

. 
; .. RH=97% RH.=8!)% 

·.~ ..., 
GR [day-1f ÎG'R [d"a~-1]; GR [day-1] IGR [dáy-11· 

Type ; b/ rn~~ s mean 
' 

s N ' nwan s . mean s 
•· 

~1 8 0.045 0.003 0.030 0.002 4 0.028 0.001 0.023 0.001 

g2 8 0.053 0.004 0.068 0.004 4 0.029 0 0.030 0.008 

g3 8 0.029 0.006 0.021 0 .001 4 0 .020 0.001 0.020 0.001 

I' 10 0 .052 0.004 0.061 0 .014 6 0 .038 0 .011 0.028 0 .009 

w 8 0.046 0.001 0 .060 0 .003 4 0 .025 0 0.021 0.001 

- p 24 0.048 0 .004 0.051 0 .004 8 0.037 0.003 0.029 0 .010 

' gl+l 8 0.063 0.003 0.067 0.003 4 0 .044 0.006 0 .029 0 

gl+w 8 0.041 0.012 0.056 0.014 4 0.027 0 .001 0 .022 0 

g1+p 8 0.045 0.002 0.030 0 .002 4 0.040 0.001 0 .025 0.002 

g2+p 8 0.069 0.007 0.1 25 0.036 4 0 .038 0.001 0 .024 0 

g3i-p 8 0 .063 0.003 0 .067 0.006 4 0 .037 0 0 .023 0.001 

3.5.4.1 Plain gypsum substrates 
Statistica) analysis underlines that nutriem content, surface roughness and aver
age porosity all affect fungal growth on plain gypsum substrates. Generally, a 
second order statistica! model satisfactorily describes interrelations of each 
response variabie with factors, aften including most interactive terms. Although 
at 86% RH growth is much slower than at 97% RH, inferences are similar for 
both humidities. 
Since nutriem content, surface roughness and average porosity are interrelated 
(Fig. 3.17), effects on response variables appear to be confounded. Nevertheless, 

105 



0.9 

a 0.8 
~ 

<::! 0.7 
~ 

"' "' 0.6 ... 
..ê 
bl) 
:l 0.5 
0 .... ... 
t) 0.4 
<t 
:l 

"' 0.3 

0.2 

0.1 

0 
20 

o nutriem comcm=O 

x nutriem conrent= 1 

~ nurrienr contem=2 

c nu trient coment=4 

25 30 

Front 

35 

0 
x 

40 

c 0 

0 

x 

45 

0 
x 

x 

50 20 

porosity [%] 

CHAPTER3 

Re verse 

Mref ~::.a:::::::::::::::::::::: : ti ::~::iiii: :: 
Mz 

25 30 35 40 45 50 

Figure 3.17. Average surface roughness Ra iJlil versus porosity at various relative nu trient contents in 

the gypsum reference substrate. The roughness parameter Ra was determined from two 

perpendicular optica! line scans, with a 800 11m traverse and 114 iJlil cut-off. (x-resolution: 1000 

poinrs·mm-1) Appendix lil includes definition of Ra. 

Legend: Mrefdenotes all specimens cast in the standard mould, M 1 denotes specimens cast in a 

mould with the lowest surface roughness, and Mz denotes specimens cast in a mould with surface 

roughness in-berween the roughness of Mref and M 1 

major effects are caused by the relative nu trient content of the gypsum substrate. 
The second order effect of nu trient content is obvious, although in some cases at 
97% RH, the highest nutrient content (twice the reference concentration) shows 
a slightly deviant growth rate (Fig. 3.18). 

If the substrate contains nutrients, all response variables are affected by the sur
face roughness Ra (for definition of Ra, see Appendix lil) . A smoorher gypsum 
surface appears to contribute to an increased growth rate, the effect being most 
explicit for very low Ra values (z 0.25 )lm, see Fig. 3.19). In analysis of initia] 
growth rate and initia! period as related to nutrient content and surface rough
ness at fixed porosity levels, second order terms and interactive terms could be 
omitted in some cases. A less pronounced effect is observed for changes in the 
average gypsum porosity: a sharply decreased porosity contributes to reduction of 
growth rates (Fig. 3.20). 

Since initia] liquid transfer in the gypsum may affect nutrient concentratien dis
tribution, effects of duration of one sided drying (of the sample in the mould) as 
related to the inoculated side (front or reverse side) were tested. Porosity and 
nutrient content stayed at a constant level, whereas surface roughness varied in 
these tests. None of the considered factors showed any effects on response vari
ables, except for the initia! growth rate at 86% RH. The estimated varianee for 
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Figure 3.18. Mean, minimum and maximum growth rate GR day- 1 of P. chrysogenum (CBS 401.92) 

on plain gypsum as a function of the relative nu trient content of the reference substrate, with a ftxed 

porosity of 45% and a surface roughness Ra>0.39 J.lll1. The numbers in the graph denote the number 

of observations for the set of replicates concern ed. 
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Figure 3.19. Mean, minimum and maximum growth rate GR day-1 of P. chrysogenum (CBS 401.92) 

on plain gypsum as a function of the surface roughness Ra IJ.m for various relative nutriem content in 

the reference substrate and a ftxed porosity of 45%. For a relative nutriem content = 0, the number 

of observations N for each set of replicates =4, except for Ra = 0.45 J.l1l1 at 97% RH, where N = 12; 

fora relative nu trient content > 0, N = 8, except for Ra~ 0.53 J.lll1, where N = 24. No te that different 

scales have been used. 
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Figure 3.20. Mean, minimum and maximum growth rate GR day-1 of P. chrysogenum (CBS 401.92) 

on plain gypsum as a function of the measured porosity % for various relative nu trient content in the 

reference substrate and a surface roughness Ra >0.39 J.lll1. The number of observations N equals 4 

for each set of replicates with a relative nu trient content = 0, whereas fora relative nu trient content > 
0 N = B, except for a porosity = 45% where N = 32 and 4B for a 97% and B6% RH, respectively. 

Note that different scales have been used. 
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Figure 3.21. The effects of water repellents on initia! growth rates of P. chrysogenum (CBS 401.92) 

on the plain gypsum reference substrate (relative nutrient content = 2, porosity = 45% and Ra~ 0.39 

11m). The numbers in the graph denote the number of observations for the set of replicates con

cerned. 

Legend: si = silane dissolved in carbohydrates; sk = siloxane in carbohydrates; sw = siloxane in water; 
sa, sb and se= siliconeresin in 5, B and 12% concentration (kg·kg- 1) respectively, dissolved in 

alcohol; no = reference substrate, no water repellent. Note that different scales have been used. 
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the initia! growth ra te at 86% RH was, however, considerably smaller than previ
ous estimations from repeated measurements. 

The application of water repellents only showed effects initially on growth for 
some of the agents tested. Both the siloxane in water and the siloxane dissolved 
in carbohydrates lowered initia! growth rates (Fig. 3.21) and lengthened initia! 
periods, the latter water repelient having the most distinct effect. None of the 
other water repellents affected any of the response variables significantly. 
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Figure 3.22. The effect of the relative film thickness of the waterhome acrylic paints with various 

PVCs on growth races of P. chrysogenum. (CBS 401.92). For the paint films inert substrates, i.e. pure 

calcium sulphate dihydrate or glass, have been used. 

A relative film thickness of I, 2 and 4 corresponds to 1.4, 2.8 and 5.6 g·dm-2 respectively. The 

numbers in the graph denote the number of observations for the set of replicaces concemed. 

3.5.4.2 Finishes 
The waterborne paints and the pure binder were tested on pure calcium sul
phate dihydrate and glass substrates. No effects of the base substrate on response 
variables were observed. The pure binder showed smaller growth rates than both 
waterborne paints, all being interactive with film thickness at 97% RH, whereas 
no significant differences occurred for PVCsof 30 and 60% (Fig. 3.22) . 
Furthermore, the response was affected slightly by film thickness at 97% RH 
only. 

3.5.4.3 Multilayered systems 
Fungal growth on multilayered systems appeared to be significantly related to the 
nutrient content of the base substrate for all coating types tested. However, con
sidering RH, a marked difference is observed for all response variables. At 86% 
RH, growth rates on the plain gypsum exceed growth rates on the coated gyp-
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sum, whereas at 97% RH growth rates on the coated gypsum exceed growth 
rates bath on the gypsum and paint films separately (Fig. 3.23). Similar observa
tions are done for some manufactured gypsum substrates and common latex 
paints ( see Table 3.7). 
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Figure 3.23. Average growrh rates of P. chrysogenum (CBS 401.92) on multilayered systems, 

consisring of the reference gypsum substrate and a waterhome painr film, as a function of the relative 

nutriem conrent of the base subsrrate. At 97% RH, the number of observations N for each set of 
replicares of the plain gypsum is 40, 40 and 8, whereas at 86% RH, N = 32, 32 and 8 for nutriem 

content I, 2 and 4, respecrively. At both RHs, N = 8 for the pure binder, and for the acrylic paint N 
= 96 and 16 for nutriem content I and 2, respectively. Note that different scales have been used. 

Nore: neither the PVC of 30 or 60% nor the film thickness showed any significant effect on growth 

rat es. 

For all response variables, the pure binder differs significantly from the acrylic 
pa int film, the latter showing a much faster growth. Effects of the PVC are only 
observed when consiclering initia! growth rates. An elevated level accelerates ini
tia! growth, with small interactive effects of the film thickness (Fig.3.24). Thicker 
paint films cantribure to reduced initia! growth rates. 
A relative film thickness of 1, 2 and 4 corresponds to 1.4, 2.8 and 5.6 g·dm-2 re
spectively. The numbers in the graph denote the number of observations for the 
set of replicates concerned. Effects of a hydrophobic treatment of the multilay
ered system of gypsum and acrylic paint on fungal growthwere examined in pre
liminary tests for a single water repellent only. It is noted that fungicidity of the 
water repelient is absent A siloxane dissolved in carbohydrates decreased initia! 
growth rates slightly (Fig. 3.25). Neither growth rate nor initia! period showed 
any change in response to this water repellent. 
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Figure 3.24. Average initia! growth rates of P. chrysogenum (CBS 401.92) on multilayered systems, 

consisring of the reference gypsum substrate and a waterhome pa int film, as a function of the relative 
film thickness for various relative nu trient contents (nutr.) in the base substrate and PVC of the pa int. 
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Figure 3.25. Effect of a hydrophobic treatment, i.e. siloxane dissolved in carbohydrates, on initia! 

growth rates of P. chrysogenum (CBS 401.92) on a reference gypsum base subsrrate coated with a 

waterhome acrylic paint (gypsum porosiry = 45%, incubation at 97% RH) . The numbers in the 

graph denote the number of observations for thesetof replicates concemed. 
Legend: p60+ = acryl ie paint, pigment volume concentration (PVC) of 60%, with water repellent; 

p60- = ditto, but no water repellenr; p30+ = acrylic painr, 30% PVC, with water repellent; p30- = 
ditto, no water repellent. 
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3.5.5 Discussion and conclusions Part 111 

3.5.5.1 Effects of material properties on fungal growth 
Growth rates of P. chrysogenum on plain gypsum substrates appeared strongly 
dependent on the relative nutrient content and to a lesser extent on surface 
roughness and mean open porosity of the gypsum. Effects of surface roughness 
are most obvious for very low values of the roughness parameter Ra, showing an 
accelerated growth. Decreasing the surface roughness may lead to enlarged inter
face areas of fungal structures, facilitating interactive processes. A consequent 
increase of uptake rates of water and nutrients may be an explanation for the 
observations. For low porosity of the gypsum, i.e. water-binder ratios <0.6, fun
gal growth is slightly retarded, probably because of a decreased availability of 
nutrients. 

Becker and Puterman ( 1987) concluded from their experiments at 97% RH that 
the critica! PVC is a transition point with respect to mould growth susceptibility 
of some waterhome acrylic and polyvinyl acetate paints. Our experiments do not 
support this conclusion. However, both the use of different fungal species and 
differences in paint composition, including unknown fungicidal action, make 
comparison of results difficult. Furthermore, it is not clear whether base sub
strare effects occured in the experimentsof Becker and Puterman (1987), further 
complicating interpretation of results. The present results show no effects of the 
PVC of acrylic paints on the inert pure calcium sulphate dihydrate or glass, 
whereas some initia! acceleration of growth is observed for an increased PVC of 
60% on the nutrient reference substrate. 

Although growth is faster at 97% than at 86% RH, effects of the material proper
ties of the separate gypsum and paint substrates (on pure calcium sulphate di
hydrate or glass) were similar for both humidities. 
The observations on multilayered systems, consisring of coated nutrient gypsum, 
however differ strongly for both RHs under test. Generally, fungal growth on the 
coating appears significantly affected by the nu trient content of the gypsum base 
substrate. Possible effects of base substrates were also mentioned by Grant et al. 
( 1989). Moreover, the experiments at 97% RH show remarkable observations of 
a resultant growth rate on the coated gypsum, exceeding the growth rates on the 
gypsum and paint film separately. Similar observations were carried out for sys
tems of common manufactured finishes. 

From the LTSEM (paragraph 3.4) it was concluded that at least the initia! 
growth of P. chrysogenum on acrylic paint may be considered a superficial phe
nomenon. As hyphae do not penetrate pores in the hygroscopic range, the pre
sent observations at both the 86% and 97% RH indicate the function of water in 
the hygroscopic range as assisting the uptake of nutrients from the coating and 
sublayers and allowing growth and spore production. 
Bearing in mind that the acrylic paint is less hydrophilic than the gypsum refer
ence substrate ( 2% and 5% by mass, respectively; see Figs 4.13(a) and IV(a)), 
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accelerated growth at 97% RH may be due to an increased uptake rate of com
plementary nutrients, originating from the gypsum sublayer or paint film. During 
application of the waterhome paint, some nutrients in the gypsum may be dis
solved and transporred into the coating during drying and film formation. 
Furthermore, the preceding considerations of surface roughness effects of gyp
sum may suggest that the moist acrylic paint at 97% RH conditions leads to an 
enlargement of the interface area of gypsum and fungal structures, promoting 
water and nutriem influx. 

The results for coated gypsum are consistent with the LTSEM observations in 
paragraph 3.4. Since assessment of growth in the fungal resistance tests is based 
on estimated coverage areas (or discoJoured areas) of the surface, and therefore 
is primarily related to the extent of sporulation, differences are however less dis
tinct. 
As a consequence, the fungal resistance of finishes in building practice not only 
depends on the decorative finish, but also on the characteristics of the base sub
strare in conjunction with those of the decorative finish . Although common fun
gal resistance tests focus on the (finishing) material under test only and estimate 
the relative resistance (paragraph 3.3 .2), the present and previous observations 
(Adan, 1991; Adan and Samson, 1994) emphasise the significanee of the base 
substrate. 

Except for some initia! retarding effects of a siloxane treatment, the application 
of water repellents did not affect growth rates of P. chrysogenum under steady
state RHs below saturation. Nevertheless, the gypsum substrates water repel
lency was successfully improved for most agents tested. Möller (1991) showed 
that although the treated substrate may exhibit hydrophobic features, water re
pellents may affect the sorption isotherm only slightly. Furthermore, Krus and 
Kiessl (1989) observed a decreasing concentration of hydrophobic agents to
wards the surface of some water repelient materials. Consiclering the superficial 
character of growth of P. chrysogenum on gypsum, both of these facts may suggest 
an explanation of the present results. Apart from the effect on fungal growth at 
humidities below saturation, water repellents reduce the absorption of water in 
the liquid phase (e.g. surface condensation) and therefore shorten the time-of
wetness of the porous solid under transient conditions. In such cases, a reduced 
risk for fungal disfigurement of the material may be expected. 

3.5.5.2 Statistics 
Some difficulties occur in data analysis of fungal resistance tests. Firstly, values 
of the response variables growth ra te, initia! growth ra te and duration of the ini
tia! period scarcely differed when conditions were the same or different. 
Consequently, in some cases no effects were found, whereas in other cases effects 
were highly significant because of underestimated residual variance. Secondly, 
for most cases, residuals appear not to be normally distributed. Analysis shows 
many small residuals and some outliers. Apart from that, it is noticed that distri
bution free analysis leads to similar results in most cases. Finally, none of the 
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analysed experiments is balanced, partly as a re sult of unexpected interrel a ti on of 
material properties, e.g. nutrient content and surface roughness. Consequently, 
much colinearity in the data occurs, obscuring interpretation and inferences from 
the analysis. Therefore, the present results should be considered as indicating re
lations between response variables and material properties. Factorial design in 
continued tests in the future will be required to confirm or reject these prelimi
nary conclusions. 

To improve data analysis of material properties and fungal growth relations, a 
finer graduation of the assessment scale and a higher frequency of assessment are 
recommended. The sextuple partitioning in the present scale only allows major 
effects to be determined and causes deviations from normal distributions. 
However, deviations from normality can also be an inherent feature of the re
sponse variables used in the analysis. In that case, a suitable transformation of 
these variables may be considered. 
It may be said that, in genera!, both growth rate and initia! growth rate proved to 
be useful response variables for analysis of material properties and fungal growth 
relations. The initia! period appeared to be less appropriate. 
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CHAPTER 4 

The water balance of gypsum-based 
jin is hes 

4.1 INTRODUCTION 

Experiments to study fungal growth and material properties relations are com
monly performed under steady-state conditions, although in building practice the 
microelimate is a result of transient conditions in both the indoor and outdoor 
environment. As a consequence of these dynamics another material characteristic 
becomes important, i.e. the buffering capacity, which may allow prolongation of 
favourable conditions for growth. This chapter concerns the modelling of 
isothermal moistening and drying of the gypsum substrates used in the fungal 
growth experiments, which should provide primary information to evaluate fun
gal growth under transient humidity conditions (the next chapter). Ambient 
temperature effects on fungal growth, especially with respect to thermal inertia 
and thermal bridges, are concisely discussed in Chapter 6. 
In the mid-1950's, the basic equations for combined heat and moisture transfer 
in porous media were established by Philip and de Vries (1957). During the past 
decades, the work of Whitaker ( 1977) and Bear and Bachmat ( 1990) provided a 
more fundamental basis for their equations. 
The Philip and de Vries model is based on diffusion-type equations, in which the 
various moisture transport mechanisms have been assimilated in two macro
scopie diffusivities. Accurate determination of these diffusivities, being dependent 
on both the moisture content 8 and temperature T, however, remains compli
cated. In this chapter, two new non-destructive techniques have been applied to 
determine the isothermal diffusivity directly from transient moisture content pro
files. 
In spite of these improvements, doubts remain a bout the predictive value of the 
theory. Among other things, hysteresis is still not satisfactorily implemented. For 
various building materials, e.g. concrete and gypsum plaster (Anon., 1991a), it is 
known that the appearance of hysteresis is not negligible and substantially affects 
the course of moisture content in time. Such effects are important for deteriora
tion phenomena, in which the time-of-wetness of the material may be a measure 
of the risk for structural damage. 
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Several theoretica! concepts have been developed to describe hysteresis, in par
ticular the so-called independent domaio theory (e.g. Evereth, 1967; Mualem, 
1974). De Vries (1987) reviewed some theoretica! attempts to incorporate hys
teresis effects in the Philip and de Vries model, but concluded that progress was 
only limited. Steps toward a comprehensive theory for moisture transport includ
ing hysteresis were made in the recent work of Molenda et al. ( 1992), who added 
the hysteretical relationship from Mualem's model (197 4) to the Philip and de 
Vries model, using several simplifications and assumptions. 
In the present study, an experimental approach to the hysteresis phenomenon has 
been chosen. The non-destructive measuring techniques were applied for direct 
determination of moisture diffusivities starring from various initia! conditions. 
The experimental procedures concerned dry material responding to transient 
relative humidities and waterabsorption, respectively, and drying of wet materiaL 
In Chapter 2 it was concluded that fungal growth is strongly dependent on the 
local RH or aw. In case of thermodynamic equilibrium, the relationship of these 
quantities and the moisture content is given by the sorption isotherm. Therefore 
the application of the Philip and de Vries model for fungal growth problems re
quires an accurate determination of this relationship. In this chapter a mi
crocalorimetric method for continuous measurement of the sorption isotherm is 
presented. 

4.2 THEORY 

4.2.1 Hygric equilibrium 

The water balance of porous solids under equilibrium conditions can be de
scribed by sorption isotherms and is closely related to physical properties and 
geometry of the pore system. Although the individual pores may vary largely both 
in size and shape, solids are generally classified according to the range of their 
pore widths, often assuming a cylindrical pore geometry. Table 4.1 summarises a 
convenient classification as adopted by the IUPAC (Anon., 1972). 

Table 4.1. Classification of pores according to their width (Anon. 1972) 

(= cylindrical pore diameter, or the disrance between the sides of a slit-shaped pore) 

. Micropores 

Mesopf»'est 

Macropores 

Width less than 2 nm 

Width between 2 and 50 nm 

Width more than 50 nm 

:J:earlier terms: intermediate pores or transitional pores 

Such a classification refers to characteristic interaction effects of gas and solid in 
the considered size range. In the wide pores of the rnaeropere range, surface ad
sorption occurs, whereas in mesopores additional capillary condensation and its 

120 



THE WATER BALANCE OF GYPSUM-BASED FINISHES 

characteristic hysteresis loop are observed and in micropores the interaction of 
gas and solid is enhanced owing to the proximity of the po re walls. 
The Brunauer-Emmett-Teller (BET) theory (Brunauer et al., 1938) is the most 
widely used concept for description of adsorption of gases on porous solids, and 
determination of specific surface areas. The principle of capillary condensation is 
formulated in the Kelvin equation and is generally applied for computation of 
mesopore size distribution from gas adsorption data (Gregg and Sing, 1982). 
Since most inorganic porous building materials may be considered mesoparous 
or macroporous solids, bath theoretica! concepts are discussed in the next para
graphs. 

4.2.1.1 Physical adsorption 
The adsorption of a gas (termed adsorbate and adsorptive after and befare ad
sorption, respectively) by a solid (the adsorbent) results from the attraction farces 
between the individual molecules of the gas and the atoms or ions composing the 
solid. Two main kinds of farces may be distinguished, giving rise to physical ad
sorption and chemisorption, respectively. 
The physical adsorption farces always include dispersion farces, tagether with 
short range repulsive farces. Additionally there may be eaulombic farces if either 
the solid or gas is polar in nature. 
Brunauer et al. (1938) originally stated their adsorption theory at least to be valid 
for gases which do nat possess considerable dipale moments. They showed that 
the polarization of such gas molecules by polar adsorbents may nat account for 
multilayer adsorption. Therefore, the basic assumption in their theory was that 
the physical farces responsible for multilayer adsorption are the same in nature as 
the farces producing condensation of a vapour to a liquid. 

The starring point in the derivation of the BET model is a state of dynamic 
equilibrium in which condensation of gas molecules onto bare sites equals the 
evaporation from occupied sites. Assuming that this equilibrium is valid for the 
constituent layers separately, it can be deduced that at a vapour pressure Pv 

-1/!.j(R T) 
a-· p · s- 1 = b- -s- · e z v r- 1 r (4.1) 

implying that the thickness of the adsorbed layer will not be constant. In this 
equation 1/J; represems the isosteric heat of adsorption, s; is the surface area that is 
covered by i layers of adsorbed molecules, and a; and b; are constants. The ratio 
of the total amount adsorbed n and the amount of gas adsorbed when the entire 
surface is covered with a complete unimolecular layer n." (the monolayer capac
ity) is given by 
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Ï(i ·s,.) 
n _ .:..:i="-'0'------ (4.2) 

On the basis of some simplifying assumptions, the summation in this equation 
can be carried out, resulting in 

n C·Pv i Pw 

nm = (1 - Pv1Pvs) · (l+(c-1) · Pv/Pvs) 
(4.3) 

If the number of molecular layers, even at saturation pressure Pvs, cannot exceed 
some fini te number N, the summation in equation ( 4.2) is to be carried out to N 
terms only. A plausible interpretation in that case is that the width of the pores 
sets a limit to the maximum number of adsorbed layers. Consequemly, equation 
(4.3) changes to 

n C·Pv i Pvs 

nm = ( 1 - Pv/ Pvs) 

1 - ( N + 1) · ( Pv I Pvs ( + N · ( Pv! Pvs ( +I 
1 + ( C -1) · ( Pv I Pvs)- C · (Pv I Pvs t + I 

The parameter c is nearly always taken as 

(4.4) 

(4.5) 

where ljJ1 is the heat of adsorption of the first layer, and ifJL is the heat of lique
faction. Consequently ljJ1 -1/JL gives the net heat of adsorption. 

The basic assumptions made in this BET-model are: 
a. the evaporation and condensation properties of the molecules in the second 
and higher adsorbed layers are considered completely equivalent, being the same 
as those of the liquid state. This means that 1/), is equal to lPL and that b;la; equals 
a fixed constant for the second and consecutive layers. The constant a; may be 
considered a condensation coefficient, representing the fraction of molecules 
actually condensing on a surface, whereas b; includes the number of adsorption 
sites per unit area. 
b. the parameter c is strictly calculated from 
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but the factor ( ~ · b2 ) I ( a2 · q) is commonly assumed to equal unity to simplify 
equations (4.3) and (4.4). Experimental evidence (e.g. Kernbali and Schreiner, 
1950) shows that it is possible that this factor differs significantly from 1. 
c. the lateral interactions of the adsorbed molecules in the same layer are ne
glected, or in other words a;, b; and lP; are independent of the number of 
molecules already present in the layer considered. The forces between neighbour
ing molecules must be far from negligible, however, especially when a layer ap
proaches completion and the molecules become more tightly packed. This view is 
supported by the nature of intermolecular farces as well as by a measured slight 
rise in the net heat of adsorption in the submonolayer region (Gregg and Sing, 
1982) of some adsorptives. 
d . The solid is regarded as an array of evenly distributed identical adsorption 
sites. In general the surface will contain various kinds of imperfection, giving rise 
to energetic heterogencity and non-uniformity in adsorption. In the original work 
of Brunauer et al. (1938), observed deviations of experimental data from the 
BET-equation in the low pressure region were attributed to this localized ad
sorption on the most active parts of the surface. Therefore, it is emphasised that 
the parameter rp1 in equation ( 4.5) is by definition an average heat of adsorption 
for the first layer. 

Brunauer et al. (1940) originally proposed a classification for isotherms resulting 
from physical adsorption. Isotherms are classified into five types, of which the es
sential features are shown in Fig. 4.1. Later, a step-like isotherm was added (type 
VI), which could be interprered on the basis of the analysis of Halsey ( 1948). 

IIl 

relative pressure PviPvs 

Figure 4.1. The five types (I to V) of sorption isorherms according to the BET classificarion 
(Brunauer el al., 1940), rogether wirh the step-like sorprion isotherm VI (Gregg and Sing, 1982). 

Type I is the so-called Langmuir isotherm, generally applicable to mieroparous 
solids, whereas type II and type III isotherms describe adsorption of gases on 
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macroporous or non-porous solids and type IV and V similarly on mesaporous or 
mieraporous solids.The occurrence of a hysteris loop is typical to type IV and V 
isotherms, although it is also liable to appear in the other types. 
According to the BET equation (4.4), the typical form of the isotherms IJ-V is 
defined by the parameters c and N. As long as the value of c exceeds 2, this 
equation yields an isotherm with a point of inflection, which is often close to the 
point where the amount adsorbed equals the BET monolayer capacity nm. Types 
III and V isotherms are characteristic of weak adsorbent-adsorbate interactions, 
expressed in c-values close to or smaller than 2 and showing no point of inflec
tion. 

The BET equation is most conveniently applied to experimental data when 
( Pv/ Pvs )/( n · ( 1 - Pv / Pvs)) is plotted against p) Pvs . Such a BET plot should 
give a straight line in the range of validity of the BET equation. Although it was 
already suggested in the original work of Brunauer et al. (1938) that this range 
covers relative pressure from 0.05 to 0.30, several examples reviewed by Gregg 
and Sing (1982) show linearity in lower pressure ranges. For types II and IV 
isotherms, the values of c and nm may be deduced from the slope and intercept 
of this straight line. 
The faiture of the BET equation to reproduce experimental data in the multilayer 
region is often attributed to capillary condensation effects. Brunauer et al. ( 1940) 
modified the adsorption equation, taking into account the occurrence of empty, 
partly full and full capillaries in the multilayer region. The capillary condensation 
theory according to the Kelvin equation as discussed in the next paragraph is 
more widely accepted and particularly serves as a basis for treatments of type IV 
isotherms. 

4.2.1.2 Capillary condensation 
The study of the waterbalance of roesoporous solids is closely bound up with the 
concept of capillary condensation. The principle had been established by 
Thomson (1871)- Lord Kelvin - on thermadynamie grounds, implying that a 
vapour is able to condense in the capillaries even when its relative pressure is less 
than unity. The limitations and assumptions of this equation are best appreciated 
by a discussion of the base equations. 

The phenomenon of capillary condensation is related to the occurrence of a 
curved liquid meniscus. The condition of mechanica! equilibrium of this menis
cus is given by the Young-Laplace equation (1855), descrihing the relationship 
between the pressures p on opposite sides of a liquid-vapour interface. Assuming 
a curved interface between a liquid 1 and a vapour v with two constant radii of 
curvature r1 and r2 the state of equilibrium is given by 

(4.7) 
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with y representing the surface tension of the liquid. An altemative, common 
farm is 

2·y 
Pv - P1 = --

rm 

wherein rm is the mean radius of curvature given by 

1 1 2 
-+-=-
rl rz r m 

(4.8) 

(4.9) 

Consictering capillary condensation of a vapour to a liquid, equilibrium is estab
lished when the chemica! poten ti als J1 of the liquid and vapour phases are equal. 
Then also 

(4.10) 

Using the Gibbs-Duhem equation for isothermal conditions, the simple relation
ship 

(4.11) 

is deduced, where 7J1 and i}v are the rnalar volumes of the liquid and vapour re
spectively. Application of the Young-Laplace equation ( 4. 7) leads to 

(4.12) 

Assuming that the liquid is incompressible and that the vapour behaves as an 
ideal gas, integration between the limits (rm, Pv) and ( oa, Pvs) gives 

( p ) 2 . y. i}/ 1 In _v =- ·-
Pvs R. T r", 

(4.13) 

which is generally termed the Kelvin equation, which states that condensation of a 
vapour within a po re occurs at some pressure Pv determined by the value of r m· 
The correct application of this equation is related to the adsorption theory, since 
when capillary condensation occurs, the pore walls are already covered with an 
adsorbed film with a thickness determined by the relative pressure. Con
sequently, rm is based on values of the inner care size re rather than the pore size. 
The effect of the adsorbed film on the calculated result is far from negligible, 
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especially in the calculation of pore size distributions from sorption isotherms, as 
was demonstrared by Gregg and Sing ( 1982). 

For conversion of the r". value to a core size, a pore shape model is required. On 
grounds of simplicity, cylindrical pores with corresponding hemispherical menisci 
are often assumed. Introduetion of a macroscopie angle of contact between the 
capillary condensare and the adsorbed film on the solid surface leads to the 
simple relationship 

re = r m · cos cp (4.14) 

wherein the angle of contact cp is the angle between the radius of curvature and a 
line perpendicular to the capillary surface. 
As was discussed by several researchers (e.g. White, 1977; Everett and Haynes, 
1973) the concept of a macroscopie contact angle and a constant radius of curva
ture may be oversimplified, giving rise to a great deal of uncertainty. In equilib
rium, the chemica! potential of the capillary condensare shall be the same in all 
points within the phase, being lower than that of the free liquid. Generally this 
reduction arises from the joint action of the adsorption forces ( due to the prox
imity of the solid surface) and the meniscus curvature (the Kelvin effect). Since 
the adsorption effect on the chemica! potenrial increases on approaching the 
capillary wall, the con tribution of the meniscus decreases, causing the radius of 
curvature to be progressively larger. Alternatively, this may be translated to a 
changing contact angle (Gregg and Sing, 1982). 
However, considering that at present the direct and accurate measurement of the 
contact angle in the mesopore range is virtually impossible, the simplifying as
sumption that cp = 0 is generally made in the context of capillary condensation 
based on the Kelvin equation. 

4.2.1.3 Hysteresis 
Generally, hysteresis may be divided into time-dependent hysteresis and perma
nent hysteresis (Everett, 1967). Insome adsorptive-adsorbent systems, the size of 
the hysteresis loop depends upon the traversing speed of the loop in relation to 
the oscillation frequency of the relative vapour pressure. When determination of 
the sorption isotherm is carried out very slowly, the loop may degenerare into a 
line, and the hysteresis may disappear. This time-dependent hysteresis is often 
related to relaxation phenomena. In this paragraph only the permanent hysteresis 
is discussed. 

For most type IV and V isotherms, the uptake of adsorptive in the higher relative 
pressure range is enhanced compared to the amount calculated from the BET
model. The capillary condensation hypothesis offers the most reasanabie expla
nation for this enhancement. A characteristic feature of a type IV or V isotherm, 
related to capillary condensation in the mesopore range, is its hysteresis loop, 
although it may also be encountered in other types. Similarly to the BET classi-
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fication of adsorption branches, hysteresis loops are categorized according to 
their shape, which is clearly associated with the morphology of the actsorbent (i.e. 
the pore geometry). Fig. 4 .2 shows a classification as recommended by the inter
national Union of Pure and Applied Chemistry, according to Sing et al. (1985) 

The most widely accepted explanation of permanent hysteresis was originally 
suggested by Cohan (1938), who stated that the differences in relative pressures 
for capillary condensation and evaporation as calculated from the Kelvin equa
tion are caused by deviations in the core radius derived from the Young-Laplace 
equation ( 4. 7). This concept can be illustrated by reference to a cylindrical po re 
model, open on both sides. The condensation of a vapour to a liquid phase below 
saturation pressure needs a surface to nucleate the process. In the considered 
pore geometry, the adsorbed film fulfills this requirement. The meniscus is cylin
drical in form so that by equation ( 4.13) condensation cernmences at a relative 
pressure determined by rm = 2·rc. However, evaporation occurs from the hemi
spherical meniscus of the full pore and thus starts at a relative pressure calculated 
from r m = re. Similarly, it is obvious that a one si de closed cylinder is free of hys
teresis effects. 
The commonly used 'ink-bottle' model (e .g. Everett, 1967), assuming a narrow
necked bottie analogy for pores, is a further developed variant based on this ex
planation. 

Experimental evidence for various adsorptives reported in lirerature supports the 
view that the lower dosure point of the hysteresis loop i.e. the intercept of the 
desorption and adsorption branches, is never situated below a critica! relative 
pressure which is characteristic of the adsorptive. A possible explanation for the 
existence of a minimum value of the relative pressure for loop enelosure was 
elaborated by various researchers (e.g. Kadlec and Dubinin, 1969; Burgess and 
Everett, 1970). According to the Young-Laplace equation (4.7), the liquid expe
riences an approximate rension (neglecting the contribution of the vapour pres
sure) given by 

2 · y 
7:=-pl = -- (4.15) 

rm 

The maximum rension that a liquid can withstand is equal to its tensile strength 
r0. As a consequence, a minimum value of the relative pressure accordant with 
the existence of capillary condensare can be deduced on the basis of the Kelvin 
equation (4.13): 

ln(.P.JL.J = -(~J · ro 
Pvs min R T 

(4.16) 

This relation states that the hysteresis loop should close at a relative pressure, 
that is constant for a given adsorptive at a given temperature, irrespective of the 
nature of the adsorbent. A simultaneous implication is that a lower limit is set to 
the application of the Kelvin equation, since the minimum relative pressure cor
responds to a critica! value of rm below which immediate evaporation of capillary 
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liquid occurs. Kadlec and Dubinin (1969) estimated that the tensile strength ef
fect for water leadstoa threshold value of the relative pressure ranging from 0.36 
to 0.47. 

In very fine pores, having diameters in the order of a few molecular diameters, 
the liquid properties as used in equation (4.13) start deviating from those ofthe 
liquid adsorptive in bulk. Ahn et al. ( 1972) found that with decreasing pressures 
towards the lower end of the mesopore range, the values of the surface tension y 
progressively exceed the 'bulk' value. Consequently, calculation of rm from the 
relative pressure on the basis of the Kelvin equation results in underestimated 
val u es. 

The effect of surface forces on liquid properties seems also significant for the 
course of the sorption isotherm below the critica! value of the relative pressure. 
According to the simple tensile strength hypothesis, capillary condensate should 
be incapable of existence in that region. Nevertheless, Gregg and Sing (1982) 
noted for various adsorptives that the upward swing in the isotherm characteristic 
of capillary condensation may commence at relative pressures prior to the lower 
dosure point of the hysteresis loop. These observations are explained by the 
effect of the surface forces on the radius of curvature, as was discussed in 
paragraph 4.2.1.2. Since the radius of curvature becomes progressively larger in 
the proximity of the wall, the liquid rension r (equation 4.15) will correspond
ingly decrease. 
Actually, the concept of a meniscus is beginning to lose its meaning in very 
narrow pores. Gregg and Sing (1982) suggest that the surface effects could ac
count for enhanced adsorption closely analogous to capillary condensation. 
Generally this increase in adsorption without hysteresis is relatively small and 
therefore only represems a small fraction of the pore system. In wedge-shaped 
pores, associated with plate-like particles such as gypsum, the residualliquid held 
in the apex of the wedge wi!l be in the range of surface forces. Furthermore, such 
wedge-shaped pores give rise to hysteresis-free behaviour. This may be clear on 
the basis of the Young-Laplace and Kelvin equations as discussed earlier in this 
paragraph. 

Although it is not included in the classification of hysteresis (Fig. 4.2), isotherms 
may show hysteresis persisting to the lowest pressures (Naono et al. , 1980). For 
type IV and type V isotherms, it is frequemly superimposed on the conventional 
hysteresis loop associated with capillary condensation. In that case, the desorp
tion branch in the region below the steep downward sweep (the shoulder) in the 
conventionalloop generally runs parallel to the adsorption branch. The explana
tion of this low-pressure hysteresis is often formulated in terms of swelling (Baily 
et al., 1971), inducing a stress which may even be sufficient to fracture the solid 
over short distances. Such a distonion may be not perfectly elastic, since adsor
bate molecules can become trapped in cavities between particles. 
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relative pressure PviPvs 

Figure 4.2. Classification of hysteresis loops as recommended by the International Union of Pure 
and Applied Chemistry (Sing et al., 1985). 

4.2.2 Moisture transport 

In this paragraph the theory for moisture transport in porous media, as devel
oped by Philip and de Vries (I 957) will be discussed. The theory describes the 
simultaneous transfer of water both in the liquid and gaseous state and heat, 
under the influence of gradients of temperature and moisture content. Within the 
context of this thesis, only the moisture transfer is considered. 

According to Darcy's law the liquid transfer in unsaturated media is decribed by 

(4.17) 

where q1 represems the liquid flux density, p1 is the water density, K the hydraulic 
conductivity and VI the suction.This suction is considered as the potenrial energy 
of a unit of mass of liquid, and is generally composed from partial potentials for 
gravity, capillary, adsorption and osmotic forces, as well as from the potenrial due 
to external pressures. Here, effects of gravity and solutes are negleered and 
transport is assumed to take place at constant atmospheric pressure. 
Since the potential is a function of both the liquid water content 81 and tempera
ture T, equation ( 4.17) changes to 

( 4.18) 

or 

( 4.19) 

129 



CHAPTER4 

where D 0, and Dr, represent the isothermal and thermalliquid diffusivity, re
spectively. 

In the Philip and de Vries model (1957), the vapour flux density qv in aporous 
material was written as 

p MI 
qv =-a·a·D· ·--·Vp 

p- Pv R . T v 
(4.20) 

where D is the diffusion coefficient of water vapour in air, M 1 the molar mass of 
water, R the universa! gas constant, P the total gas pressure and Pv the partial 
vapour pressure. This expression is based on the diffusion of water vapour in an 
ideal air-water system, negleering the thermal diffusion. Two factors were 
introduced to describe the diffusion through a porous materiaL The factor a is 
the volumetrie air content of the material and represems the total cross section 
available for diffusion, and a is a tortuosity factor allowing for the extra path 
length. 
According to Van der Kooi (1971), equation (4.20) can be simplified for normal 
atmospheric pressure and room temperature to 

(4.21) 

where o is the water vapour permeability of the material considered.Actually, 
unlike (4.20) various moisture transport mechanisms are assimilated in o. 
The relationship of water vapour pressure and the liquid water content of the 
material is given by the sorption isotherm. Since 

(4.22) 

where RH is the relative humidity and Pvs the saturated water vapour pressure, it 
follows that 

Vp =p ·(()RH) ·V81 +p ·(()RH) -VT+RH · dPvs ·'VT (4.23) 
V vs ae vs ar d T 

I T ~ 

Usually, the second term on the right hand side of equation ( 4.23) is negligible in 
comparison with the third term. Combination of (4.21), (4.22) and (4.23) gives 

(4.24) 

with 
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(4.25) 

DT. = a·a·D·_P _ _ . MI . RH. dPvs 
P - Pv R · T P1 d T 

(4.26) 

where De and DT are the isothermal and thermal vapour diffusivity, respec
tively. Sid;.ilar to th~ liquid transfer (expressions 4.18 and 4.19), these diffusivi
ties may be calculated from a vapour potential 1{1' by translation using 

(4.27) 

which assumes local thermadynamie equilibrium. Furthermore, on the basis of 
(4.21) the vapour diffusivities can also be written as 

(4.28) 

and 

(4.29) 

In their original work, Philip and de Vries (1957) showed that the calculated 
thermal vapour diffusivity was considerably smaller than experimental diffusivi
ties from other werkers. Their explanation for this conflicting observation was 
that the simple theory of water vapour diffusion in porous media negleered the 
interaction of vapour, liquid and solid phases. They suggested two effects should 
be considered: 
(1) At moderate moisture contents, the material comains narrow capillaries tilled 
with water and larger capillaries tilled with air and water vapour. Except for a 
certain volume of entirely tilled capillaries conneering opposite sides of the ma
terial, the transfer of moisture takes place through a vapour continuurn with liq
uid islands in smal! pockets or interpartiele joints. The vapour flow is determined 
by the vapour pressure gradient in the empty pores, whereas the flow in the liquid 
regions is adjusted to equal this flow. Since the liquid flow resistance is negligible 
compared to the vapour flow resistance, the liquid islands cause a reduction in 
the diffusion path length and an enlargement of the cross sectien available for 
vapour diffusion. 
In addition, the terminology in such a complicated series-parallel system of meis
ture movement should be reconsidered. In the absence of liquid continuity, all 
transfer is considered vapour transfer. 
(2) Because the thermal conductivity of the gas tilled cavities usually is smaller 
than the thermal conductivity of the bulk material and water tilled cavities, the 

131 



CHAPTER 4 

temperature gradients across these components will be different. As a result, the 
actual vapour transfer in the cavities will exceed the vapour flux that is calculated 
on the basis of the overall temperature gradient. 
Both effects were incorporated in the Philip and de Vries model by introduetion 
of empirica! factors, replacing a· a in expressions (4.25) and (4.26). 
Other explanations for the deviations between theory and measurements were 
based on effects of surface diffusion and viseaus flow of water vapour (Rose, 
1965; Kohonen, 1984). 

Application of the continuity principle yields the following differential equations: 

(4.30) 

and 

(4.31) 

where the term Eis the rate of evaporation. Using 8 = 81 + 8v "" 81> the general 
differential equation for moisture transfer in porous media under combined 
temperature and water content gradients is given by 

(4.32) 

where the macroscopie diffusivities D8 and D7 are obtained from the compo
nents in equations ( 4.30) and ( 4.31). Note that the moisture content 8 is not a 
true potential. 

The Philip and de Vries model is based on a macroscopie approach, consiclering 
the material as a continuum. Some important limitations (de Vries, 1987) of the 
theory are: 
(a) The theory only applies to rigid systems. An example of a theoretica! model 
for shrinking sytems is given by Ketelaars (1992) . 
(b) The porous medium must be homogeneaus and isotropie in a macroscopie 
sense. 
(c) Hysteresis is not taken into account. As a consequence of hysteresis, the 
moisture potentials or derived variables become a multivalued function of the 
moisture content, the actual value depending on the history of changes of 81• 

Although the hydraulic conductivity K may also be subjected to hysteresis, the 
influence can usually be neglected in practice (de Vries, 1987). 
The so-called independent domain theory (e.g. Everett, 1967) is generally 
adopted for capillary hysteresis modelling. In this concept, the porous medium is 
treated as an assembly of microsystems or domains, consisring of groups of pores. 
It is assumed that each pore domain behaves as though it were interacting with 
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the vapour or liquid as an isolated pore. Then the whole system can be 
characterized by a distribution function, which defines the filling-emptying 
properties of the domains in the whole system. Mualem ( 1973) briefly reviewed 
the application of this approach to modeHing of the hysteresis phenomenon. In 
the workof Poulovassilis (1962) the distribution function was derived from an 
entire family ofwetting and drying curves, but Mualem (1973, 1974) introduced 
some modifications to obtain the hysteretic relationship of the moisture potential 
and the moisture content from the first wetting and drying curves only. In recent 
workof Molenda et al. (1992), this relationship was entered in a modified Philip 
and de Vries model. Although their simulations emphasise that negleering hys
teresis leads to considerable mistakes, experimental justification of the model is 
lacking. 

4.3 MEASURING METHOOS 

4.3.1 Preconditioning 

Standard procedures to remove capillary and physisorbed water, e.g. prior to 
isotherm determination, are commonly based on outgassing at air temperatures 
of 105 oe or higher, and low vapour pressures. However, as dehydration of the 
gypsum may occur at temperatures above 40 oe, preconditioning was performed 
in a vacuum environment at an ambient temperature of 25 oe. 
Since low water vapour pressures might also initiate or affect dehydration of 
eaS04.2H20 (McAdie, 1964), a threshold value of the water vapour pressure, 
below which the decomposition process may occur spontaneously, was estimated 
on the basis of equilibrium thermadynamie considerations. The dehydration of 
gypsum is given by: 

(4.33) 

Generally, a spontaneous reaction is characterised by a decrease in Gibbs free 
energy. According to equilibrium thermodynamics, the reaction in equation 
( 4.33) is possible if the Gibbs free energy of the right side is less than the Gibbs 
free energy of the left side in this equation. The Gibbs free energy of formation 
from elements t.Gg98 , at a 25 oe temperature in the standard reference state of 
105 Pa pressure, is -1434 kJ-moJ- 1 for calcium sulphate hemihydrate (b), -228 
k}"moJ-1 for water (gaseous state) and -1796 k}"mol-1 for calcium sulphate dihy
drate (Babushkin et al. , 1985). Hence the net Gibbs free energy, resulting from 
the Gibbs free energy from the right side minus the Gibbs free energy from the 
left side, is 20 k}"moJ-1 for the standard reference state. On the basis of the rela
tionship 

t.GP = t.G0 - R · T ·lnK T T (4.34) 

133 



CHAPTER4 

with 

(4.35) 

a threshold value for the water vapour pressure is estimated assuming that the 
Gibbs free energy 11Gi at a pressure p equals 0. In equation ( 4.35), a; and c; 
represent the activity and the stoichiometrie coefficient of water (w), calcium 
sulphate hemihydrate (h) and dihydrate (d) respectively. 
Consequently, the calculated water activity in equilibrium equals 4.6xl o-3, 

resulting in a threshold vapour pressure of 14 Pa ("" 0.1 Torr) for ideal gas 
approximations. 
It is emphasised that these estimations are based on equilibrium assumptions and 
results should be considered indicative. The kinetics of the dehydration process 
at vapour pressures below the threshold value were studied in two preliminary 
tests. Within 18 days exposure to vacuum of approximately 133x10-3 Pa (l0-3 

Torr) no changes in gypsum weight were detected (as is illustrated in Fig. 4.11 in 
paragraph 4.4.1). However, some additional experimentsin a vacuum environ
ment of 133x10-5 Pa (l0-5 Torr) showed a remarkable decrease of weight, indi
cating fast dehydration. As a consequence, a 133x10-3 Pa vacuum was taken as 
the standard outgassing condition. 

4.3.2 Detennination of water vapour permeability 

Expression ( 4.28) shows that the isothermal vapour diffusivity can be calculated 
from the water vapour permeability and the sorption isotherm. The water vapour 
permeability was determined on the basis of the common gravimetrie technique, 
which involves sealing of the sample to be tested into the mouth of an imper
mabie cup and subjeering it to a constant vapour pressure difference. In Fig. 4.3, 
the experimental arrangement is schematically presented. Both in the cup and in 
the dessicator, the constant vapour pressure is set using a saturated aqueous salt 
solution. The dessicators were placed in an environmental chamber, thermostati
cally controlled at 20 oe. A small fan in the dessicator should improve mixing of 
the water vapour. 
From the steady-state change in cup weight qcup> the water vapour permeability /5 
is found as 

(4.36) 

where d is the sample thickness and lipv the vapour pressure difference across 
the sample. 
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Figure 4.3. The experimental arrangement for determination of the water vapour permeability. This 

arrangement consists of a desiccator, containing an aqueous saturated salt solution, and the sample 

under test. The vapour pressure difference across the sample is created by another saturated salt solu

tion in the cup. 

The water vapeur permeability was determined for three types of gypsum sub
strare used in the fungal resistance tests in Chapter 3, i.e. the pure gypsum sub
strate, the reference substrate and the machine made plaster. Preconditioning of 
the samples was clone according to the procedures described in paragraph 3.2.2. 
For each substrate considered, the experiments were performed in triplicate. 
Because the water vapeur permeability is a function of the water content of the 
material, the tests concerned a range of increasing RH's. The experimental 
conditions on both sicles of the sample under test were derived from the subse
quent RHs in Table 4.2. 

Table 4.2. Saturated aqueous salt solutions used for determination of the water vapour 

permeability 

Satu~ated a ueous .salt solution ,. .· f, :1 , E uilibriuni RH 
uH · _, 12 

CH3COOK 

< •• MgCt2;H;o 
K2CO~-~~~O" 

Mg{lf03h·6H2<;l. /' 

, N~N02 · * .. ~ 
·NaCI 

KCl 

KN03 

K~Q 

22 

33 

43 

53 

65 

75 

85 

93 

97 

Each test of RH combinations took a 2-weeks period at the least. The cup was 
removed from the dessicator and weight was determined gravimetrically at 3 day 
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intervals. After termination of the test, samples were removed from the cups and 
salt solutions were replaced. 

4.3.3 Measuring of sorption isothenns 

Determination of sorption isotherms was performed on the basis of a mi
crocalorimetric method. Van Bokhoven (1979, 1985) originally introduced this 
metbod for simultaneous measurement of sorption isotherms and net differential 
heat of adsorption of water vapour on active carbon and synthetic zeolite sam
ples. 
The principle is schematically presemed in Fig. 4.4. An evaporation vessel (E), 
containing the liquid adsorptive (1), an adsorption vessel (A) with the actsorbent 
(a) and a connecting tube including a valve with adjustable restrietion (Vr) form a 
closed thermadynamie system. Heat exchange takes place only through two 
identical thermopiles, acting as heat flow meters. The cold juncrions of both pil es 
are conneered to the constant temperature heat sink (Tc) of the calorimeter, 
whereas the other junctions are in contact with the vessels. Compensation for 
spurious heat flows due to uncomrolled temperature fluctuations is obtained by 
coupling two reference cells with similar thermopiles in electrically opposite 
sense. 

0 hot junction 
@) cold junction 

adsorptive 

Figure 4.4. Schematic presentarion of the sorprion microcalorimeter. 

adsorbent 

Legend: E= evaporarion vessel, containing the liquid adsorptive; A= adsorption vessel conraining the 

adsorbent; Vr= adjusrable restriction; P= pressure gauge; Tc= constarit temperature heat sink 

After evacuation of air and therm al equilibration of the system, the restrietion Vr 
is opened, admitting diffusion of adsorptive to the adsorbent. Consequently, two 
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simultaneous heat flows are introduced caused by evaporation in cell E and ad
sorption in cell A respectively. These heat flows evoke two opposite electro mo
tive forces (e.m.f.'s) in the correspondent thermopiles. Integration of the evapo
ration-side e.m.f. (EMFE) over the time interval needed for re-equilibration rep
resems a measure of the amount of adsorptive that has been evaporated; taking 
the dead volume and the systems adsorption (to surfaces of cells and tubes) into 
account, the amount adsorbed is deduced as well. A pressure gauge (P) con
neered to the adsorption vessel measures the actual adsorptive vapour pressure 
(inaccuracy !J.p/ps < 1 %) that is required fordeduction of the adsorption isotherm. 
For desorption measurements, valve Vr is closed; conneering the adsorbent cell 
via a capillary tube to vacuum induces a vapour outflow. Vacuum is obtained 
from a combined rotary ditfusion pumping system. From the flow characteristics 
of the capillary and the actual pressure difference the amount desorbed is de
duced. 
Additional gravimetrie measurement of sample weights after each measuring cy
cle provides a reference for overall control of sorption isotherms. Dosing may be 
performed continuously or stepwise. Generally, the continuous dosing mode 
shows better results (van Bokhoven, 1979), since it essentially allows a better 
resolution both in the sorption isotherms and in the heat of sorption curves (see 
below). In the continuous dosing mode Vr is adjusted to obtain a vapour flow of 
I0-2 mmol·min-1 (corresponding to approximately 0.3 mV for the evaporation 
heat flow signa!). 
For description of thermadynamie equilibria, the measuring device allows simul
taneous measurement of net differential heats of adsorption in addition. The so 
called condensation compensation method is based on serial conneetion of the 
two thermopiles and direct measuring and integration over time of both the 
evaporation side e .m .f. (EMFE) and the difference in e.m.f's (EMF!J.). 
Measuring EMF!J. insteadof the adsorption-side EMF separately enhances the 
accuracy. 

4.3.4 Measuring of moisture content profiles 

A major problem in the Philip and de Vries model is the determination of the 
macroscopie diffusivities, both being strongly dependent on moisture content and 
temperature. As was shown in paragraph 4.2.2, these macroscopie diffusivities 
can be calculated from some other macroscopie properties, this however also in
troduces uncertainties. Therefore, a straight determination of the diffusivities is 
preferred. 

In view of this objective, a technique on the basis of overall drying curves is 
sametimes applied (Coumans, 1987; Ketelaars, 1992). Such drying curves give 
the mean overall moisture content as a function of time. In order to derive the 
dependency of the diffusion coefficient on the water content, a functional rela
tionship (e.g. exponential or power-law) of these parameters should be assumed 
in advance. After entering this relationship in the macroscopie model, the drying 
curve can be calculated from the salution of the transport equation for given 
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boundary conditions. Providing that the experimental conditions correspond to 
the boundary conditions in the model, the diffusivity can be deduced from ad
justment of the chosen relationship to obtain the best fit of calculations with 
measurements. 
A major drawback of this metbod is the assumption for the functional description 
of the diffusivity D 8. Actually, obtaining such a relationship is the main objective 
of the experiments. 

A metbod which negates this objection is the determination of the moisture dif
fusivity from transient moisture content profiles. A common technique for roea
suring these profiles consists of slicing up the material and gravimetrie determi
nation of the water content of each slice by loss of weight on drying. The inherent 
disadvantages of this technique are: firstly, several samples are needed for de
termination of a single profile, so results are highly affected by reproducibility of 
material properties as related to sample preparation and preconditioning. 
Moreover, the methad is laborious and time-consuming. Secondly, the spatial 
resolution of the metbod is low, being determined by the dimensions of the 
slices. Depending on the type of material, the moisture content is an average 
value of slices of 0.5-1 cm thickness. As a consequence, steep gradients in the 
moisture content (e.g. occurring in receding drying fronts) wil! not be determined 
accurately. 

To imprave determination of moisture diffusivities from transient moisture con
tent profiles, a non destructive measuring metbod with a high spatial resolution is 
required. Several techniques are appropriate, such as gamma ray attenuation 
(e.g. Kober and Mehlhom, 1991), microwave absorption (e.g. Volkwein, 1993), 
neutron scattering (e.g. Groot et al., 1989) and nuclear magnetic resonance (e.g. 
Carpenter et al., 1993). In this study, bath scanning neutron radiography and 
nuclear magnetic resonance (NMR) were applied. 

4.3.4.1 Scanning neutron radiography 
Principle 
Because neutrons interact with atom nuclei, a neutron beam wil! be attenuated 
during transmission through a materiaL This interaction depends on the chemi
ca! element and is a result of scattering and absorption of the neutrons by the 
nucleus. Quantitatively the attenuation is related to the cross section areas for 
absorption and scattering (McLane et al., 1988). Some examples of the cross 
section of elements commonly found in plasters (Helff and Mosch, 1978) are 
given in Table 4.3. This Table clearly shows that the scattering by hydragen nu
clei predominates the neutron beam attenuation. Because of this sensitivity, a 
neutron scattering technique is very appropriate for water content determination. 

Instead of the cross section, the attenuation can be expressed in a macroscopie 
coefficient f.1, being more suitable for practical applications. This coefficient can 
be derived from the cross sections, butmayalso be determined directly from ex-
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periments. The attenuation of the neutron beam intensity !0 aft er transmission of 
a material of i constituents is obtained from 

- "'A·fl, 
l=l0 · e; (4.37) 

where d; is the equivalent thickness and J.l; the macroscopie attenuation coeffi
cient of component i. Fora rigid non-shrinking material, consisring of a material 
and a water component, this equation reduces to 

(4.38) 

where llmat and J.lw are the macroscopie attenuation coefficients of the material 
and water, respectively. 

Table 4.3. Cross-section for scattering and absorption of therrnal neutrons, i.e. neutrons having 
some tens ofmeV energy (Anon., 1991b) 

l 

.,.,.. Elen;:~ni , 
'" ,.,;. ;,. 

,j<' •"' 

Ca 

.~ ""s>~ ). 
0 
H f . 
Al 

Fe 
$.·' ..... ~ 

K 

Na 

i ·· Si 

Experimental set-up 

cr,~ss-section for scátt~rlng cross-section.for ab50rption · 
.: . uo-28m 2/atom] ' '\ " >: > fî()-2sm2/atom] 

3 .00 0.43 

1.03 0.39 

4 .23 0.00 

81.67 0 .33 

1.51 0.23 

11.66 2.56 

2.10 2.10 

3.23 0 .53 

2.17 0.17 

The experiments discussed in the present study were performed at the 2 MW 
swimming-pool type nuclear reactor of the Interfacultair Reactor Instituut, Delft 
University of Technology in the Netherlands. A view of the experimental ar
rangement is presented in Fig. 4.5. 
In all experiments, a monochromatic beam of thermal neutrons with a wave
lengthof 1.31. A (corresponding to a 47.7 meV energy) was used, which was se
lected by means of a (002) reileetion at a zinc crystal. Application of an ad
justable co11imator made of boron and cadmium produced a narrow neutron 
beam and a high spatial resolution. A second collimator, identical to the first, was 
introduced in front of the detector to correct for beam divergence and multiple 
scattered neutrons. After transmission, neutrons were detected by a 3H e 
proportional detector, which has a very high dereetion efficiency for thermal neu
trons, and a low dereetion efficiency for gamma rays, respectively. 
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Figure 4.5. View of the arrangement in the transient RH experiments at the Interfacultair Reactor 
Instituut, Delft University of Technology, The Netherlands. The in set shows the sample container 

between the adjustable collimators. 
Legend: A= pneumatic valves; B= beam monitor; C= container with saturated aqueous salt solutions; 
D= 3He detector; E= elevator. 

Since the reactor activity may vary during the experiments, the initia! beam in
tensity I 0 or the number of neutrons passing per unit of time may also change. 
Consequently, I 0 should be determined continuously. This problem has been 
solved by relating the dereetion time and thus the number of neutrons after 
transmission to a fixed number of neutrons before transmission as registered by 
the beam monitor. 
To obtain moisture content profiles, the sample is gradually moved through the 
beam using an elevator with a 0.02 mm positioning accuracy. The operational 
procedures included arrangements to eliminare mechanica! hysteresis effects. The 
local moisture content 8 at a eertaio point in time follows from 

(4.39) 

or 

8 = - 1- ·(in( ldr) -In( I)) 
d · J.lw 

(4.40) 
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where da1 is the thickness of the aluminium sample holder and Idr represems the 
beam intensity after transmission of the dry material in the sample holder. 

Experimental procedures 
Scanning neutron radiography was applied in two types of experiment: 
(a) unidimensional drying 
A dry gypsum sample of 92x30x30 mm in an aluminium sample holder open on 
two opposite sides was immersed in demineralized water for about 15 min. Next, 
one side was covered with a vapour tight barrier, while the other side was ex
posed to a flow of dry air (Fig. 4 . 6). The sample was placed on a balance to 
record the overall change in mass as a function of time, which was used to verify 
the drying curve deduced from the transient water content profiles. To check for 
density gradients, several scans of the dry gypsum sample preceded each experi
ment. The drying of the sample was carried out for 24 h. A single scan of the 
cross section typically took about 40 min. 

souree 

15° 

collimators 

airflow _____... 

• 

---"""-"'~~t 
elevator 

92mm 

30mm 
<» 

beam 30 mm 

sample 

3He detector 

aluminium 
container 

Figure 4.6. Schematic presentation of the arrangement for measuring moisture content profiles in 

the drying experiments using scanning neutron radiography. The inset shows the sample and beam 

dimensions. 

(b) response to trans i ent RHs 
A dry gypsum sample of 76x30x5 mm was exposed to alternating RH levels. The 
RHs were defined using saturated aqueous salt solutions in two containers. Each 
container was part of a separate main system with a permanent circulation of air, 
driven by a small fan (Fig. 4. 7). Both systems were equipped with a by-pass, 
connecting the sample container to the main systems. By means of pneumatic 
valves, controlled by time switches, the RH and the corresponding system were 
selected. The RH was monitored in the air flow before and after passing the 
sample surface, as well as in the containers of the aqueous salt solutions. In the 
present experiments, RH above the sample surface varied between 5% and 95%. 
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collimators 

souree 

aluminium 

3He detector 

~ 
~Smm 

b 30mm 
eam 

switch i 
-: } bypass 

-: } bypass 
~----~------~\ 

sample valve 

Figure 4. 7. Schematic presentation of the arrangement for measuting moisture content profiles in 

the transient RH experiments using scanning neutron radiography. The insets show the sample and 
beam dimensions and the arrangement for relarive humidity conditioning. 

Adjustable restrictions in both the by-pass and the main system allowed control 
of the air velocity above the sample. 

Since the response to transient RH's primarily concerns a smalllayer of some mm 
of the material, the arrangement of the drying experiments was modified for 
precise levelling of the sample surface. Therefore no balance could be used to 
measure the overall change in sample weight as a function of time. However, 
sample mass was determined immediately after the experiment and compared 
with the average mass deduced from the last moisture content profiles. The du
ration of the experiments varied from 20 to 52 h, with RH intervals ranging from 
2 to 12 h. Various dereetion times for the local transmission were used in differ
ent experiments. The corresponding time typically needed for a single scan of the 
material ranged between 1 0 and 40 min. 

Beam profiles 
The local moisture content calculated from the beam attenuation only represems 
an average value of the transmitted volume when the neutron intensity is evenly 
distributed in the cross section of the beam. Furthermore, the effective volume or 
beam dimensions depend on the collimators alignment. Both conditions were 
checked by gradually moving a Plexiglas cube into the beam. Plexiglas comains 
an abundant amount of hydrogen causing a considerable decrease in neutron 
beam intensity. The measured intensity during even distribution should be 
linearly dependent on the position of the Plexiglas cube in the beam. The tests 
were carried out for collimator openings of 30x0.2 mm and 30x0.8 mm in the 
transient RH and drying experiments, respectively. The results showed flat 
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Figure 4.8. Cumulative intensity (number of neutrons per unit of time per unit of the collimator 

opening surface area) as a function of the Plexiglas position in the beam. 

profiles for effective beam heights of approximately 0.15 (Fig. 4.8) and 0.6 mm 
(not shown). 

Macroscopie attenuation coefficients 
Since density fluctuations may occur in the gypsum samples, determination of 
the profile of the macroscopie attenuation coefficient J.l in a cross section of the 
material preceded each experiment. Furthermore, an average value for the gyp
sum substrates considered, pure water and aluminium was obtained in separate 
experiments, in which the attenuation was measured as a function of the material 
thickness. Fig. 4. 9 shows the results for the gypsum. According to equation 
(4.37) the macroscopie attenuation coefficient follows from the slope of the ln(J) 
versus d plot. In addition, the noise caused by multiple scattered neutrons can be 
estimated from the deviation of the data from the fitted line with increasing ma
terial thickness above 60 mm. Consequently, a material thickness of 30 mm was 
chosen for the moisture content profile experiments. Table 4.4 summarises the 
macroscopie attenuation coefficients calculated on the basis of Fig. 4.9. 
Experiments on other matenals such as brick and clay show values for J.l ranging 
from 0.14 to 0.18 cm-1 (Pel et al., 1993) and 0.16 to 0.61 cm-1 (Ketelaars, 1992), 
respectively. 
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Figure 4.9. Attenuation of the neutron beam as a function of the thickness of the dry gypsum 

mareriaL The background noise caused by mulriple scattering can be esrimared from the deviation of 

the dara points from the straight lines with increasing thickness. 

Tab1e 4.4. Macroscopie attenuation coefficient 1.1 forthermal neutrons with a 1.31 A wave

length. 

· Material 
. ,• t .,. \ 

'' .f , ~ Pure gypsum 

Réference, gypsum . ·e , 
;<J:' "'Mac.tune made gyp~u.it· 

·water 

Al:tJriûnium 

The RH at the sample surface 

0.66 

0.58 

2.54 

0.10 

An interruittent pattem was used for the RH at the sample surface in the tran
sient RH experiments. The sharp increase and decrease in RH were set by air 
velocity adjustment. Fig. 4.1 0. shows a typical example of the measured surface 
RH. 

4.3.4.2 Nuclear magnetic resonance 
Principle 
Because of their rotational spin, hydrogen nuclei possess a magnetic moment. 
Application of a magnetic field affects the orientation of the magnetic moment, 
corresponding to distinct energy levels. In the NMR experiments, appropriate 
radio frequency fields manipulate the magnetic moments of hydrogen nuclei in a 
magnetic field, resulting in a so-called spin echo signa!. The amplitude of this 
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Figure 4.10. A typical example of the interminent pattem of the surface RH in the transient RH 
experiments. 

signa! is proportional to the number of nuclei responding. The resonance fre
quency f is given by 

f = Y · Bo (4.41) 

where y is the gyro magnetic ratio (42.58 MHz/T for 1H) and B0 is the external 
applied static magnetic field. Since y is related to the nucleus characteristics, the 
methad can be applied to trace specific elements, and consequently to direct de
termination of the water content. In contrast to scanning neutron radiography, 
chemisorbed and physisorbed water can be distinguished. 
Introduetion of a magnetic field gradient causes the resonance conditions to be 
spatially dependent. As a consequence, the water content distribution can be 
measured without rnaving the sample under consideration (Kopinga and Pel, 
1994). 

Experimental set-up 
The experiments in the present study were performed using a NMR apparatus 
developed by Kopingaand Pel (1994). A cylindrical sample in a Teflon holder 
(not containing any hydrogen) was placed in a 0.75 T (33 MHz) magnetic field 
between the poles of an iron-cored electro-magnet. Application of gradient coils 
generared a well defined magnetic field gradient in the z-axis direction. A 
specially designed Faraday shield was added between the coil and the sample in 
order to obtain quantitative results from the measurements. This is in contrast to 
NMR in medica! imaging which is used to acquire qualitative data. 
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Experimental procedures 
Two types of experiments were carried out: 
(a) unidimensional drying. 

CHAPTER 4 

The sample of 25x020 mm3 was immersed in demineralised water for several 
min. Exposure of the sample to an air flow of 40% RH parallel to the surface 
created a unidimensional drying experiment. The experiments for each sample 
took 48 h at the least. 
(b) water absorption. 
The base of a dry gypsum sample 80x020 mm was in contact with a water 
surface, according to the experimental arrangement described by Pel et al. 
(1994a). Each experiment lasted 2 h. 
For this type of material, measuring a local moisture content with a 1% inaccu
racy takes a bout 10 s. 

Resolution 
The unidimensional resolution of the NMR measuring device in this experiments 
was 1 mm (Koppinga and Pel, 1994). 

4.4 RESULTS 

All experiments were carried out for the pure gypsum, the gypsum reference and 
the common machine made plaster, as described in paragraph 3.2.2. Since the 
results of the pure gypsum and the reference gypsum were similar, this paragraph 
only includes the results of the Jatter. 

4.4.1 Initia! drying and hydration 

The gypsum samples were air dried (approximate RH 50±5%) for 7 days and 
subsequently suspended in a vacuum environment of 133xi0-3 Pa (l0-3 Torr) for 
21 days. Each type of material comprised three replicates. The weight loss during 
this initia! drying period was determined gravimetrically. 
Fig. 4.11 shows the initia! drying. Compared to the pure gypsum, the drying of 
the reference gypsum was retarded as a consequence of Czapek additives (Adan 
et al., 1994). 
From the initia! drying curves, the conversion factor of calcium sulphate hemi
hydrate to dihydrate can be estimated for the reference gypsum. In case of full 
hydration the ratio w0 of structurally bound water and the hemihydrate should 
equal 0.186. 
For the reference gypsum the measured ratio w0 is 0.166±0.003, whereas for the 
pure gypsum w0 equals 0.164±0.002 (Adan et al., 1994). The corresponding 
conversion factors are 0.89±0.02 and 0.88±0.01 respectively. Helff and Mosch 
(1978) suggest w0 values ranging from 0.15 to 0.19, with a recommended value 
of 0.17 for calculations. 
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Figure 4.11. Initia! lossof weight of the water-binder mixture as a function of time. The first stage 
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133x1o-3 Pa (lo-3 Torr). Each type of gypsum material comprised three replicates. ( 0 ) the 

reference gypsum; (!!) the machine made plaster. 
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4.4.2 Water vapour permeability 

In Fig. 4.12, the measured water vapour permeability is given as a function of the 
mean RH, calculated from the RHs of opposite sides of the sample. The water 
vapour permeability increases with progressive RH, as a result of the water 
vapour and liquid interaction. The increased scattering of the data at higher RHs 
is mainly caused by the hygroscopicity of the sample and the stabilitity of the 
aqueous salt solutions used (Hens, 197 6). 
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Figure 4.12. The measured water vapeur permeabiliry 8 of (a) the machine made plasterand (b) the 

reference gypsum as a flmcrion of the average RH from both sides of the sample (T=20 °C) . 

4.4.3 Sorption isotherms 

4.4.3.1 Application ofthe BET -model for water vapour sorption 
With respect to the basic assumptions in the BET derivation (paragraph 4.2.1.1), 
some special features of water should be considered. Because of the small 
molecular weight and the compact molecular shape, the polarizability of the wa
ter molecule is small, and consequently dispersion forces only weakly contribute 
to the interaction with non polar solids. Consictering the large permanent dipole 
moment and the hydrogen bonding propensity, the adsorption of water is espe
cially related to the degree of polarity of the surface. Several examples have been 
reviewed by Gregg and Sing (1982): the adsorption of water vapour on carbon, 
as related to the amount of chemisorbed oxygen and the adsorption on silica and 
titania as a function of the hydroxyl content illustrate the effect of chemisorbed 
po lar groups on the water sorption isotherms of non po lar solids. 
As a consequence of this localised affinity for water, the processes of monolayer 
and multilayer formation are not clearly separated, which is reflected in the ab-
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sence of a sharp knee in the low pressure range of the isotherm. Such a clearly 
identifiable point requires that the building-up of the monolayer is virtually com
plete befare the formation of the multilayer commences. As the molecular surface 
area of the water molecule also depends on the degree of localisation, the BET 
equation cannot properly be applied in determining the monolayer capacity from 
water sorption isotherms and subsequent calculation of the specific surface area. 

4.4.3.2 Accuracy 
In the sorption experiments of gypsum, sample mass ranged from 0. 77 to 1.32 g; 
specimens were crushed to small pieces and fixared between the cylindrical wall 
of the vessel and an inert perforared me tal support. The continuous dosing mode 
was applied. An inherent feature of this measuring methad is that a perfect ad
sorption equilibrium cannot exist, but minor deviations from equilibrium will 
occur if the dosing flow is sufficiently small. However, there was no opportunity 
to check this requirement thoroughly, which would have implied a number of 
interruptions, one at each stage of the adsorption process. In the present exper
iments, two indicative tests have been carried out. Interruption of the adsorption 
processof a pure gypsum sample at a vapour pressure of 2137 Pa (16.07 Torr, 
i.e. a relative pressure of 0.67) caused a decrease of 12 Pa (0.09 Torr) aftera 1 
hour period. For a gypsum reference sample, the vapeur pressure decreased by 
267 Pa (2.01 Torr) 15 hafter the dosing stopped at a level of 1655 Pa (i .e. a 
relative pressure of 0 .52). The amounts adsorbed during the equilibration period 
are very small, i.e. < 6x 1 o-6 mmo! H 20, so no significant vertical shift of the 
sorption curve occurs. The horizontal shift decreases with increasing relative 
pressures, since the dosing rate is proportional to the vapour pressure difference 
between the (saturated) evaporation cell and the adsorption cell. For relative 
pressures in the adsorption vessel of 0.52 and 0.67 the dosing rates have been 
reduced to 50 and 10% of the initia! ra te, respectively. 
In previous experiments of water adsorption into mieroparous materials such as 
activared carbon and zeolites, a dosing flow of 10-2 mmol·min-1 yielded a maxi
mum deviation in the relative vapour pressure of 0.02. Because the porosity of 
the gypsum is mainly a consequence of interpartiele voids and the material may 
be considered macroporeus (see Appendix lil) without extemal transport limita
tions, equilibrium should be approached closely at each point in time. However, 
absarptien of adsorbed water into the gypsum bulk may cause deviations from 
the adsorption equilibrium. This possibility can not be excluded on the basis of 
the experimental evidence. 

Sample mass was determined gravimetrically at the beginning of the experiment 
and after each traverse of an adsorption or desarptien branch. The values after an 
adsorption process deviated no more than 8.3% (with an average value of 5.2%) 
from the sample mass deduced from the heat fluxes, which is within inaccuracy 
limits (Bovenlander and Wolting, 1992). 
Van Bokhoven (1979) showed that the inaccuracy of the net differential heat of 
sorption measurements is less than 2J-mmoJ-1• 
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4.4.3.3 Sorption and net differential heat of sorption 
According to the Brunauer classification (see paragraph 4.2.1.1), the sorption 
isotherms from the gypsum samples may all be identified as type UI within the 
PviPvs range considered. Such isotherms are characteristic of weak gas-salid in
teractions for non porous or macroporous solids. 
All isotherms of water vapour on gypsum (Fig. 4.13) show a considerable hys
teresis, extending over the whole range of pressures, and some adsorbate retain
ing after each adsorption-desorption cycle. Similar observations on the basis of 
gravimetrie determination of sorption isotherms for gypsum plaster are reported 
in the literature (Anon., 199la). 
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Figure 4.13. Water vapour sorption isothermsof (a) the machine made plasterand (b) the reference 
gypsum at 25 °C. Both the first ( 0 ) and second (.ó.) traverse are included. 

In Fig. 4.14, the net differential heat of sorption is plotted for the first adsorption 
and desorption cycles of the substrates considered. The shape of the curves is 
similar to observations for other adsorbent-adsorptive systems (Gregg and Sing, 
1982), showing a high value for low relative pressures, diminishing towards a 
minimum foliowed by a slight increase as the relative pressure approaches unity. 
Generally, this picture is attributed to localised adsorption on the most active 
parts of the surface, and increasing effects of lateral interactions of the adsorbate 
molecules (see paragraph 4 .2.1.1). 
In all gypsum experiments anomalous results occur for relative pressures above 
0.3, since the heat of sorption exceeds the heat of liquefaction significantly in 
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the machine made plasterand (b) the reference gypsum. The dotted line (the right y-ax.is) represems 

the corresponding traverse of the sorption isotherm. 

both the adsorption and desorption branch. These observations were reproduced 
for all materials considered. As there was no evidence of systematic experimental 
errors, this indicates that water sorption in the second and higher adsorbed layers 
is notequivalent with condensation and evaporation of pure liquid water, being a 
basic assumption of the BET -model. The dissalution of material constituents 
possibly contributes to this effect. 

4.4.3.4 Hysteresis 
The isotherms of the machine made plaster (Fig. 4.13) show a smal! but sharp 
fall in both desorption branches in the relative pressure range 0.35 to 0.50. This 
decreasein desorption may readily be explained by the tensite strength effect (see 
paragraph 4.2.1.3), indicating that capillary condensation affects the course of 
the isotherm substantially at higher relative pressures. In that case it is also plau
sible that part of the hysteresis in the high pressure range is associated with 'ink
bottle' effects. 

Low-pressure hysteresis is generally related to penetration effects causing irre
versible swelling as was mentioned in paragraph 4.2.1.3. The slow shift in the 
relative pressure after interrupting the dosing (paragraph 4.4.3.2) as well as the 
increase in desorption with decreasing dosing rates at low pressures, suggests a 
relationship with measuring kinetics, which may be a consequence of slow pene
tration of adsorbed water into the gypsum bulk. 
However, according to Chassevent and Dominé (1950) and Helff and Mosch 
(1978) water vapour sorption affects the gypsum volume by less than 1 %o, so it is 
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not likely that this explanation fully accounts for the large hysteresis observed in 
the first sorption cycle of the machine made plaster. 

Another explanation for low pressure hysteresis has been suggested by various 
researchers, particularly with respect to water vapour. This explanation is based 
on slow chemisorption effects, affecting the polarity of the surface during the 
isotherm determination. This process may be elucidated by reference to some ex
amples of silica and silicagel (Naono et al., 1980). Forthese substrates, the ad
sorption of water vapour is related to the degree of hydroxylation of the surface. 
Exposure of dehydroxylated silica's (exhibiting a hydrophobic character) to water 
vapour introduces hydroxylation of the surface, preceding the localised physical 
adsorption of water on chemisorbed OH groups. Since it demands some rear
rangement of the surface structure, this process which occurs during the isotherm 
determination is slow, as a result of which low pressure hysteresis is produced. 
Chemica! effects may also affect the course of the isotherm of the gypsum sub
strates. On the basis of the estimations in paragraph 4.4.1, completion of the 
conversion reaction of calcium sulphate hemihydrate into calcium sulphate dihy
drate may be expected as a consequence of exposure to water vapour. This hy
dration process is fast, i.e. < 1 h (Helff and Mosch, 1978), and will become in
creasingly significant with progressive actdition of water vapour. Consiclering the 
conversion factors from the initia! drying experiments, the completion of the hy
dration reaction should account for a maximum adsorption-desorption difference 
of approximately 1. 7% (by mass) for both the pure gypsum and the reference 
substrate. Although the conversion factor of the machine made gypsum is un
known, the completion of the hydration appears to be the most plausible ex
planation for the large hysteresis in the first cycle: 
From calculation it follows that during the hydration reaction in the calorimetrie 
measurement a net heat of 13 k]'mol- 1 bound water should be released . 
Assuming that the large hysteresis is primarily due to completion of the reaction, 
integration of the net heat of sorption in Fig. 4.14 over the adsorption and 
desorption branches should correspond with the cumulative energy of formation 
of structurally bound water. Taking the inaccuracy into account, the net energy 
resulting from integration ranges between 16 and 25 J-g-1 material for the ma
chine made plaster. If the remaining adsorbate after desorption should be struc
turally bound, the net energy should be approximately 27 J-g-1 materiaL This 
agreement seems to support the explanation of continued hydration. 
Consequently, in the case of the machine made plaster, additional 1-day expo
sure to 97% RH and subsequent drying at 133xl0-3 Pa was added to the standard 
conditioning procedure (paragraph 4.3.1) in order to improve hydration. 

It should be noted that recrystallisation, causing changes in the geometrie stroc
ture with possible effects on sorption, may occur as a consequence of exposure of 
the gypsum to water. However, according to Lelong (1977) such effects are 
extremely slow, so they are negleered in the experiments described in this thesis . 
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4.4.4 Moisture content profiles and diffusivities 

Determination of the moisture diffusivity from moisture concentration profiles 
requires a fine grid of measuring points. A previous study (Pel et al., 1993) 
showed that a distance of 0.5 mm between the points resulted in an accurate 
diffusivity near the minimum value at low moisture contents. For higher roois
ture contents, distauces of some mm are sufficient. In both the NMR experi
ments an equidistant grid of 0.15 mm was applied. Since the scanning neutron 
radiography is considerably slower, a variabie grid was used ranging from 0.5 
mm to 2 mm in the drying experiments, and 0.1 mm to 2 mm in the transient 
RH experiments, respectively. The grid size decreased on approaching the sur
face, where the steepest gradients in moisture content are expected. 
The data set of a single scan of the material cross section consists of moisture 
contents on different moments in time. The profile of moisture contents on the 
same moment in time is deduced from cubic spline interpolation of the time de
pendent data of each measuring point. 
Since the substrates were used in the fungal growth experiments, the response to 
transient RHs of the pure and the reference gypsum substrate, as well as the ma
chine made gypsum was studied. To obtain a comprehensive picture of the water 
balance, the machine made plaster was also subjected to water absorption and 
drying. 
The experiments were carried out at a mean ambient temperature of approxi
mately 20 °C. 

4.4.4.1 Absorption 
According to equation ( 4.32) the moisture transport for the unidimensional 
isothermal problem reflecting the experiments can be described by : 

(4.42) 

If the Boltzmann transformation À,= x· t -o.s is applied, equation ( 4.42) re duces to 
the ordinary differential equation 

(4.43) 

With the boundary conditions 8=8, for À-=0, where e, is the saturated moisture 
content under atmospheric conditions, and 8=80 as À,~oo, this equation has only 
one solution. Therefore, when the Boltzmann condition is satisfied, the trans
formation of the water content profiles should result in coinciding curves. The 
results in Fig. 4.15 confirm this assumption, expressing the .Ytime-relationship of 
the water front progression. Obviously, a distinct front in the water content pro
files is observed. 
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Figure 4.15. (left) Boltzmann transformation of the moisture content profiles (NMR) in the 

machine made plaster during absorption. 

Figure 4.16. (right) The moisrure diffusivity D 8 for the machine made plaster as deduced from the 

moisrure content profiles in the absorprion experiments. 

From the curve of the coïncident transformed profiles, the moisture diffusivity 
can be deduced by integration of equation (4.43) tok 

(4.44) 

The resulting diffusivity is given in Fig. 4.16. 

4.4.4.2 Drying 
The NMR-results for the machine made plaster are given in Fig. 4.17, which 
clearly shows a receding front entering the materiaL From this moment, the 
drying is internally limited by vapour transfer causing a distinct decrease both in 
the drying rate and the heat extracted for drying, and the experiment may be 
considered isothermal (Pel et al., 1993). This was checked by independent tem
perature measurements in the same experimental arrangement. 
For the isothermal unidimensional drying, the diffusivity can be deduced from 
the moisture content profiles by integrating equation (4.42) to x. Since the par
tial derivative of the moisture content with respect to the place is zero at the 
vapour tight bottorn (x=l), this equation reads 
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(4.45) 

The moisture diffusivity resulting from the transient moisture content profiles is 
given in Fig. 4.18. The minimum in the diffusivity at 0.04 m 3m-3 corresponds to 
the occurrence of a receding drying front; for lower moisture contents the vapour 
transport is predominant and defines the drying rate, whereas for higher moisture 
contents the liquid transport becomes increasingly important. Fig. 4.18 also in
cludes the moisture diffusivity in the low moisture content region, resulting from 
the scanning neutron radiography of the same materiaL On comparison with the 
NMR results there appears to be hardly any difference. 
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Figure 4.17. (Ie ft) Moisture content profiles (NMR) during drying of the machine made plaster. 

Each line represems the moisture content profile in the material at a given point of time.The time 

between subsequent profiles is 60 min. 

Figure 4.18. (right) The moisture diffusivity D 8 as deduced from measured moisture content 

profiles during drying of the machine made plaster. (+) Results from NMR; ( 0) results from 

scanning neutron radiography. 

From expression ( 4 .45) it is clear that the inaccuracy of the diffusivity highly de
pends on the inaccuracy of the moisture content derivative with respect to place. 
The occurrence of flat profiles with repeated local variations at high moisture 
contents explains the increased inaccuracy of the diffusivity in this regions (Fig. 
4.17). These variations in the moisture content profiles reflect the inhomo-
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geneities in the sample, since the NMR results are directly related to the amount 
of water present. 
To check for hydration effects, the experiment was repeated for the same sample. 
The resulting diffusivity was in agreement with the diffusivity from the first ex
periment. 

4.4.4.3 Transient relative humidities 
The experiments were performed for at least three different samples of each 
gypsum substrate. A typical example of the moisture content profiles in the 
surface layer of the machine made gypsum plaster is shown in Fig. 4.19. 
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Obviously, some water is retained after the first high RH exposure, correspond
ing to the moisture content at 5% RH on the desorption branch of the sorption 
isotherm of the hydrated material (Fig. 4.27). These results were reproduced in 
the experiments with the other samples of the machine made plaster; both the 
other gypsum substrates showed a smaller water retention. 
Similar to the drying experiments, the moisture diffusivity is calculated from the 
moisture content profiles on the basis of expression ( 4.45). The results of all ex
periments of each substrate are included in Fig. 4.20, showing comparable 
moisture diffusivities of the three types of gypsum. 
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Figure 4.20. The moisture diffusiviry D 8 as deduced from the moisture conrem profiles during 

transient RH's. (a) The machine made gypsum and (b) the reference gypsum. The dotted line 
represents the estimated diffusiviry on the basis of the sorption isotherm (Fig. 4.27) and the water 

vapour permeabiliry. 

The experiments are considered isothermal. In a 6-week test period, the ambient 
temperature was in the range of 18-22 oe, with a maximum daily deviation of 
l oe during a single experiment. 

The isothermal vapour diffusivity D8 can also be estimated on the basis of the 
sorption isotherm and the water vap"our permeability according to expression 
(4.28). The results (the dotted line in Fig. 4.20) give overestimated values com
pared to the vapour diffusivity from the moisture content profiles. 

4.4.4.4 Accuracy and error analysis 
Control of the overall change in sample mass 
eomparison of the overall water flow deduced from the moisture content profiles 
and the water flow from gravimetrie determination provides a check of the exper-
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imental method. In the drying experiments, the overall change in mass was 
recorded as a function of time, whereas in the transient RH experiments, only the 
final sample mass was considered. The results in Fig. 4.21 and Fig. 4.22, show a 
good agreement between calculations and gravimetrie measurement. 
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Figure 4.21. (left) The overall moisture content as a function of time during the drying of the 

reference gypsum. The data markers (6.) represent the drying curve as deduced from the measured 

moisture content profiles using scanning neutron radiography; the line gives the drying curve from 

direct gravimetrie determination during the experiment. 

Figure 4.22. (right)The residual moisture in the transient RH experiments deduced from moisture 

content profiles versus the residual moisture from direct gravimetrie determination: values when the 

final RH is low ( 0 ), and values when the final RH is high (6.). 

The noise in the diffusivity 
Three main sourees producing noise in the diffusivity can be identified: the scan
ning grid, the unidimensional resolution and the noise in the moisture content 
determination. As was mentioned earlier, the small grid size applied in the exper
iments should give an accurate determination of the diffusivity. The significanee 
of both other eaus es was investigated on the basis of numerical simulations using 
the NAG library (Anon., 1991c). 
Starring from the diffusivity of the transient RH experiments, moisture content 
profiles with a 0.1 mm grid were computed for an instantaneous increase in the 
RH from 5 to 95%. The grid and the RH conditions were similar to those used in 
the actual experiments. From this profiles, the diffusivity was recalculated with 
the same methods used to determine the diffusivity from the experimental pro
files. 
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The results in Fig. 4.23(a) fora 0.1 mm grid and a 0.2 mm beam show that the 
moisture diffusivity is wel! reproduced in the whole moisture content range in
volved. Similar calculations for a 0.8 mm resolution could only reproduce the 
diffusivity in the lower moisture content range, since a low resolution smoorhes 
the moisture content profiles. Consequently, the steep gradient near the surface 
is obscured and the derivative of the moisture content with respect to place is 
underestimated. 
The effect of noise in the moisture content determination was simuiared by act
dition of a 2% noise in the computed moisture content profiles. The resulting 
diffusivity in Fig. 4.23(b) resembles the acrual experimental diffusivity. 
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Figure 4.23. M oisture diffusivities D 8 from numerical simulations fora 5 mm gypsum sample. The 
line represents the diffusivity used in the simulation, the markers (+) show the data obtained from 

numerical simulations. (a) Reproduetion of the diffusivity for a 0.1 mm scanning grid and a 0.2 mm 

beam; (b) reproduetion of the diffusivity from the computed moisture content profiles with additional 

2% noise. 

These simulations show that an appropriate choice of both the scanning grid and 
unidimensional resolution should have a minor influence on the moisture diffu
sivity determination. In the transient RH experiments a 0 .2 mm resolution gave 
satisfactory results; according to a similar error analysis by Pel et al. ( 1994b) a 
0 .8 mm resolution was sufficient to reproduce the moisture diffusivity in the 
drying experiments. Furthermore, in these cases the noise in the diffusivity is 
dominared by the noise in the moisture content determination, which is caused 
by inhomogeneities in the material and sorption hysteresis as well as by noise in 
the measuring technique. 
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4.5 SIMULATION OF TRANSJENT RELATIVE HUMIDITY 
EFFECTS 

CHAPTER4 

The moisture transport resulting from an alteration in the RH under isothermal 
conditions is described by equation ( 4.42) with the following boundary condi
tions 

(x== 0) 

(x == l) 

Pt ·De~~== f3 · Pvs ·(RHsur- RH;) 

()() == 0 
a x 

(4.46) 

where f3 is the mass transfer coefficient or film coefficiem and RH; is the mean 
RH of the indoor air. Chapter 2 concluded that the surface relative humidity 
RHsur should be an appropriate measure for fungal growth. In ( 4.46) the depen
dency of RHsur on environmental and material parameters is expressed . 
Numerical simulations were carried out to investigate the effect of these para
meters. 

The surface RH 
Simulations were performed for a dry machine made gypsum exposed to an in
termittent pattem of the RH of the ambient air. The conditions chosen were 
similar to the conditions used in the fungal growth experiments described in the 
next Chapter. The RH was switched between 2 levels below 100%, so only the 
hygroscopic range was involved and the diffusivity from the transient RH exper
iments, called the experimental diffusivity, could be used. The f3 was 20 ns·m-1, a 
value typical of indoor surface conditions. 

Some results are presenred in Fig. 4.24. All computations showed a surface RH 
almost coinciding with the ambient RH pattern. No prolongation of high surface 
humidity conditions occurred after the decrease in ambient RH. For this type of 
material, the water vapour transport is internally limited, i.e. primarily deter
mined by the low value of the moisture diffusivity. 

The experimental diffusivity versus the estimated diffusivity 
A proper description of the moisture transport during transient RHs depends on 
the moisture diffusivity used. Numerical simulations were performed for the ma
chine made plaster exposed to conditions similar to those in the scanning neutron 
radiography experiments. Three diffusivities were considered: the experimental 
diffusivity and two estimated diffusivities on the basis of expression ( 4.28). The 
estimations included a diffusivity as a function of moisture content according to 
paragraph 4.4.4.3, and a constant diffusivity determined from the slope of the 
linearised sorption isotherm in the 20-80% RH range. The last diffusivity is often 
used in simplified roodels (Anon. , 199ld). Fig. 4.25 shows the computed 
moisture content profiles for the 3 diffusivities considered, 4 h after 
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Figure 4.24. (left) The surface RH computed from numerical simulations using the experimental 

diffusiviry of the machine made plaster. The sample of 5 mm thickness was exposed to an alternaring 

RH pattem of 6 h periods of 10 and 95% (-) and to an alternaring RH pattem of 4 h periods of 58% 

and 8 h periods of 95% ( --). The vapour transfer coefficient f3 was 20 ns·m-1. 

Figure 4.25. (right) The computed moisture content profiles in a machine made plaster of 5 mm 

thickness, 4 hafter increasing the surface RH from 5 to 95%. (I) Fora constant diffusiviry of 2xlo-9 

m 2ç 1, deduced from slope of the linearised sorption isotherm; (II) for the estimated moisture 

diffusiviry as a function of the moisture content, deduced from the sorption isotherm i1RH/a0 ; (III) 

for the experimental diffusiviry deduced from moisture content profiles using scanning neutron 
radiography. 

the instantaneous increase in RH to 95%. Using the estimated diffusivities results 
in overestimated penetration depths, corresponding to considerable deviations in 
the moisture flow and surface RH. 

4.6 DISCUSSION AND CONCLUSIONS 

In Fig. 4.26, the calculated diffusivities from the experiments are schematically 
presented in three curves. This picture clearly shows that the diffusivity to be 
used in rnadelling of moisture transfer can be strongly dependent on the initia! 
conditions of the material investigated. For high moisture contents, i.e. the re
gion where liquid transfer dominates, the diffusivities from the absorption and 
drying experiments seem to agree closely. The diffusivity of the drying experi
ments exhibits a minimum at a moisture content of approximately 0.04 m3m-3 , 

corresponding to the introduetion of a receding drying front. In this region of low 
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Figure 4.26. Stylised picture ofthe moisture diffusivity from the moisrure content profiles, as related 

to the experimental conditions. 

water contents, the NMR and scanning neutron radiography yielded coinciding 
diffusivities (Fig. 4.18). 

For the first time, water content profiles in a dry material responding to transient 
relative humidities could be measured (Fig. 4.19). The diffusivity deduced on the 
basis of these experimental data and the estimation on the basis of the water 
vapour permeability and sorption isotherm, however, deviates considerably from 
the diffusivity in the same moisture content regime in the drying experiments. 
Differences of the order of 1 00 occur, implying that the drying ra te of a material 
at a given moisture content is strongly dependent on the initia! state. 
Several explanations can be found in the lirerature for the substantial differences 
between the estimated vapour diffusivity and the diffusivity from the drying exper
iments. As was discussed in paragraph 4.2.2, Philip and de Vries pointed out that 
the simple theory of water vapour ditfusion in porous media negleered the inter
action of vapour, liquid and solid phases, enhancing the vapour transport. 
In the present transient RH experiments, no substantial capillary condensation 
will occur, since 98% of the pore volume concerns pore sizes> 10-7 m (see 
Appendix, Fig. III.1). Consequently, no significant enhancement of the vapour 
flow due to the preserree of liquid islands will occur during the experiments con
sidered. However, starting from an initially wet material (i.e. immersed in liquid 
water), a substantial part of the pores with sizes> I o-7 m will contain liquid is
lands due to hysteresis. This is also indicated in the sorption isotherms in Fig. 
4.27. Probably these effects explain the considerable differences in the moisture 
diffusivities at moisture contents in the high RH range. 
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Figure 4.27. The sorption isotherm (T= 25°C) of the machine made gypsum after progressed 

completion of the hydratien reaction, as measured with the microcalorimetrie method. A second 

hysteresis loop is determined by the gravimetrie method and shows CM adsorption of the dry material 

and (.A. ) desorption of the same material that was initially immersed in water. 
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CHAPTER 5 

Fungal growth under transient 
relative humidities 

5.1 INTRODUCTION 

Generally, the fungal disfigurement of materials is related to the physical and 
chemica! parameters determined by the environment and the materiaL 
Consictering the dynamics of the indoor environment, the parameter time 
should also be taken into account in the risk analysis of fungal growth. The 
micro environment at the interior surface can vary between an approximately 
steady-state situation and highly transient conditions. The latter circum
stances may occur for example as a consequence of water vapour emission 
and airbome transport in bathrooms and kitchens. Despite this everyday re
ality, the knowledge of the effects of transient conditions on fungal growth is 
only minor. Pasanen et al. (1992) studied the germination of Penicillium verru
cosum on wallpaper in relation to various transient moisture conditions. 
Their experiments indicated that occasional moistening of the material may 
be sufficient to cause fungal development. 
In this Chapter a preliminary study of the effects of transient RHs below sat
uration on fungal growth is described. Experiments were performed for a 
cyclical interminent pattem of the RH. Three types of effects were investi
gated under isothermal conditions: 
(1) the effect of the low RH value on fungal growth. The low RH was chosen 
in the range below 80%, which is considered the drying range. On the basis 
of steady state data (Chapter 3), it is expected that fungal growth rates will in
crease with increasing RH's above this threshold value, but no information 
was available with respect to (stress) effects of the low RH value. 
(2) the effect of the time-of-wemess (TOW'), defined by the ratio of the cyclic 
wet period (RHsur"è.80%) and the cyclic wet-dry period. 
(3) the effect of the daily frequency (j) of high RH periods for a given TO W. 
The previous chapter showed that the considered gypsum material did not 
prolong the high RH conditions at the surface significantly, as a result of the 
low value of the moisture diffusivity in the hygroscopic range of the initially 
dry materiaL Consequently, the RH pattem as defined by the saturated aque
ous salt solutions was used in the analysis of the RH effects. 
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5.2 EXPERIMENTAL SET-UP 

Two types of experiment were performed simultaneously: 
(a) Fungal resistance tests. Assessment of fungal growth was made daily by 
two observers independently, according to the method proposed in para
graph 3.3.3. These tests were carried out at the TNO Building and Construc
tion Research, Rijswijk. The experiments lasted 12 weeks each. 
(b) A LTSEM-study of some selected experiments of (a), carried out at the 
Centraalbureau voor Schimmelcultures, Baarn. The cryo-preparation was 
similar to the procedure described in paragraph 3.4.2.1. Each of the 3 
experiments lasted 6 weeks. 

Material 
The experiments were performed for the gypsum reference substrate as de
scribed in the Appendix I. Both the plain gypsum and the gypsum coated 
with the porous waterborne acrylic paint (PVC= 60%) were tested. In the 
fungal resistance tests, a single series of samples was cast from the same wa
ter/ binder mixture into a strip containing 9 moulds measuring 5x048 mm. 
The water/binder mixture was prepared for each series separately. Similarly, 
in the LTSEM experiments, series of 15 samples 3x012 mm were cast on 
stubs in copper moulds with a teflon inlay. In both cases, painting was done 
after the standard preconditioning (paragraph 3.2.2) of the gypsum sub
strates. 
Samples were inoculated with dry conidia of Penicillium chrysogenum (CBS 
401.92, paragraph 3.2.1). 

Methad 
In all experiments, the parameter effects on fungal growth were studied si
multaneously for a series of dried plain and coated samples. A set of a series 
of plain gypsum samples and coated samples was part of a separate arrange
ment, exposing the substrates to an alternaring pattem of a high and a low 
RH. In each experiment the high RH was adjusted to 97%; in the experiment 
with respect to the effect of the low RH on fungal growth, the low value was 
10%, 33%, 58% or 85% RH, whereas both other experiments used a low 
level of 58% RH. The RH's were defined using saturated aqueous salt 
solutions in two containers. Each container was part of a separate main sys
tem with a permanent circulation of air, driven by a smal! fan (Fig. 5 . I) . 
Both systems were equipped with a by-pass, conneering the sample container 
to the main systems. By means of pneumatic valves, controlled by time 
switches, the RH and the conesponding system were selected. The RH was 
monitored in the air flow before and after passing over the sample surfaces. 
In the present experiments, RH above the sample surface approached the 
value defined by the salt solution in the containers by less than 2%. As the air 
velocity above the sample surface may affect fungal growth (see Chapter 1), 
this air velocity was set to a constant level of approximately 5 cm· s-1 • 

Adjustable restrictions in both the by-pass and the main system allowed 
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control of the air velocity above the sample. Hot w1re anemometers were 
developed for velocity measurements. 
All experiments included a series of plain and a series of coated substrates, 
which were exposed to a steady-state RH of 97%. These substrates not only 
showed the steady-state behaviour under the same conditions in each exper
iment, but also allowed comparison of the experimental conditions in the 
different experiments. 
The tests were performed in a elimate room at a temperature of 20±0.5 °C. 

Figure 5.1. (left) View of rhe experimental arrangement in the transienr RHexperiments . 

(right) Schematical presentation of the experimental arrangement in rhe transient RH experi

ments. Each set of a series of plain gypsum samples and coated samples was part of a separate 
arrangement, including two containers for RH definition. A single series consisred of 9 and 30 

samples in the fungal resistance tests and LTSEM experiments, respectively. 
Legend: A= arrangement containing series of samples under test; B= hot wire anemometers; C= 
containers with saturared aqueous salt solutions; D= pneumatic valves; E= RH-sensors; F= 

steady-state reference; G=camera. 

Inoculation was according to the procedure recommended in paragraph 
3.3.3.1, using dry sterile cotton swabs. In the fungal resistance tests, each 
series of 9 samples required 2 sporulating cultures for inoculation, whereas 
in the L TSEM experiments I sporulating culture was used for a series of 30 
samples. 
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5.3 LTSEM-STUDY OF GROWTH OF PENICILLIUM 
CHRYSOGENUM 

5.3.1 The effect of the lowest relative humidity 

CHAPTER 5 

Figs 5.2 and 5.3 include a selection of micrographs from the LTSEM experi
ments with respect to the effect of the low RH value. Generally, the observa
tions showed only minor effects of the low RH on fungal development, the 
effect being more distinct for the coated samples. On the plain gypsum, initia! 
formation of hyphae was observed 8 days after inoculation. For both low RH 
values considered, formation of sporulating structures starred after 3 weeks. 
On the coated gypsum, initia! hyphal growth occurred 2 weeks and 4-5 
weeks after inoculation for the 58% RH and 33% RH, respectively, in 
conjunction with the high RH of 97%. Only in the case of 58% RH were 
condiophores observed after 4 weeks. Compared with the growth on the 
plain gypsum, fungal structures were more frequently collapsed and 
shrunken, which is in line with the steady-state observations described in 
Chapter 3 . 
In contrast to the steady-state observations, no accelerated growth occurred 
on the coated substrate compared to the plain substrate. 

5.3.2 The effect of the time-of-wetness 

The stages of growth of P. chrysogenum in relation to the time-of-wetness 
TOW are shown in Figs. 5.3 and 5.4, fora TOW of 0.33 and 0.66. The ob
servations during the 6-week test period show a definite effect of TO W on 
fungal growth for both types of substrate. Both on the plain and coated sub
strate, germination and growth did not occur for TO W=0.33. For 
TO W=0.66, however, germination and initia! hyphal growth appeared 3 
weeks and 2-3 weeks after inoculation, for the plain and coated gypsum, re
spectively. Formation of conidiophores occurred after 3-6 weeks on both 
types of substrates. The growth at TO W =0.66 approached the steady state 
situation (Fig. 5.8); similar to the steady state references and the observations 
described in Chapter 3, the coated substrate showed accelerated growth and 
abundant coverage of the surface. 

5.3.3 The effect of the high relative humidity frequency 

Figs 5.5 and 5.6 show the stages of growth in relation to the frequency f of 
the high RH periods for TO W=0.66. Growth rates on the plain and coated 
samples appeared to be similar. Only a minor effect of f on growth was ob
served, differences being most obvious when comparing initia! stages of 
growth. On both types of substrate, swelling and germination occurred 21-25 
days and 8- 12 days after inoculation for f=2 and f=8, respectively. 
Conidiophores were observed on both substrates after 25-32 days for f=8, 
whereas in the case of j=2 sporulation starred after 32 days. Finally, the 
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Figure 5.2. Stages of growth of P. chrysogenum (CBS 401.92) on the plain reference gypsum, 

cryo-preserved: exposed to an alternaring pattem of (al)-(a3) 6 h periods of 97% RH and 6 h 
periods of 33% RH and (bl)-(b3) 6 h periods of 97% RH and 6 h periods of 57% RH; (al )

(b I) swelling, germination and initia! hyphae formation, 8 days, x 1200; note the aqueous 

residuals surrounding the conidia; (a2)-(b2) hyphal growth, 2 weeks, x!OOO and xl200, respec

tively;(a3)-(b3) hyphal growth and formation of conidiophores, 6 weeks, x950 and xl200, 

respectively. 

coated samples showed a more abundant growth. Camparing the present 
observations for j=2 with the observations in the previous paragraph for j= 2 
and TOW=0.66, it is concluded that conditions are less favourable in this 
experiment than in the previous experiment. This is consistent with the mu
tual differences of the steady state references (Fig. 5.8) of the experiments. 
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Figure 5.3. Stages of growth of P. chrysogenum (CBS 401.92) on rhe reference gypsum coated 

with rhe waterborne acrylic painr (PVC= 60%), cryo-preserved: exposed to an alternaring pat
tem of (al)-(a3) 6 h periods of 97% RH and 6 h periods of 33% RH and (bl )-(b3) 6 h periods 

of 97% RH and 6 h periods of 57% RH; (al)-(bl) initial swelling of conidia, 8 days, x950; (a2) 

initia! swelling of conidia, 2 weeks, x950; note rhe aqueous residuals surrounding the conidia in 

(al),(bl) and (a2); (b2) initia! hyphae formation, 2 weeks, x950; (a3) hyphae, spreading over 

the surface, 5 weeks, xllOO; (b3) hyphal growth and formation of conidiophores, 5 weeks, 
xlOOO. 
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Figure 5.4. Stages of growrh of P. chrysogenum (CBS 401 . 92) on the plain reference gypsum, 

cryo-preserved: exposed ro an alternaring pattem of (al)-(a3) 4 h periods of 97% RH and 8 h 
periods of 58% RH (TOW=0.33) and (bl)-(b3) 8 h periods of 97% RH and 4 h periods of 57% 

RH ((TOW=0.66); (al)-(a3) conidia, no changes in dimensions, 2,3 and 6 weeks, xl300, x950 

and x800, respectively; (bl)-(b2) swelling of condia and hyphal growrh, 2 and 3 weeks, x950 

and x750, respecrively; (b3) sparuiaring conidiophores, 6 weeks, x600. 

173 



CHAPTER 5 

Figure 5.5. Stages of growth of P. chrysogenum (CBS 401.92) on the reference gypsum coated 

with the waterbome acrylic paint (PVC= 60%), cryo-preserved: exposed to an alternaring pattem 
of (al)-(a3) 4 h periods of 97% RH and 8 h periods of 58% RH (TOW=0 .33) and (bl)- (b3) 8 h 

periods of 97% RH and 4 h periods of 57% RH (TOW=0 .66); (al)-(a3) conidia, no changes in 

dimensions, 2,3 and 6 weeks, x1200, x950 and x800, respectively; (bi) swelling of conidia, 2 
weeks, x700; (b2) initia! hyphal growth, 3 weeks, x600; (b3) abundant coverage of the surface, 

sporulating conidiophores, 6 weeks, x350. Note the conglomerates of aqueous residuals and 

conidia, observed during the entire experiment for TOW=0.33. 
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Figure 5.6. Stages of growth of P. chrysogenum (CBS 401.92) on rhe plain reference gypsum, 

cryo-preserved: exposed to an alternaring pattem of (al)-(a3) 8 h periods of 97% RH and 4 h 
periods of 58% RH(/= 2) and (bl)-(b3) 2 h periods of 97% RH and I h periods of 57% RH(/= 
8); (al) conidia, no changes in dimensions,8 days, x950; (bi) swollen conidia and hyphal 

growth, 8 days, x500; (a2) swollen conidia, germination and initia! hyphal growth, 25 days, 

x950; (a3) dumbs of swollen conidia and hyphal growth, 28 days, x800; (b2)-(b3) swollen 

conidia, hyphal growth and sparuiaring conidiophores, 25 days and 28 days, x850 and x950, 

respecrively. 

175 



CHAPTER 5 

Figure 5.7. Stages of growth of P. chrysogenum (CBS 401.92) on the reference gypsum coated 

with the waterbome acrylic paint (PVC= 60%), cryo-preserved: exposed to an alternaring pattem 
of (a I )-(a3) 8 h periods of 97% RH and 4 h periods of 58% RH (j= 2) and (bI )- (b3) 2 h peri

ods of 97% RH and I h periods of 57% RH (j= 8); (a!) conglomerates of swollen conidia and 
aqueous residuals, !I days, xl200; (bi) conglomerates of swollen conidia and aqueous residu

als, germination and hyphal growth, 11 days, x500; (a2)-(b2) hyphal growth, spreading over the 

surface, 28 days, x550 and x950, respectively; (a3)-(b3) hyphal growth and sparuiaring conidio

phores, 32 days, x800 and xiOOO, respectively. 
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Figure 5.8. Growth of P. chrysogenum (CBS 401.92) on rhe steady state references, cryo-pre

served: (a I )-(a3) the plain reference gypsum; (bI )-(b3) the Waterborne acrylic pa int with the 

reference gypsum base substrate; (al)-(bl) hyphal growth in rhe low RHexperiments, I week, 

x800 and x400, respecrively; (a2)-(b2) hyphal growrh and some initia! formation of conidio

phores, 8 days, x650 and x850, respectively; (a3) , dino, 14 days, x800; (b3) hyphal growth and 

a sparuiaring conidiophore, 14 days, x850. 
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5.4 FUNGAL RESISTANCE TESTS 

5.4.1 Assessment and analysis of growth 

The analysis of growth in the fungal resistance tests was based on the average 
rating of each series of 9 samples, independently assessed by two observers. 
For each type of material and each experimental condition, growth was de
scribed by this average value as a function of time during the 12 week test 
period. To study the effect of the parameters mentioned in the Introduction, 
the next steps were made: 
(a) determination of appropriate response variables; 
(b) analysis of varianee of the response variables 
As with the steady-state experiments in Chapter 3, the growth rare, GR, was 
adopted. The definition of the overall parameter GR includes both the lag 
phase and the exponential phase. Bath phases may be significant for per
formance of finishing materials in building practice with respect to fungal re
sistance. In order to fmd more specific response variables, related to the vari
ous stages of growth, and taking account of the entire growth curve, another 
approach was chosen additionally. The vegetative growth of P. chrysogenum 
on the gypsum substrates produces sigmoidal curves. Numerous rnathemati
cal functions have been proposed for rnadelling sigmoidal curves, many of 
which are claimed to have some theoretica! basis (e.g. Patten, 1971). 
Ratkowsky (1983) reviewed some common roodels and considered their 
application using the least squares criterion on several data sets of vegetative 
growth processes. If a three parameter model should be sufficient to fit the 
data, the logistic model is recommended. The common form of the logistic 
model function applied on the fungal growth data reads: 

a 
y = -----::--

1 + e/3-y·z 
(5.1) 

Where y represems the rating of the coverage area, and t is the time in days. 
The coefficient a is the upper asymptotic value of y, {3 determines the posi
rion of the intercept and y relates to the rate at which y changes from its 
'initia!' value (determined by the magnitude of {3). The logistic model is a 
nonlinear model, because the coefficients {3 and y to be estimated appear 
nonlinearly. 

Given the assumption of independent and identically distributed normal 
variables, the criterion of least squares in linear roodels provides the best 
available estimates in practice. Nonlinear roodels tend to do so only as the 
sample size becomes very large. In addition, the distributional properties of 
the stochastic term are aften unknown. In simulations of Ratkowsky (1983) 
the coefficient estimates in the logistic model, however, remained stabie to 
various assumptions about the error term. Furthermore, the nonlinear be-
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haviour of the coefficients was nat a serious problem in practical terms, as 
simulations showed that the distribution of the coefficient estimators ap
proached that expected for the normal distribution. 

If such a three coefficient model does nat provide an adequate fit to the data, 
the greater tlexibility of a four coefficient model may be necessary. With ref
erence to the results of Ratkowsky (1983), the Weibull model was also tested. 
The Weibull model function is as follows: 

f3 
y=a---"' 

y-t e 
(5.2) 

Where w is the additional coefficient. On comparison of bath models, the 
logistic model was prefered for modeHing the growth curves, although the 
Weibull model improved the fit to the data slightly. The estimators in the 
Weibull model, however, appeared to be more correlated than the logistic 
estimators. Moreover, interpretation of the coefficients in the Weibull model 
is difficult. In order to obtain coefficients that can be readily related to 
growth, the logistic model is reparameterized as follows: 

a y - ---.,-----,--,---
- 4·e·(ó-t )/a 

1 + e 
(5.3) 

where ó is the time coordinate of the intleerion point and E is the first deriva
tive with respect to time in the intleerion point. E can be considered a mea
sure for the growth rare in the exponential stage. Fig. 5. 9 shows the logistic 
growth curve and the corresponding reponse variables used in the further 
analysis of the experiments. 

The analysis was performed using the Non Linear Models (NLN) procedure 
from the SAS software system (Anon., 1987). The NLN procedure includes 
the Marquardt method, which is a campromise between the Gauss-Newton 
and steepest descent method. The Marquardt methad is used to determine 
the least square estimates of the coefficients in the non Iinear growth model 
for a specified data set. The methad is useful when the coefficient estimators 
are highly correlated or the objective function is nor well approximated by a 
quadratic. Furthermore, it also includes modifications designed to imprave 
the speed of convergence. 

The variability between each series of samples (i.e. each strip) was unknown, 
since no repeated measurements of duplicate series in the same experiment 
were included. However, assuming that the variability between series (strips) 
is about the same magnitude as the variability within series, the varianee re
sulting from the logistic model fit in each experiment was used to analyse 
main and interaction effects. Since the varianee of the estimators in the 
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Figure 5.9. The logistic growth curve and definition of the response variables used in the staris

tical analysis. a = rhe asymptotic value; 8 = time value of the inflection point; e = the derivarive 

with respect ro time in the inflection point. 

logistic model was rather divergent, the second greatest value of the varianee 
was used as a worst case approach, consictering the greatest value an outlier. 

5.4.2 The effect of the lowest relative humidity 

Fig. 5.10 gives the estimated logistic models for the data of the low RH ex
periment. Generally, the analysis of varianee showed that the response vari
ables a, 8 and t: all are affected by the type of material and the lowest RH 
value, when the whole range of RH tested is considered. Moreover, signifi
cant interaction effects were found, meaning that the effect of the low RH de
pends on the type of materiaL An increasing value of the low RH causes an 
increasing specific growth and an increasing coverage of the sample surface, 
the effect being most distinct for the coated sample. 
However, consictering the effect of the low RH value in the range below 60% 
shows another picture. Although the type of material still significantly affects 
growth, the effect of the low RH is less distinct. 
Fig. 5.11 shows the results of the experiments in terms of the growth rate GR. 
Indications on the basis of this figure are consistent with the conclusions of 
the analysis of the coefficients in the logistic model. 
Furthermore, the experiments clearly suggest that the introduetion of dry pe
riods (RH<60%) highly affects the performance of the multilayered materiaL 
Although in the steady state exposirion of the references to 97% RH, acceler
ated growth occurred on the coated gypsum compared to the plain gypsum, 
the intermirtent exposirion did not show this effect. 
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Figure 5.10. Estimated logisric growth curves of P. chrysogenum (CBS 401.92) exposed ro an 

alternaring patrem of 6 h periods of 97% RH and 6 h periods of 10% RH (I), 33% RH (II), 58% 

RH (lil) or 85% RH (IV), respectively. (a) The plain reference gypsum; (b) rhe reference gyp

sum coated with a waterbome acrylic painr (PVC 60%). 
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5.4.3 The effect of the time-of-wetness 

For bath substrates, the TO W varied from 0.17, 0.33 and 0.50 to 0.66. The 
analysis of the coefficients in the logistic model showed significant effects of 
the type of material and the TO W for the asymptotic value a and the time 
value of the inflection point t:. Due to the high varianee originating from the 
logistic model fit, no significant effects occurred for 8. None of the coeffi
cients showed interactive effects of the parameters investigated. 
For the plain gypsum substrates, the effect of TO W appeared to be small, 
which is probably due to the very fa st growth in this experiment (Fig. 5 . 12). 
The effects were more distinct for the coated specimens. In this case, how
ever, the fit of the logistic model was less because of some outliers in the data 
set. 
Again, consideration of the effects of TO Win terros of the growth ra te G R 
(Fig. 5. 13) suggests similar results. 

5.4.4 The effect of the high relative humidity frequency 

For all the coefficients in the logistic model, the frequency f of high RH peri
ods, the type of material and interactions of these parameters appeared to be 
significant. To be more specific, this is caused by the sharp alteration in the 
values of the coefficients for the highest frequency f tested on the plain gyp
sum (Fig. 5.14). Stress responses in the fungus, produced by the fast oscilla
tions of the RH, probably contribute to this effect. Analysis of the coated 
samples showed na significant effect in the whole range of f. 
Similarly, the growth rate GR increased with increasing f for the plain gyp
sum, whereas in the case of the coated samples GR approximately remained 
the same for all val u es of f tested (Fig. 5 . 15) . 

5.5 DISCUSSION AND CONCLUSIONS 

Generally, LTSEM observations show a good agreement with the fungal re
sistance tests. Qualitatively, differences in the initia! stages of growth in the 
LTSEM experiments are reflected in the results from the naked eye assess
ments, which concern the coverage area of the sample surface in the sparu
lating stage. 
In all experiments, the logistic model provided a satisfactory fit to the data, as 
the coefficient of determination R2>0. 962. Generally, the estimators of a and 
8 were positively correlated, whereas the estimators of a and t: were nega
tively correlated. The correlation of the estimators of 8 and t: was less ex
plicit. In all experiments, however, the correlation between the estimators for 
the most favourable conditions differed remarkably from the other experi
mental conditions. The fast growth is described by only few data, which 
causes this divergent behaviour. Impravement requires a more frequent as
sessment of growth. 
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Figure 5.12. Estimared logistic growth curves of P. chrysogenum (CBS 401.92) exposed ro an 

alternaring pattem of 10 h periods of 58% RH, and 2 h periods of 97% RH, i.e. TOW=0.17 (I), 
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periods of 97% RH, i.e. TO W=0.66 (IV) . (a) The plain reference gypsum; (b) coated with a 

waterhome acrylic paint (PVC 60%). 
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Figure 5.14. Esrimated logistic growth curves of P. chrysogenum (CBS 401.92) exposed to an 

alternaring pattem of 4 h periods of 58% RH and 8 h periods of 97% RH, i .e. f = 2 (1), 2 h peri
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The simple response variabie GR showed a picture that was consistent with 
the analysis on the basis of the coefficients in the logistic model. The present 
experiments suggest it may be an appropriate tooi for analysis of growth un
der transient RHs. 
With respect to the parameters investigated, it is concluded: 
(1) The values of the RH below 65% considered have only a minor effect on 
the growth rate of P. chrysogenum on these types of substrate. 
(2) The growth rate of P. chrysogenum obviously increases with increasing 
time-of-wetness >0.167 on both types of substrate. Consiclering GR it cao be 
said that the conditions in the TO W experiments should be closer to opti
mum than those in both the other experiments. Consequently, only few data 
in the expooenrial stage of growth are obtained from the daily assessment, 
which complicates a clear analysis and interpretation of the TO W effects. 
Nevertheless, for a TOW:5:0.5 the results suggest that growth on both types of 
substrate is only weakly affected by the TO W, whereas for increasing values it 
should accelerate towards the abundant growth observed in the steady-state 
references. The observations resembie those from the steady-state experi
ments in Chapter 3, showing an accelerated growth on the coated gypsum at 
97% RH and a decreased growth rate at a lower meao RH. At the high RH, 
the growth was related to base substrate effects, whereas the coating proper
ties determined growth at the lower RH. 
(3) Splitting up a period of a high RH into a sequence of short high RH peri
ods with the same TO W did oot affect the resulting fungal growth, except for 
a very high frequency of RH peaks on the plain gypsum substrate. The high 
frequency which was considered, however, normally does oot occur in the 
actual indoor environment. 
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CHAPTER 6 

Indoor climate, building envelope and 
interior finish 

6.1 INTRODUCTION 

Generally, the risk of fungal disfigurement of interior finishes can be at
tributed to factors that are related to the indoor and outdoor environm ent, 
the building envelope and the interior finish. The previous Chapters primar
ily focused on the last category for given boundary conditions of surface T 
and RH. This Chapter briefly comments on the effects of the thermal quality 
of the building construction and the indoor water vapour generation on the 
microclimatic conditions. 
In building practice, fungal growth is often associated with thermal bridges. 
Consequently, requirements of a minimal thermal quality of the building en
velope are commonly adopted to reduce risks of fungal growth in new 
buildings (Anon., 199Ia; Anon., 199lb). The role of such design tools is 
considered. 
Finally, general conclusions of the work in this thesis and a perspective of 
modified control strategies with respect to fungal defacement of interior fin
ishes are given. 

6.2 THERMAL BRIOGES AND INDOOR CLIMA TE 

6 .2.1 Simulation of fungal growth 

The thermal quality of a cross-section of the building envelope can be ex
pressed by the temperature ratio f 

T -T · J = J,sur e ,atr 

Ti,air - T e,air 
(6.1) 

where T i,sur is the interior surface temperature and T i,air and T e,air are the in
door and outdoor reference temperature, respectively. To measure j, Ti,air is 
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related to a reference position in the indoor air. The temperature ratio can be 
calculated from the heat transfer coefficients at the construction and air 
interfaces, and the thermal properties and dimensions of the constituent ma
terials. If expression (6.1) is used to characterise a thermal bridge, fis related 
to the lowest temperature of the inner surface under steady-state conditions. 
In order to study the simultaneous effect of T and RH in relation to the tem
perature ratio of the building envelope, fungal growth was simuiared on the 
basis of isopleths in T-aw-diagrams (par. 1.3. 7). Two types of diagram typical 
of hydrophilic and xerophilic species (Ayerst, 1969; Magan and Lacey, 
1984) were selected (Fig. 6.1). The growth pattem is assumed to be a stabie 
characteristic of the fungal species, meaning that the type of substrate only 
affects the actual growth rate of each isopleth proportionally, but not the 
shape (Ayerst, 1968) . Consequently, the numbers on the isopleths in Fig. 6.1 
were considered relative values. 

(a) (b) 
1.00 1.00 

' 7 
--; 0.90 --; 0.90 

"> ·p 
u 

"' ~ 0.80 

·:;: 
·o 
u 

"' .... 
0.80 2:l 

~0.1 
"' "' ~ ~ 

0.70 0 .70 

0 10 20 30 40 0 10 20 30 40 

temperature [0 C] temperature [°C] 

Figure 6.1. Growth of (a) Penicillium martensii (Ayerst, 1969) on malt agar and (b) Aspergillus 

versicolor (Magan and Lacey, 1984) on wheat extract agar as a function of the water activity and 

temperature. The curves, so-called isopleths, conneet points of equal growth rate mm·day- 1. 

Simulations were performed on a monthly basis for a building construction 
comprising a constructional element that satisfies the thermal resistance re
quirement in the Dutch Building Regulation (Anon., 1991 a) and a therm al 
bridge. The indoor and outdoor elimate conditions were taken from mea
surements in Dutch occupational dwellings (van der Kooi and Knorr, 1973). 
These measurements led to the introduetion of an indoor elimate classifica
tion, primarily intended for interstitial condensation evaluation. This classifi
cation includes 4 classes; class I concerns dry environments, whereas class IV 
is meant for humid environments. Most of the occupational rooms in Dutch 
dwellings will be in class II-III. 
Using the monthly mean elimate conditions, the temperature pattem on the 
building construction was calculated. Next, assuming an ideal mixture of 
water vapour in the indoor air, the corresponding RH pattern at the surface 
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was determined for the indoor air humidity class considered. The resulting 
set of surface T-RH combinations was translated to a relative growth rate 
pattern. For intermedia te pairs of T and RH in Fig. 6.1, 2-dimensional non
linear interpolation procedures were applied. Fig. 6.2 shows some examples. 
Under extreme conditions, the fastest growth of the xerophilic species occurs 
at some disrance from the centre of the thermal bridge. Obviously, the simu
lations suggest that the lowest temperature ratio will nor always result in the 
most profuse growth. Such phenomena take place as the surface RH is in the 
upper most range of the xerophilic isopleths above the optimum area. In that 
case an increasing RH with a decreasing Jow temperature involves a decreas
ing growth rate. A more extensive report of the simulation results is given by 
Van den Bosch and Smolders (1994). 
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Figure 6.2. Relative growth under steady-state conditions as a function of rhe disrance from the 

centre of the thermal bridge; the daily mean indoor and outdoor temperatures are 17.5 and 

1.7°C, respecrively, corresponding to the mean January elimate in the Netherlands. 

(a) Growth of the hydrophilic species on a thermal bridge ([=0.65) and an insuiared cavity wall 

({=0.95); (I) the mean indoor RH=61% (rhe upper limit of class III); (II) the mean indoor 
RH=71% (class IV) . The heat transfer coefficient a = 8 W·m-2-K-1; 

(b) Relative growth of rhe xerophilic species as a function of the disrance ro the centre of a 
thermal bridge with various temperature ra rio's f; the thermal bridge is conneered to an externally 

insuiared wall ([=0.84). A reduced heat transfer coefficient a= 2 W·m-2·K-1 (Anon., 199l c) is 

assumed. 

In borh: k= thermal bridge; m=constructional material; n= thermal insularion. 
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6.2.2 Seasonal effects 

Weather conditions affect indoor temperatures and humidities, and therefore 
should be considered in the overall risk analysis of fungal growth. Fungal 
growth was simulated for a part of the building envelope comprising an 
insulated cavicy wall and a solid thermal bridge. The monthly results were 
considered in terros of: 
(a) the relative growth rate integrated with respect to the distance, because 
risks for fungal growth should be related to the entire growth rate pattem at 
the interior surface and because the greatest growth does not always occur at 
the centre of the thermal bridge; it is emphasised that the position of the 
thermal insulation (interior, exterior or internal) affects the integrated growth. 
(b) the relative growth rate at the centre of the thermal bridge. 
Although it is often suggested that fungal probieros primarily occur in autumn 
and spring, the simulations showed that in general the highest risks of growth 
of both hydrophilic and xerophilic species appeared to be associated with the 
winter season, January being the most critica! (Van den Bosch and Smolders, 
1994). Figs 6.3(a) and 6.4(a) show some results. The xerophilic species, 
however, started deviating from this behaviour under exceptional 
circumstances of a Iow f of the thermal bridge (<0.55), high indoor humidity 
(';! the upper limit of class 111) and low heat transfer coefficient a at the 
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Figure 6.3. Integrated growth as a function of the month of the year for the hydrophilic (a) and 

the xerophilic species (b) . In both figures a thermal bridge is used (k) with .f=0.45 and j=0.55, 
conneered to a cavity wall (f-=0.84) consisring of constructional material (m) and thermal 

insulation (n). The monthly indoor di mate con di ti ons correspond to the upper limit of the 
Dutch elimate class lil. A reduced heat transfer a= 2 W ·m -2·K -1 is assumed (Anon,, 199lc). 
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interior surface (Fig. 6.3(b)). In this case, greatest growth occurred in au
tumn (November) and spring (April), since during the winter months the low 
surface temperatures in the area near the centre of the thermal bridge 
diminished fungal growth rates strongly (Fig. 6.4(b)) . These results are con
sistent with reports of a succession of growth of xerophilic species in the early 
part of winter and more hydrophilic species as the winter progressed (Grant 
et al., 1989). 
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Figure 6.4. Relative growth at the centre of the thermal bridge, as a funcrion of the month of the 

year for the hydrophilic (a) and rhe xerophilic species (b). The construction and rhe condirions 

used correspond to rhose in Fig. 6.3. 

6.2.3 The temperature ratio criterion 

Since RH and T at the interior surface of the building envelope are both 
affected by the thermal quality, a temperature ratio criterion is an obvious 
step towards reduced risks of fungal growth in new buildings. Both the re
view in Chapter 1 and the experiments in Chapter 3 showed that fungal 
growth on interior finishes under steady-state conditions below saturation 
usually takes 2 or more weeks befare it becomes visible to the naked eye. 
Consequently, a first evaluation of effects of f on fungal growth can be based 
on monthly mean values. The simulations in the previous paragraph indicate 
that for Dutch buildings the January elimate conditions are most appropriate. 
On the basis of Fig. 6.1, the relative growth ra te can be expressed as a func
tion of f. In Fig. 6.5 the results of the hydrophilic and xerophilic species are 
shown for indoor air humidiry conditions corresponding to the upper limit of 
the Dutch elimate elass III, which applies to part of the humid rooms in 
present-day dwellings in the Netherlands. The elimate conditions used 
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Figure 6.5. Relative growrh of rhe hydrophilic (a) and rhe xerophilic species (b) as a function of 

the temperature ratio f. (I) yearly mean elimate conditions in the Nerherlands; (II) January mean 

elimate conditions; (III) January elimate conditions, with a lower outdoor temperarme of -5°C . 

In all cases, rhe indoor humidity corresponds with the upper limit of rhe Dutch elimate elass III. 

The circle and rhe arrow denote rhe range of surface condensation. 

were the mean January values, more severe January values assuming a lower 
outdoor temperature of -5 oe, and the moderate yearly mean values in addi
tion. For both species an optimum is observed. Furthermore, under January 
conditions growth of the xerophilic species only occurs in a narrow f range. 
The minimum jvalue to prevent growth is similar in both cases; the moder
ate yearly conditions require 0.63, whereas the mean and severe January 
conditions require 0. 73 and 0.83, respectively. 

In Fig. 6 .6, the growth of both species as a function of fis given for various 
indoor humidity conditions, corresponding to the lower and upper limit of 
indoor elimate class III and an equally increased value in class IV. Again, the 
January conditions were applied. 
As in Fig. 6.5, the condensation range is indicated in each curve. The actual 
shape of the curve in this range is uncertain, since the isopleths in Fig. 6 .1 
were based on data at aw's <l.O. N evertheless, a decreasing growth ra te with 
a decreasing T conneered to a decreasing j is reasonably expected. The 
simulations show that f values required to prevent fungal growth in indoor 
climates of class III will be in the range of 0 .59-0. 73. If f characterises a 
thermal bridge, the results for the xerophilic species suggest that more 
favourable circumstance may sametimes occur at some disrance from the 
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Figure 6.6. Relative growth of the hydrophilic (a) and the xerophilic species (b) under January 

mean elimate conditions, as a function of rhe temperature ratio f. (I) indoor RH corresponding 

with the lower limit of the Dutch elimare class III; (11) ditto, the upper limit of class III; (III) in

door RH (71 %), in class IV. The circle and the arrow denote the range of surface condensation. 

centre. The resulting temperature ratio criterion of 0. 73 is consistent with the 
value deduced on the basis of the 80% RH threshold (Chapter 1) under 
January conditions. 

Daily temperature fluctuations 
A similar approach was applied in some preliminary simulations with respect 
to the effect of daily temperature fluctuations (Van den Bosch and Smolders, 
1994). The integrated growth deviated by I 0% at the most from the steady
state results. The f criterion remained the same. 

6.3 AIRBORNE WATER VAPOUR TRANSPORT 

In the previous paragraph the microelimate was related to monthly mean 
values of the surface RH and T conditions, although the everyday reality 
aften shows an indoor elimate that is subject to continuous changes caused 
by the common dornestic activities and the outdoor conditions. The dynamic 
nature of the indoor RH and T involves both variations in time and in place. 
As a consequence of thermal flows and water vapour generation, the bound
ary conditions at the interior surfaces will deviate from the mean indoor 
climate. The usual approach to fungal disfigurement, however, assumes ideal 
mixture of the indoor air. 
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In some preliminary elimate room experiments, the response of both the 
living area elimate and the microelimate to short periods of water vapour 
generation were studied (Weersink, 1988). The local water vapour pressure 
was measured as a function of time at several spatial co-ordinates in a elimate 
room. Some results are shown in Fig. 6. 7. Generally, the process of airhome 
water vapour transport ineluded two successive phases: 
(a) A boundary layer flow of high RH along the ceiling and the vertical sur
faces; 
(b) Mixture of the water vapour into the living area elimate. Steep vertical 
gradients in the water vapour pressure were observed. In all experiments a 
leveHing period of at least 1 h was required after the 30 min water vapour 
genera ti on. 
As a consequence, moistening of the materials precedes the increase in the 
mean indoor RH. Moreover, it takes place at a RH that is substantially higher 
than the RH measured in the living area. Such a process during short periods 
of water vapour generation may therefore have significant implications on 
risks of fungal growth. 
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Figure 6 . 7. The local water vapour pressure as a function of time, during and after a 30 min 

period of water vapour emission. (a) The water vapour pressure at several heights at 2 m 

disrance from the water vapour source; (I) 2.9 m; (II) 2.3 m; (III) 1.6 m ; (IV) 0.8 m . (b) The 
water vapour pressure along the ceiling (2. 9 m) at several distances from the water vapour 

source; (I) 0.5 m; (II) 1.0 m; (III) 2 .0 m; (IV) 5.0 m . In both experiments the water vapour 

souree was at 0.8 m height. Air and wall temperatures in the elimate room ( 10x5x3.5 m 3) were 

actjusred to 20 oe. However, the air temperarure in the boundary layer along the ceiling (b) has 

been raised to 23-24 oe as a consequence of the thermal flow that is produced during water 

vapour generation. eonsequently, surface condensation occurs at the ceiling surface. In the case 

of absorption, this may cause protongation of a high RH during periods of drying. 
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6.4 THE TIME-OF-WETNESS CONCEPT 

In Chapter 5, the time-of-wetness, TO W, was introduced as an overall 
measure of the water availability to fungal growth under transient conditions. 
Consiclering indoor humidity dynamics, inertia effects become important. 
Such effects were ignored in the (quasi-) steady-state approach in paragraph 
6.2. Moisture storage in the finishing layer during wet periods may cause 
prolongation of surface RH conditions favourable to fungal growth during 
dry periods of the indoor air, and therefore influences the TOW. 
Generally, material dampness originating from the indoor air can be at
tributed to moistening by capillary condensation and adsorption at RHs be
low saturation or to absorption of liquid water due to saturated conditions 
near the surface. For the gypsum finishes, the simulations of transient RH ef
fects in Chapter 4 showed no hygroscopic inertia, owing to the low value of 
the moisture diffusivity. Surface condensation, however, may affect the TO W 
significantly, because of the fast water absorption by the gypsum. 

In order to study the effects on the surface RH conditions, the drying process 
of the gypsum plaster was simulated on the basis of the results of Chapter 4. 
One sided drying was assumed, with various initia! conditions defined by the 
material thickness of a given moisture content. Transient moisture content 
profiles were calculated according to expres si on ( 4.42), using the diffusivity 
from the drying experiments, and the boundary conditions in expression 
( 4.46). The ma ss transfer coefficient {3 in the last expression was calculated 
from typical indoor values of the convective heat transfer coefficient a eo n 

(Hoen, 1987; Erhorn and Szerman, 1992) using 

f3 = 0.69 ·10-8 ·aeon (6.2) 

On the basis of the desorption isotherm of the wet material (Fig. 4.27), the 
surface e was translated into the surface RH. 

The proJangation of the TO W caused by the drying of the gypsum was re
lated to a threshold value of the surface RH of 95% and 80%, referring to the 
optimum RH range for most hydrophilic species and the minimum RH 
adopted for fungal growth on building materials, respectively. Fig. 6.8 shows 
some results as a function of the indoor RH. Since the e connected to the 
95% and 80% RH (Fig. 4.27) is higher than the e corresponding to the 
minimum in the moisture diffusivity (Fig. 4.18), the TO W depends on the 
stage of drying befere a drying front develops. This first stage of the drying 
process is externally limited, and highly affected by the mass transfer coeffi
cient. For the initia! e considered in the simu!adons, the TO W was approxi
mately inversely proportional to the mass transfer coefficient Furthermore, it 
is obvious that the TO W depends strongly on the initia! conditions . 
Increasing the initia! fJ from 0.15 to 0 .25 increased the TOW by a factor 2.3. 
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Figure 6.8. Prolongation of the time that the RH at the plaster surface is favourable for fungal 
growth, as a function of the indoor air RH. Both figures include 3 sets of curves for various 

material rhickness with an initia! moisture content q= 0.15 m3·m-3. Each set consistsof 3 curves 

calculated for a surface mass transfer coefficient b 10-8 s·m-1 of 2.4 (rhe lower curve), 1.7 and 

1.0 (the upper curve), conesponding ro a convective heat transfer coefficient a eon W·m-2 ·K-1 of 

3 .5, 2 .5 and 1.5, respectively. The prolongation was related to a RH threshold value of 80% 
(left) and 95% (right) . One-sided drying was assumed in the simulations. 

These calculations exemplify the effects of liquid moistening of the gypsum 
material, giving rise to sustairred periods of high surface RH and substantially 
affecting the risk of fungal growth. 

6.5 GENERAL CONCLUSIONS 

The effect of several abiotic factors on the growth of Penicillium chrysogenum 
(CBS 401. 92) on gypsum-based finishes has been investigated in the present 
work. Since in building practice the availability of water is the only limiting 
factor for sustained control of fungal growth, the study primarily focused on 
the interaction of the fungal species considered and the water balance of the 
gypsum materiaL LTSEM observations showed that the growth of P. 
chrysogenum at least initially appears to be a superficial phenomenon, which 
was consistent with previous reports of other indoor fungi on various interior 
finish es. Consequently, the surface RH was adopted to describe water 
relations. 
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Generally, the research was concerned with two main issues: (a) fungal 
growth under steady-state conditions and (b) fungal growth under isothermal 
transient RHs. The main conclusions are: 

Steady-state conditions 

(I) Although fungal defacement of materials is often related to surface con
densation, most indoor fungi readily germinate and grow at RHs below satu
ration. Moreover, most xerophilic Aspergillus and Penicillium species have 
optimum conditions for growth in a range below saturation. Under steady
state conditions, interior finishes can be kept free of fungal growth for 3 
weeks if the RH is maintained below 80% throughout that period. 

(II) Tests for comparison of the fungal resistance of finishing materials that 
are designed for interior environments should be concerned with the defini
tion of humidity conditions prior to and during incubation. A method based 
on dry inoculation of dry conidia of P. chrysogenum, negating the objections 
of the commonly used aqueous conidial suspensions, could be repeatedly 
used by different individuals to give comparable results for replicate samples. 

(lil) The actual fungal resistance of the decorative finish in practice may also 
depend on the characteristics of the base substrate. Moreover, the present 
experiments indicate that the fungal resistance of the multilayered system may 
be considerably lower that the separate resistances of the constituent materi
als. 

Transient conditions 

(IV) the moisture diffusivity to be used in the modeHing of moisture transfer 
is strongly dependent on the initia! conditions of the material, underlining the 
complex interaction of liquid and vapour phases in the porous system. It is 
concluded that the moisture diffusivity for drying of the wet gypsum may ex
ceed the moisture diffusivity applicable to exposure of the dry gypsum to 
transient RH's by a factor of 100. As a consequence of the low value of the 
Jatter, no hygroscopic inertia effects are observed, implying that the surface 
RH hardly differs from the transient RH in the adjacent air. In this case, the 
experimental results refute the common estimations of hygroscopicity effects 
on the basis of the apparent diffusivity derived from the sorption isotherm 
and water vapour permeability. For the gypsum, estimated moisture flows 
may exceed the real moisture flows in the order of rens. 

(V) The time-of-wemess ( TO W') is introduced as an overall measure for the 
water availability to fungal growth under transient conditions. The TO W is 
defined by the ratio of the cyclic wet period, i.e. when the Rlf:?.80%, and the 
cyclic period.The preliminary experiments of growth of P. chrysogenum under 
transient RH's below saturation indicate that both on the plain and coated 
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gypsum growth of P. chrysogenum is only weakly affected for a TO W -s:0.5, 
whereas growth accelerates strongly with increasing values. The RH value 
during the drying periods (RH<80%) showed hardly any influences on the 
fungal growth-TOW relation. Furthermore, except for very fast oscillations of 
the RH, the frequency of high RH periods only slightly affected the TO W 
effects on fungal growth. Reai-time ESEM observations of immediate 
response of conidia to RH alterations are in line with these results. 

(VI) A temperature ratio criterion is a first step towards reduced risks of fun
gal growth in new designed buildings. Consiclering condusion (I), a mini
mum f value of 0.73 may be recommended for Dutch indoor environments. 

(VII) Consiclering the dynamic nature of the indoor climate, the moisture 
storage in the finishing Jayer(s) may cause prolongation of the TO W, conse
quently affecting risks of fungal growth. When the dampness of gypsum fin
ishes is related to the indoor air, the prolongation only occurs in the case of 
surface condensation ( condusion IV). 

(VIII) The indoor elimate classification based on monthly mean water 
vapour pressures should only be used as a rough estimation of risks for in
door fungal growth. Evaluation of risks for fungal growth in highly transient 
indoor climates should be related to the measured RH in the boundary layer 
at walls and ceiling. 

6.6 TOWARDS AN INTEGRAL APPROACH: PERSPECTIVE 

Basic principles for tackling the problems of fungal growth should be related 
to an integral approach to the indoor environment; the building envelope 
and the interior finish . 
It is obvious that the present work is merely a first step towards an improved 
understanding of the interactions of the three issues mentioned above. The 
translation of such a comprehensive approach into tools to evaluate building 
design and performance with respect to risks of fungal growth is easier said 
than done. Assuming that the material dampness relates to the indoor air, the 
evaluation may generally be guided (Table 6.1) by: 

(I) steady-state considerations 

The steady-state concept should primarily be concerned with t:hermal 
bridging. The present results indicate that a temperature ratio criterion of 
0.73 should be used to prevent fungal growth in common indoor environ
ments in Dutch dwellings. Implications for constructional design, however, 
may_ give rise to a reduction of the minimal required f. In that case a de
creased threshold value should involve additional requirements with respect 
to both the indoor elimate and the interior finish. 
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An increased overall ventilation rate should be applied to reduce the mean 
indoor humidity (at a sustained level below the upper limit of elass lil) , or 
heating should be improved to increase the mean indoor air temperature. 
The impact of these aspects, however, was outside the scope of this thesis. In 
this respect, the reader is referred to studies of other workers (e.g. Anon. 
1991 b). In any case, implications on the fuel consumption should be consid
ered; moreover, such indoor elimate requirements appear less suitable to 
control strategies of fungal growth, as they aften depend on the accupants 
behaviour, introducing a souree of uncertainties. 

The issue of the fungal resistance of interior finishes should be part of future 
developments towards evaluation tools of indoor fungal growth. The fungal 
resistance of interior finishes may be considered a material property, that can 
be evaluated and tested independently. Consequently, envisaged future 
guidelines may include fungal resistance requirements. 
At present, no standardised methad exists for testing finishes designed to be 

Table 6.1. Guide to control strategies of fungal growth in indoor environments. 

"' " sf eady-stàte 
:\' t · ' ~ > 

"' (föcimli other than bat!J.ro.oms,< 'i 

lcitchen.s .and •oedrooms) 

f criterion = 0.73 jcriterion < 0 .73 

fungal resistance 

overall ventilation 

heating 

transien_t :•y b. >, •, · 
(bathrooms, kitchéns" and bedrooms) 

i .;· » x. ~ . . .. :.h f; ;:_ .~ ,' 

jcriterion 

TOW criterion 

fungal resistance 

ventilation efficiency 

heating 

used in indoor environments. In this thesis, a methad has been proposed in 
the context of a comparative study of material properties and fungal growth 
relations. Although it showed promising results, modification will be needed 
to incorporate other common indoor fungi in relation to their optimum hu
midity requirements. In order to enhance the relevanee to building practice, 
a second step may concern comparison of resistance tests and field studies. 

(IJ) consideration of elimate dynamics 

The steady-state concept wil! particularly apply to stabie indoor elimate 
conditions. In highly transient indoor environments such as may be found in 
bathrooms, bedrooms and kitchens, the process leading to prolonged periods 
of high surface RH's provides the basic principles for tackling problems of 
fungal growth. The temperature ratio criterion may be considered a universa! 
step towards reduced risks of fungal defacement of interior finishes at the 
building envelope, but reduction of the TO W appears to be an effective and 
straightforward tooi appropriate in the case of elimate dynamics. The 
preliminary experiments described in this thesis indicate that the risk of 
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fungal growth increases sharply when the wet period at the material surface 
exceeds the dry period. Future research should be focused on the fungal 
growth and TO W relationship of other types of material and other indoor 
fungi. The implications of slimy hydrophilic species such as Aureobasidium 
pullulans on the water balance should be studied in particular. 

lt may be apparent that the TO W concept supports two main areas of devel
opment reducing the risk of fungal defacement. Besides the obvious im
provement of ventilation efficiency in relation to airborne water vapour 
transport, the potentials of material modification to shorten the TO W should 
be considered. 
In this context, the current expansion of waterhome types of coating is men
tioned, which has occurred as a consequence of the pressure to reduce 
volatile organic compounds and the industrial trend towards friendlier 
products with low taxicity to the product formulation. Furthermore, the 
production of waterhome paints is generally accompanied by an increase in 
constituent biodegradability, so that an increase in the use of biocides should 
be required rather than a decrease. 
An alternative approach to reduce the product taxicity and the environmental 
impact of waterhome coatings, without simultaneously increasing their sus
ceptibility to biodegradation, is to address the product formulation, e.g. re
duction of the number of hydrophilic constituents, and the design of the 
paint system in relation to the water balance of the film and the base sub
strate. Optimisation of these concepts to minimise protongation of high sur
face RHs could eventually centribure to a reduced susceptibility of the inte
rior finish to fungal growth in building practice. 
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Appendices 

I COMPOSITION OF THE GYPSUM REFERENCE SUBSTRATE 

Ingredients of the Czapek solution (Samson and Van Reenen-Hoekstra, 1988) 
are dissolved in one litre of demineralised water and sterilised by autociaving at 
121 oe for at least 15 min. 

7500 mg Sucrose 
750 mg NaN03 

250 mg K2HP04 

125 mg KC! 
125 mg MgS04 .7H20 
2.5 mg FeS04.7H20 

The gypsum substrate was prepared from a mixture of 2 parts (by mass) of solu
tion and 3 partsof calcium sulphate-hemihydrate. 

11 THE OSMOTIC PRESSURE IN CAPILLARIES 

On the basis of definition (2.8) of the water activity aw (paragraph 2.4), the 
Kelvin equation (4.13) in paragraph 4 .2.1.2 for the isothermal equilibrium ofthe 
capillary liquid and the humid air can be rewritten as 

where P, is the capillary pressure calculated from 

2·y 
p =--c 

rm 
(II.2) 
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aw andy represent the water activiry and the surface rension of the capillary solu
tion, respectively, and rm is the mean radius of curvature according to expression 
(4.9). The hydrastatic pressure PH is usually equal to the barometric pressure P8 . 

In order to find the osmotic pressure of the capillary liquid, the usual osmotic 
system is considered, where a solvent phase and a solution phase are separated 
by an ideal semi-permeable membrane. The pure solvent, i.e. water, under a 
temperature Tand a hydrastatic pressure equal to P8 is chosen as a reference: 

(11.3) 

The temperature T is the same in both phases. The chemica! potenrial of water 
in the capillary solution, however, is determined by pressure conditions rather 
different from the reference state. The capillary liquid surface may be considered 
to act as a membrane causing an underpressure Pc. 
At equilibrium, when no net flow of water occurs, the chemica! potentials of the 
water in the two liquid phases are equal. Consiclering the osmotic pressure IT as 
the additional hydrastatic pressure to equilibrate the chemica! potentials, then: 

Since 

(11.5) 

and assuming {}" 1 to be constant for hydrastatic pressures ranging from P8 to w, 
P8 + P, + IT, then 

(11.6) 

Hence 

R · T ( ) 11=-~ · ln TI+P8 +P,,T -P, 
w, l 

(11. 7) 

or 

P (p ) (>J {}' ) n +P, (p P n T) _ v B . wJ - w,l · R ·T 
aw B + c + ' - • ( ) e 

Pv Ps 
(11.8) 
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In this equation [}w,l and [}~,! are assumed constant. Changes in rnalar volume 
7re minor for capillary pressures with increasing RH in the high RH range. As 
~ [}w,l- [}~,/ )/( R · T)is small 

(Il. 9) 

and thus 

0=-:~T ·1n(aw(PB,T))+Pc =-:~T ·ln(RH) 
w,l w,l 

(II.l 0) 

111 GEOMETRIC PROPERTIES OF TUE GYPSUM SUBSTRATES 

111.1 Methods 

111.1.1 Pore size distribution 

The pore structure in the macropare and upper mesopore range was examined 
on the basis of mercury intrusion porosimetry. The technique of mercury 
porosimetry consists essentially in measuring the extent of mercury penetration 
into an evacuated solid as a function of the applied hydrastatic pressure. Because 
of the high compressibility of the acrylic paint, only gypsum substrates were stud
ied. 
The parasimeter used was a Micromentics Po re Sizer 9310 with a Penetrometer 
130190. Samples were pretreated under 0.13 Pa (1 o-3 Torr) vacuum at an am
bient temperature of 20±1 °C; the pressure during measuring ranged from 0.06-
0.1lx1 os Pa (filling pressures) to 2070x1 os Pa. 

In mercury porosimetry, the volume of mercury taken up by the gypsum solid is 
measured as the applied pressure P is gradually increased. The value at any value 
of applied pressure P therefore gives the volume of pores ha ving a radius equal to 
or greater than rp and is termed the cumulative pore volume. The corresponding 
pare radius rp is deduced on the basis of the Washbum equation: 

2 . YH . cos q> 
rp =- g 

f.,p 
(III.l) 

with 

(III.2) 
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where: 

rp radius ofthe pore, assuming a cylindrical pore model [m] 

YHg surface ten si on of mercury [N·m-1] 

cp = contact angle ofmercury [-] 

P mercury pressure [Pa] 

Indices: Hg,l = liquid mercury phase; Hg,v = gaseous mercury phase 

111.1.2 Porosity 

The average porosicy of the reference gypsum substrates originating from a mix
ture of calcium sulphate hemihydrate, demineralised water and nutrient additives 
can be estimated according to the following relationships: 

and 

where: 

Por 

wO 

wb = 
ab 

pO 

fctr = 
fswl = 

(1 +wO+ ab) 

Por = 1 - [ wb 1 ab l 
-+-+- ·f ·f ·pO 
pO pO pO ctr swl g 

w b a 

(III.3) 

f tr = 1- 0.055 
' wb+0.38·(1+ab) 

(III.4) 

average open porosity [-] 

the ratio of structural bound water and CaS04.1hH20 [kgkg-1] 

the ratio of water and binder in the gypsum mixture used for preparation [kg·kg-1] 

the ratio of the additives and binder in the gypsum mixture used for preparation 

[kg·kg-1] 

skeletal density of porous substances or density of non-porous 

subscances [kg·m-3] 

indices: w =water; b =binder (CaS04.1hH20l; a= additives; g= dry gypsum 

correction for volume contraction during hydration [-) 

correction for swelling during initia! drying [-I 

Since volume contraction occurs during the conversion to calcium sulphate di
hydrate, and opposite swelling is caused by the surplus of water that is not 
structurally bound, calculation of porosity is corrected for both effects. The for
mer effect amounts to 9.7% (by volume) in the idealised case that wb=wo, 
whereas the latter is approximately 0.5% for wb=0.6-0.9 (Helff and Mosch, 
1978). Compared with these initia! effects, moisture has minor effects on the 
volume of the hardened and dried gypsum. Both transient RH and saturation by 
water absorption affect the gypsum volume by less than 1 %o (by volume), 
according to Chassevent and Dominé (1950) and Helff and Mosch (1978) . 
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Some indicative experiments were performed to verify estimations of gypsum 
porosity as a function of the water-calcium sulphate hemihydrate ratio. The 
porosity was determined according to the RILEM Recommendation CPC 11.3 
(Anon., 1984) method, which is based on the absorption of water by immersion 
under vacuum, except that initia! drying of gypsum samples was at 20±1 °C and 
13 Pa (l0-1 Torr) vacuum. 

111.1.3 Surface roughness 

Generally, roughness parameters measured with non-contacting optica! methods 
show higher values compared to results from common contacting styles methods 
(Thomas, 1982). The fini te dimensions of the stylus contribute to this difference 
in recording of the surface profile. For determination of surface roughness para
meters, two optica! measuring systems were used: an UBM Microfocus System 
and a prototype confocal laser scanning microscope (CLSM) of the TNO 
Evaluation Centre for Instrumentation and Security Technics (Draayer and 
Houpt, 1987; Houpt and Draayer, 1989). Both systems use a laser light souree 
and are based on the confocal principle. This principle involves imaging or pro
file scanning of a surface by coinciding focal points of a point light souree and a 
point detector. 

In the Microfocus system, continuous adjustment of a moveable lens suspended 
in the sensor ensures that the focal point of the beam is always coïncident with 
the object surface. Any displacement of the object surface in the direction of the 
beam causes a displacement of an image of the surface incident spot on a photo 
detector. The output of this detector controls positioning of the lens. A second 
measuring system attached to the moveable lens produces the surface displace
ment measurement. 

The system is designed for profile measurements, using a stepping motor driven 
micrometer stage for specimen positioning, whereas the CLSM allows imaging at 
video rates using a two-dimensional lateral positioning of the laser beam on a 
fixed specimen. In confocal microscopy, the object is sliced optically into con
facal sections, since only light from the focal point is detected and out-of-focus 
light is rejected. From the successive confocal sections, a three-dimensional im
age with a high depth of field can be reconstructed. A serious disadvantage of 
most CLSM's is the use of mechanica! scanning methods, leading to long frame 
times for imaging. However, in the CLSM used, the laser beam is deflected with 
a fast acousto-optical deflector for line scans next to a conventional scanning 
mirror for frame scans. This arrangement affords video-rare imaging and fast, 
real time examination of the object. In paragraph 3.3.3.1 the imaging mode of 
the instrument was used to examine growth of P. chrysogenum on gypsum sub
strates, but data of the surface image are also suitable for analysis of surface 
characteristics. Therefore, in addition to the microscopie application, an image 
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analysis software package (TCL Image) was added to the prototype system to 
deduce roughness parameters. 
In both methods, measurement included two perpendicular line scans of each 
specimen surface. Repeated scanning was performed for various traverse dis
tances. Duplicate specimens were examined. 
Surface roughness was expressed in two common roughness parameters: the av
erage roughness Ra and the average peak-to-valley height Rz. According to DIN 
4768 (Anon., 1990) and ISO/DIS 4287/ 1 (Anon., 1992) 

and 
1 5 

Rz =-· L,Rz; 
5 i=l 

(III.S) 

(III.6) 

Ra denotes the arithmetic mean of absolute values of all profile ordinates y 
within the overall measurement disrance lm, wherein lm equals the traverse length 
I minus a cut-off distance. In the experiments, a lm/l ratio of 0.8 was used. Rz is 
the arithmetic mean of single peak-to-valley heights Rz; from five adjoining equal 
sample lengths i in lm. Prior to calculation of both roughness parameters by the 
Microfocus system, digitally filtering techniques were used for leveHing shape 
deviations and separating macroscopie waviness components from the micro
scopie surface roughness. 

111.2 Resu1ts 

111.2.1 Pore size distribution 

Fig. III. l shows the plot of the cumulative pore volume against the logarithm of 
the pore radius for three types of gypsum substrate. Ir is unlikely that real pores 
have been detected, since the partiele dimensions are in the range of 2-1 0 11m. A 
more plausible explanation is the progressive filling of the interpartiele voids. The 
increase in cumulative volume at higher pressures is insignificant for adsorption. 
Clearly, the intrusion and extrusion curves do not coincide in any of the 
substrates examined. Numerous investigations on various materials (Gregg and 
Sing, 1982) have confirmed that this hysteresis is a general feature of mercury 
porosimetry. Although it is often related to differences in the contact angle as the 
mercury advances over, or recedes from, the solid surface, the best known 
explanation of reproducible hysteresis is based on a porous solid model 
consisring of a three dimensional array of cavities interconnected by narrow 
channels or 'necks' (Gregg and Sing, 1982). A particular group of pores with a 
given intrusion pressure may be accessible for mercury inflow only through pores 
having a higher entry pressure. The withdrawal of mercury will in general be 
associated with a different group of pores, so that threads of mercury tend to 
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Figure. 111.1. Cumulative volume against the pore radius r; of gypsum material, resulting from 

mercury porosimetry. The pure gyspum (-6.-) the reference gyspum (-0-) and the machine-made 
plaster ( - <:>-) are shown. 

break and to leave globules trapped in many of the cavities. A simplified model is 
basedon the 'ink bottle' approach (e.g. Everett, 1967). A method for calculation 
of dimensions of cavities and 'necks' on the basis of repeated intrusion and 
extrusion was proposed by Reverberi et al. (1966). 
The plots were derived fora surface tension of mercury equal to 485 mN·m-1 

and a contact angle of 130 •. Although mercury is prone to contamination, data 
on surface tension show an agreement within 1%, whereas values in the literature 
show a considerable variatien for the contact angle (Gregg and Sing, 1982). The 
contact angle of mercury is not only dependent on whether the mercury is ad
vancing over or receding from the solid surface, but also on properties of the sur
face itself. Generally, a value ranging from 130 • to 150 • is used. 

Based on the tacit assumption that the pare is of constant cross-section, the sur
face area of the walls of all pores which have been penetrared by the mercury can 
be estimated. Table III.1 summarises some overall results for the gypsum sub
strates investigated. 
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Table 111.1: Some geometrie characteristics of the gypsum substrates, derived from mercury 

porosimetry (wb= ratio of water and binder used for preparation) . 

• ' 'Q Siibst:J:ate 

'. 

111.2.2 Porosity 

2.56 

1.73 

1.62 

,, Po~e dià'rii~ter [J.L]ll] .. 
' ~ #aedian 

;" y ' c( 

median ' 
(volume) · ' " (area) 

'Î 'i ;~ . 
\: -~,$.;,_ 

1.52 0.62 

1.62 1.21 

4.22 0 .02 

average 

'"(4'f/~) 

; 

0.76 

1.07 

1.17 

For calculation, the skeletal densities for calcium sulphate hemihydrate and di
hydrate are 2630 and 2320 kg·m-3 respectively (Helff and Mosch, 1978). In Fig. 
III.2 measured and estimated porosity show a consistent pattem. Dissalution of 
the gypsum in water during the experiment may contribute to differences be
tween measurings and estimations. Comparison of the dry gypsum mass before 
and after the experiment indicates an average decrease of approximately 1% (by 
mass). 
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Figure. 111.2. Measured (-<l-) versus estimated porosity (-0-) ofthe reference gypsum substrate as a 
function of ratio of water and binder. 
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111.2.3 Surface roughness 

The roughness parameters Ra and Rz were determined from two perpendicular 
line scans. For the CLSM, the traverse distance was 280 11-m with a 114 11-m cut
off, whereas the Microfocus line scans were performed for various traverse dis
tances. In Table 111.2, results for an 800 11-m traverse distance with a 114 11-m cut
off are summarised. Despite the smaller traverse distance, CLSM measurements 
yielded higher values, probably since no filtering technique was applied and be
cause of a higher radial resolution. Both methods showed an increased surface 
roughness of gypsum as a consequence of nu trient additives and indicate a simi
lar effect for an increasing pigment volurne concentration of the acrylic paint. 

Table 111.2: Typical val u es of the average surface roughness Ra [)lm] and the average peak-to-valley 

heighr Rz [!lm] for gypsum subsrrares and painrs. Ra and Rz have been derermined from two 
perpendicular line scans for rhree replicare specimens each. For rhe Microfocus sysrem (radial 

resolurion 1000 poims·mm-1), the traverse disrance l was 800 !liD with a 114!1ID cut-off, whereas for 

the CLSM (radial r~solurion 0.27 !liD) the traverse disrance I was 280 !liD wirh a 40 )liD cur-off. S = 
srandard deviarion. 

I' 

" s:bstnt,té~ :.1% ' 

• CaS04•2H20 '' 0.45 
* :-\ ) 
reference gypsum, ,. 0.53 

as,rylk paint 00% PVC) 0.36 

"''acrylic~~i (60%PJ;:]c) 0.38 
$ .: .. i 

1 ~achine~rltade plaster'· 0.76 

c9Ji'm\o~ late:15 pa't 

0.04 

0.05 

0.03 

0.04 

0.21 

2 .24 

2 .52 

1.50 

1.49 

2.69 

0.2 1 

0.62 

0.09 

0 .12 

0.66 

0.79 

1.27 

0.59 

0.91 

1.86 

1.64 

0.13 

0.38 

0.40 

0.27 

1.35 

0.92 

IV Sorption isotherms ofwaterborne acrylic paints 

4.77 

7.16 

3.93 

4.65 

10.7 1 

7.9 

0 .49 

1.36 

2.31 

1.13 

5.44 

2 .91 

Determination of sorption isotherms was performed on the basis of the micro
calorimetrie metbod described in paragraph 4.3 .3. The continuous dosing mode 
was applied to measure the first adsorption and desorption branche. The initia! 
sample mass ofthe acrylic paint films ranged from 0.74 to 1.12 gr. 
Sample mass was determined gravimetrically befare and after both the adsorp
tion and desorption experiment for overall control of sorption isotherms. These 
values deviated no more than 4.1% from the values deduced from the heat 
flux es. 
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Figure IV. Sorption isotherms of (a) the porous waterhome acrylic paint (PVC=60%) and (h) the 

non-porous waterhome acrylic paint (PVC=30%) at a 25 oe temperature, resulting from sorption 

microcalorimetry. 

The results for the porous and non-porous film are shown in Figs IV. In both 
cases, smalllow-pressure hysteresis occurs. 

It is noted that although the waterbalance of capillary porous bodies is generally 
related to adsorption and capillary condensation, the watersorption of organic 
polymers may also be described by a 'solubility' model (KJopfer, 197 4). 
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Summary 

In the present work, fungal growth is studied both under sready-state and tran
sient indoor conditions. The frequent occurrence of fungal problems in Dutch 
indoor environments that are considered relatively dry, probably emphasises the 
significanee of dynamics, the consequences of moisture storage in particular. 
Consictering this everyday reality, the main objective of the research described in 
this thesis was to improve the understanding of the process inducing the fungal 
defacement of interior finishes. Such improved insight should be a first step to
wards eco-friendlier, healthier and lasring control strategies of indoor fungal 
growth. In order to prevent to many parameters obscuring the basic process, the 
experimental work in this thesis concerns a single fungal species only, i.e. 
Penicillium chrysogenum (CBS 401.92), and is limited to gypsum-based materials. 

The thesis starts with an introduetion into the abiotic factors affecting fungal 
growth, outlining the conditions occurring in building practice. Although fungal 
disfigurement of materials is often related to surface condensation, experimental 
evidence shows that most fungi readily germinate and grow on substrates in 
equilibrium with relative humidities (RHs) below saturation. Moreover, virtually 
all fungi have optimum conditions for growth in this range. 

Chapter 2 is particularly concemed with the vital role of water, defines the quan
tities commonly used to describe water relations and discusses their background 
within the context of the water uptake mechanisms of the fungus. The widely 
accepted osmotic concept, underlying the water relations of cells, is compared to 
a radically different theory based on multilayer polarization. In contrast to the 
osmotic model that essentially assumes water uptake in the liquid phase, this new 
theory applies to the up take of water in the vapour phase. The Chapter concludes 
with a preliminary investigation into the response of the fungal cell to transient 
water vapour pressures using Environmental Scanning Electron Microscopy. 
This new technique allows reai-time SEM-observation of the fungal cell 
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response. The results indicate that conidia of P. chrysogenum are capable of an 
instantaneous water vapour uptake as the RH increases, suggesting that short 
periods of high RH should not be negleered in evaluation of the indoor elimate 
with respect to fungal growth. 

Chapter 3 consists of three parts, dealing with fungal growth under steady-state 
conditions. In Part I, Standards for testing fungal resistance of materials are 
reviewed and a new metbod is proposed to test interior finishes. In Part 11, a 
modified cryogenic metbod is introduced to observe fungal growth in its most 
natura! form on the substrates considered. In spite of the high porosity of the 
gypsum, observations suggest that at least the initia] growth of P. chrysogenum 
should be considered a superficial phenomenon. In Part III, the effect of material 
properties on fungal growth is investigated systematically on the basis of the 
proposed testing method. The research in Part 3 contrasts with the usual fungal 
growth experiments, applying to an overall assessment of the fungal resistance 
and not focusing on the resistance and material properties relationship. It is con
cluded that the actual fungal resistance of the decorative finish in practice may 
also depend on the characteristsics of the base substrate. Moreover, the results 
indicate that the fungal resistance of the multilayered system may be considerably 
lower than the fungal resistance of the constituent materials. The L TSEM obser
vations in Part II are consistent with these results. 

The effects of indoor humidity dynamics on fungal growth are dealt with in 
Chapter 4 and 5. Chapter 4 concerns the water balance of the gypsum substrate, 
and particularly focuses on the moisture storage during wet periods causing 
prolongation of surface humidities favourable to growth during dry periods. It is 
generally recognised that the water transport in monolithic porous materials can 
be described using a macroscopie diffusion-type equation. Until now, the deter
mination of the diffusion coefficients in this equation was a major problem. Two 
new non-destructive measuring techniques were developed on the basis of the 
neutron beam attenuation and nuclear magnetic resonance principle, respec
tively. Both techniques are applied to determine the isothermal moisture diffu
sivity directly from transient moisture content profiles. For the first time, such 
profiles in a dry material responding to transient relative humidities below saru
ration are measured. The results show that the moisture diffusivity to be used in 
the modelling of moisture transfer is strongly dependent on the initia! conditions 
of the material, underlining the complex interaction of liquid and vapour phases 
in the porous system. The moisture diffusivity for drying of the wet gypsum may 
exceed the moisture diffusivity of the dry gypsum exposed to transient RHs by a 
factor of 100. As a consequence of the low value of the Jatter, no hygroscopic 
inertia effects are observed, implying that the surface RH hardly differs from the 
transient RH in the adjacent air. In this case, the experimental results refute the 
common estimations of hygroscopicity effects on the basis of the apparent diffu
sivity derived from the sorption isotherm and water vapour permeability. 
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Taking account of these results, experiments on fungal growth responding to 
transient RHs below saturation are performed (Chapter 5). Despite the everyday 
reality of elimate dynamics, no data with respect to this issue have been found in 
the literature. A new experimental method to study these effects is elaborated, 
including non-linear regression techniques to model sigmoidal curves descrihing 
vegetative fungal growth. The statistica! analysis of transient RH effects on fungal 
growth is based on response variables deduced from these curves. 
In this Chapter, the time-of-wetness (TOU?) is introduced as an overall measure 
for the water availability to fungal growth under transient conditions. The TOW 
is defined by the ratio of the cyclic wet period, i.e. when the R~80%, and the 
cyclic period. The preliminary experiments indicate that growth of P. chrysogenum 
on the gypsum-based finsihes is only weakly affected fora TOW:S:O.S, whereas it 
accelerates strongly with increasing values>O.S. The RH value during the drying 
periods shows hardly any influences on the fungal growth-TO W relation. 
Furthermore, except for very fast oscillations of the RH, the frequency of high 
RH periods only slightly affects the TOW effects on fungal growth. 

Finally, Chapter 6 comments on the effects of the therm al quality of the building 
construction, the average indoor air humidity and airborne water vapour trans
port on the risks of fungal defacement of interior finishes. A temperature ratio 
criterion is considered a universa! step towards reduced risks of fungal deface
ment of interior finish es at the building envelope, but reduction of the TO Wis an 
effective and straightforward tooi appropriate in the case of elimate dynamics. 
When the dampness of gypsum finishes is related to the indoor air, prolongation 
of the TOW only occurs in the case of surface condensation. 
In conclusion, a perspective of envisaged control strategies is given. Basic princi
ples for tackling the problems of fungal growth are related to an integral approach 
of the indoor environment, the building envelope and the interior finish. It may 
be apparent that the TOW concept supports two main areasof development for 
reducing the risk of fungal defacement. Besides the obvious impravement of ven
tilation efficiency, the potentials of material modification to shorten the TO W 
should be considered. The issue of the fungal resistance of interior finishes 
should be part of future development towards evaluation tools of indoor fungal 
growth. 
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Samenvatting 

Het in dit proefschrift beschreven onderzoek heeft betrekking op groei van schim
mels onder stationaire en dynamische binnenklimaat omstandigheden. Het vóór
komen van schimmelproblemen in woningen, die gemiddeld als droog gekwalifi
ceerd kunnen worden, duidt op de potentiële effecten van korte waterdamp
produktie en vochtopslag op het ontstaan van schimmelgroei. Belangrijkste 
doelstelling van het onderzoek was dit proces te beschrijven om bij te dragen aan 
duurzamer en minder milieubelastende maatregelen om schimmelproblemen te 
bestrijden. Omdat te veel parameters de interpretatie van het proces vertroebelen, 
is het experimentele werk in deze studie beperkt tot gips-gebaseerde afwerk
materialen en een enkele schimmel, Penicillium chrysogenum (CBS401.92). 

Het proefschrift begint met een overzicht van de verschillende abiotische factoren 
die de groei van schimmels beïnvloeden, en een algemene introductie in de eigen
schappen van veel voorkomende afwerkmaterialen in relatie tot deze factoren. 
Ofschoon schimmelproblemen veelal geassocieerd worden met oppervlakte
condensatie, blijkt voor vrijwel alle schimmels het optimum in groei op te treden 
op substraten die in evenwicht zijn met relatieve vochtigheden kleiner dan 100%. 

In hoofdstuk 2 wordt de essentiële rol van water nader besproken. De gebruike
lijke grootheden om de watervoorziening te beschrijven worden gedefiniëerd en 
besproken in het licht van de wateropname mechanismen van de schimmel. Het 
veel gebruikte osmotische model wordt geplaatst naast een recenter model, dat 
gebaseerd is op de polarizatie-theorie en beter lijkt aan te sluiten op waterdamp 
opname door de cel. Het hoofdstuk wordt afgesloten met een eerste experiment 
naar de responsie van de gekozen schimmel op veranderingen in de dampspan
ning van de lucht. Hierbij is Environmental Scanning Electron Microscopy 
(ESEM) toegepast, een nieuwe techniek die reai-time SEM observatie in een 
dergelijk experiment mogelijk maakt. De resultaten indiceren een vrijwel momen
tane waterdamp opname door de conidia van P. chrysogenum. Dit suggereert dat 
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in evaluatie van het binnenklimaat in relatie tot schimmelgroei de korte perioden 
van hoge vochtigheid een belangrijke rol kunnen spelen. 

Hoofdstuk 3 heeft betrekking op de groei onder stationaire klimaatcondities en is 
opgebouwd uit 3 delen. In deel I worden gestandaardiseerde testmethoden voor 
de schimmelgevoeligheid van materialen besproken. Een nieuwe methode voor 
beoordeling van afwerkmaterialen onder binnenklimaatcondities wordt voor
gesteld en statistisch getoetst. In deel II wordt een gemodificeerde cryogene tech
niek (L TSEM) geïntroduceerd voor observatie van groei op de betreffende gips 
substraten, met behoud van de natuurlijke vorm van de schimmelstructuren. 
Resultaten van experimenten tonen dat de groei van P. chrysogenum in ieder geval 
initieel als een oppervlakte-fenomeen beschouwd kan worden. In deel III, 
tenslotte, wordt de nieuwe testmethode toegepast om de relatie tussen groei en 
afzonderlijke materiaaleigenschappen systematisch te onderzoeken. Belangrijke 
conclusie hierbij is dat de weerstand van een meerlaags-afwerksysteem tegen 
schimmelbegroeiing bepaald wordt door beide lagen en zelfs lager kan zijn dan 
elk van de lagen afzonderlijk. De resultaten van de parallel lopende LTSEM 
studies bevestigen deze conclusie. 

De hoofdstukken 4 en 5 gaan in op de dynamica. Hoofdstuk 4 betreft de water
huishouding van de gipspleister, en richt zich in het bijzonder op de invloed van 
vochtopslag op de relatieve vochtigheid aan het oppervlak gedurende periodes 
van droging. Het hoofdstuk start met een beknopte discussie van de theorie voor 
de waterhuishouding van capillair poreuze media. Als uitgangspunt voor het 
vochttransport wordt in dit proefschrift een macroscopische, diffusie-achtige 
vergelijking gehanteerd. Een belangrijk probleem in de toepassing ervan was tot 
dusver de bepaling van de diffusiecoëfficiënt in deze vergelijking. Twee nieuwe 
technieken, respectievelijk op basis van neutronen transmissie en kernspin 
resonantie principes, zijn ontwikkeld en toegepast om de diffusiecoëfficiënt direct 
af te leiden uit tijdafhankelijke vochtgehalteprofielen in het materiaal onder iso
therme omstandigheden. 
Met behulp van neutronenradiografie is het voor de eerste keer mogelijk gebleken 
vochtgehalteprofielen in het hygroscopische trajekt van een initieel droge gips
pleister te meten. Hiertoe wordt de gipspleister geëxposeerd aan een blokvormig 
patroon van relatieve luchtvochtigheden. Vergelijking van de diffusiecoëfficiënt 
uit deze experimenten en de diffusiecoëfficiënten uit waterabsorptie- en drogings
experimenten toont dat de coëfficiënt sterk afhankelijk is van de initiele condities 
van het materiaal. D e vochtdiffusiecoëfficiënt voor droging blijkt zelfs een factor 
I 00 groter te kunnen zijn d an de coëfficiënt behorende bij de responsie op 
variaties in de relatieve vochtigheid. Deze resultaten onderstrepen de complexe 
interactie van de vloeibare- en dampfase en het materiaal. 
Als gevolg van de lage waarde van de laatstgenoemde vochtdiffusiecoëfficiënt 
treden er onder dynamische omstandigheden van de binnenluchtvochtigheid 
nauwelijks verschillen op tussen de relatieve vochtigheid van de lucht en die aan 
het oppervlak. In het geval van de gipspleister weerleggen deze experimentele 
resultaten de hygroscopische traagheidseffecten die gevonden worden in de 
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courante simulaties op grond van een vochtdiffusiecoëfficiënt geschat uit de 
sorptieisotherm en de waterdamppermeabiliteit. 

Rekening houdend met dit resultaat wordt in hoofdstuk 5 een eerste onderzoek 
uitgevoerd naar de groei van P. chrysogenum onder cyclisch wisselende relatieve 
vochtigheden beneden verzadiging. Ondanks de realiteit van een varierend 
binnenklimaat, zijn er in de literatuur nauwelijks gegevens met betrekking tot de 
invloed van dynamische omstandigheden op schimmelgroei voorhanden. Een 
nieuwe methode om dergelijke effecten te beoordelen is ontwikkeld. Deze 
methode omvat niet-lineaire regressie technieken om sigmoïdale groeimodellen te 
fitten aan de experimentele data. Beoordeling van het effekt van veranderingen in 
de luchtvochtigheid vindt plaats door statistische analyse van responsievariabelen 
uit deze modellen. Hierdoor wordt rekening gehouden met het gehele groei
proces. 
In dit hoofdstuk wordt de time-of-wetness (TO W) geïntroduceerd als een 
algehele maat voor de beschikbaarheid van water onder dynamische omstandig
heden. Deze TO W is gedefinieerd als de verhouding van de cyclisch vochtige 
periode en de cyclische periode. Het onderscheid tussen vochtig en droog wordt 
daarbij gerelateerd aan een drempel van de relatieve vochtigheid aan het opper
vlak ter waarde van 80%. De resultaten geven aan dat de groeisnelheid van P. 
chrysogenum op de al dan niet gecoare gipspleisters nauwelijks wordt beïnvloed 
door een TQW.";0.5, en sterk toeneemt met een stijgende TOW boven 0.5. De 
waarde van de luchtvochtigheid in de droge periodes blijkt nauwelijks effect te 
hebben op deze afhankelijkheid. Daarnaast is ook de piek-frekwentie van geringe 
invloed, met uitzondering van zeer snelle oscillaties. 

Tot besluit wordt in hoofdstuk 6 ingegaan op de invloed van de thermische 
kwaliteit van de gebouwschil, de gemiddelde binnenluchtvochtigheid en de 
waterdampverspreiding in de binnenlucht op het risico voor schimmelbegroeiing 
van het binnenoppervlak. Een temperatuurfactor criterium is te beschouwen als 
een eerste algemene stap naar vermindering van het risico voor schimmel
problemen aan de gebouwschil, maar reductie van de TO Wis een noodzakelijk 
en effectief gereedschap voor sterk dynamische omstandigheden. Wanneer 
bevochtiging van gipspleisters alleen plaatsvindt door de binnenlucht betekent dit 
toch dat met name een zo gering mogelijk risico voor oppervlaktecondensatie 
moet worden nagestreefd. 
Tot slot wordt een perspectief van toekomstige strategieën voor bestrijding van 
schimmelproblemen in de woningbouw geschetst. De basis principes berusten op 
een combinatie van maatregelen met b etrekking tot het binnenmilieu, de 
gebouwschil en het afwerkmateriaaL Het TOW-concept geeft daarbij 2 richtingen 
aan voor onderzoek en ontwikkeling: enerzijds de voor de hand liggende 
verbetering van de ventilatie efficiëntie, en anderzijds modificatie van het afwerk
materiaal. Aanbevolen wordt het beoordelen van de schimmelgevoeligheid van 
het materiaal in toekomstige strategieën op te nemen. 
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Stelling 1 
De weerstand vàn afwerkmaterialen tegen begroeiing door schim_; 
mels kan als een materiaaleigenschap worden opgevat, die onafhan
kelijk kan worden getest en geëvalueerd. 

· (Dit proefschrift) 

Stelling 2 
De universele toepassing van één enkele macroscopische diffusie
coëfficiënt samengesteld uit de theoretische afgeleide dampdiffusie
coëfficiënt voor lage' vochtgehalt~n in het hygroscopische trajekt en 
de diffusiecoëfficiënt bepaald uit waterabsorptie metingen voor ho
gere vochtgehahen, zoals in het vochttransport model van Garrecht*, . 
blijkt thans niet juist te zijn. 

* Garrecht H. (1992) Porenstrukturmodelle für den Feuchtehaushalt 
von Eaustoffen mit und ohne Salzbefrachtung und rechnerische Anwen- · · 
dung auf Mauerwerk, Proefschrift, Fridericiana Universiteit, Karlruhe. 

(Dit proefschrift, Hoofdstuk 4) 

Stelling 3 
Een doelmatige bestrijding van problemen ten gevolge van schim
mels in woningen is niet gegarandeerd, uitsluitend door een mini.,. 
mum tempen1tuurflictor van 0·.65, zoàls in het Bouwbesluit* is op
genomen, maar dient gebaseerd te worden. op het gehele proces dat . 
schimmelgroei veroorzaakt. Ten onrechte is de rol · van het afwerk
materiaal hierin töt dusver onderbelicht. 

* Besluit houdende technische voorschriften omtrent het bouwen· van 
bouwwerken en de staat van bestaande bouwwerken, Staatsblad 680, 
Hoofdstuk II,Artikel27, 1991. 

(Dit proefschrift, Hoofdstuk 6) 



Stelling 4 
Dat in de studie v;m Verhoeff"< geen significante relatie gevonden 
wordt tussen de relatieve vochtigheid van de binnenlucht en het aan
tal kolonie vormende eenheden schimmels per g huisstof, wordt 
mede veroorzaakt door de meetlokatie . van de. relatieve vochtigheid, 
die riiet aan wand-, vloer- of plafondoppervlak gesitueerd is. 

* Verhoeff A.P. (1994) Hóme dampness,fungi and house dust mites, and 
respiratory symptqms in children, Proefschrift, Brasmus Universiteit, 
Rotterdam. 

Stelling 5 
Het beschouwen van de diffusiecoëfficiënt voor vochttransport als 
een ware materiaalconstante, zoals door Prazák et al.*, blijkt niet juist 
te zijn, omdat deze coëfficiënt niet uitsluitend door de materiaal
eigenschappen wordt bepaald. 

* Prazák-J, Jywoniak J, Peterka E and T. Slonc (1990) Description of 
transport . of liquid in porous media- a study based on neutron radio
graphy data, Int. J Heat Mass Transfer 33:1105-1120. 

(Dit proefschrift, Hoofdstuk 4) 

Stelling 6 
Dat de Nederlandse Bouwregelgeving enige humor in de ware bete
kenis van het woord.bevat, blijkt uit twee artikelen met betrekking tot 
de meetmethode voor de_ waterdichtheid van scheidingsconstructies 
inNEN 2778*-, waarnaar in het Bouwbesluit verwezen wordt: in ar
tikel _ 5. 3. 4. 3 wordt voorgeschreven een scheidingsconstructie gren
zend aan grond of water gedurende 6 maariden bloot te stellen aan 
e.en door de gemeente op te geven, te veiWachten hoogste (grond) wa
terstand, terwijl in artikel 5.3.4.4 bovendien wordt voorgeschreven 
het resultaat binnen 60 s na hèt beëindigen van dit experiment te be
oordelen. Beide artikelen getuigen niet van enige realiteitszin en stel~ 
len extreme eisen aan de realisatie van het experiment. 

* Vóchtwering in gebouwen. Bepalingsmethoden NEN 2778, Nederlands 
Normalisatie-Instituut, oktober 1991 . . 



Stelling 7 .· 
Biobakken en .compost vari GFT vorinen door de aanwezigheid van 
séhimmèls een bedreiging voor de volksgezondheid. 

Stelling 8 .-
Hetnieuws* dat er aan de drieTechnische Universiteiten Vrijwelgeen 
studenten zijn die niét hoogbegaafd zijn, kan ·als argument gebruikt 

· . worden om de beoogde studieduur aan deze universiteiten terug te 
brengen tot drie jaar. 

* 'Belft van studenten hoogbegaafd", De Telegraaf, 4a~gusius.1994. · 

Stelling 9 
.Ondanks de essentiële bijdrage van Pasteur aan het begtip van het 
brouwproèes, zal de ware bierliefhebber niet önverdèeld gelukkig zijn 
met het proces datzijn naam di-aagt, omdatpasteurisatie nietalleen 
de microörganismen in het bier doÖdt die tot bederf kunnen leiden, . · 
maar ook die, die aan de smaak en het aromà bijdragen. · · 

Jackson M~ (1977) TheWorld Guide to Beer, Quarto Publishing 
. Limited, London. 

Stelling.lO . 
· De grillige onvoorspelbaarheid van de kwaliteit van onderzoek maakt 
-de . beoordeling van onderzoekvoorstellen -tot . een scl}ijnbaar even . 
grillige en dus subjectieve bezigheid*. In het gevaL van multidiscipli
nair: odden:oek is monodisciplinariteit van de beoordelaar daarin een . 
extra handicap, 

* Houtsma W.H (1991) Het moeûi}ke v~n kwaliteit meten, Wetenschaps-. . 

beleïd 5: 12-14: 

Stellingll . 
Van promoveren krijg je grijze haren. 

Eindhoven, a:Ugustus 1994 




