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a b s t r a c t

Materials that are stored or used in damp conditions may be subject to mould growth. However, all
materials are not equally susceptible; for each specific material, there is a critical moisture level for
mould growth. If this is exceeded, there is a risk that mould fungi will develop on the material. This level
can be determined in accelerated laboratory tests, at constant temperatures and relative humidity (RH)
favourable to mould growth. Within a building however, these parameters are expected to vary from one
part of the construction to another, and are seldom constant; there is fluctuation in temperature and RH
due to seasonal or shorter-term variations. In this study, test pieces of the same materials tested in
a laboratory environment were placed in three outdoor ventilated crawl spaces and three outdoor
ventilated attics, where the temperature and RH varied, and mould growth on the test pieces was studied
over 2.5 years. Material-specific mould growth curves were produced based on critical moisture levels, as
determined in laboratory experiments under constant temperature and RH. When the actual conditions
of RH and temperature exceeded these curves, there was mould growth on the test pieces if the time was
sufficiently long. The conclusion from the study is that although conditions in laboratory studies are
simplified and accelerated, the results serve well to indicate mould growth within a building
construction.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Different parts of a building are exposed to different tempera-
tures and relative humidity (RH), e.g. as a result of construction
design andmoisture produced by human activity. Materials used in
construction are affected by the ambient conditions, and if these
are favourable to mould fungi, there is a risk that mould will
develop on the materials. However, all materials are not equally
susceptible to mould growth. For each specific material, there is
a critical moisture level for mould growth. If this is exceeded, there
is a risk that mould fungi will develop on the material. Critical
moisture conditions are also dependent on temperature. Mould
fungi require more available water to grow at lower temperatures;
consequently, critical moisture levels will be higher at lower tem-
peratures than at higher temperatures.

The relationship between temperature, moisture and rate of
growth on nutrient media in the laboratory has been described for
a number of fungal species as isopleths, e.g. [1e3]. Some of these
sson).
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isopleths have been adapted to predict the risk of mould growth on
building materials [4e6]. By calculating the expected conditions of
a construction or part of a building, these limiting growth curves
may be used to assess the risk of mould growth. These curves
should also be based on critical moisture values and be material
specific, since the value for one material cannot be used to predict
the properties of another, although theymay seem similar [7]. Also,
different treatments of a material may alter resistance to mould
growth [8].

Although there are optimal and minimal growth conditions for
the different microfungi that are described as mould fungi, the
organisms can survive periods of unfavourable conditions. How
well they can tolerate fluctuating periods varies from species to
species [9]. On building materials, the rate and extension of mould
growth have been shown to be lower when favourable conditions
alternate with less favourable [10]. In addition, how long these
periods last is also of importance. In constructions, the conditions
that building materials are exposed to are seldom constant; there
are variations in both temperature and RH. These variations can be
long-term, such as seasonal variation, or shorter-term, due to hu-
man activity or local climatic conditions, for example. Therefore,
the critical moisture level for a building material may be exceeded
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for a shorter or a longer period, while at other times the level may
not favour mould growth. It is therefore expected that the risk of
mould growth occurring is low if the variation is such that the
moisture levels are substantially lower than the critical limits over
a sufficiently long period and the critical limits are exceeded only
for short periods of time.

Ventilated crawl spaces and attics are constructions where the
temperature and RH are predominantly governed by outdoor
conditions. There is therefore seasonal fluctuation in these struc-
tures. In Scandinavia, the RH in crawl spaces is highest in the
summer and autumn when warm, moist outdoor air enters the
cooler space. Since cold air can hold less moisture, the saturation
moisture content is lower, and the RH will increase. In outdoor
ventilated attics, however, the RH is usually at its highest during the
winter months. There is also short-term variation, e.g. during clear
nights when heat radiates from the roof to the sky, leading to
a reduced temperature at the interior surface of the roof, which in
turn enhances the risk of condensation and mould growth. In both
crawl spaces and ventilated attics, there is often extensive mould
growth on the building materials e.g. [11e13].

The purpose of this study was to investigate whether results
from laboratory testing of materials for critical moisture levels in
which constant conditions are maintained can predict mould
growth in constructions where the temperature and RH fluctuate.
The same materials that were tested in a laboratory environment
[7] were placed in three outdoor ventilated crawl spaces and three
outdoor ventilated attics. The development of mould on the test
pieces was followed by analysing each test piece twice a year, in
spring and autumn, over 2.5 years. Mould growth limit curves for
the materials tested were produced based on known critical
moisture levels and risk for mould growth in each construction
were then expected if the RH and temperature exceeded these.
Expected and observed growth was then compared.

Not all materials used in the study were intended to be used in
crawl spaces and/or attics, but because the temperature and RH
conditions of these constructions were expected to favour mould
growth and the conditions expected to fluctuate, they were con-
sidered to be suitable test environments. In addition, the materials
were readily available and could easily be evaluated for mould
growth at the defined intervals.
2. Materials and methods

2.1. Building materials

Nine building materials (see Table 1) were purchased from
a local building supply store. The materials are commonly used in
Table 1
Building materials used in the study.

Building material Description

Pine sapwood 19 mm tongued and grooved board
Plywood 12 mm softwood plywood
Chipboard 12 mm particle board
Thin hardboard 3.2 mm high density hardboard made of wood fib

and lignin
Wet-room gypsum plaster 13 mm gypsum board with cardboard surfaces
Exterior gypsum plaster 13 mm gypsum board with cardboard surfaces
Asphalt paper 1.5 mm windproof barrier of asphalt-impregnated

paper
Cement-based board 8 mm cement based board consisting of cement,

limestone and cellulose fibres, covered with a plas
Glassfibre board 15 mm rigid glass wool insulation board
Expanded polystyrene board 50 mm expanded polystyrene insulation board
Swedish building construction sector, and have different critical
moisture limits, as determined in an earlier laboratory study
involving the same materials [7]. One material was asphalt paper,
and the remaining eight were boards. Three individual boards of
each type were used, and from each a single test piece,
50 � 100 mm, was prepared for exposure at each test site. For
plywood and chipboard, an additional test specimen was prepared
from two of the boards; consequently, there were five replicates of
those materials. From the asphalt paper, all test pieces were pre-
pared from one roll, and three pieces were placed at each test site.
The choice of the number of test pieces was based on the number
that are common in standardised methods for testing mould
resistance of materials.

The test pieces were placed in stainless steel spring clips
mounted on aluminium strips placed in the underlay roof of the
attics and blind floor of the crawl spaces. The test pieces were easily
dismantled from the clips for the analysis of microbial growth. All
materials were handled in such a way (e.g. using plastic gloves) as
to minimise risk of contamination that could have led to mould
growth.
2.2. Test-sites

The houses where the test pieces were exposed were all single-
family houses situated close to Borås in the south-west of Sweden.
All these houses were buildings with light wooden framework
structures and were representative of Swedish housing stock. They
varied in construction year, heating system, construction design,
building materials and other characteristics and were selected
to represent constructions at both high and low risk of mould
growth.

2.2.1. House A: attic 1 and crawl space 1
This house, the oldest in the study, was built in 1923. It was

heated by a pellet boiler located in one of the outbuildings and
a stove connected to the building’s central chimney. The house
roof was hipped, with a 45� angle in the ridge. The roof material
(from the outside inwards) comprised concrete tiles, thin hard-
board and wooden rafters. The foundations were of stone; the
floor of the crawl space was of soil and stone, and the height
about 1 m. The joists were insulated with approx. 10 cm of
wooden chips.

2.2.2. House B: attic 2 and crawl space 2
House B was built in 1913 with a 40� pitched roof. The materials

in the roof were ceiling tiles, roofing felt, wooden rafters and sec-
ondary spaced boarding. The house was in a half plane with a crawl
Range in which the critical moisture level is expected
(Johansson et al., unpublished results)

22 �C 10 �C

75 < RHcrit � 79 85 < RHcrit � 90
75 < RHcrit � 79 85 < RHcrit � 90
79 < RHcrit � 85 90 < RHcrit � 93

res 85 < RHcrit � 89 93 < RHcrit � 95

89 < RHcrit � 95 95 < RHcrit

89 < RHcrit � 95 95 < RHcrit

cellulose 89 < RHcrit � 95 95 < RHcrit

tic dispersion
95 < RHcrit 95 < RHcrit

95 < RHcrit 95 < RHcrit

95 < RHcrit 95 < RHcrit
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space under two-thirds of the house. The remainder consisted of
laundry room and boiler room. Heating was by pellet boiler. The
foundations were of stone; the floor of the crawl space was of soil
and stone; and the height about 0.5 m. The joists were insulated
with approx. 10 cm of wooden chips.

2.2.3. House C: crawl space 3
This house was built around 1980. There was a crawl space

under two-thirds of the house. The remaining one-third consisted
of a cellar including laundry and boiler room. The housewas heated
from a wood furnace in this basement. The crawl space section,
where the test was carried out, was ventilated with outdoor air and
unheated. The foundations were of concrete blocks, and the floor of
the crawl space was crushed rock/gravel. The joists were insulated
with mineral wool insulation.

2.2.4. House D: attic 3
This 1½-storey house was built in 1982 and had a 45� pitched

roof. At the beginning of the project, heatingwas provided by direct
electricity, but this was replaced after a year or so by an airewater
heat pump, though distribution via water was the same throughout
the test period. Throughout the investigation, fires were frequently
lit in a centrally located wood-burning stove. The roof was built,
from the outside inwards, of concrete tiles, roofing felt, roof trusses
and hard fibre board.
2.3. Measurement of temperature and RH at the test-sites

Temperature and RH at each test-site were registered every
fourth hour by a single data logger with internal sensors (Testo 177-
H1). Each logger was placed in close proximity to the specimens to
ensure that the conditions logged were as close as possible to those
that specimens were exposed to.

The sensors were initially calibrated at 30.1 �C over three
aqueous saturated salt solutions, with reference values of 83.6%,
92.3% and 75.1%. After exposure in the field, a new calibration was
performed in moisture chambers with a calibrated reference
moisture and humidity sensor at temperatures of 22 �C and 15 �C
and RH of 90%, 85% and 60%. The calibration made it possible to
adjust the measured RH values with the correction factor from
calibration (reference minus measured RH). However, since this
factor was expected to be dependent on temperature [14], and the
temperature and RH were not constant in the field measurements,
the second calibration procedure made it possible to apply a more
accurate adjustment of data. A multiple regression was performed
in which both temperature and RH were included. Each sensor was
then given an equation which was used to adjust the measured
values.

Comparing the results of RH from the initial and final calibra-
tions, it was concluded that all sensors had drifted, to various ex-
tents, so that they showed higher values after exposure than before
exposure in the field. The measured values were therefore further
adjusted. For each logger, the drift, which was assumed to be
constant during the exposure period, was estimated by calculating
the difference between the calibration errors before and after
measurement in the field. By dividing this difference by the total
number of times measurements were taken (which was about
5500, i.e. six times each day for 2.5 years), we obtained a value for
the drift at each logged time. We called this the “drift factor”. The
actual value of the RH at each time point was calculated for each
sensor, using the equation obtained from the multiple regression
based on the final calibration, complemented by an adjustment
with the service drift factor multiplied by the successive number of
the time point.
RHadjusted ¼ ai þ bi*RHinstrument þ ci*tinstrument � g�T ½%� (1)

where

ai, bi, ci e Parameters from the multiple regression for each
logger i
RHinstrument e measured RH (%)
tinstrument e measured temperature (�C)
g e drift factor-error due to the drift at each measuring point
T e The number of the measuring point

The expanded uncertainty for each sensor was calculated by
considering the variance of the multiple regression together with
the uncertainty of the reference sensor and the measurement un-
certainty for the calibration. The uncertainty of drift can be con-
sidered negligible since it was very small in comparison.

2.4. Analysis of mould growth on test pieces

Every April and October, i.e. five occasions in all, the test pieces
were removed from the racks where they were exposed; they were
then analysed for mould growth. The surface that had been
exposed to the open air in the attics and crawl spaces was examined
at 10�e40� magnification under the microscope. Both mould
growth visible to the naked eye and that which was only visible
under the microscope were rated according to a five-point rating
scale, where 0 ¼ no growth; 1 ¼ sparse, initial growth with only
one or a few hyphae present; 2 ¼ sparse but clearly established
growth; 3 ¼ patchy, heavy growth; and 4 ¼ growth over most or all
of the surface. A test piece was considered to have failed when the
rating of mould growth first reached 2 or higher, we define this as
when mould growth was clearly established [7].

2.5. Description of mould growth with time

The percentage of test pieces that were not failed (3.4) at each
analysis time was expressed as KaplaneMeier curves. This is an
approach that has many advantages [15]. On each occasion that
a test piece failed, the percentage of test pieces without no mould
growth decreased.

2.6. Creation of mould growth limit curves

To create growth limit curves for each material, we used the
same technique as Hofbauer et al. [16], where material-specific
isopleths were constructed from the closest approximation to LIM
0 curve for mycelial growth [5].

As the equation for the LIM 0 curve had not been published at
the time of our study, we carried out curve fitting to obtain pa-
rameters for such an equation. We then fitted data from this curve
to a polynomial of second degree. This contains three parameters,
but in order to simplify the model wewanted only two parameters.
In order to be able to get such an equation, we fixed a function
minimum at a defined temperature. We chose 27 �C. This value was
based on the observation that, for many species of mould fungi, the
temperature at which the required water availability is at mini-
mum, i.e. the optimum temperature, is between 25 �C and 30 �C [3].
Above and below this temperature, the moisture requirements are
higher, as described by the isopleths for each species. For the spe-
cies used in the laboratory tests that formed the basis for the critical
moisture levels for the materials in this study, the optimum tem-
perature according to Sedlbauer [5] lies between 22� and 30 �C,
with a mean value of 27 �C. However, testing with different values
of min temperature revealed that the model was not sensitive for
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which value between 25 �C and 30 �C that were used in the tem-
perature range between 0 �C and 30 �C.

The resulting growth limit curvemodel can then be described by
Equation (2):

RH ¼ aþ c
�
t2 � 54�t

�
½%� (2)

where t is the temperature in �C.
The parameters c and a were estimated by using Equations (3)

and Equation (4), where the data for RFcrit and corresponding
temperature come from the results in the laboratory tests [7],
Table 1:

c ¼ ðRHcrit1 � RHcrit2Þ=
�
t21 � t22 � 54ðt1 � t2Þ

�
(3)

a ¼ RHcrit1 � c
�
t21 � 54�t1

�
(4)
Fig. 1. Monitored relative humidity and temperature in three crawl spaces in Sweden.
Values marked “RHmin” refer to data where the drift of the loggers was such that the
correct value could not be estimated. The specified dates refer to when microbiological
analyses were performed.
Two growth limit curves, one upper and one lower, were pro-
duced for each material. The laboratory tests were carried out in
test chambers with constant RH, with RH set at intervals of 5%;
therefore the critical moisture level fell within a range. The upper
limit was determined by the case with lowest RH where any of the
above criteria were met, and the lower limit by the case with the
next-lowest RH. The actual critical moisture level may therefore
lie between the two growth limit curves, or above the upper
curve [16].
2.7. Comparison of results from laboratory and field studies

In order to find out if the conditions in the test-sites had
exceeded the growth limit curves, these were drawn into plots of
monitored temperature and RH. Mould growth was then expected
when the combination of temperature and RH exceeded the growth
limit curves [4]. This expected growth was then compared to the
results from the assessment of mould growth on the test pieces at
each test site.
Fig. 2. Proportion of test pieces of six building materials, exposed to conditions in
three crawl spaces, with no established growth at different times of analysis.
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In those cases where expected and observed mould growth was
not consistent, the number of occasions on which the relevant
growth limit curves were exceeded was counted. Each measure-
ment point was then regarded as constant for four hours because
temperature and RH were logged at this interval. The cumulative
time was calculated as the sum of these hourly values. If the time
was shorter than the shortest time before the critical moisture level
was achieved in the laboratory, no growth was expected.
2.8. Prediction of critical moisture levels for different temperatures

Testing to find the critical moisture level must be carried out
at several RHs, and, to predict the risk at different temperatures
according to Section 2.6 above, at two temperatures, at least. This
entails extensive testing in practice. One way to make the test
feasible is to test at one temperature and to predict the expected
critical moisture level at other temperatures. In such case, the
parameter or c needs to be known. Based on the values of a that
were estimated for each material in the study, an average was
Fig. 3. Monitored relative humidity and temperature in three attics in Sweden. Values
marked “RHmin” refer to data where the drift of the loggers was such that the correct
value could not be estimated. The specified dates refer to when microbiological ana-
lyses were performed.
therefore calculated and then used to calculate parameter c for each
material. New growth limit curves could then be created in
accordance with Equation (2). The difference between the two
curves obtained in this way for each material was then assessed.

3. Results

The temperature and RH measurements from April 2007 to
October 2009 are presented in Figs. 1 and 3. Variation during the
day was greatest in the attics, with the RH being highest during the
cold months of the year, when the temperature was also lowest. In
the crawl spaces, however, RH was highest in the summer. Meas-
urement uncertainty for RH was maximum 2% for each location.

Mould grew on several of the test pieces. However, among the
sites, we observed differences in which materials became mouldy,
how quickly growth arose and the extent of growth at test pieces at
each site. Figs. 2 and 4 present the percentage of test pieces that had
not failed, that is had no establishedmould growth on them, at each
analysis time. Pieces that did not fail during the entire test period
were censored in the plots. Table 2 presents the number of test
pieces with established growth at the end of the test. No growth
was observed on any of the test pieces of cement-based board, glass
fibre board or expanded polystyrene board. No growth was
observed on any of the test pieces in Attic 2.

Figs. 5 and 6 show the limit curves for mould growth for each
material, together with the measured data of temperature and RH
for each test site. Measured RH is plotted against measured tem-
perature, each point corresponding to one measurement. If points
were above the limit lines, growth was expected on the test pieces.
Table 3 compares the results expected under this criterion with
actual observations of growth on the test pieces at the end of the
field study. Limit curves for growth were not produced for cement-
based board, glass fibre board or expanded polystyrene board, since
mould did not grow on any of these materials in any of the tests in
Fig. 4. Proportion of test pieces of six building materials, exposed to conditions in
three attics, with no established growth at different times of analysis. In Attic 2 there
was no growth on any of the test specimens during the test period.



Table 2
Number of test pieces with established mould growth (rating �2) at the end of exposure time. The total number of test pieces for each material at each test site is shown
between the parentheses in the heading.

Chipboard
(N ¼ 5)

Plywood
(N ¼ 5)

Thin hardboard
(N ¼ 3)

Wet room plaster
board (N ¼ 3)

Exterior plaster
board (N ¼ 3)

Expanded poly-styrene
(EPS) board (N ¼ 3)

Asphalt paper
(N ¼ 3)

Glass fibre
board (N ¼ 3)

Cement based
board (N ¼ 3)

Crawl space 1 5 5 3 3 3 0 3 0 0
Crawl space 2 0 2 0 0 0 0 0 0 0
Crawl space 3 0 5 0 0 0 0 0 0 0
Attic 1 1 4 0 0 0 0 0 0 0
Attic 2 0 0 0 0 0 0 0 0 0
Attic 3 5 5 3 0 0 0 0 0 0

Fig. 5. Growth limit curves for (a) chipboard and (b) thin hardboard and measured temperature and relative humidity in three crawl spaces and three attics over 2.5 years. Each dot
represents one measuring point. The circles indicate values where drift of the loggers made it impossible to calculate a “true calibrated value” of RH and are therefore minimum
values. The dotted lines are the lower and upper growth limit curves estimated from results in laboratory tests.
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Fig. 6. Growth limit curves for (a) asphalt paper and two types of plaster boards and (b) plywood and measured temperature and relative humidity in three crawl spaces and three
attics over 2.5 years. Each dot represents one measuring point. The circles indicate values where drift of the loggers made it impossible to calculate a “true calibrated value” of RH
and are therefore minimum values. The dotted lines are the lower and upper growth limit curves estimated from results in laboratory tests.
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the laboratory and the critical moisture level could not be esti-
mated and/or the materials were resistant to mould growth.

Table 4 shows the total time that the temperature and RH were
over the limit curves for those cases where expected and actual
mould growthwere not consistent; it also shows the timewhen the
critical moisture level was achieved in the laboratory experiments.
Since these analyses were carried out once a week, time is reported
as an interval.

There was consistency between actual and expected mould
growth when both criteria e (a) conditions exceeding the limits for
growth and (b) cumulative time over the limits being lower than
the time before mould growth were established in the laboratory e

were considered.
From the laboratory tests, six mould growth curves (see Section

2.5) were calculated. The upper curve of one material was some-
times the same as the lower curve of another. For the ninematerials
tested, there were therefore a total of six such limit curves, with
values of a ranging from 102 to 108, with a mean of 105. New
growth curves with this value were produced and compared to
those produced with individual values. Fig. 7 shows an example of



Table 3
Expected and actual mould growth for thematerials at each test site. If values of RH-temperature in Figs. 5 and 6 exceeded the growth limit curves, mould growthwas expected
(þ); otherwise it was not expected (�). Existing growth (þ) and non-existing (�) growth are according to Table 1. White boxes are cases where expected and actual growth do
not agree based on these criteria.

Crawl space 1 Crawl space 2 Crawl space 3 Attic 1 Attic 2 Attic 3

Expected Existing Expected Existing Expected Existing Expected Existing Expected Existing Expected Existing

Plywood þ þ þ þ þ þ þ þ þ � þ þ
Chipboard þ þ � � þ � þ þ � � þ þ
Thin hardboard þ þ � � þ � þ � � � þ þ
Exterior gypsum paper board þ þ � � þ � þ � � � þ �
Wet room gypsum paper board þ þ � � þ � þ � � � þ �
Asphalt paper þ þ � � þ � þ � � � þ �
Cement-based board �a � �a � �a � �a � �a � �a �
Glassfibre board �a � �a � �a � �a � �a � �a �
Expanded polystyrene board �a � �a � �a � �a � �a � �a �
a This is based on the findings that there was no mould growth on any of the test pieces in the laboratory.
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growth limit curves for the value estimated for the relevant
material together with a curve were the value of a was 105. The
maximum difference between these two curves, in this case for
chipboard, is two percentage points for RH in the 0�e40 �C interval,
and one percentage point in the 10�e22 �C interval. These values
are similar for all materials tested.

4. Discussion

In this study, expected mould growth on building materials,
based on laboratory studies of criteria for critical moisture levels,
was compared with actual results on test pieces exposed in crawl
spaces and attics. If the temperature and relative humidity condi-
tions exceeded the limits for growth, then mould growth was
expected. Length of time above the critical level is also significant.
When both of these criteria were taken into account, the consis-
tency between expected and actual mould growth was good.

The number of test pieces of each material at each test site was
relatively low (three to five). After the start of the study, we found
that in order to obtain a sufficient level of confidence in the
assessment, the appropriate number of test pieces for assessment
of mould growth was at least seven [7]. With a large expected
variation among different test pieces of the same material, the
number of test pieces should be as large as possible. After exposure
for 2.5 years, however, little variation was found; in 10 of 13 cases
where growth was observed, mould grew on all test pieces of the
testedmaterials at each site (see Table 2). The number of test pieces
was too small to make a correct KaplaneMeier estimation; Figs. 2
and 4 therefore should be considered empirical data.

In Crawl space 1, the values for temperature and RH exceeded all
growth limit curves on several occasions, and on all materials there
Table 4
Cumulative time that measured climate at different test-sites exceeded growth limit curv
time before critical moisture levels was reached in the laboratory tests.

Crawl space 3 Attic 1 Att

Time (weeks)
over lower
curve

Times (weeks)
over upper
curve

Time (weeks)
over lower
curve

Weeks (weeks)
over upper
curve

Tim
ove
cur

Plywood 0.3
Chipboard 8.3 3.0
Thin hardboard 3.0 0.9 1.9 1.4
Exterior gypsum

board
0.9 0.3 1.4 0.3

Wet room gypsum
paper board

0.9 0.3 1.4 0.3

Asphalt paper 0.9 0.3 1.4 0.3
was mould growth. Even in Attic 3, measured points were repeat-
edly above all curves. Established growth was there found on ply-
wood, chipboard and thin hardboard. The reason that mould did
not grow on asphalt paper or the two types of plaster board is
probably that the periods of conditions favourable for growth were
not long enough, since the cumulative time that the limits for these
materials were exceeded was less than one week, which was sig-
nificantly less than the minimum required for the critical moisture
level to be achieved in a laboratory environment. In Crawl space 3
and Attic 1, growth of mould was expected on all materials on
which there was mould growth in the laboratory, since several
points of temperature and RH were above the growth limit curves.
Although the cumulative time that this occurred was greater than
in Attic 3, it was still less than was required for critical mould
growth in laboratory conditions, whichmay explainwhymould did
not grow on materials other than plywood in Crawl space 3 or on
plywood and chipboard in Attic 1. However, the values for chip-
board in Crawl space 3 are on the boundary of the reference time
from the laboratory tests.

In Crawl space 2, measured values only exceeded growth curves
for plywood, which was also the only material on which mould
grew. Even in Attic 2, mould was only expected to grow on ply-
wood, though no growth was observed here. Again, the reason
might be that the favourable conditions did not last long enough; in
this case, the cumulative time that the lower growth limit curve
was exceeded was less than one week. No values were measured
above the upper curve at all. In practice, it is therefore possible that
the actual critical value for mould growth was never exceeded,
since it may lie somewhere between the upper and the lower curve.

Using the cumulative time for conditions that was favourable
is a simplified method of considering the conditions that affect
es for each material, where it was predicted that mould growth would occur, and the

ic 2 Attic 3 Time (weeks) in the
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Fig. 7. Comparison between growth limit curves based on actual values of parameter
a for chipboard and based on values of parameter a calculated from the mean value of
parameters a from all materials tested.
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mould growth. These favourable conditions were followed by less
favourable. How long they last, how far they are from the limits, and
how rapid the changes between favourable and unfavourable
conditions are affects the risk that mould growth will occur, as well
as its extent over the surface and its growth rate [10,17,18]. This may
explain why mould did not grow on chipboard in Crawl space 3,
even though the cumulative time that favourable conditions were
present was about the same as the reference values from the lab-
oratory tests.

It is difficult to predict from laboratory tests on thematerial how
long a material can withstand a particular environment without
risk of mould growth, i.e. in addition to the time tested in the
laboratory. The testing here was conducted over 2.5 years, but it is
possible that testing for a longer time would increase the chance of
mould developing (even on the material where no growth was
observed in this study), since the cumulative time during which
favourable conditions were present would be longer. Also, a mate-
rial age with time, and contamination of the material can reduce
resistance to mould growth [19,20].

Assessing the critical moisture level of a material requires
testing in a number of temperature and RH conditions. The test
period and the number of test conditions must be limited for
a commercial method to be economically justifiable and the results
delivered within a reasonable time. The model used to produce
growth limit curves for different materials requires testing to be
carried out at two temperatures. However, an adjustment was
made in this study so that, when testing at only one temperature,
critical limits could be estimated for other temperatures with
a maximum error of 2% RH. To reduce the time before mould
growth occurs, the temperature should be relatively close to the
optimum temperature for growth.

5. Conclusions

Overall, critical moisture levels, as determined in accelerated
laboratory experiments under constant climatic conditions, match
the results in real conditions where both temperature and relative
humidity vary. If the combination of temperature and RH exceeds
the growth limit curves calculated from the critical moisture levels,
mould growth is expected. Further, when the duration of favour-
able conditions is not considered, the laboratory test results will not
underestimate the risk of mould growth; the results will instead
include a certain margin of safety.

If the expected temperature and RH in a construction is known,
knowledge of the critical moisture levels of the materials and the
calculated growth limit curves may therefore be used as tools when
choosing the materials for the construction with minimum risk of
mould growth.
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