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BIOLOGICAL DAMAGE FUNCTIONS MODELS FOR
DURABILITY ASSESSMENTS OF WOOD AND WOOD-BASED
PRODUCTS IN BUILDING ENVELOPES.

Mostafa Nofal', and Kumar Kumaran®

Building Envelope and Structure Program
Institute for Research in Construction (IRC), National Research Council Canada (NRC)

ABSTRACT

A durability assessment system that links an advanced computer model for structural and
hygrothermal analysis with damage functions is currently being developed. The computational
system has different modules that calculate the different structural and hygrothermal responses
of wall systems. Outputs of these modules are input to the module of damage function models
to calculate damage, performance and service-life of building envelopes. Details of biological
damage functions implemented in the damage function module of IRC’s durability assessment
system are presented. The biological damage functions trace deterioration in wood materials
subjected to hygrothermal loads that favor fungal growth. The developments of the models are
based on recent biological experimental data from the literature. Equations to calculate
various parameters in the model are presented and the application of the developed models is
demonstrated using a worst case scenario of exfiltration of warm and humid indoor air in a

typical wood-frame construction in Ottawa.

1 INTRODUCTION

In general, improper design and construction practices would reduce the service-life of

buildings. The lack of long-term durability in building structures, however, is not only due to
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over-stressing from mechanical loading. Other physical, biological, and chemical processes are
also responsible for the onset of damages in building envelopes. In addition to mechanical
loads, moisture and temperature fluctuations are the leading causes of the continuous
degradation of building materials. About 90% of damages in houses results from temperature
and moisture effects on the performance of construction materials (Zabel and Morrell 1992).
Houses improperly designed for moisture loads may experience moisture-related damage
within 3-10 years of service life. Damage prevention of building envelopes is the most cost-
effective measure compared to repairing or replacing the whole envelope. Thus, improvements
in the analysis, design, and damage predictions of hygrothermal performance of materials and

structures can have great economic as well as safety implications.

Wood and wood based products (engineered wood - OSB) are widely used in most housing
and low-rise residential and office buildings in North America and Nordic countries in Europe.
Wood materials suffer different types of damage depending on the various environmental
conditions. Water and favorable temperature (0°C - 40°C) are the essential elements for
initiating physical, biological, and structural damage in wood. Damage due to biological action
is the main mechanism that affects wood durability. A wide range of organisms including
fungi, termites, carpenter ants, wood-boring beetles and marine borers can live in and consume
wood. Specific types of organisms found in building envelopes worldwide depend on the
material used, the geographic location and the microenvironment. In general, fungi that live in
wood can be divided into four groups: mold, mildew, soft-rot, and wood-rotting fungi. Fungi
damaging building envelopes are mainly mold, stain, and wood-rotting fungi (Zabel and
Morrell 1992). Mold and stain fungi cause surface damage of a wide range of construction
materials. On the other hand, wood-rotting fungi cause significant strength loss of wood
materials in places of temperate climates such as those in Europe and North America.

Wood-destroying organisms damage untreated, sapwood, and second or third-growth wood
much faster than treated or first-growth harvest. Despite this, the ever-increasing demand of
wood materials by the construction industry is cited as justification to use products made from
untreated and subsequent growth wood. Even products like oriented strand boards (OSB)
which are made from less durable species such as aspen and poplar are currently being used in
the envelopes of homes and low-rise wood frame constructions. Consequently, biological

damage of wood materials is observed in relatively new constructions in European and North



American cities.
These consistent biological problems have led researchers to start identifying the optimum
conditions for the growth of specific fungi species in untreated, softwood or engineered wood
materials (Viitanen 1995, Schmidt ef al. 1983, Wilcox 1978). For example, Viitanen (1997a,
1997b) designed experiments to investigate the optimum conditions of growth rate of different
mold- and wood-rot fungi species. Nofal and Kumaran (1999) summarized the typical growth
conditions for these harmful European fungi species. Schmidt et al. (1983), on the other hand,
investigated only the rotting behaviour of oriented strand board products due to fungal attacks.
Wilcox (1978) summarized all experimental work prior to 1976.
Finnish studies (Viitanen 1995, Viitanen 1997 b and Viitanen and Ritschkoff 1991) have
measured the damage of Scots pine and Norway spruce under the attack of some of the fungi
species identified from a survey of European cities. Other fungal species could exist in North
America because of differences in weather and residents’ living habits. Morris (1998) has
indicated that no extensive studies have been done to determine which wood-rot fungi species
are the most prevalent in Canada. Duncan and Lombard (1965) identified Antrodia serialis,
Antrodia vaillantii, Coniophora puteana, Gloeophyllum trabeum, Meruliporia incrassata,
Postia placenta, Sepula lacrymans, and Tapinella panuoides, as the fungi causing decay in
building materials in the United States of America. Morris (1998) has suggested that those
fungi species identified from USA buildings might be also common to Canadian environments.
However, a study should be conducted to identify those potentially harmful wood-decay fungi
in Canada.
The results of previous biological experiments are useful in understanding the deterioration
mechanisms of wood materials under fungal attacks. The material behaviour and the process
of incurred damage are often evaluated in these experiments by measuring certain quantities.
For example, mold growth experiments measure the portion of the surface area covered by
mold after a period of growth (Viitanen 1997a, Clarke et al. 1999). The reason for this is that
mold growth is essentially a surface phenomenon. On the other hand, wood-rotting fungi
consume wood for survival and growth. Thus, most of wood-rot decay experiments use the
criterion of weight loss as the basis upon which results from various experiments can be
compared. In some instances, strength loss, microscopical and chemical reagent can also be
used. Weight loss, however, is easy and simple to monitor during testing. However, early

stages of decay cannot be detected by employing the method of weight loss. The majority of
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researchers have used weight loss as the damage index for brown-rot fungi to develop
mathematical models of damage accumulation (e.g. Viitanen 1995, Schmidt es al. 1983,
Wilcox 1978, etc.).

2 STUDY OBJECTIVE

It is extremely important to extend the results of these biological experiments to predict the damage
and performance of building envelopes due to fungal attack. Since the inter-dependent action of
moisture and temperature levels is critical for fungi growth, the experimental damage results should
be formulated in a suitable format for implementation in hygrothermal and/or structural computer
models. The objective of this paper is to establish mathematical models of fungi-induced
damage in wood materials and their implementation in hygrothermal models for prediction of
service-life. This paper enhances Hukka and Viitanen’s (1997 b) mold index model for use in
hygrothermal computer models, and it also presents (based on existing information on
European wood species; Scots pine and Norway spruce) the development of a new wood-rot
damage model subjected to fluctuating moisture and temperature loading conditions. The
damage models are written in a format suitable for computer implementations within a
durability assessment system of building envelopes. A linkage between hygrothermal and the
developed biological damage functions to obtain a system of durability and service-life
assessments is also presented. The capability of the proposed models to predict long-term
performance of wall system will be illustrated using the results from hygrothermal analysis of a
typical wall built in the city of Ottawa subjected to a worst-case scenario of exfiltration
(Ojanen et al. 1989).

3 DURABILITY ASSESSMENTS USING DAMAGE FUNCTIONS MODELS.

Current hygrothermal computer models are capable of predicting the distribution of the
moisture and temperature fields in wall systems (e.g. Hens 1996, Ojanen et al. 1996). The
results of these heat, air, and moisture transfer computer models are useful in designing and
assessing the service conditions of the building envelope. However, damage and subsequently
durability assessments of building envelopes and components cannot be directly evaluated
using existing hygrothermal computer models. In order to extend the capabilities of these
sophisticated models, one should include damage prediction capabilities due to different aging



processes and loading conditions.

The Institute for Research in Construction (IRC) at the National Research Council Canada
(NRCC) is currently developing a durability assessment system that links an advanced
structural and hygrothermal analysis computer models with damage functions. The
computational system has different modules that calculate the different structural and
hygrothermal responses of wall systems. The outputs of these modules are input to the
damage functions model module to calculate damage, performance and service-life of building
envelopes. Figure 1 shows the flow chart of the proposed durability system. For the current
paper, the TCCC2D two-dimensional heat, air, and moisture transfer model (Ojanen and
Kumaran 1992, 1996) was used to analyze the wall system shown in Figure 2. Ojanen and
Kumaran (1992, 1996) used this model to determine the effect of different exfiltration rates on
the hygrothermal behavior of a typical wall system. In the work presented here, the same
exfiltration case (worst-case scenario) was modeled where effect of different indoor relative
humidity and varying rates of ex-filtration on the behaviour of a typical wall configuration of
wood-frame construction was investigated for Ottawa weather. Figure 2 shows the range of
recommended indoors relative humidity (ASHRAE 1995) that used in the current

investigation.

4 DAMAGE FUNCTIONS

The development of robust damage models requires experimental data on the onset and
progression of a specific damage type for a given material under the effect of different loading
types (Nofal 1998). The different materials and components of building envelopes experience
fluctuating conditions of heat, air, and moisture transport throughout the entire service life of
the building. Experiments on damage progression should therefore simulate realistic scenarios
that occur during the life of these materials and components. To date, however, biological
experiments measuring different decay conditions in wood materials due to growth of fungi
have been conducted under constant environmental conditions (e.g. Viitanen 1997 a, and 1997
b, Zabel and Morrell 1992, Schmidt er al. 1983, Wilcox 1978). Developments of recent
damage function models of wood materials (e.g. Clarke et al. 1999, Viitanen’s 1997 a, and
1997 b, Schmidt et al. 1983, etc.) have also been based on the constant environments used

during those experiments. These damage models have primarily been used to validate or
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predict experimental results. However, these models could be useful in assessing damage in
buildings in relation to their hygrothermal behaviour. These cases include walls that contain
materials with low potential for drying. Damage models based on constant environments could

also be useful in estimating damage resulting from some specific and severe moisture exposure.

Actual moisture and thermal loading conditions require that damage models be able to capture
the response and deterioration of building envelopes and components under fluctuating
hygrothermal loading conditions. Hukka and Viitanen (1998) extended Viitanen’s (1997 a)
constant mold index model to estimate mold growth in an experiment conducted using
fluctuating moisture and temperature. This mold index (damage) model will be further
developed in this paper to predict mold damage in walls subjected to varying environmental

conditions.

4.1 ENHANCED MOLD DAMAGE MODEL OF HUKKA AND VIITANEN (1998).

Viitanen (1997 a) developed a mold index model based on the results of mold experiments on
pine and spruce sapwoods. Nofal and Kumaran (1999) interpreted the mold index proposed
by Viitanen (1997 a) as a damage rate. Viitanen’s (1997 a, 1997 b) models are mathematical
in nature and were developed to fit test results on mold growth under constant thermal and
moisture conditions. The test samples were subjected to relative humidity in the range of 75%
to 100% and temperature varying from 5°C to 40°C. Hukka and Viitanen (1998) extended
Viitanen’s (1997 a) damage model to estimate mold growth under fluctuating moisture and
temperature conditions. The mold index can be calculated for any combination of applied

temperature, 7, and relative humidity, R~ , as

2
M = 1+7[RHC,,., —RH)_Z(RHC,,T —RH) 1)

RH_, —100) “\ RH_, —100
where M,,, is the mold index, which varies from 0 to 6 (Hukka and Viitanen 1998) depending

on the extent of mold growth on the material surface and R+ is the test relative humidity.

RH,,; is the critical relative humidity that defines the lower limit of relative humidity causing
mold growth. The critical relative humidity, R+, , can be computed using the experimental
results of Viitanen (1997 a) as

Ry =4 0.0026773 +0.16072 -3.137 +100 7 <20°C -
] s0% aliggmalyl

where it is only a function of the test temperature, 7. Figure 3 shows the change of critical
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relative humidity, RH,, , described by Equation (2) for different temperature conditions. Figure
3 shows also the model recently proposed by Clarke et al. (1999) as well as their experimental
results. The two sets of experimental results shown in Figure 3 indicate that mold fungi will
not grow or develop for humid conditions below 80% RH regardless of temperature levels. If
the ambient relative humidity is maintained above the critical value, RH,, ., for a period, ¢,,
mold fungi will start their reproduction process.

Viitanen (1997 a) proposed an empirical formula to estimate the critical time, ¢, , (in weeks)

that is needed for initial response of mold fungi.

t, = e—O.GSIn(T)—13.9In(RH)+0.14WS—D.33SQ+66.02 (3)

in which Wwsand sQ are constants that take values either 0 or 1 to reflect the wood species
(pine or spruce) and its surface quality, respectively. He also proposed a similar equation to

calculate the time needed for visual detection of mold as

t = e—0.74ln(7')—12.7In(RH)+0.06W5+61.50 (4)
v

where all coefficients are defined earlier.

For a level of mold index, M, at a given time, ¢, the rate of mold growth under favorable

conditions can be calculated using the critical time, ¢, , according to

aM _ kik, (5)
at = 7t,

in which 4, and &, are constants depending on the growth rate level and can be calculated as

1 M<1

Al v M>1 (©)
m >

1 M<3
k= (7)

1- ¥ Mma)  pg> 3
When the relative humidity levels are below the critical value, RH,,, Hukka and Viitanen

(1998) proposed the following mathematical form for the retardation of mold growth rate.

Ly [F0032 £-t < 6h
2o =1 0000 6hs<t-f <24h (8)
~0.016 £t >24h



where At represents the drying period and can be calculated according to
At =t t, ©)
in which ¢, and ¢, are the times corresponding to the current and previous moisture and

thermal conditions, respectively. It is noted that mold fungi cause damage in terms of
discoloration, odor, and health but do not significantly affect the strength of wood (White
1995, 1996, Andersson et al. 1997).

4,2 PROPOSED WOOD-ROTTING MODEL

Most wood-rot fungi species require optimal levels of free or unbound water, favorable
temperature, oxygen and available digestible carbon compounds (Nofal and Kumaran 1999).

However, the most critical element for fungal growth is the moisture content of the wood
materials (Zabel and Morell 1992). The minimum moisture content for wood-rot fungal growth
in solid woods is about 20%. The optimum moisture content for wood-rot fungal growth in
solid woods is not, however, known (Zabel and Morrell 1992). Results of decay experiments
by Viitanen (1997 b) on solid wood, however, have clearly established that the minimum
relative humidity for any appreciable fungal growth is above 92.5% provided the experiments’
temperature, 7, is above freezing. Schmidt et al. (1983) indicated that rotting of orinted
strand board (OSB) an engineered wood product would be initiated under a lower relative
humidity. However, all Schmidt’s et al. (1983) experiments were conducted in soil jars or
pans. The exact levels of relative humidity at samples surfaces in these jars were not reported.

Unlike mold fungi, wood-rot fungi are more enduring species when they are established. The
simulation of the life cycle of wood-rot fungi and subsequently damage mechanism under
fluctuating temperature and relative humidity can be divided into three different stages namely
(1) initial response time, (2) critical growth conditions, and (3) survival conditions of wood-rot
fungi. The initial stage is concerned with evaluating time needed for initiating wood-rot. The
stage of critical growth calculates the growth of wood-rot during favorable temperature and
relative humidity conditions. The third stage in the life cycle analysis of wood-rot fungi
calculates the time and growth rate after dormant periods. Dormant periods are those periods
where the applied relative humidity and temperature do not support any growth. The following
sections give the details of the three stages and the necessary steps in implementing them in

computer models.



4.2.1 INITIAL RESPONSE TIME

Once again, the lower limit of relative humidity that causes the growth wood-rot fungi must be
defined. The following equation is proposed to calculate the critical relative humidity as a
function of test temperature as

~0.57 +100 T <15°C
= 10
ot {92.5% T >15°C \ih

Data from the experiments of Viitanen (1995) and Viitanen and Ritschkoff (1991) are used to
drive the equation. Equation (10) is plotted in Figure 4, which defines the domain of combined
temperature and relative humidity necessary for growth. Inthe 0 °C-15 °C temperature range,
critical relative humidity, RH_.,, for wood-rot fungi is a straight-line relationship of test
temperature. Comparison of the relative humidity curves shown in Figures 3 and 4 indicates
that growth of wood-rot fungi requires higher levels of moisture than those needed for the
growth of mold fungi.
If the ambient relative humidity, R+, is maintained above the critical value, RH,, , for a period,
t, wood-rot fungi will start decaying the wood material. Unlike mold fungi, wood-rot fungi
cause weight and strength loss of the wood materials (Zabel and Morrell 1992, Schmidt et al.
1983, Wilcox 1978). The weight loss, w,, of wood materials can be related to the exposure
time, ¢, temperature, 7, and relative humidity, R+, as

w, = F(T,RH,W)-t + g(T,RH, W) (11)
where the functions 7 and g depend on the wood species (Scots pine and Norway spruce in
this case) as well as the applied temperature and relative humidity. These functions can be

written in a compact form as

F(T,RH, W)= 0.1384T + 0.4370RH — 42.9450 + W5 x (0.03407 — 0.0210RH +1.7210) (12)
and
g(T,RH W)= —2.227T — 0.0347RH +0.0244T x RH + W5 x (- 0.504T + 0.0096 RH + 0.0047T x RH) (13)

The initial response time for fungi to start deteriorating the wood fibers could be obtained from
Equation (11) by making the weight loss equal to zero.

-9
=4 (14)

Equation (14) is shown in Figure 5 where, it could be noticed that the initial response time, ¢,,
varies from 3 weeks to 10 months depending on the combination of favorable temperature and

relative humidity. These initial response time predictions are in accordance with different
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experimental results (e.g. Viitanen 1997b, 1995, Viitanen and Ritschkoff 1991, Zabel and
Morrell 1992, Schmidt et al. 1983, and Wilcox 1978). Figure 5 also illustrates the strong

dependence of the initial response time on temperature, especially in the range of 0°C-5°C.

4.2.2 CRITICAL GROWTH CONDITIONS

[f the applied conditions meet the condition given by Equation (10) for a period longer than
that predicted by Equation (14), they would continue to decay the wood materials. The rate of
weight loss can be obtained by differentiating Equation (11) with respect to exposure time, ¢,

as

aw, of . 0g
—L = e 15
at & at B ot ( )

Equation (15) can be rewritten in incremental form as

Aw; = Fx At + Af xt + Ag (16)
where the time increment, A¢, could be calculated using Equation (9). Functions Afand Ag
are continuous functions of time, ¢, because temperature, 7, and relative humidity, R+, are
also continuous functions of time. Hence, the increments of functions Af or Ag can be
computed by

Af = F(T.,RH,,W)- F(T,, RH,, W) (17)
where (7.,RH,) and (7,,RH,) are the current and previous combinations of temperature and

relative humidity, respectively. These hygrothermal loads must be above the favorable

conditions defined by Equation (10) for growth to occur.

4.2.3 SURVIVAL CONDITIONS OF WOOD-ROT FUNGI

When the surrounding relative humidity levels are below those of Equation (10), wood-rot
fungi can survive for sometime, depending on the fungi species (Viitanen 1995). The
following relation is proposed to calculate the minimum relative humidity for survival of wood-
rot fungi.

g (T—17.2581)2
RHmin =75-8.0703 e 3.5527

(18)
Equation (18) is shown in Figure 4 where it has an excellent agreement with Viitanen (1995)
and Viitanen and Ritschkoff (1991) test data. Table 1 lists the conditions and the
corresponding duration time necessary for the survival of two dry rot fungi, Serpula lacrymans

and Coniophora puteana (Viitanen 1995, Viitanen and Ritschkoff 1991). Table 1 assumes that
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all spores would be viable after subjection to dry periods, ¢,,. However some of the spores,

not all, will become nonviable if the applied relative humidities are kept below the minimum
values for periods longer than those described in Table 1. The following relationship is
proposed to estimate the percentage of viable spores, V5, in terms of multiples, ¥ >1, of dry
period, ¢y, .

VS = 2.258¢0754W (19)
Figure 6 shows the variation given by Equation (19). Thus, the damage rate of Equation (15)

can be rewritten to include the effect of viable spores for wet conditions after drying period as

ﬂ=I/.S'x(f+£t+gsl] (20)
dt at ot

The viable portion used in Equation (20) is only for a time period, ., that is needed for

establishing again the 100% viable spores. The time could be computed as follows

figs = (1-vs)x% (21)

2

Equation (21) indicates that the time needed to reestablish the revival of quiescent portion of
spores again is the same as that used to establish the initial stages of incubation.

Wood materials are always hidden in the wall cavity. Therefore, it is important to predict
damage from simple measurements of the enclosed wall system. Opening the envelope may
also release viable and non-viable fungi spores in the air causing discomfort to occupant or the
engineers assessing the envelope. Thus, it is more economical to use non-destructive testing
measures to evaluate the state of damage in building envelopes. Different wall deformations
can be simply measured with accuracy for any complex configuration of building envelope.
Excessive deformations are the direct results of the loss in the material modulus of elasticity
due to damage. Some decay experiments and actual field measurements (Zabel and Morrell
1992) also indicated that wood materials would lose appreciable portion of their strength and
other mechanical properties prior to any noticeable change in their weight. Therefore, this
paper further links the weight loss resulting from the damage caused by wood-rot fungi with
the loss in the modulus of rupture of the wood materials.

Making use of experimental data of weight and strength loss ( Schmidt er al. 1983, Wilcox
1978), the following relationship between the loss in modulus of rupture, MOR , and weight

loss, w,, can be written:

MOR ., = 2.65w, +20.15 + NQ x (1.21w, — 0.94) (22)
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where the factor, M@, reflects the natural quality of the wood material and is equal to 0 or 1
for engineered (OSB) and solid wood products, respectively. Figure 7 shows the prediction of
Equation (14) for OSB (dashed line) and solid wood materials (solid line). The figure also
shows the results of different experimental data of Viitanen (1997b, 1995), Schmidt ef al.
(1983), and Wilcox (1978).

Making use of Equation (20) in Equation (22), and replacing the loss of the modulus of

rupture, MOR , by the damage rate, %, the following relationship is obtained

‘;—‘;’= (0.0265+0.0121NQ)xV5x(f+%t+g—ij+C,- (23)

where o is the damage index that theoretically varies from zero for virgin state to one for

completely fractured material. Constant, C,, reflects initial structural damage and depends
only on the natural quality (durability) of the wood. The Constant, ¢;, can be computed

according to

24)

{0.2015 - 0.0094NQ onset of damage
C =

0 subsequent damage

The mold index and proposed wood-rot damage models have successfully been implemented in
a computer program to predict mold and wood-rot damage in wood materials. The models
input is the history of relative humidity and temperature that could be either obtained from field
measurements or from the output of an advanced heat, air, and moisture transfer computer
model. The outputs of the damage function models presented earlier are the mold damage
index and the damage rate due to wood-rot at any location of the building envelope. The
prediction capabilities of the developed tool of durability would be shown through an

illustrative example.

S ILLUSTRATIVE EXAMPLE

The wall system shown in Figure 2 in a worst-case scenario of exfiltration was analyzed for
Ottawa weather where various indoor relative humidity and different air leakage were
employed. The TCCC2D two-dimensional heat, air, and moisture transfer model (Ojanen and
Kumaran 1992, 1996) was used here as the hygrothermal computer model as shown in Figure

1. Properties of virgin materials only were used in the analysis and damage predictions.
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5.1 DISCUSSION OF MOLD RESULTS

The analysis shows that for the type of exfiltration path illustrated by Figure 2 the bottom of
the sheathing membrane would be susceptible to damage. Figure 8 shows the impact of air
leakage rate on the variation of the mold-damage index throughout a year of analysis. It is
clear that mold growth increases as the air leakage rate increases. Figures 8 shows that the
damage decreases as the wall dries because mold is a surface phenomenon. Appropriate
cleaning process could also eliminate the problem of mold. The descending branch of the
mold-damage index reflects the drying capability of the wall material. It is important to note
that the slope of the descending branch of Figures 8 and 9 equals to —0.016, which corresponds
to the third case described by Equation (8). These predictions indicate that the mold damage
model is successfully implemented in the computer model.

Figures 8 shows how the indoor relative humidity affects the amount of moisture transported
through the wall components. Lower indoor relative humidity also permits drying of the wall
material. Figure 9, on the other hand, shows that air leakage rate affects the amount of mold
growth on the wall materials. It can be observed from the latter figure that an indoor relative
humidity of 20%-35% gives an identical damage pattern on the wall. A portion of only 40-mm
height at the bottom of the wall was covered by mold for indoor relative humidities higher or
equal to 35%. Increasing the levels of the indoor relative humidity increased the damage and
decreased the potential of reducing the mold index, which indicates slower drying rates of the
wall materials.

The results show that hygrothermal analysis cannot be used alone to assess performance and
durability. For example, the current result as depicted by Figure 8 indicates that exfilteration
rates are extremely important in assessing mold growth. This is an important finding because
Ojanen and Kumaran (1992) concluded that “the levels of moisture content and temperature of
indoor and outdoor air govern the hygrothermal behaviour of the cavities, while the rate of
exfiltration is immaterial” based on their hygrothermal modeling. The results of the wood-rot
damage model shown later also indicate that the incorporation of damage functions in
hygrothermal computer model extends their capability to predict durability and performance.
Figure 10 shows the variation of the mold index with respect to the air leakage rate for
different indoor relative humidities at the end of simulation period. The mold-index increases
nonlinearly as a function of air leakage rate for all indoor relative humidity levels. Results of

Figure 10 show that mold growth commences for air leakage greater than 0.14/m?*.s. The
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same results can be observed from Figure 11, which clearly shows that the mold-damage index
appreciably increases in the range of 40%-55%. This finding is in agreement with Ojanen and
Kumaran (1992) conclusion reported earlier. The results of both Figures 10 and 11 also show
that when the indoor relative humidity is in the 20%-35% range, mold can not be identified by
the naked eye (Note that the maximum mold index is 3).

5.2 DISCUSSION OF WOOD-ROT RESULTS

The wood-rot model has been developed for wood-based materials only, and it can be used to
calculate the impact of details or cracks due to operating conditions on the building envelope
service-life. The model has also been developed for specific wood species native to European
countries, based on the reported performance of Scots pine and Norway spruce wood
materials (Viitanen 1997b). The damage obtained from this model indicates loss in strength
and microstructural changes.

Figure 12 shows the damage variation caused by wood-rot fungi due to different air leakage
for an indoor relative humidity of 35%, which represents the comfort level defined by
ASHRAE (1995). Figure 13, on the other hand, shows incurred damage for higher indoor
relative humidity of 50%, which can be found in some typical low-rise buildings such as
gymnasiums and swimming pools. Figure 14 illustrates the effect of different indoor relative
humidities on the accumulated wood rot for one case of exfiltration. Other case of exfiltration
shows that damage increases as rate of air leakage increases inside the wall cavity. Once again,
the wood-rot model shows the same levels of damage for indoor relative humidities in the
range of 20%-35%. These results are similar to those obtained from the mold damage function
model.

However, the results of Figures 12, 13, and 14 show that the accumulated wood-rot damage is
permanent and will not decrease for any subsequent drying. This finding means that wood
materials should not get wet and be maintained at levels that would initiate rotting, because
once it is has started it is an irreversible process.

Figure 15 shows that the rot damage function also varies nonlinearly with air leakage. The
results presented for damage at the end of simulation period (December 1994). In this case,
however, air leakage as low as 0.1./m*.s may cause wood rot. Therefore, design and
rehabilitation procedures should address air leakage in order to extend the service life of a
given building envelope. Finally, Figure 16 shows the same trend of wood-rot damage

function as that depicted by Figure 11 for mold damage.
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6 CONCLUSIONS

An approach to link hygrothermal models with the damage concept has been presented. To
illustrate this approach, results from a well-established hygrothermal model (Ojanen and
Kumaran 1992, 1996) have been combined with the two damage functions models presented
here. The mold growth damage function model was based on mold index model reported in
the literature (Hukka and Viitanen 1998). The paper presents the full details of wood-rot
damage function model. All the experimental data are on Scots pine and Norway spruce wood
species. The performance of the models was illustrated by an example case of exfiltration in
wood-frame construction in Ottawa. Based on the results of the mold growth index and

wood-rot models, the following conclusions may be drawn for worst-case scenario:

1. Damage analysis showed that the air leakage rate had an impact on the wall system

performance.
2. The mold growth index depends on the indoor relative humidity.

3. The results of the mold-damage model indicate the importance of the drying potential of
building envelopes and materials. Higher indoor relative humidities increase the damage
rate. For the present case of exfiltration, mold growth will dominate at the bottom and the

top of the wall. The remaining of the wall remained intact throughout the analysis.

4. The results of the wood-rot model, as applied to the exfiltration case presented here,

showed that the wall would start rotting from the bottom upward.

5. The results of the wood-rot model show, on the other hand, the importance of keeping the
wood below the fiber saturation point in order to keep the integrity of wood used in the

construction.

The current study shows that hygrothermal computer models could be extended for use in
design and assessments of the performance of wall components. Service life can thus be
estimated using the proposed damage function approach, which enables practitioners to
consider the impact of different rehabilitation measures on the remaining life of damaged wall
systems. However, information similar to that on Norway spruce and Scots pine shall be

generated for North American wood species.
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Figure 1: Flow chart of the proposed durability system
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Table 1:  Regimes of favourable moisture and temperature conditions for mould and wood-

rot fungi (Viitanen 1997 b)

Survival time, £,, (month
Temperature  Relative humidity r Loy ( )

¢ i) Serpula Coniiophora
+4 61, 76, 88 6 - 18 > 24
+10 61, 76, 88 18 > 24
+20 61, 76, 88 <6 > 24
+30 61, 76, 88 <6 <6--12

' Survival time was dependent on the humidity: at the lowest humidity the survival time was lowest.

? Fungus survived only at relative humidity of 75% and 85%.
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