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Abstract. This study considers transient effects of the moisture capacity and other properties of
ground covers and base floor on relative humidity in cold-climate outdoor-air-ventilated crawl
spaces. The objectives of the study were to find out how relative humidity can be reduced by
optimal selection of ground covers and air change rates, and to evauate the acceptability of
achieved moisture conditions by means of mould growth analyses. Two buildings, one with a
relatively warm and another with a relatively cold crawl space, were studied with the resistance-
capacity network model including the heat and moisture transfer in crawl spaces. Therma and
moisture buffering effects of various ground covers and air change rates were simulated. In a
relatively warm crawl space the moisture problems were easy to avoid — al ground covers gave
clearly acceptable conditions a an air change rate of 0.5-2.0 ach. In the cold crawl space, the
moisture conditions were much more critical. The acceptability of conditions was evaluated by
calculating the mould growth index. To achieve acceptable moisture conditions, 15-30 cm light-
weight expanded clay aggregate or 5-10 cm expanded polystyrene ground cover must be used. An
air change rate of 0.5-1.0 ach provided the lowest relative humidity conditions during the heating
season, and in the summer it was necessary to use an air change rate of 2.0-5.0 ach to warm up the
crawl space. In critical conditions, thermal insulation and moisture capacity proved to be important
properties of the ground cover allowing to achieve acceptable conditions.

Key words: crawl space, air change rate, relative humidity, mould growth.

1. INTRODUCTION

A typical Finnish building foundation is a crawl space construction. Recently,
many moisture and mould damages have been reported especialy in crawl
spaces. It iswell known that the behaviour of a crawl space becomes problematic
particularly in the summer: in the daytime outdoor air is warmer and has a higher
moisture content than the crawl space air. When air is cooled down in the crawl
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space, relative humidity (RH) and the risk of condensation increases. There is
always arisk of mould growth if RH isover 75% and the temperatureisin the range
of 5-35°C[*7].

Although there is always a risk of mould growth at a high RH level, it can be
accepted during short periods. The risk of mould growth is negligible if the
humid period is shorter than the time needed to start mould growth. The time
needed for harmful mould growth does not only depend on time, temperature,
RH, and air change, but is strongly dependent on the contamination of the
material surface (usually dust, which consists of a great amount of nutrition).
In[*°], mould growth has been estimated by means of arisk factor having values
from O-1. This factor is a function of temperature and RH, but the impact time
has not been taken into account. In this study, an equation that gives an exact
value for the current state of the mould growth is used. This equation applies for
wood (only for pine and spruce), and is a function of temperature and RH [*]:

dm 1
dt  7-exp(-0.68InT —13.9In¢ + 0.14W — 0.33Q + 66.02)

(1)

Here M isthe mould growth index, T istemperature (0.1-40°C), ¢ isrelative
humidity given in percents, W specifies the wood — for pine W =0 and for
spruce W =1, and SQ isafactor describing the quality of the wood surface (for
a resawed surface after drying SQ =0, for a kiln-dried surface SQ=1). When
conditions become unfavourable, the mould growth will slow down and M will
decrease. The delay of the mould growth caused by low RH (below the critical
value) isgiven as

—-0032, when t-t <6h,
CL—'\:': 0, 6<t—t <24h, @)
—0016, t-t,>24h,

Here, t—t, isthe number of days from the beginning of the dry period. In this
study the critical value for RH is considered to be either 75, 80, or 85%.

Equation (2) estimates mould growth with the mould growth index M, which
can vary between 0 and 6. The value M =0 indicates no mould growth; M =1 —
some growth detected with microscope, M =3 —some mould detected visually,
and M =6 —very heavy and dense mould growth, covering nearly 100% of the
surface. In this study, M =1 isused as a criterion for mould growth. Thereis no
direct microbia basis for the criterion, but thisis the first stage of mould growth
which can be detected by the microscope.

In favourable conditions (¢ ~95%, T =20°C), Eqg. (1) gives about two weeks
for mould growth to reach M =1 in pine. If RH is decreased to 75%, the time
needed for mould growth to start isincreased to 38 weeks [*?].

This study discusses the effects of moisture capacity and other properties of
ground covers and base floor on relative humidity in an outdoor-air-ventilated
crawl space in a cold climate. The objectives were to find out how relative
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humidity can be reduced by optimal selection of ground covers and air change
rates, and to evaluate the acceptability of achieved moisture conditions by
carrying out mould growth analyses. The first building studied was a typical
apartment building with a relatively warm crawl space (high thermal trans-
mittance coefficient U of the base floor). The second building was a wooden
day-care centre with a highly insulated base floor and a relatively cold crawl
space. Parametric simulations, in which the thickness of ground covers and air
change rates were varied, were carried out for several ground covers in these
buildings. The acceptability of the moisture conditions in the crawl space was
evaluated by calculating the mould growth index.

2.METHOD

The measurements of RH, temperature, and air change rate were carried out in
the two test buildings. The measured crawl spaces are completely different in
respect of their heat and moisture behaviour. The first building was a typical
20-year-old, 4-storey apartment building, built from sandwich elements. The
crawl space of that building was relatively warm due to the high thermal trans-
mittance coefficient of the base floor (U =0.38 W m™ K ™). The second building
was an 1l-year-old one-storey wooden day-care centre, which represents
building technology used in detached houses. The crawl space of that building
was rather cold due to a highly insulated base floor (U =0.2 W m? K™).

The simulations were carried out in an IDA simulation environment [°], where
the resistance-capacity (RC) network model was used. IDA is a modular
simulation environment which consists of a transator, solver, and modeller. The
solver and physical models are separated which makes it possible to change the
mathematical formula of any component without changing the model description
file. The modules are written in Neural Model Format which serves at the same
time as a readable document and a computer code. Via the trandator, the
modules can be used in several modular simulation environments [***]. The heat
transfer equations are the same as reported in [*%] but the moisture transfer model
has been improved. The model takes into account the heat transfer in structures
and ground (conduction, convection, and radiation only between the ground and
base floor) aswell as heat and moisture flows carried by ventilation.

The conduction in the ground soil is modelled by means of semicircular heat
flow patterns, “Groundl”, “ Ground2”, and “Wall1”, as shown in Fig. 1. The floor
area of the crawl space is divided into two parts: the first meter along the external
walls (Ground 1) and the remainder (Ground 2). In the warm crawl space of an
apartment building, an adiabatic wall was used to model the foundation beam
dividing the crawl space into two parts(Fig. 1). The ground surface in the
modelled colder crawl space was covered by expanded clay aggregate (Fig. 2).
The main components of the crawl space RC-network are shown in Fig. 3 (the
adiabatic wall used in modelling the warm crawl spaceis not shown).
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Fig. 3. RC-network model of the crawl space: Q—heat flow, g—moisture flow, W — moisture
content by volume, Z —diffusive moisture resistance, C —volumetric heat capacity, R —thermal
resistance, n —number of calculated nodes.

Moisture transfer includes evaporation from the ground, and moisture transfer
in the base floor and in the ground cover. Therefore it was possible to take the
moisture capacity of the base floor and ground cover into account. Humidity by
volume is used as the transfer potential. A detailed description of the moisture
model can be found in [*]. The moisture balance equation for the crawl space
aris

0
\ gtw = (Xout - X) am +gground+gfloor’ (2)
where V is the volume of the crawl space[m°], p,, is humidity by volume
[kgm™], t istime[s], x is the absolute humidity in the crawl space [kg kg™,
X, IS the outdoor absolute humidity [kg kg™, q,, isthe air change rate in the
crawl space [kgs™], and g isthe moisture flow of evaporation from ground and
base floor surfaces [kg s7].

Moisture transfer in the ground cover and base floor was calculated with a
HAMWall-module [**]. The moisture flow and balance equations are the
following:
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where g" is the moisture flow [kgs'm™?], &, is the moisture permesbility
[m?s™], w isthe moisture content of the material [kgm™], and x isthe depth [m].
Under the ground cover, a boundary condition of p,, corresponding to
¢ =100%, is used. The moisture transport is not calculated in the ground soil
and foundations. The sorption isotherms are modelled linearly using two points:
the moisture content w;, and ¢, at the inflection point, and w, at ¢ =100%.
The moisture capacity was not taken into account in some of the calculations
to demonstrate its effect. In these cases the steady state form of Eq. (4) was used:

P = Puwa
gground = grotg; S = A\eva’ (5)

where p, gong IS the humidity by volume on the ground surface [kg M|, oy, ar
is the air humidity by volume[kgm™], is the thickness of the ground
cover [m] and A, the areaof the evaporati ng surface [m?].

In the cases of uncovered ground, the ground moisture evaporation was
calculated as

gground = lg(pw,ground = Pw,air ) Abva’ (6)

where S isthe mass transfer coefficient [ms™] and Puwar 1Sthe crawl space air
humidity by volume[kgm ®]. Humidity by volume is p=xp,, , where p,, is
the density of air [kgm™]. To determine the mass transfer coefficient, the
convective heat transfer is assumed [*]. The so-called Lewis relation, used
in['], gives

(24

p= ; (7)

pw aircp

where a isthe convectlve heat transfer coefficient [W m? K™] and c, istheair
heat capacity [Jkg™ K™]. Typical values for 4 are 0.0012 m/s for naturally
ventilated crawl spaces and 0.0018 ms™* for mechanically ventilated crawl
spaces[*]

The convective heat transfer coefficient for uncovered ground was cal culated
from temperature differences with the equation recommended for high air change
ratesin [*]:

a= 2-2(Tground - Tair )1/3 +4v, (8)

where v is the air velocity [ms™]. Air velocity was calculated from air change
rate equation [*]
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4v=54q,,

where q, is the air flow in the crawl space [m®s™]. Typical values for o are
1.56 W m2 K™ for naturally ventilated crawl spaces and 2.26 W m™ K™ for the
mechanically ventilated ones. For other surfaces, constant convective heat
transfer coefficients were used; for walls (foundations) « =4.6 W m?K™ and
for base floor & =2.3 Wm?K™.

3. VALIDATION OF THE SIMULATION MODEL

Calculations were carried out using three different assumptions in the model.
In the first version, no moisture capacities were taken into account. Here, the
balance equation (2) and the evaporation equation (6) were used. In the second
version, the moisture capacity of the ground cover and in the third one, the
moisture capacities of the ground cover and base floor were taken into account.
The moisture capacity of foundations were not taken into account since they are
made of concrete, which has a low moisture capacity. Also, the area of
foundations is relatively small as compared to the area of the base floor. The
moisture capacity of the ground soil was not considered because the constant
value of ¢ =100% was used below the ground cover.

Parameter identification was carried out for the therma conductivity and
capacity of the ground soil and for the value of U of the base floor. The latter
was necessary due to a cold bridge in the joint of the base floor and the
foundation beam (Fig. 1). The other material properties used were obtained from
the manufacturers of the materials. The properties used for ground soil in Table 1
are typical for Finland. The measured data of a six-month period was used for the
parameter identification. The measured outdoor temperature and RH were used
as boundary conditions for the model. Approximate values of the air change rate
are used in both buildings. Inthe cold crawl space of the wooden building the

Table 1. Material properties used in calculations

Ground |Ground
Property soil soil | Concrete | Minera EPS LWA
(mixed | (sand) wool
clay)

Thermal conductivity, Wm*K? 1.6 17 1.2 0.03 0.04 0.12
Specific heat capacity, Jkgt K™ 1800 2300 880 750 900 950
Volume weight, kg m™ 1600 2000 2300 17 20 250
Moisture permeability, m? s 30x107 180x10° 1.0x10° 1.7x10°
Sorption isotherm
1st point (wy, kg m; ¢, %) 75:80 02:;25 02:8 10;9
2nd point (wW,, kg m™; ¢, = 100%) 100 0.35 0.6 2.0

EPS — expanded polystyrene insulation, LWA — light-weight clay aggregate.
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measured air flow of the exhaust fan of the crawl space was used. In the warm
crawl space of the apartment building, an average air change rate of a three-
month measurement period with natural ventilation was used. The final values of
the ground thermal conductivity and volume weight were identified by using the
measured data from the test building. The parameters used in the calculations are
shown in Table 1, and the description of the buildingsin Table 2.

Because no significant differences in the crawl space temperatures, computed
with the second and third model, were found, only the results of the third version
are shown in Fig. 4. In the cold crawl space, the calculated temperature was
dlightly lower when the capacities were not taken into account, and in the warm
crawl space moisture capacity had no effect (not shown in Fig. 4). In the winter,
during the two last weeks of February, the outdoor air sensors were covered by
snow which explains some disagreement between caculated and measured
temperatures during this period (calculated T and ¢ are somewhat higher). The
cold crawl space of the wooden building was much colder compared to the warm

Table 2. Description of the construction

Warm crawl space Cold crawl space
Ground soil Clay Sand
Ground cover 17 cm light-weight aggregate 15 cm light-weight aggregate
Base floor Hollow-core concrete slab, Wooden construction,
10 cm expanded polystyrene attached under 20 cm mineral wool insulation
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Fig. 4. Calculated and measured temperatures in the crawl spaces. The air change rate in both
caculationsis 1.1 ach (24-hour moving averages).
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crawl space of the apartment building. The maximum air temperature in the
crawl space during the measured year (1998-1999) was 17°C and during a few
periods in the winter, the temperature in the crawl space was some degrees bel ow
zero.

Relative humidity in the warm and cold buildingsis shownin Figs. 5and 6. In
the warm crawl space, the expanded polystyrene (EPS) insulation in the base
floor did not affect RH, but light-weight clay aggregate (LWA) dlightly reduced
RH fluctuations. The effect of moisture capacity was remarkable in the cold
crawl space. Relative humidity, calculated for the first model (no moisture
capacity), fluctuated far too much. In the winter, the calculated RH was too low,
and in the summer condensation occurred. Both LWA and the base floor affected
RH, and the most accurate result was obtained with the third model (both
moisture capacities taken into account). Similarly, moisture capacity had an
effect on mould growth index. In fact, the influence was much stronger than
would be expected based on the RH measurement resullts.

The absolute value of the difference between the measured and calculated
values (absolute difference) in the cold crawl space is highest in the case when
the moisture capacity is not taken into account (Fig. 7), average difference being
15%. In the case when moisture capacity in the LWA ground cover is taken into
account, the average difference is 10% and if also the moisture capacity in the
base floor is taken into account, the average difference is 8%.

RH inside the LWA layer, which was measured at the beginning of December
1998, was possible to predict with the third model (moisture transfer in the
ground cover and in the base floor was taken into account, Fig.8). Some
disagreement between the calculated and measured relative humidities can be
explained by the simplified heat conduction calculation in the ground soil.
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Fig. 8. Measured and caculated RH in the middle of the LWA layer in the cold crawl space.
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4. THE EFFECT OF THE AIR CHANGE RATE
ON THE TEMPERATURE AND RELATIVE HUMIDITY
IN THE CRAWL SPACE

Temperatures and RH were calculated for various air change rates. In both
crawl spaces an LWA ground cover was applied, and the moisture transfer in
LWA and in the base floor was taken into account. To assess the mould growth
risk, mould growth index M was calculated. Three critical values of ¢ are
considered: 75, 80, and 85%.

The air change rate in a crawl space affects both thermal and moisture
behaviour but it does not affect much the ground moisture evaporation when a
ground cover is applied. The average moisture evaporation through the LWA
cover was 0.72 g h™ m™ in the cold crawl space and 0.92 g h™ m™ in the warm
one. Due to thermal behaviour, the optimum air change rates in the summer and
winter are different. In practice, air change rates of 0.5-1.0 ach are commonly
used, but in our calculations air change rates up to 5.0 ach are studied.

4.1. The warm crawl space

The effect of the air change rate on crawl space conditionsis shown in Fig. 9.
A high air change rate cools down the crawl space in the winter and warms it
dightly up in the summer, Fig. 9 (left). The lowest RH in the crawl space is
achieved when the air change rate during the heating season is 0.2—1.0 ach
(Fig. 9, right). High air change rates increase RH during the heating season. In
the summer, RH is not sensitive to the air change rate due to a relatively warm
crawl space (U of the base floor is high). This can be seen from the calculated
mould growth index M (Table 3). Mould growth index was calculated during
the whole year, and the criticall RH (¢,) was assumed to be 75%. In the
calculationsit is assumed that the wood is pine and the surface is not sawed after

drying W =0, SQ=1).

Table 3. Maximum value of the mould growth index M for various air change rates for the warm
and cold crawl space (h — thickness of the LWA cover)

Warm crawl space, Cold crawl space,
Air changerate, h=17cm h=15cm
ach [ %

75 | 75 | 80 | 85
0.2 0.01 - - -
05 0.01 0.95 0.52 0.07
10 0.02 114 0.70 0.33
2.0 0.05 1.20 0.79 0.47
2.0-0.5* - 0.82 0.58 0.35
5.0 0.15 1.29 1.08 0.72
5.0-0.5* - 0.70 0.47 0.31

* The higher air change rate is used in the summer, 0.5 ach between Oct 1st and Apr 30th
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The moisture content in the LWA cover is rather stable throughout the year
due to awarm and relatively dry crawl space (Fig. 10). Slightly increased values
can be seen in the summer.

4.2. The cold crawl space

The crawl space of the wooden day-care centre was relatively cold throughout
the year. High air change rates warm the crawl space up in the summer (Fig. 11,
left). In the case of higher air change rates (2.0 and 5.0 ach), a two-step air
change rate was used (2.0 or 5.0 ach in the summer from May 1 to September 30,
and 0.5 ach in the cold season). The results were almost the same when the air
change was reduced from October 1 to May 31. RH is clearly higher than in the
cold crawl space (Fig. 11, right), exceeding 75% at the end of May. Highest air
change rate 5 ach gives the lowest RH in the summer. Still, even in this case M
iscloseto thecritical value1l; M iscalculated for relative humidities 75, 80, and
85% (Table 3). In the calculations it is assumed that the wood is pine and the
surface is not sawed after drying (W =0, SQ=1).

The behaviour of the moisture content curve of LWA shows its capability to
reduce RH fluctuation (Fig. 12). In the summer, when the outdoor air becomes a
source of humidity, the LWA cover stores moisture into itself.

4.3. The effect of weather data

The weather data used in the calculations significantly affects the results. In
Fig. 13, the Finnish test-year for energy calculations [*°], which was modified in
year 1979, was used. That year had an exceptionally cold and moist summer, and
RH was near or over 90% during long periods. Although the temperature is low,
mould growth index exceeds 1 during all the period; thus mould growth starts
(Table 4). The weather of 1998 was considered to be more typical and it was
used in other calculations. In 1998, the higher air change rates decreased relative
humidity in the crawl spacein the summer, but when the weather data of the test-
year was used, a higher air change rate did not give any advantage. Even outdoor
conditions (T, = 10.4°C, ¢, = 82.5%) give favourable conditions for mould
growth. Although this does not ensure mould growth (because it depends on the
temperature, RH, and time according to Eq. (1)), it indicates a very high risk for
mould growth on any wood in contact with outdoor air, also in crawl spaces.

Table 4. Mould growth index for various air change rates when weather data of 1979 is used,
0, =75%

Air changerate, ach M
0.5 1.63
1.0 213
20 257
5.0 2.70
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5. THE EFFECT OF GROUND COVERS IN THE CRAWL
SPACE

Ground covers may have an effect in two ways: they reduce the moisture
evaporation from the ground and, on the other hand, they may act as thermal
insulation. The calculations were made for four cases; a 15 cm LWA cover, a
5 cm EPS thermal insulation, a PV C sheet, and an uncovered ground. In addition,
a30 cm LWA cover was simulated for the cold crawl space.

5.1. The warm crawl space

The effect of ground covers on the crawl space temperature, when an air
change rate of 0.5 ach isused, is shown in Fig. 14, left. The highest temperature
was achieved with EPS and LWA covers, due to their therma insulation. The
lowest temperature was reached with uncovered clay ground which has the
highest evaporation rate of 1.7gh™ m? (the model calculates the heat of
evaporation). The PVC cover blocks evaporation completely in the calculations
and therefore the crawl space is warmer compared to the uncovered clay ground.
Although 0.94 g h™* m™ of moisture evaporates through a 15 cm LWA cover, and
only 0.29gh™m™ evaporates through a 5cm EPS insulation cover, the
temperatures in the crawl space are almost the same. Thisis caused by their equal
thermal resistances (1.25m?> KW™). The highest RH was reached with an
uncovered ground; RH was between 75 and 90% during the whole year (Fig. 14,
right). Due to the moisture capacity, a crawl space with a LWA layer has the most
stable RH level during the whole year. However, EPS shows the lowest RH asiits
moisture resistance is dlightly higher in comparison with LWA. With a PVC
cover RH in the crawl space fluctuates most. The evaporation rates are shown in
Fig. 15. The negative values indicate condensation in the summer. Average RH
values are shown in Table 5. Relative humidity is over 75% only in the case of
uncovered ground.

Table 5. Average relative humidity during two-week periods in the summer, %, for different
ground covers

Period Ground cover
Clay | LWA | EPS | PVCshest
06.06-19.06 83.4 64.3 61.2 66.0
20.06-03.07 85.4 67.1 65.9 71.7
04.07-17.07 83.1 64.4 61.6 65.4
18.07-31.07 81.3 63.0 57.7 57.7
01.08-14.08 82.9 64.6 58.9 58.8
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5.2. The cold crawl space

In the colder crawl space, a higher air change rate of 2.0 ach was used in the
calculations to raise the crawl space temperature in the summer. With a PVC
cover or uncovered sand in the crawl space, the temperature was significantly
lower in the summer compared to the temperature with LWA and EPS covers
(Fig. 16, left). With uncovered moist sand, the crawl space has the highest RH,
but during the summer a PVC cover shows as high RH as in the case of
uncovered ground (Fig. 16, right). Thisis caused by the high heat capacity, being
the same in both cases. That demonstrates that the outdoor air is the main
moisture source during the summer and no evaporation occurs from a cold
ground surface (Fig. 17). Negative values indicate significant moisture flow from
the air to the ground. In the case of sand, no moisture transfer in the sand was
calculated. Only evaporation from the ground surface was calculated and, thus,
zero moisture flow may be interpreted as condensation in Fig. 17. The uncovered
ground showed the highest average evaporation rate 1.7 g h™> m™. Although EPS
insulation evaporates far less (on average 0.15 g h™ m™) than the 15 cm LWA
cover (on average 0.74 g h™* m™), there are only small differences in the mould
index values (Table 6). The lowest M was reached with a 30 cm LWA cover.
Table 6 shows that in a cold crawl space with a PV C cover or uncovered ground
the risk for mould growth is obvious.

In the summer, when outdoor air is the main moisture source, Covers store
moisture considerably (Fig. 18). The EPS insulation cover can store |less moisture
than the LWA covers, but its maximal moisture content exceeds even the
hygroscopic limit value 0.6 kgm™. The 15cm LWA cover nearly reaches its
hygroscopic limit value, 2.0 kg m™.

—LWA 15¢m
1.6 ih\\ LWA30cm [
1.4 n — EPS 5cm
1.2 A /k

1 i Iy |

y 7WWV\\JV \ '

Ei A M T
JW Vmﬂwﬂuﬂw

02 A VT W S

0 T T T T T T T T . . . .
01.01 31.01 02.03 0204 0205 0206 0207 01.08 01.09 0110 0111 0112 3112

Moisture content, kg/m3

Fig. 18. Moisture content in EPS insulation at 1.7 cm depth, and in 15 cm and 30 cm thick LWA
coversat 5 cm and 10 cm depth.

47



Table 6. Mould growth index M for various ground covers and relative humidities

Ground cover 9, %
75 80 85
Sand 6 6 6
LWA 15cm 12 0.79 0.47
LWA 30 cm 0.67 0.42 0.15
EPS 0.84 0.6 0.4
PV C sheet 6 6 6

— No moisture capacity /ﬂ\/\\
51 = Moisture capacity in LWA
Moisture capacity in the base floor and LWA
2 //// -~ \
l ‘:/,J_//‘/\//-’.J

T 7 7 T T T T
01.01 31.01 03.03 0204 03.05 02.06 03.07 0208 0209 0210 0211 0212

Mould index
w

Fig. 19. Mould growth index with 15cm LWA cover caculated with and without moisture
capacity (air changeis 1ach, ¢_=75%).

The influence of the moisture capacity can be seen in Fig. 19, where the
mould growth index is calculated for 15 cm ground cover in the cases when the
moisture capacity is either neglected or taken into account. Neglecting the
moisture capacity evidently overestimates the risk of the mould growth.

6. DISCUSSION

When the calculated and measured results are compared, some uncertainties
in boundary conditions should be taken into account. It was not possible to use
exact air change rates, but the air flow rate of the exhaust fan was used as the air
change rate in the cold crawl space, and in the warm crawl space the average of a
three-month measurement period with natural ventilation was used. Nevertheless,
when the calculated temperatures are compared to the measured ones, a
reasonably good agreement between the crawl space temperatures can be seen.
The deviation is at its maximum 1.5°C, and usually less than 0.5°C. It is obvious
that the main simplification of the model, the heat transfer in the ground, plays a
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rolein the inaccuracy of the temperature cal culation. This affects the accuracy of
the relative humidity as well. However, the calculated relative humidity shows
almost perfect agreement with the measured data in the warm crawl space. In the
cold crawl space, some disagreements can be seen but these might be caused by
complex geometry of the crawl space — the crawl space of the L-shape building
had 2 x 3 sections, and it was suspected that the air mixing was not complete,
causing non-homogeneous temperature and humidity fields.

Thermal and moisture capacity as well as moisture and thermal resistance
proved to be important properties of ground covers. A PV C cover (high moisture
resistance and a negligible thermal resistance) showed good behaviour in a
relatively warm and dry crawl space. In a colder crawl space, a PV C cover did
not provide any benefit in the critical summertime because it does not insulate
the cold ground from the crawl space. A LWA cover reduced moisture
fluctuations due to its moisture capacity. Although a 15 cm LWA and 5 cm EPS
cover have the same thermal resistance, the EPS insulation cover showed dlightly
lower RH values in the colder wooden crawl space. That is due to the smaller
heat capacity of the EPS cover. The results demonstrate that an ideal ground
cover should have a high moisture and heat resistance, a high moisture capacity,
and alow heat capacity.

The weather used in the calculations had a significant role on the results. The
calculations were mostly carried out with the weather data of 1998 which was
considered to be typical. An exceptionaly cold and humid summer will make the
crawl space moist. If the outdoor air RH already causes mould growth, high RH
cannot be avoided in a crawl space ventilated with outdoor air. This was the case
when the Finnish test-year for energy calculations, based on the weather data of
1979, was used. Hyppel [*'] and Aberg[*] have reported similar results, i.e.,
mould growth in all crawl spacesin 1988. Therefore there are some exceptional
years when the mould growth occurs on any wood in contact with outdoor or
crawl space air. Thus it is likely that the weather conditions in Finland and in
other countries with similar climate force us to accept some mould growth during
exceptional years.

The prediction of mould growth is a complicated question. Mould growth
depends strongly on the material, temperature, humidity, time, and even on the
air movement on the surface. Explicit threshold values for RH in the crawl spaces
can not be used since RH higher than 75% is typical outdoors. Equation (1), used
for the prediction of the mould growth, is the best mathematical model available
for the mould growth.

7. CONCLUSIONS
Relative humidity of the crawl space can be calculated accurately by means of

computer simulation when the moisture transfer in the ground cover and base
floor is taken into account. A dight disagreement in the results is caused by
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uncertainties in used air change rate values and by the simplified heat transfer in
the ground soil.

The simulations showed the effect of moisture capacity in reducing relative
humidity fluctuations and even the level of RH and the risk of mould growth in
the crawl space during the summer. Important properties of ground covers are
their low thermal and high moisture capacity as well as high moisture and
thermal resistance. A PVC cover can reduce relative humidity in a warm crawl
space but in a cold crawl space, due to its negligible thermal resistance, it does
not provide any benefit in the summer when outdoor air is the main moisture
source. The 15 cm LWA and 5 cm EPS covers have the same thermal resistance,
but EPS reduces RH dlightly more than the LWA cover. This can be explained by
the lower thermal capacity of EPS. Ground covers with a moisture capacity
showed significant moisture uptake in the summer (nearly 0.8 kgm=, 15cm
LWA and 0.4kgm™, 5cm EPS) which decreased RH in the crawl space. A
LWA cover can store much more moisture than an EPS insulation but that did
not compensate the effect of the higher heat capacity. When a 30 cm LWA cover
was used, RH was dightly lower than with 5 cm EPS.

Relative humidity in the crawl space was at its highest with uncovered
ground, mostly 80-100%. In the summer, the cold crawl space with PV C cover
in the wooden building was as moist as with uncovered ground, temperature
being as low as 10-15°C. The warmer crawl space of the apartment building was
very dry; RH was under 70% and temperature 16-20°C with all ground covers.
In the cold crawl space at a 2.0 ach air change rate, the lowest RH in the summer
(77%, and 13°C on the average), was achieved with a 30 cm LWA cover. With a
5 cm EPS cover the average values were amost the same (78%, 13°C) and with
a15 cm LWA cover somewhat higher (80%, 12.5°C).

Moisture conditions were clearly acceptable in the warmer crawl space
because RH remained below 70%. In the colder crawl space of the wooden
building, it was necessary to use the mould growth index to evaluate the
acceptability of the conditions in respect of mould growth. The conditions were
acceptable with 30 cm LWA or 5 cm EPS covers, and air change at least 1.0 ach
was assumed. The higher air change rate (2.0-5.0 ach) in the summer provided
drier conditions than an air change rate of 0.5 and 1.0 ach did. With 15 cm LWA,
air change 2.0 ach was necessary to use. The uncovered ground and PV C cover
produced clearly unacceptable conditions.

The weather data used in the calculations played a significant role. This study
was focused on a cold climate, typica of Finland. Using the Finnish test-year for
energy calculations, based on the weather data of 1979, the RH of outdoor air
already caused mould growth on wood and, therefore, high RH could not be
avoided in crawl spaces ventilated with outdoor air. It seems that westher
conditions of exceptional years will produce favourable conditions for some mould
growth. When RH in the crawl space is higher than 75%, it is rather complicated to
assess the acceptability of moisture conditions; in addition, the mould growth index
and the prevalence of the weather data should be taken into account.
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In cold crawl spaces, appropriate ground covers and air change rates have to
be used to achieve acceptable moisture conditions; 15-30 cm LWA and 5-10 cm
EPS covers can be recommended for any crawl space. A PV C cover should not
be used in cold crawl spaces and uncovered ground should never be used in any
crawl space. A cold crawl space needs atwo-speed air change: 0.5-1.0 ach in the
heating season and 2.0-5.0 ach in the warm season from June to October. In
relatively warm crawl spaces, any ground cover and air change rate between 0.5—
2.0 ach give acceptable conditions.
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Alt tuulutatava poranda niiskusreziimi kujundamine
ehitistes

Miimu Airaksinen, Jarek Kurnitski ja Olli Seppénen

Pinnase kattekihi ja pdranda niiskusmahtuvuse puhverefektide ning teiste
omaduste mgju alt tuulutatava pdranda niiskusreziimile on méaratud diinaamilise
simulatsiooniga. Otsiti voimalus tuulutatud pdrandaaluse suhtelise niiskuse
vahendamiseks pinnase kattekihi ja ventilatsiooni optimaalse valiku tedl, hinnates
segjuures porandaaluse keskkonna aktsepteeritavust hallituse kasvu indeksiga.
Tulemused néitavad niiskusreziimi suurt sdltuvust pbrandaaluse temperatuurist.
Suhteliselt soojema keskkonna puhul e esinenud niiskusprobleeme — koik
pinnase kattekihid, v.a katmata pinnas, ja ventilatsioon vahemikus 0,52 6hu-
vahetust tunnis tagasid vastuvdetavad tingimused. K tlmema prandaal use korral
muutus niiskusolukord Kriitiliseks ja selle aktsepteeritavuse hindamisel 18htuti
hallitusindeksist. V astuvdetavate tingimuste saavutamiseks oli vaja kasutada 15—
30 cm paksust keramsiidi voi 5-10 cm paksust vahtpolUstirooli kihti. Ventilat-
sioon 0,5-1 dhuvahetust tunnis tagas madalaima suhtelise niiskuse kitteperioo-
dil, kuid suvel oli vajalik pdrandaal use soojendamiseks lisada ventilatsiooni 2-5
Ohuvahetuseni tunnis. Soojusisolatsioon ja niiskusmahtuvus osutusid kriitilistes
tingimustes pinnase kattekihi olulisteks omadusteks, mis aitasid saavutada vastu-
vOetavaid tingimusi.
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