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The non-stationary moisture level of a cellular concrete wall board in a heated utility building located in the
northern part of the town of Brest (Belarus), depending on the climatic influence, was assessed in this work. The
results were obtained both in a calculation experiment and a physical test. It was observed that the main reason
for the high moisture levels in cellular concrete is wind-driven rain intensifying the process of free capillary
moisture transfer. A comparative analysis of the results of the physical test and the calculation experiment
showed that the THSS software elaborated by the authors was able to predict the actual moisture levels of the
shielding structure under study accurately enough when precise data concerning the thermal and physical
characteristics of the materials as well as the occurring climatic influences were submitted.
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1. Introduction

The durability of external walls and the heat-moisture processes occurring in them strongly depend
on the external climate, i.e., the temperature, rainfall, wind speed and direction, relative air moisture and
insolation, as well as on how fast they change.

One of the main causes of moisture in external walls is so called wind-driven rain [1-3].

Results of numerous physical tests conducted in the last decades indicate that the moisture content for
capillary-porous materials in building enclosures usually exceeds the moisture values adopted while designing
these structures. Increased moisture levels reduce their heat-preserving characteristics and bring about some
other widely known negative results [4]. Therefore, moisture content for shielding materials must be forecasted
accurately enough, with the use of appropriate calculation methods, as early as in the building design phase.

A number of publications (e.g. [5, 6, 7,8, 9, 10]) underline that one of the main reasons of increased
moisture levels in shielding structures is exposure of the external surfaces to atmospheric precipitation and
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wind at the same time, a phenomenon called wind-driven rain. Depending on the intensity and duration of
wind-driven rain, and also on the capillary characteristics of materials, the amount of rain moisture falling on
the shielding structure surfaces is completely or partially absorbed by the surface layers of their materials,
and, owing to the capillary moisture transfer, this amount increases the moisture content of the shielding
structure relatively fast and to a considerable extent.

In the present paper, the effect of wind-driven rain is confirmed by the results of the evaluation of the
level of moisture in a cellular concrete board constituting the main layer of an external wall of a heated utility
building. The results were obtained both in a calculation experiment and a physical test. The selected
building is located in the northern part of the town of Brest (Belarus), and the board under study is found on
the south-western side of the building, so it is exposed to the most intense influence of wind-driven rain.

2. Calculation experiment and its results

In order to calculate non-stationary temperature and moisture fields resulting from environmental
influence in the cellular concrete board under concern (whose cross-section geometric characteristics are
presented in Fig.1, the authors of the present paper used their own software called THSS (Temperature
Humidity Stress Strain). The mathematical description of non-stationary heat and moisture transfer processes,
applied in this programme, is basically identical to the one used in the widely-known WUFI software. The
differences between the latter application and the THSS are as follows: in THSS, the moisture diffusion
coefficient D,, (m’/s), dependent on the moisture content w (kg/m’), is determined on the basis of the original
method [11], and the weight of rain absorbed by one surface area unit of the shielding structure under
concern during one time unit of exposure to wind-driven rain, g, (kg/(m’s)), is evaluated using the original
method [11]. Finally, the influence of sun radiation is assessed with the methodology presented in [12].
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Fig.1. Cross-section of the external wall exposed to the climatic influence, 1 and 3 — cement and lime wall
plaster, 2 — cellular concrete.

It was previously established that the results from the application of THSS software predicted the
results obtained in physical tests of the moisture level in cement and lime mortar samples during an
isothermal drying process [13], in sandstone samples for the specified climatic conditions (Alsabry et al. [7]),
in cereal grain in isothermal moisture transfer [14], and in other materials quite well. This allowed the
authors to assume that if the influence of the surrounding environment and of the physical characteristics of
materials are taken into account accurately enough, it will be possible to obtain reliable information on the
variable in time moisture levels of the external wall under study.

The calculations were provided to determine the influence of the environment (i.e., temperature,
relative air humidity and precipitation in the form of rain) on the tested wall. As the sources of information
on the values of the above factors are variable in time, data presented in [15] and [16] was used. The
methods of collecting, archiving and processing discrete data on the environmental conditions are described
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in [17]. The discrete data were converted into continuous data using third-degree spline functions. The
adopted calculation year started on 1 July and ended on 30 June. The climatic changes (temperature, relative
air humidity and amount of rainfall) occurring during this calculation year are shown in Fig.2.
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Fig.2. Changes in climatic conditions during the calculation year: a) temperature, b) relative air humidity,
¢) amount of rainfall.

The values describing the characteristics of cement and lime mortar of the bulk density of p=1/800
kg/m’ (external layer), and these describing the characteristics of cellular concrete of the bulk density of
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p=1000 kg/m’ (internal layer), required in order to perform the calculations, were obtained through
generalising the results presented in [18], [19] and [20], and are listed in Tab.1, where u stands for the weight
of moisture per mass unit of the material (%). The value of the water sorption coefficient A for cellular
concrete was determined from the authors’ own experiment described in the next section of the present paper.
Sorption isotherms for the examined materials are shown in Fig.3. The heat transfer coefficient and the
moisture exchange resistance coefficient for the external layer of the wall are a,=23 W/(m’K) and R=13.3
m’hPa/g, respectively, while the values of these coefficients for the internal layer are a=8.7 W/(m’K) and
R;=26.6 m’hPa/g. The temperature and the relative air humidity of the internal layer of the examined wall
during the heat supply period that started at the end of October and finished at the end of March were
considered to be constant values equal to =18° C and ® =55%, respectively. The values of these parameters
were also constant for the remaining period of the year (i.e., from 1 April to 30 October), namely #=20°C and
®=70%. Taking into consideration the physical test result, the initial moisture content in the cellular concrete
layer was adopted at the constant level of u=20%.

Table.1. Characteristics of materials used in the wall barrier under study.

Indicators Unit of Cement and lime Cellular concrete
measurement mortar
A — thermal conductivity WimK) 0.8+0.064u 0.14+0.01u
coefficient
¢ — specific heat kJ(kg'K) 0.85+0.042u 0.85+0.042u
8, — moisture vapour kgl(m's'Pa)  1.510° 2.8:10°
transmission rate
A — water sorption coefficient kg!/(m*-s"?) 0.03 0.1
— cellular concrete = = = cement and lime mortar
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Fig.3. Sorption isotherms for cellular concrete and for cement and lime mortar.

Since the adopted initial moisture in the cellular concrete layer of the shielding structure was
unquestionably different from the actual moisture distribution, annual calculations for the adopted climatic
conditions were continued for two more years. In order to explain the influence of rainfall on the mean
moisture content of the cellular concrete layer of the board under concern, two calculations with the use of
the THSS software were made. The first calculation considered all the types of the environmental influence
presented in Fig.2, i.e., including wind-driven rain. It has to be underlined at this point that the conversion
from the amount of rainfall (mm) (see Fig.2c) to the weight of the rain moisture absorbed by one surface
area unit of the shielding structure during one time unit of exposure to wind-driven rain, g, (kg/m’s), was
performed according to the method described in [21]. In the second calculation, the influence of rainfall was
not taken into account. The results of both calculations are shown in Fig.4.
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Fig.4. Changes in the mean moisture content of the cellular concrete layer of the eternal wall during three
calculation years.

As can be seen from the results of the first calculation, presented in Fig.4, while comparing the annual
climatic influence, changes in the values of moisture content of the cellular concrete layer for the particular
years are repeated starting from the second calculation year, with the mean moisture content during the second
and third calculation years changing approximately from /8% to 33%, and in the first calculation year from
16% to 31%. It is easy to notice that a repetition might have been observed also during the first calculation year
provided that the initial mean moisture content for concrete had been assumed at the level of 25%.

The presented values of the mean moisture content for cellular concrete much exceed the standard
value assumed for structures in use, i.e., 4.5%. According to the sorption isotherm shown in Fig.2, for the
relative air humidity of ®=80% the equivalent cellular concrete moisture is 4.8%.

The calculation carried out using the THSS software (without taking into account the influence of
rainfall) shows that after the end of the first year the mean moisture of the cellular concrete layer was reduced
to the standard value and then it ranged approximately from 3 to 5%. A similar situation was observed when
performing calculations with the use of traditional standard engineering methods. In this way, the calculation
experiment demonstrated that if wind-driven rain is provided for, the mean moisture of cellular concrete
considerably exceeds the values calculated without taking rainfall into consideration.

3. Physical test and its results

In order to check whether the THSS software is capable of predicting the actual moisture distribution of
the selected wall accurately enough, a physical test in real conditions was made. The samples of cellular
concrete, used in the test, had been prepared by cutting holes in the selected wall board with the use of a special
drill bit, and 4 cylindrical samples of d=45 mm in diameter and #=50+2 mm in height were taken from each
hole. Thus, the cellular concrete board of 200 mm in thickness was divided into 4 layers of approx. 50 mm in
thickness, labelled i (i=1, 2, 3, 4), where i=1 was assigned to the layer located at the most external side of the
wall. The sample-taking process was performed within 24 hours: on 27 December of the first calculation year,
samples were taken from the holes labelled A, B, and C (the first series of 12 samples), while on 11 September
of the second calculation year, samples were taken from the holes labelled D, E, F (the second series of 12
samples). Figure 5 presents a diagram showing the location of the holes on the board surface.

The total number of samples used in the test was 24. After being taken from the hole, each sample
was immediately isolated from the external environment by means of a separate polyethylene bag to prevent
moisture evaporation. The m,, weights of the damp samples were measured on the days they were taken in
laboratory conditions (with the use of an electronic scales with the accuracy of 0.0/g). The samples were
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then dried in a laboratory dryer at the temperature of 705° C until the m, constant weight was achieved. Next,
the moisture content of the samples was calculated
m,, —mg

u=—"-—-"-100%.

my

It was found that the bulk density of the dry samples ranged from 891 kg/m’ to 1009 kg/m’, with the
mean value of p= 1009 kg/m’. As it was mentioned before, p= 1000 kg/m’ was adopted in the calculation
experiment.
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Fig.6. Mean moisture content values for cellular concrete in 50 mm-layers along the board thickness,
obtained from the physical experiment (dots connected with solid line) and from calculations (dots
connected with dashed line) at the measuring points: A, B,C(a) and D, E, F (b).
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The moisture measurement results for samples taken from all the holes are illustrated in Fig.6 in the
form of dots connected with solid lines. These data characterise the moisture distribution along the cellular
concrete layers for the particular holes (moisture profiles) on the day of the experiment. As it can be seen
from this Figure, the changeability of the moisture measurement results for any i-th cellular concrete layer (i
=1, 2, 3, 4) of 50 mm in thickness during the heat supply period (see Fig.6a) was much greater than that in
the remaining period (see Fig.6b).

Both qualitative and quantitative differences between the moisture profiles obtained on the basis of
the moisture content values for samples from the A hole (Fig.6a) and the moisture profiles for the B and C
holes were observed. This can be explained by the fact that a stationary heating device causing intensive local
drying of the shielding structure material was located near the A hole during the heat supply period. As such
a situation was not typical for the B or C holes located further away from the A hole, the moisture data
concerning the 4 cellular concrete samples from the A hole were not included in the subsequent statistical
analysis.

Figure 6 also shows the moisture values for cellular concrete, obtained from calculations (averaged
for 4 sections of 50 mm each) and connected with a dashed line. The results of the calculation and of physical
tests were compared on the basis of a statistical analysis of the experimental data characterised with the

arithmetic mean u; and the siz (i =1,2,3,4 ) variance determined from the #; trial for each i-th cellular

concrete layer for the first and second series of tests. In the first experiment n,=2, whereas in the second one
1’1523 .

The hypothesis of dispersion uniformity in each experiment was evaluated using Cochran's G-
criterion. It was established that for the first test series the experimental G-criterion is equal to

S w732
Seo =7 77722
> 5

=1

=0.5175.

For the level of significance a=0.05, widely adopted for engineering tests, and for four sl-2

comparable variances, each having v= 1 (v=n;- 1=2-1=1) degree of freedom, the critical value of the G-
criterion is Gys.4;=0.9065 and it exceeds the experimental value, i.e., G.,= 0.5175. In such cases, the
hypothesis of variance uniformity is accepted, and the combined variance characterizing the variability of the
u random value (cellular concrete moisture), evaluated on the basis of the data from the first test series,

equals 57 = Zj: ISiZ / 4=30.63 and has v =4 degrees of freedom.

After applying the same procedure of testing the hypothesis on variance uniformity of the siz values
obtained on the basis of the data from the second experiment, we obtained the following inequality:
Gexp=0.671 < Gy5:4:2=0.768. Such an inequality allows for considering the compared dispersions as being

uniform. The combined dispersion value is 55 =11.63 with v=8 degrees of freedom.

Next, Fisher's F-criterion was used to evaluate the hypothesis on the uniformity of the 512 and 55
variances calculated on the basis of the experiment results of the first and second series. The mutual ratio of
these dispersions, describing the experimental value of the F-criterion, is F,,= s,z / s12 =30.63/11.63=2.59.
The numerator in this ratio has v;= 4, while the denominator has v,=§ degrees of freedom. For the level of
significance o= 0.05, and for the v, and v, degrees of freedom, the critical value of the F-criterion amounts to
3.8 and it exceeds the experimental value, i.e., Fo,= 2.59. This is why the s; and s variances can be

regarded as being uniform. Then the s° combined dispersion value, characterising the variability of the u
random value on the basis of two experimental series, is calculated from the equation
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In that case the standard deviation is s = \/s7 =4.253% . Now it is possible to compare the mean
values of the experimental and calculated moisture content of cellular concrete in the analysed i-th layer.
Therefore, as can be seen from Fig.6, the biggest difference in the mean values can be observed in the first
layer (i=1).

In the first experiment (see Fig.6a), the mean arithmetic moisture content in the first layer is 20.55%,
while the calculated one is 24./%. The difference between these values is 24.7-20.55=3.55% and it does not
exceed the standard deviation s=4.253%, so it should not be considered as statistically significant. The values
of such differences in the subsequent layers are even smaller.

In the second experiment (see Fig.6b), the biggest difference in the mean values was also observed in
the first layer. For the experimental mean values of 8.3% and the computed value of /5.1%, the difference is
15.1-8.3=6.8%, and it does not exceed the double standard deviation 2s=8.506%. If this is the case, such a
difference can be regarded as statistically insignificant. In the subsequent cases the biggest difference was
obtained in the third layer (i=3), and its value was only 2.9%.

After that, the calculated and experimental mean moisture values for the whole cellular concrete
layer were compared. In the first experiment, the mean experimental moisture value was

Ueyp = (20.55+26.6+28.0+20.25)/4 =23.98%, and it was slightly (by /%) smaller than the calculated
value & =(24.1+26.8+26.2+22.9)[4=25%.

Basing on the results of the second experiment, we obtained the experimental value
Ugyp = (18.3+20.43+24.3+19.3 7)/4 =18.1% as well as the calculated value

u=(151+20.2+214+ 20.3)/4 =19.25% . In the second experiment, the computed value was also slightly

higher than the experimental value.

The calculated values of cellular concrete moisture adequately predict the mean experimental
moisture values both for the particular layers of /=50 mm in thickness and also for the whole cross-section of
the cellular concrete board of 200 mm in thickness. The mean experimental moisture values of the cellular

=23.98% ) and in the summer period (ﬁexp =18.1 %) exceed the

concrete layer in the winter period (i,

standard value of 4.5% by a few times. For the winter measurements, this ratio is as high as 5.3 times and for
the summer season it amounts to 4 times. If the moisture value of the cellular concrete layer of 6=0.2m in
thickness is increased from 4.5% to 23.98%, then the R= &/A thermal resistance (m’K/W), adopted while
designing the shielding structure for this layer, is reduced by 42%.

As it was emphasised earlier (and then confirmed on the basis of the data concerning the experiments
described previously), high moisture values in the shielding structure are connected with wind-driven rain
falling on the surface of this structure and also with the capillary properties of the materials used in the
structure. Capillary properties of materials are mainly characterised by the water sorption coefficient 4 and
the capillary saturation moisture content wy, or by the active material porosity

o, =M
Pw

where p,, is the density of the absorbed water.

The more precisely the values of these indicators are determined, the more accurate the results of the
moisture content in the shielding structure will be. Consequently, the values of the 4 indicator and of the w;
moisture were determined experimentally for the cellular concrete under concern. To this end, 3 samples
were taken at random from the 24 cylindrical samples prepared and dried to constant weight. Later, the
weight of distilled water absorbed by one surface area unit of the cross-section of each sample (of % in
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height) in the vertical direction, W (kg/m’), was observed. The observed one-direction capillary rise of water,
illustrated in Fig.7 for one of the samples, was similar in all the samples. The figure shows the procedure of
determining the values of the 4 and w; indicators, described in detail in [22] and [23]. The mean value of the
sorption coefficient was found to be 4=0.1 kg/(m’s"’), while the mean capillary saturation moisture content
was w;=400 kg/m’. The obtained values were then used for calculations described in the second section.

Fig.7. Determining 4 water sorption coefficient and w; capillary saturation moisture content for cellular
concrete, based on data on kinetics of one-direction capillary absorption of water by cylindrical samples (of /4
in height).

4. Summary

Using the calculation method (with the THSS software) and a physical experiment, the authors of the
present paper assessed the non-stationary moisture level of a cellular concrete wall board in a heated utility
building, depending on the climatic influence. It was observed that of all the types of climatic influence
considered, the main reason for the high moisture levels in cellular concrete is wind-driven rain intensifying
the process of free capillary moisture transfer. A comparative analysis of the results of the physical test and
the calculation experiment showed that the THSS is able to predict the actual moisture levels of the shielding
structure under study accurately enough when precise data concerning the thermal and physical
characteristics of the materials as well as the occurring climatic influences are submitted.

Nomenclature

A — water sorption coefficient kg/(mz ")
A, B,and C —holes (the first series samples)
¢ — specific heat kJ(kg'K)
D, E, F —holes (the second series samples)
D,, — moisture diffusion coefficient m?/s
d — diameter mm
Fep —experimental Fisher's -criterion

Gexp — experimental Cochrana’s - criterion

g, — weight of the rain moisture absorbed by one surface area unit of the shielding structure during one
time unit of exposure to wind-driven rain (kg/m’s)
h  —height mm
m; — constant weight was achieved kg
m,, —weight of the damp samples kg
R —thermal resistance (m’K/W)
R. —moisture exchange resistance coefficient from an external layer m’hPa/g
R; — moisture exchange resistance coefficient from an internal layer m’hPa/g
t; — internal temperature °C
u — stands for the weight of moisture per mass unit of the material, %
u —mean of calculation moisture values %

exp» Ueyy ~— Mean experimental moisture values %

wy  — capillary saturation moisture content kg/m’
0, — heat transfer coefficient from an external layer W/(m’K)
0; — heat transfer coefficient from an internal layer W/(m’K)
& —thickness mm
8, —moisture vapour transmission rate kg/(m-s-Pa)
p - bulk density kg/m’
p,, —water density (kg/m’)
® - relative humidity of air %
®, - capillary properties of materials

A —thermal conductivity coefficient W/(m-K)
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