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ABSTRACT 

Many recent, moisture-originated failures in low-rise residential and high-rise 
residential/commercial buildings have put a significant pressure to change construction codes 
in North Arnerica and Europe. However, solutions to moisture induced problems may be 
difficult when several interacting mechanisms of moisture transport are present. Recently, a 
new approach to building envelope durability assessment has been introduced in North 
America. The approach employs moisture engineering, which requires system information 
about the wall systems as constructed or with aging characteristics coupled with advanced 
modeling to predict the long-term performances of building envelope systems. This permits 
the comparison and ranking of individual building envelope systems with respect to total 
hygrothermal performance. While critical information can be obtained by investigating the 
one to one relationships of a building envelope to interior and exterior environments, the total 
behavior of the actual whole building is not accounted for. This paper goes one step further, 
by incorporating the individual hygrothermal performances of all walls, roof, floor and 
mechanical systems. The direct and indirect coupling of the building envelope and indoor 
environment with HVAC system are included in the analysis. The full house hygrothermal 
performance of an aerated concrete wall system and a wood frame wall system are examined 
for a mild climate. The hour by hour drying potential of each system was then numerically 
analyzed using real weather conditions of Knoxville TN. The results clearly demonstrate the 
drying potential for the wall system in that climate. Furthermore, the selected exterior thermal 
insulation strategies and interior vapor control strategies in this study clearly show the critical 
behavior of the full house with respect to drying initial construction moisture. The results 
show the importance of the total hygrothermal behavior of the whole house to the coupling 
between the various envelope Parts, interior and exterior environments and HVAC system. 
From these results moisture control strategies are identified for the whole house hygrothermal 
performance. 

KEYWORDS: Moisture Control, Hygrothermal Modeling, Integrated Building Analysis 

INTRODUCTION 

Moisture transport through a building envelope influences not only the durability, 
indoor air quality, health and safety of the inhabitants, but also the energy efficiency of the 
envelope system. The influences of moisture transport are experienced differently in 
lightweight (hygroscopic) or heavy weight (moisture massive) building envelope systems. 
Recently several catastrophic large scale moisture related failures have appeared in wall 
systems that were not designed properly with moisture control principles. Current stucco clad 



wall systems in Vancouver Canada belong to this class of building systems that are prone to 
moisture damage. Moisture induced damage of more than 1 billion dollars annually in 
premature failures have been documented (Buske, 1999). Similarly, improperly designed 
exterior insulated finish systems, EIFS, have caused major moisture related damages in 
Wilmington NC (Nisson, 1995). In almost all cases of moisture related damage, the building 
envelopes were not designed to handle the moisture loads that were present due to the 
imposing environment. In both locations, Vancouver BC and Wilmington NC, the need for 
proper moisture control analysis of building system is clearly demonstrated. However, 
solutions to moisture induced problems may be difficult to achieve when several interacting 
mechanisms of moisture transport are present. 

Recently, a new approach to building envelope durability assessment has been 
introduced, and is becoming an acceptable norm in North America. The approach employs 
experimental and advanced modeling analysis to predict the long-term performances of 
building envelope systems to various levels of interior and exterior environmental loading. 
This permits the comparison and ranking of wall systems with respect to an overall 
hygrothermal performance. Elaborate experiments are conducted to measure the various 
hygrothermal properties such as Sorption and suction isotherms, vapor permeabilities, liquid 
diffusivities, and drainage which are then complimented with full scale laboratory building 
envelope testing to determine system and sub-system performances. Modeling is then initiated 
to predict the hygrothermal performances of the individual building envelope part. This 
approach has been termed as Moisture Engineering (Trechsel 1998, Karagiozis, 1997b). 

Further advances in the area of moisture engineering are currently been achieved by 
taking a broader wholistic approach to moisture design (Salonvaara, 1999) (Karagiozis and 
Salonvaara, 1999). In most applications, building envelope designers and researchers attempt 
to quantify the hygrothermal performance of an individual building envelope, for example a 
wall, roof or basement by uncoupling the system not only to the interior environment but the 
interactions of the other envelope components to both the exterior and interior environments. 
Understanding the hygrothermal performance of the one to one interaction of a small part 
(section of a wall system perhaps to the exterior environment) of a building is termed today as 
state-of-the-art analysis. The stand-alone analysis of specific envelope parts is important in 
understanding the influences of various controlling elements (vapor retarder, air barriers, 
building papers) in terms of their effect on the hygrothermal performance of the envelope, but 
provide limited performance information on the overall heat and mass transfer of a building. 
This limitation becomes more and more serious in retrofitting applications and when highly 
insulated structures are employed. 

An novel iterative Open loop approach of complete hygrothermal analysis of a 
building is demonstrated which requires the direct coupling of all building envelope systems 
with the interior environment and mechanical systems (HVAC) and the exterior 
environmental loads. 

In this paper, the authors present a new model and approach to wholistic moisture 
engineering analysis. This paper demonstrates an application of wholistic moisture 
engineering modeling to quantify the drying performance of a composite polystyrene bead 
concrete block building and a light weight wood frame EIFS building. All building elements, 
such as the walls, roofs are included in the analysis. The source of water considered is due to 
the initial construction moisture in the composite polystyrene bead concrete block, or the 
exterior sheathing oriented strand board. The study will attempt to shed some light in some 
(not all) of the issues present in the integrated moisture performance of a complete building. 



OBJECTIVES OF PRESENT STUDY 

The present work is concerned with the hygrothermal performance (drying potential) 
of two building systems, one with a composite concrete polystyrene bead block home, and the 
other with a conventional exterior insulated finish system (EIFS). Both of these buildings 
were subjected to two selected vapor diffusion control strategies. The objective of the work 
was to determine the long-term hygrothermal performance of the buildings to various vapor 
control and thermal insulation strategies while subjecting the exterior boundary to real 
weather data. A wholistic approach is employed by using moisture engineering principles that 
integrate intensive numerical analysis and accurately defined material property measurements. 
All wall and roof envelope components were employed in the analysis. The weather data used 
in this study analysis are representative of a mild-climate found in the east-southern portion of 
United States (TN). 

VAPOR CONTROL THEORY 

Moisture entry into the wall structure can be caused mainly by five processes: initial 
construction moisture, vapor diffusion, liquid diffusion, water leakage and moist air leaking 
inward or outward (being more important for cold climates) through the building envelope. 
Moisture transport by diffusion occurs under the influence of a vapor pressure or moisture 
content (capillary suction pressure) gradient acting across the wall structure. Additional 
factors of significant importance are the overall integrity of the building material (i.e. cracks 
and openings), the interface contact and surface moisture resistances, but have not been 
included in this analysis. To  control moisture flow into the wall structure, vapor barriers have 
been devised. The application, location and selection of the vapor retarders is strongly 
dependent on wall design (whether or not special buffer zones have been provided) and on 
climatic conditions. However, only a limited number of studies exist that have integrated both 
the vapor and liquid transport performance of building systems including the effects of wind- 
driven rain See [Salonvaara and Karagiozis, 19981. 

MATERIAL-PROPERTY DETERMINATION 

Hygrothermal material properties for composite concrete was measured at VTT 
(Salonvaara, 1999) and the interior and exterior stucco were extracted from a paper presented 
by one of the authors [Karagiozis, 1997al. 

DESCRIPTION OF THE MODEL 

A new model, developed by the authors [I9991 provided a structured framework 
allowing the integration of the individual heat, air and moisture performances of various 
oriented walls systems and roof assemblies, by lumping the building dependent geometries to 
the interior and exterior environment as well as the mechanical equipment of the building. 

PROBLEM DESCRIPTION 

The hygrothermal performance (drying potential) of composite concrete block wall 
home, and an EIFS building wall was analyzed with two different interior vapor control 
strategies. The composite concrete polystyrene bead wall system was composed 12 mm of 
conventional stucco, 50 mm of expanded polystyrene, 198.4 rnm (200 kg/m3 ) of composite 



polystyrene bead concrete, 6 rnrn of interior stucco and interior vapor paint coats. The 
lightweight wall was composed of a 5 mm acrylic exterior stucco, 50 mm EPS, 12 mm OSB, 
89 mm glass fiber insulation, building paper and 12.5 mm gypsum board. 

The house was rectangular in cross section (15 X 20 m) and the roof was inclined at 20 
degrees. Windows and doors occupied the approximately 20 % of the exterior building 
surface, and were represented with U-value thermal performances of 2.0 w / m 2 ~ .  The roof 
consisted of 300 mm mineral wo01 insulation with polyethylene vaporlair retarder and gypsum 
board on the interior side. 

The inside surface of the gypsum plaster was coated with either a vapor Open paint 
(permeance approximately 200 ng1m2spa or 4 perms). Variations of these walls consisted of 
the case with a vapor impermeable (57 ng1m2spa or 1 perms) paint coat. 

The composite concrete was initially assumed at 22 % moisture content, and the 
oriented strand board was at 30 % moisture content. This represents wet initial moisture 
conditions in both wall systems. All other layers in the wall system were assumed to be in 
equilibrium at 80 % relative humidity. 

Wind driven rain water was included in the analysis, the exterior surfaces were 
exposed to the amount of rain that typically hits a vertical wall. This amount depends on the 
intensity of precipitation, wind speed and wind direction as well as the location on the wall 
surface [Karagiozis and Hadjisophocleous, 19951. 

The wall was exposed to outside air temperature, relative humidity, wind speed and 
orientation and rain precipitation that varied hourly according to the weather data from the 
selected location (Knoxville). The simulations were carried out for a three year exposure 
starting on the Ist of August. The solar radiation and long wave radiation from the outer 
surfaces of the wall were included in the analysis. In this study, no air infiltrating or 
exfiltrating was considered; therefore the primary mode of water transmission is due to 
diffusion processes, both vapor and liquid transport. For the simulations of the wall and roof 
assemblies the LATENITE 3.0 VTT [Salonvaara, 19991 version was employed for all 
simulations. 

BOUNDARY CONDITIONS 

Interna1 conditions were analytically resolved by the transport of moisture and heat 
through the wall systems and the mechanical heating and air conditioning controls. The 
interior inhabitants were also modeled as heat and moisture sources and sinks, by allowing 
daily variations of thermal and moisture production and dissipation. A typical 24 hour 
schedule is depicted in Figure 1 for a 2 adult and 2 children household [Salonvaara, 1998al. 
The interior space was dehumidified, and 0.3 air change per hour was assumed for air quality 
purposes. The US National Climatic Weather Center [I9951 data for Knoxville during the 
years 1961 -1963 were used in the simulations. The 1961 yearly average temperature and 
vapor pressure in Knoxville is 14.8 "C, and 1296 Pa, respectively. 

The heat and mass transfer coefficients for external and internal surfaces were variable 
depending on the temperature, the wind speed and orientation (only the for the exterior 
surfaces). The heat and mass transfer coefficients for the exterior were assigned values that 
varied from hour to hour depending on the exterior weather conditions. 

SIMULATION RESULTS 

Figure 2 shows spatial relative humidity distributions through the cross section of the 
composite concrete wall (a) and light weight wall (b) system during week 120 from the start 



of the simulations. Results for the two interior vapor control strategies are displayed, one that 
employed a vapor Open paint coating and the other with a vapor impermeable coating. In all 
wall orientations, when the impermeable vapor control strategy was employed, the walls 
displayed slower drying potential for the weather location of Knoxville. Differences of up to 
60 % in relative humidity in walls are present between the cases with and without vapor 
permeable paint coatings, displaying the critical importance of the choice of interior vapor 
control. Results also show that limited drying occurs within the wall even after 120 weeks for 
the case that employed the impermeable interior vapor coating. 

- - 
! Heat 
! O M o i s l u r e  i 

Figure 1. Heat and moisture sources in the building at various times of day. Daily heat 
and moisture sources total 7.9 kWh and 6.1 kg. 
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Figure 2. Relative hurnidity distributions in walls after 120 weeks from the start of the 
simulations. (a) Concrete wall, (b) light weight wall. 



An analysis of the weather data for a 30 year period (1961-1990) shows that a mild 
climatic region is present in Knoxville TN with only very short cold periods during winters 
and hot and quite humid Summers. The 30 year mean temperature is 14.45 C and the mean 
relative humidity is 71.53 %, which represent conditions that may be classified as mild for 
possible moisture damage. 

In Figure 3a, the mold index as formulated by Viitanen, is displayed for the exterior 
side of the oriented strand board, as a function of time in days. Figure 3b shows the relative 
humidity as a function of time. The results show that the initially wet conditions cause risk of 
mold on the OSB surface, as mold growth index of 4 represent the case of mold growth with 
the probability of 10 % of the OSB surface covered with mold. However, in the no-retarder 
case the mold growth index rapidly drops to very safe levels, showing that this particular light 
weight wall without a 6-mil polyethylene vapor retarder has rapid drying performance and the 
long run performance of the wall is satisfactory in term of durability exposure to mold. Vapor 
retarder on the inside slows drying and high relative humidities exist for an extended period 
and extremely high risk for mold growth (calculations show 50% of the surface covered by 
mold) as well as for rotting is present in the vapor retarder case for the light weight wall 
(Figure 3). 

Days, August 1 st onwards 

::::I , , 1 
o.ooo 

500 1000 
Days, August 1st onwards 

Figure 3. (a) Mold Growth Index for EIFS wall (OSB). Larger symbols for the case with vapor 
retarder. (b) Relative humidity for the same wall and location. 

Figure 4 shows the effective (whole house) U-value for the four wall and roof systems 
(averaged for all orientations). The results are plotted out on a monthly basis, and display 
all seasonal effects. High initial effective U-values are displayed for the No VR case, and 



this is attributed solely to the faster drying out that occurs when the resistance for drying is 

0 6 12 18 24 30 36 

Months from the beginning of the simulation (August->) 

Figure 4. 'Whole house average' U-value for envelope systems (walls and roofs). 

less. The building was equipped with a heating and cooling system that turned on 
heating if the temperature fell below 20°C and cooling if the temperature rose above 22°C. 

Evaporation of initial moisture from the walls (no vapor retarder cases) resulted in 
increased indoor air relative humidity in comparison to buildings with vapor retarder. The 
maximum increase in the relative humidity was approximately 7%. Example of time-wise 
behavior of indoor air temperature and relative humidity is given in Figure 5. 

Buildings with vapor retarder needed on average -2.8% less dehumidification during 
the first three years, but the three years separately gave -8.2%' +1.9%, +2.3%, first, second 
and third year, respectively, i.e. VR case needs 8.2% less dehumidification during the first 
year, but slightly more in the following years to come, because of no dampening effect of 
hygroscopic walls interacting with the indoor air. 

Time, days - - - - No VR 
V R 

-.-.-.- LW Wall, No VR 
LW Wall, VR 
Tm-., 

Figure 5. Indoor air temperature and relative humidity as a function of time for different wall 
systems. 



The Same comparison for the sum of heating and cooling during the three years is: 
+1.6%, +2.2%, +2.2% for heating and +5.4%, -1.496, -1.1% for cooling (the energy of the 
concrete building with vapor retarder minus the energy for the concrete building without 
vapor retarder) first, second and third year, respectively. The heat loss through the walls and 
roofs are higher for the building with vapor retarder than without one: +0.7%, +5.6%, +4.6%, 
first, second and third year, respectively. This is simply due to higher thermal conductivity of 
polystyrene concrete in the case with vapor retarder (high moisture contents). The light weight 
wall building consumes 3% more heating energy and 7% more cooling energy than the 
concrete wall building per each year. The first year is slightly but not significantly different 
than the following years after the initial drying. The effective 'whole house' U-value of the 
light weight wall building is approximately 7% higher than that of the concrete building with 
vapor retarder and 15% higher than that of the concrete building without vapor retarder (dryer 
walls). 
Figure 6 shows the dehumidification of indoor air, as a function of time in months (starting 
August I ) .  Results are shown for all four wall Systems. With the exception of the initial 
effects of drying, the differences diminish. 

CONCLUSIONS 

Vapor diffusion control and insulation strategies have a significant effect on the 
hygrothermal performance (drying potential) of composite concrete polystyrene bead walls 
and light weight wood frame walls (EIFS) in a cold climate. This study, which included the 
effects of vapor and liquid transport found that the use of a tight interior vapor control may 
not be beneficial to drying the initial construction moisture in cold climates. The results 
showed rapid drying for the no-retarder case as the drying potential for climatic conditions of 
Knoxville are very favorable. 

-1400 

Months trorn the beginning ot the sirnulation (August->) 

D V R  W No VR B LW wall D LW wall VR 

Figure 6. Building dehumidification as a function of wall System (first 12 months). 



The proper combination of interior and exterior vapor control and insulation control 
must be employed, as demonstrated in this study. If buildings are equipped with an air 
conditioning equipment, moisture transport from the interior can be regulated. Additional 
research is needed to determine the critical range of interior climatic conditions that owners of 
the building must adhere to. Buildings must be designed to accommodate some form of 
synchronized moisture control that utilizes drying towards the interior as well as the exterior. 
Aerated concrete walls that incorporate such features can be developed with substantially 
higher moisture load tolerances for any climatic region, without necessarily requiring special 
special cavities or other expensive changes in design. 

The results provided in this paper are only applicable to the specific materials, wall 
specifications and weather conditions employed. Further work is needed to characterize the 
effects of defects in the exterior surface or possible moisture infiltration or exfiltration from 
the interior or exterior environments. 

ACKNOWLEDGEMENTS 

The authors of this study would like to thank ORNL for the development of a moisture 
engineering research project, to address integrated construction technologies, in particular to 
Andre Desjarlais the Program Manager. 

REFERENCES 

ASTM Standard Designation C 755 - 73. 1976. Standard Recommended Practice for Selection 
of Vapor Barriers for Thermal Insulations, 1976 Annual Book of ASTM Standards, pp. 527- 
543. 
Burch, D.M. and Thomas, W.C. 1991. An Analysis of Moisture Accumulation in a Wood 
Frame Wall Subject to Winter Climate, National Institute of Standards and Technology Report 
NISTIR 4674. 
Buske, P., 1999. Levelton Engineering Limited, Personal communication. 
Kunzel, H.M. 1996. Humidity controlled vapor retarders reduce risk of moisture damage, 
Proceedings of the 4th Symposium, Building Physics in the Nordic Countries, Espoo, Finland, 
Sept. 9-1 0, pp.447-454. 
Karagiozis, A. and Hadjisophocleous G. 1995. Wind-Driven Rain on High-Rise Buildings, 
Thermal Performance of Exterior Envelopes of Buildings VI, Cleanvater Beach, Florida, 4-8. 
Karagiozis, A., Salonvaara, M. and Kumaran, K. 1994. "LATENITE Hygrothermal Material 
Property Database, IEA Annex 24 Report T1 -CA-94/04, Trondheim, IVonvay 
Karagiozis A., 1997a. Porous Media Transport in Building Systems, CFD SocieQ of Canada, 
Victoria, May 25-27, 7-21 to 7-25 
Karagiozis A., 1997b. Moisture Engineering, Proceedings of the Seventh Conference on 
Building Science and Technology, Durability of Buildings-Design, Maintenance, Codes and 
Practices, Mar. 20, Toronto. 
Nission, E. 1995. Energy Design Update. 
Salonvaara M. and Karagiozis A. 1994. Moisture Transport in Building Envelopes using an 
approximate Factorization Solution Method, CFD Society of Canada, Toronto, June 1-3. 
National Climatic Data Center, 1999, CD data for US locations. 
Salonvaara M. 1998a. Ph.D. Candidate 
Salonvaara M. and Karagiozis A., 1998. "EIFS Hygrothermal Performance due to Initial 
Construction Moisture as a function of Air Leakage, Interior Cavity Insulation and Climate 



Conditions", Thermal Performance of Exterior Envelopes of Buildings VII. Cleanvater 
Beach, Florida. 



APPLYING RISK ANALYSIS T 0  ROOF CONSTRUCTIONS: TWO EXAMPLES FROM 

PRACTICE 

H. Hens, A. Janssens 



Applying Risk Analysis to Roof Constructions: 
Two Examples from Practice 

H. ~ e n s ' ,  A. ~ a n s s e n s ~  
Laboratory of Building Physics, Department of Civil Engineering, KU-Leuven, Ce- 
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Abstract 
The last two decades, building codes changed from prescriptive to performance based. 
Identical performance requirements, however, may generate solutions with differ sub- 
stantially in buildability. To detect problems of poor buildability, risk analysis is of 
great help, risk being defined as the probability of occurrence of a defect multiplied 
with the size of the malfunctions it generates. The paper first describes risk analysis in 
more detail. Then the methodology is applied on two roofs, one above a swimming pool 
and one above a school building. Albeit a vapor retarder was included, reflecting the 
intention to achieve good moisture design, both roofs demonstrated a deficient conden- 
sation behavior. Main reason for that was poor buildability of the vapor retarder, re- 
sulting in air leakage and condensation. Thanks to a risk analysis, a case-specific up- 
grade could be proposed. 

Key words: risk analysis, roofs, metallic construction, vapor and air flow retarder 

1 Introduction 
The performance approach reflects a key interest within building engineering, perform- 
ances being defined as all properties and qualities of a construction, (1) which can be 
expressed in an exact way, (2) are predictable at the design stage and (3) controllable 
during and aRer construction (see e.g. [I]). Many countries adopted a performance 
based legislation in energy efliciency. Some rewrote their building code on the basis of 
performances. However, albeit both performance requirements and prediction help in 
generating correct decisions at the design stage, they do not guarantee a problem-free 
constructioii. Idetitical requirements may generate solutions which differ in buildability. 
To detect problems with that, risk analysis may be of great help 

2 Risk analysis 
In the context of building assessment we define risk as the probability (p) of occurrence 
of a defect multiplied with the size of the malfunction it causes (See e.g.[2]) 

Risk = p.Size (1) 

A risk is quoted as acceptable when the probability of occurrence of a defect is high but 
the malfunction it causes small or vice versa. Risk analysis includes two Stages. (1) risk 
identification and (2) risk assessment. In the first stage all defects are identified. In stage 
two three questions ask for an ariswer: (1) what is the probability of occurrence of each 



defect; (2) what is the magnitude of the malfunctions it causes; (3) is the risk accept- 
able? If the answer on question (3) is negative, safer solutions should be proposed on 
the basis of one or more of the following strategies: (in decreasing order of effective- 
ness) inherent, engineered or procedural. The inherent strategy uses redundancy and di- 
versity to increase reliability. As a typical example of redundancy in roof construction 
figures the combination of a vapor permeable exterior finish with a vapor retarding inte- 
rior lining. 

3 Malfunctions of a roof construction 
We consider as main malfunctions: (1) collapse, (2) rain leakage, (3) dripping moisture 
by interstitial condensation, (4) fungal defacement, (5) shortened service life, (6) higher 
energy expenses. Albeit exceptional, collapse represents the worst malfunction. Its size 
is very high. Rain leakage on the contrary is perceived as a nasty but less devastating 
consequence. It anyhow reminds the tenants that the roof does not behave properly. 
Dripping moisture by interstitial condensation gives more distress. Rain is understand- 
able for the tenant, interstitial condensation not. Moisture coming from nowhere drip- 
ping down! The Same holds for hngal defacement. A shorter service life is perceived as 
a malfunction only in extreme cases. The time window of the tenants in fact is narrow in 
comparison with even a shorter service life. Deficient thermal performance finally does 
not feel risky. Energy is too cheap for that, while nobody knows the reference, i.e. the 
energy consumption in case thermal malfunctioning was not a point. Table 1 gives the 
distress Scores for the six modes of malfunctioning considered. Normally the score 
should range from 0 to 1, 1 for a problem distressing everybody, 0 when nobody takes it 
seriously. We nonetheless multiplied the score with a seriousness factor. Costs gener- 
ated by the malfunction is one of the elements which help in defining that factor. Col- 
lapse got a seriousness factor 10, all other malfunctions 1. 

Table 1 Classification of the problems in order of (guessed) distress magnitude 

4 Defects responsible for interstitial condensation and dripping 
We restrict the discussion to interstitial condensation and dripping moisture. Design 
flaws and workmanship imperfections which could generate that malfunction are listed 
in table 2. Where in the past D1 was a common flaw, today D3 and W1 are the problem. 
To our experience, a vapor retarder is even prescribed in cases where it is not needed. 
However, neither time is spend in evaluating buildability nor does the contractor care 

Order Problem Importance Score 
1 .  
P 

2. 
3. 
4. 
5. 
6. 

Dripping moisture by interstitial condensation 
Fungal defacement 
Rain leakage 
Shorter service life 
Higher energy expenses 

Very high 
Very high 
High 
Low 
Extremely low 

1 .OO 
1 .OO 
0.95 
0.10 

0 to 0.01 



for leaks. At least nine light weight roofs on ten suffer from D3 and W1. D2 finally is a 
flaw without consequences as soon as the vapor retarder gets short-circuited by leaks. 

Table 2 Design flaws 

5 Probability 

n' 
D1. 
D2. 
D3. 
W1. 

Even when the flaws and the one imperfection of table 2 are committed in any case, still 
the probability interstitial condensation will develop is not 1. It depends on the indoor 
climate, the inside-outside air pressure difference and the vapor resistance of the layers 
above the thermal insulation. Climate measurements in a vast number of schools, 
dwellings and ofices and a campaign in swimming pools delivered the vapor pressure 
statistics for that type of buildings, See table 3. 

Flaw (D) or imperfection (W) 
Vapor and air flow retarding layer not included in the roof section 
Vapor resistance of the retarder too low for the conditions in the building 
Poor detailing of the vapor and air flow retarder 
Lazy mounting of the retarder without attention for joints and overlaps 

Table 3 Indoor climate in dwellings, schools, ofices and swimming pools (add the am- 
plitude for january, subtract for july) 

6 Two examples from practice 

Percentile 

0.5%/5% 
5 0% 
95% 

6.1 Roof above a school building 

The roof under consideration covered the atrium of a kindergarten. Its surface totaled 
293.5 mZ (27.43x10.7 m). The load bearing System consisted of a bowed central steel 
girder HEB 240, spanning 27.4 m, with perpendicular girders IPE 160 1.4 m apart. 
Original section: (1) Ceiling in perforated aluminum sheets, (2) 4 cm mineral fiber, (3) 
PE vapor and airflow barrier, 0.2 mm, installed between the girders, (4) glass wool, 240 
mm, installed between the girders, (5) aluminum roof Cover (See e.g. [2],[3]). Shortly 
afier the building was occupied, the director complained about dripping moisture. A 
first investigation learned that the contractor forgot the PE-foil. Before decommission- 
ing however he corrected that flaw by adhering a new retarder below the finished ceil- 

Ap, in dwellings, schools and 
offices (Pa) 

Apie in Swimming pools (Pa) 

Annual 
Mean 

65 
270 
400 

Annual 
Mean 
3 70 
1000 
1630 

Stand. 
Deviat. 

7 8 

Stand. 
Deviat. 

377 

Annual 
Ampl. 

6 5 
2 10 
210 

Annual 
Ampl. 

177 
177 
177 



ing and adding a duplicate of mineral fiber and the ceiling. The discussion therefore 
turned to the question what solution should have been most reliable in minimizing con- 
densation risk: the original design or the solution the contractor implemented. We 
looked for an answer by judging four situations: no vapor retarder, perfectly installed 
vapor retarder, original design, corrected construction. The air permeance's K, and the 
vapor resistance's Z of the different layers are summarized in table 4. A tracer gas test 
proved that on the average air exfiltrated through the roof, while laboratory testing 
learned that dripping only became active at a condensation quantity above 300 g/m2. 

Tabe1 4 Air permeance and vapor resistance of the layers (values taken from literature) 

6.1.1 Results (cold week with ee=-S°C and 4, close to 95%) 

Layer 

Ceiling 
Mineral fiber 
Glass wo01 
Roofing 

No vapor re- 
tarder 

Perfect vapor 
retarder 

Thickness 

in 

0.04 
0.24 

Original de- 
sign 

Corrected 
construction 

Density 

kg/m3 

145 
16 

The roof accumulated 0. 18+0.1hPa kg of condensate per m2 at the 
50% indoor vapor pressure percentile (APa: difference in inside- 
outside air pressure in Pa). The 0.5% percentile gave 0.015 AP,. This 
result shows that the last case, dripping will only Start if the weekly 
mean inside-outside air pressure difference passes 20 Pa (exfiltration 
rate of 3.0 m3/(m2.h)), a situation unlikely to happen. At the 50% per- 
centile, l .2 Pa and an exfiltration rate of 0.2 m3/(m2. h) suffice, a situa- 
tion with probability 1. Or, at the 0.5% percentile, the risk is Zero, 
while at the 50% percentile, it touches 0.5. In global, we may conclude 
that the overall risk on dripping moisture is situated between 0.5 and 
0.995%. A full analysis gave a risk of 85%, i.e. quite high. 
Accumulation dropped to 0.0013 kg/m2 at the 0.94,  0.0065 kg/m2 at 
the 50% and 0.001 kg/m2 at the 95% indoor vapor pressure. Dripping 
in that case is excluded, i.e. a risk Zero 
Did not guarantee airtightness. In fact, the PE-foil was designed to be 
mounted between the girders which means that per girder two Open 
joint were left, i.e. flaw D3. In that case, O.lAPa kg of condensate got 
accumulated per m2 at the 50% vapor pressure percentile and 
0.015 AP, at the 0.5% percentile, i.e. hardly any difference with the 
situation without vapor retarder, i.e. a risk of 85%! 
Here a field control eliminated two unknown: the indoor climate and 
the air permeance. The measurements gave: Apie=146 Pa in winter for 
a temperature of 19.4"C (close to a 6% percentile), Ga= 9.7 

Z 
X los 
m/s 

0.35 
2.60 
15.7 
173 0 

Air permeance K. (=adpab-') 
A 

Kg/(m2.s.~ab) 
0.19 

2.86 10 '~  
5.05 lom4 
6.73 10" 

b- 1 
- 

-0.5 
0 
0 

0.1 



m3/(m2.s). Apparently, the corrected roof was even more permeable 
than table 4 may suggest for the roof as designed. Hundreds of screws 
perforated the retarder. The edges were not sealed and the aluminum 
Cover was more air permeable than assumed in table 4. A detailed 
tracer gas analysis though leamed that exfiltration and wind washing 
were both active, in a ratio 1 to 0.48 near the edges and 1 to 1.24 in the 
Center. A condensation analysis gave an annual maximum of 0.23 
kg/m2 moisture without wind washing. With, the total went down to 
0.1 kg/m2. Both numbers suggest a dripping risk close to Zero. 

6.1.2 Solution 

Although the roof was an exemplary case of flaw D3 and imperfection W4, the Zero risk 
made a repair superfluous. One question however remained: why moisture dripped 
down shortly after completion? The answer is simple. The first months built in moisture 
shifted the indoor climate from a 6% percentile to a value closer to a 50% percentile. 

6.2 Roof above a swimming pool 

A large tropical swimming pool was covered with a pyramidal roof of 4064 m2. The 
roof section consisted of 1 timber lath ceiling, (2) vapor and airflow retarder with a \ vapor resistance of 5.4 10' m/s, (3) 16 cm mineral fiber between the joists, (4) overlap- 
ping perforated underlay foil, (5) laths, (6) steel tiles. (See e.g. [3]). AIready the first 
winter the Users complained about dripping. A neutral investigation revealed interstitial 
condensation to accumulate below the underlay and the tiles. At first sight, the designer 
could not be blamed. He specified the vapor retarder correctly, while the drawings in- 
cluded several details how to fix and tighten it. However, one important aspect of build- 
ability was overlooked. The thin retarder had to be mounted on the timber laths before 
the joist were fixed. So, craftsman moved on it and screws perforated the retarder at 
1777 locations. The result was a roof without air tightness, as proved by a laboratory 
test on the section, including three joists. We measured an air permeance close to 1 0 - ~  
kg/(m2.s.Pa). A control of the indoor climate gave ei=300C, Api,=1400 Pa, a 86% per- 
centile for swimming pools, which means that 14 on 100 pools have a more severe cli- 
mate. The consequences for condensation were a disaster. 

6.2.1 Results (reference year for cold week with Oe=-50C and 4, close to 95%) 

Perfect vapor In that case, no problem. Some condensation takes place below the 
retarder, as underlay with 5 g/m2 as a maximum at the end of the winter. More 
intended by moisture condenses below the steel tiles. Accumulation on annual ba- 
the designer sis however does not happen and the maximum even does not attain 50 

g/m2. Dripping consequently is not possible. 
Leaky vapor The dramatic change in condensation response is documented in figure 
retarder 1. An amazing amount of water condenses below the underlay. Self 

drainage balances Part of it, leading to a permanent run off of water on 



the underlay. The condensation underneath the steel tiles only in- 
creases that run off What is left below the underlay finds its way to  
the vapor retarder where it drips inside through the leaks. The risk this 
will happen in the case being was one. 

6.2.2 Solution 

I 
1.00 6.00 11.00 16.0021 m26.0031.0036M 

bhxi?n 

Contrary to the school building were no risk was noted, a risk one obliged to  retrofit the 
existing roof with inclusion of a thick bituminous vapor and air flow retarder with self 
healing properties, a vapor permeable underlay and a System of counter-laths and laths. 

l . M  6.00 11.0016.0021.0026.M31.0036.M 

bhxi?n 

7 Conclusion 

Fig. 1 Vapor retarder leaky. Accumulation of condensate 2.25 m above the neutral plane 
and 5.85 m above it. The highest values concern the underlay, the lowest the tiles. 

Risk analysis may be a useful tool in judging buildability of a roof during service life. 
The two examples prove that decisions in relation to repair in case of malfunction may 
be quite different when risk is taken into account. The roof above the school building 
was not upgraded, while the roof above the tropical swimming pool got a complete ret- 
rofit. In the first case, dripping moisture was a transient with a risk close to Zero once 
the building was dry. In the second case a permanent risk with a value close to  1 ex- 
isted. 
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Abstract 
The factors causing the conditions of a condensation in ventilated flat roof of nonheated 
object have been analysed. The reults of numerical simulation have been compared with 
behaviour of real object.. The condensation occurs at sunny days. Ventilation regime in 
the roof cavity influences the type of this condensation. 

Key words: Flat cold roof, air cavity, ventilation rate, condensation, thermal inertia 

1 Introduction 

At the design of flat cold roof the question of the optimum cavity ventilation is still of 
interest. The requirements of adequate ventilation with air barrier and/or water vapour 
barrier are commonly accepted in the case of the heated indoor space. In the case of the 
absence of heating it is considered that no condensation problems can occur because of 
no indoor moisture source. In spite of this experience there are some situations that 
occasional condensation takes place. 

The aim of the study is to analyse the factors causing the conditions of such a 
condensation. 

2 Description of the object 

Flat cold roof of large garage object in Bratislava has been monitored in autumn 1996. 
The reason of the monitoring was regular occurrence of water dripping at the ceiling of 
the roof precast concrete slabs during sunny days spells. 

The analysed roof has a shell precast concrete deck covered by bitumen felt (Tab. 1). 
The roof is ventilated by vents with total area 0.125 m2. The roof area is 490 m2. The 
volume of the roof cavity is 88 m3. The indoor space volume is 1220 m3. Mean 
ventilation rate of the garage is 5 h-I. The garage is not heated. Thermal resistance of 



extemal walls is 1.4 m2.K/w. The loadbearing structures of the object are of reinforced 
concrete (200 kg/m3 of enveloped space), with relatively high thermal inertia. 
Tab. 1. Composition and materialjro~erties of the evaluated roof 

* .I *Y_Y_.* ",XA X-I"-* Ia11- -m*L.>* , ,*% II->*Iw*,w~% .-e, ,*W >W** -m -%-W %ZBl~n l~L .YIXII I"%*wmum2- -?~~  -"I-L"i  -a-llb.J172-\=>aAuA* ^CI- W \i*l\.*= .11-\.-WL 11- 1 1. C I I U L - ,  .L) 1 V,&%%* 

Layer Thickness Mean density Thermal Vapour 
conductivity resistance 

factor 

[ml I . ~ P / ~ ~ I  [W/m.K] I-1 
Bitumen felt 0.015 900 0.2 9400 
Precast concrete deck 0.5 2 200 1.57 25 
Ventilated air space 0.18 1.3 1.2 1 
Mineral wo01 insulation 0.05 40 0.04 2 
Hollow precast concrete 0.25 940 1.5 7 
slab 

During the search indor and outdoor air temperatures and relative humidities as well 
as the temperature and relative humidity in the roof cavity have been measured. In the 
analysed object no damage of the roof membrane have been detected. Small exfiltration 
of air from the indoor to the roof cavity have been found. There are no internal water 
vapour sources in the object. Nevertheless increased water vapour pressure in the roof 
cavity by ca 400 Pa have been detected in the roof cavity. With the aim of further 
analysis the simulation of hygrothermal performence of the whole object have been 
carried out. 

3 Numerical simulation of hygrothermal behaviour of the object 

For the purpose of the simulation of heat and moisture transfer between the structures 
of the object - indoor space - roof cavity - outd.oor environment 1D analog model have 
been created. 

The 1D simulation of the heat and moisture transfer was based on the solution of two 
coupled equations for heat and moisture balance: 



where pw is density of water [kg.m" ] , y~ is moisture content (volume by volume) [ - ] , 
is Open porosity [ - ] , p, is water vapour concentration [ kg.m-3 ] , X is coordinate 

[ m ]  , Dw is moisture diffusivity [nl2.s-'1, <p is relative humidity [ - I ,  6, is vapour 
permeability [ s ] , pmt is saturation water vapour pressure [ Pa] , Am is moisture gain 
(loss) caused by ventilation [kg.mJ.s" ] , t is temperature [ "C ] , p is density [kg.m'3] , 
h is thermal conductivity [ w . ~ - ' . K - ' ]  , C is specific heat capacity [ J . kg - ' . ~ - ' ]  , h, is 
specific enthalpy of evaporation [J.kg-'1, A is heat gain (loss) caused by ventilation 
[w.m4 1. 
The moisture gain (loss) caused by ventilation was expressed by relation: 

Am = (pva - pvx). n / 3600 (3 
where pva is water vapour concentration in ambient air [kg.m" ] , p„ is water vapour 
concentration in ventilated air layer of construction [kg.m" ] , n is ventilation rate [h-'1. 
The heat gain (loss) caused by ventilation was expressed as: 

A = (ta - tx ). pa .ca . n / 3600 (4) 
where t, is ambient air temperature [ "C ] , t, is temperature in ventilated air layer [ "C ] , 
pa is density of air [kg.m-3], C, is specific heat capacity of air [ J.kg-'.K-' ] . 
The boundary conditions were as follows: 

q = a.(ta - t,) + I .  a - L . e . (1 - CC) (5) 

m =  ß.(pv, - P „ )  (6) 

where a is surface film coefficient for heat transfer [ w . ~ - ~ . K " ] ,  t, is surface 
temperature [ "C] , I is global radiation [ ~ . m - ~ ] ,  a is absortivity of solar radiation [-I, L 
is slsy irradiation [ ~ . m - ~ ] ,  e is emissivity [-I, CC is cloudiness [1/10], m is density of 

-2 -1 moisture flow [kg.m .s ] , pvs is water vapour concentration on surface [kg.m"]. The 
calculated mean ventilation rate was 1.5 h-I in roof cavity and 5 h-I in indoor space. The 
air flow by convection is not taken into account in this model. 

The system of coupled non-linear differential equations (1) and (2) is solved using the 
finite difference - Crank Nicholson scheme. The obtained system of nonlinear algebraic 
equations is solved using the Newton iterative method [I]. 

The simulation have been done for hourly climatic data set of year 1985 which have 
been chosen as 95% reliability critical year from the aspect of intersticial condensation. 

4 Interpretation and discussion of the results 

Numerical simulation of coupled heat and moisture transfer has not shown any 
explicite condensation in the roof . This result was caused by the fact that the simulation 
Programme does not considere an air movement in the roof cavity. In real the conditions 
for natural convection presence are fulfilled during more than half year besides this fact 
also the Cross ventilation flow through the air cavity enables warmer air penetration into 
colder higher mineral wo01 layers. If these phenomena are considered the condensation 
in the roof will occur at following situations: 



- In the case when saturation pressure of water vapour at the bottom deck surface is 
lower than water vapour pressure in the cavity the condensation at the surface takes 
place. 
- In the case when saturation pressure of water vapour in mineral wo01 is lower than 
water vapour pressure in the cavity the condensation in the mineral wo01 insulation 
takes place. The condensed water is drainaged at the top of the concrete slab and can 
penetrate to the ceiling which causes the observed water dripping. 

According to calculation the conditions for condensation at bottom surface of the deck 
had fulfilled at 1 1 days of the considered year at nights of the sequence of cloudless days 
with sudden decrease of outdoor temperature. 

The conditions for condensation in the thermal insulation layer had fulfilled at 48 days 
of the year at daytime during bright days with great Sums of global solar radiation. 

Both detected situations are in agreement with monitored occurrence of condensation 
in the evaluated object. In Fig. 1. both typical situations characterised by temperature 
and water vapour pressure Courses are shown. The first situation occurs between 20:OO 
of the first day and 6:00 of the second day. The second situation occurs between 10:OO 
and 16:OO of the second day. 

5 Conclusions 

The risk of the water vapour condensation in the cold roof above non heated indoor 
space in the cases when contribution of the indoor moisture source is excluded occurs as 
the result of following factors interaction: 
- the roof has great thermal inertia, 
- the ventilation rate of the roof cavity is small, 
- the condensation occurs at sunny days spells with great daily amplitudes of outdoor air 
temperature Course, 
- moisture content in the roof structures results from previous construction process or 
from higher outdoor air relative humidities in previous period. 

For the evaluation of condensation in air cavity of the cold deck roof with slab with 
high thermal inertia the reference years focused to interstitial condensation risk 
assessment are not suitable. The evaluation of this problem needs calculation not for 
extremaly cold and moist year but for the year with extermaly high total solar radiation 
intensity . 
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Abstract 

We found many houses have condensation in the crawl space in summer. These houses 
have enough openings on the foundation to ventilate and vapor retarder at the ground 
surface for the recommend in the building code. The temperature and humidity in the 
crawl space have great influences to durability of the house. We made clear the annual 
variations of hygro-thermal environrnent of the crawl space by the field measurements 
and numerical analysis. We monitored the temperature and humidity variations of about 
40 houses in Japan for 2 years. The numerical calculations based on the vertical 1 
dimensional heat transfer model represented the monitored results. The results show the 
houses in Japan normally have extrernely high humidity in the crawl space in summer. 
The daily average of crawl space7s vapor pressure is nearly equal to that of the outdoors. 
The thermal resistance of the floor and moisture of the ground do not have great effect 
on the crawl space humidity. 

Keywords: Field measurement, Condensation, Ground heat, Ventilation, Outdoor 
condition 

1 Introduction 

We have reported that some Japanese houses have water pool in it's crawl space in 
summer. (Iwamae & Matsumoto 1997) In our study, the reason of the pool is 
condensation which is due to the high humidity of the outdoor air and the low 
temperature of the ground under the floor. From the point of view of building's 
durability, the condensation is considered as severe warning. It deduces the durability 
greatly. But if it is not so high that the condensation occurs, the high humidity without 
condensation also affect the durability. It helps the growth of the rot of wood and the 



rust of iron. To estimate and lengthen the durability of house, we must know the real 
states of the hygro-thermal environment of the c:rawl space. 

In order to more clarify the humidity variation in the crawl space, we monitored 
temperature and humidity variations of about 40 houses in Japan from summer of 1997 
through fall of 1998. We think this number of the monitored houses is large enough to 
represent the average and general state. The monitored results tell us the real state, 
however, they do not tell the reason. The hygro-thermal environment looks to depend on 
the thermal profile of the ground, the insulation level of the house, the outdoor 
conditions and the degree of the air change rate between the crawl space and the 
outdoors, etc. To define the degree of the effect of these factors, we make the numerical 
model which is based on the vertical one dimensional heat transfer process. By this 
nunierical model, we calculated the each effect of these factors. 

2 Field research 

Figure 1 shows the number and location of the monitored houses in the map of the 
entire country. From the northern area to southem area, the research area Covers all over 
the country. Table 1 is the list of monitored houses. It tells the built year, floor area and 
state of soil Cover under the floor etc. we monitored two points for each house. One is 
the crawl space and the other is the outdoors. The measurement interval is one hour. 

Figure 2 shows the distribution of the monthly average of the monitored temperature 
and humidity of outdoors. The figure also shows the standard value which has been 
measured by official weather station. These are the average values of past 30 years. Our 
results show good agreement with the standard values. This fact says that our research is 
not affected by the abnormal weather. 

Figure 3 shows the annual variations of the nionthly average of the crawl space 
humidity. As we described in the forrner report, many researchers in Japan had focused 
on the winter environment in the crawl space. According to our literature survey, this 
figure is the first result of annual variation of the crawl space. It is obvious that the 
relative humidity of the crawl space is high in summer. Many houses have more than 
80% humidity. This figure also shows the dryness in winter. 

Figure 4 shows the relation between the monthly average and the degree of high 
humidity. The vertical axis is the rate that the measured value exceeds 80% RH (white 
circle) or 90% RH (gray square). Figures 3 and 4 show that the humidity of the crawl in 
many houses is extremely high in summer, which is enough high to deduce the 
durability of the house if the members have not been antisepticized. 

Figure 5 shows the relation between the monthly average specific humidity of the 
outdoors and the crawl space. We use two types of symbols to distinguish the results of 
covered cases and that of uncovered cases of soil under the floor. The crawl spaces of 
uncovered soil are higher than the outdoors. In contrast with this, the spaces of covered 
soil are nearly equal to the outdoors. This fact has great influence on the hygro-thermal 
estimation of the crawl space, it simplifies the treatment of transfer process of humidity. 
We can merely set the crawl space humidity as equal to the specific humidity of the 
outdoors. 

Figure 6 shows the relation between the degree of the thermal resistance of the floor 
and the average humidity in summer. Some people say that the advance of insulation 



level of the house makes big the degree of condensation of the crawl space. This is right 
theoretically, but this figure shows the thermal resistance of the house has little effect on 
the crawl space humidity. 

All the residents of the monitored house do not think that the crawl space under them 
is very humid in summer, since the daily life have not been in contact with the crawl 
space. 

3 Numerical analysis 

Figure 7 shows the basic concept of the numerical model which is based on the 
vertical one dimensional heat transfer process. According to the measurement results, 
the specific humidity in the crawl space is equal to the outdoors. I11 comparison with 1D 
and 3D model, we confirm that the horizontal heat transfer in the ground has not so 
large to effects the crawl space temperature. 
We do not consider the effect of the solar heat, sky radiation and the evaporation heat 
the earth surface, since the solar heat is nealy equal to the sum of latter two 
factors.(Iwamae and Matsumoto 1986) 

The goveming equations for the upper room, the crawl space and the ground are as 
follows respectively. - 

d~~~~~ - Qroom + Q"Ayoor  
Cya 7- 

Vroom 

Here, 

We use the measured data at Osaka 1997 for the annual weather variations. The heat 
conductivity of the ground soil is 1.16 J/msK which means that the soil has much water 
in it. The standard value of the air change rate of crawl space to the outdoors is 7 
times/hour. The insulation thickness of the floor is 0.05m. 

Figure 8(a) and (b) show the variations of the temperature and humidity of the crawl 
space in one week of Summer. The calculated results show good agreement with the 
measured data. 

Figure 9 shows the results of various air change rates. The values are monthly 
average. The air change rate of 3 times to the standard makes the temperature 4 degree 
higher, and makes 15% lower the relative humidity. But the frequency of the high 
humidity in summer is not small. It is difficult that we determine the select of forced 
ventilation to solve this humid problem. 

Figure 10 shows the results of various heat conductivity of the soil. The bigger value 
means that the ground has more water in it, the smaller value means the ground is dry. 
In Japan, some people often say the reason of humid crawl space is due to the humid 



soil. But this figure shows they are not correct. The water content of the soil has not 
great effects on the crawl space humidity. 

Figure 11 shows the results of various thermal resistance of the floor. The horizontal 
axis shows the thickness of the insulation. As mentioned former section, the thermal 
resistance also has little effect on the space humidity. These small differences do not 
reflect the measurement data. 

4 Conclusion 

According to our research and calculation, it is normal that the humidity of the crawl 
space in summer is extremely high. The most valuable information is that the humidity 
is equal to out-door specific humidity. 

As described in former report, Japanese are fond of the air ventilation between the 
room and the outdoors. Our estimation shows this is not always correct. Our another 
study shows better result for the basement insulation house. We must estimate the 
effects of various factors quantitatively, especia1l.y for the traditional technique. 

Symbols 
- 
- Temperature [K] Cy H e a t c a p a c i t y [ ~ / m ~ ~ ]  

- 
L __ A Thermal conductivity C [J/msK] Q Heat flux [J/m2s] 
r- - 

- T C C,,: Air ventilation times[times/s] a, heat transfer coefficient [ J / m 2 s ~ ]  
K Thermal conductance [J/m2sK] V Volume of space [m3] 
A Area [m2] H Height [m] 

Script s soilT a air Lroorn the upper room:! crawl the crawl space1 out outdoors, surf Soil 
surface 
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Table 1 the list of monitored houses 

Code 

Sendai-A 
Sendai-B 

Sendai-C 
Sendai-D 
Sendai-E 
Sendai-F 
Ibaragi -A 

Ibaragi-B 
Ibaragi-C 
Ibaragi-D 

Insulation type 

FPA4 16 
FPA4 16 
GW 50 

FP B3 57 
FP B3 57 

None 
FPA4 30 
GW 50 

FP A4 102 
FPA4 30 

Built 
y ear 
83 
78 
91 
93 
95 

91 
82 
95 
92 

Interval of 
ventilation hole 

4.3 
5.0 
5.0 
5.0 
4.7 
5.0 
5.0 

4.6 
4.1 

Floor 
area 
5 3.0 
4 1.2 
3 2.0 
68.2 
64.5 
5 9.2 
65.8 
96.0 
73.6 
67.5 

Type of soil 
cover 

Uncovered 
Uncovered 
Uncovered 
VR + sand 

VR 
Uncovered 

VR 
VR + sand 
Concrete 

VR 



Type of soil Cover: VR3plastics sheet 
Insulation type: FP Formed polystyren, GW Grass wo01 

Ibaragi-E 
Ibaragi-F 
Ibaragi-G 
Kanazawa-A 
Kanazawa-B 
Kanazawa-C 
Kanazawa-D 
Osaka-A 
Osaka-B 
Osaka-C 
Osaka-D 
Osaka-E 
Osaka-F 
Osaka-G 
Osaka-H 
Osaka-I 
Hiroshima-A 
Hiroshima-B 
Hiroshima-C 
Hiroshima-D 
Hiroshima-E 
Fukuoka-A 
Fukuoka-B 
Fukuoka-C 
Fukuoka-D 
Fukuoka-E 

94 
90 
95 
95 
93 
93 
97 
95 
92 
96 
94 
95 
86 
89 
8 1 
72 
85 
85 
85 
88 
74 
92 
93 
95 
92 
96 

60.8 
45.5 
70.0 

270.7 
64.5 
73.9 
148.7 
69.0 
97.3 
87.0 
63 .O 
72.1 
75.5 
54.2 
5 8.3 
123.5 
67.5 
79.5 
57.9 
76.3 
50.0 
82.5 
126.7 
73.1 
87.5 
89.8 

VR 
Uncovered 
Concrete 

VR + sand 
VR + sand 
V R + s a n d I  
Concrete 

VR 
VR + sand 
Concrete 

VR 
VR 

Asphalt 
Uncovered 
Uncovered 
Uncovered 
VR+sand 
Uncovered 

VR 
VR + sand 
Uncovered 
Concrete 

VR 
Concrete 

VR 
Concrete 

FPA4 30 
GW 50 
None 

FPA4 30 
FPA4 30 

FPA430 

5.1 
4.2 
5.0 
7.1 
5.7 
5.3 

FP B3 57 
FPA4 53 
FP A4 45 
FP B3 57 
FPA4 16 
FP B3 57 
FPA4 30 
GW 50 

FP A4 20 
None 

FPA4 16 
FPA4 16 
FPA4 16 
FPA4 16 

None 
FPA4 16 
FPA4 16 
FPA4 53 
FP A4 45 
FPA4 53 

4.2 
4.6 
5.9 
10.3 
4.3 
6.0 
3.4 
5.5 
3.6 
3.8 
4.9 
4.2 
4.4 
4.4 
5 .O 
4.3 
3.6 
4.1 
5.9 
3.6 



Figure 1. Location of monitored houses 

Figure 2. Dis 
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Figure 3. Annual variation of the monthly avergae of relative humidity of the crawl 
space 
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Figure 4. The relation between the monthly avergae humidity and degree of high 
humidity 
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Figure 5. The relation between specific humidity of the outdoors and the crawl space 
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Figure 6. The relation between thermal resistance of the floor and space humidity 



Figure 7. Calculation model 
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Figure 8(a). Calculation temperature in comparison with measurement results 

Figure 8(b). Calculation humidity in comparison with measurement result 
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Figure 9. Calculated results of various air ventilation rate 
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Abstract 

This paper describes how building physics can be employed in order to achieve a good 
indoor environment. By bringing all those involved in the building process together, 
they can improve their understanding of each other's requirements and reduce the risk of 
making wrong decisions. Quality assurance means that SP is involved right from the 
initial specification of requirements for a good indoor environment, through inspection 
of the building documents and workmanship to final operation, care and cleaning of the 
finished office. Faults could be avoided as no designs or materials could be chosen 
without SP approving the choice from an indoor environmental point of view. 

Keywords Indoor environment, Healthy building, Quality Assurance 

Background 

Relating the importance of the indoor environment to health is a challenge for science. 
Hopefully, improved knowledge of the relationships between a building, its indoor 
environment and health can help to reduce the increase in allergies and other hyper- 
sensitivities. 

When converting a building to produce new office premises in Stockholm, a special 
effort was made to produce a healthy building. SP - the Swedish National Testing and 
Research Institute - was involved in specifjing requirements in respect of moisture 
resistance, ventilation, noise, selection of materials and so On, and also inspected the 
work while it was in Progress and monitored the end result. The project is an example 
of how building physics knowledge can be applied to practical work. Proper protection 
against moisture is a prerequisite for healthy building, and has formed an important part 
of the project. 

Constructing healthy buildings requires cooperation between all parties, from 
scientists and public authorities to designers, contractors, administrators and Users. All 
need to listen to each other and learn from each other if what we know about healthy 
building is actual to result in healthy buildings. It was against this background that the 



'Healthy Office' conversion project was started, and has in Sweden become a reference 
building for tomorrow's workplaces. 

What is a healthy indoor environment in an office? 

The way in which we experience the indoor environment is concemed not only with 
physically measurable quantities, such as temperature, draughts, ventilation air flow 
rates, noise, air quality or light, but also with zesthetic factors such as layout, light, 
colours, space, materials and so On. To these must be added other factors such as job 
satisfaction and good relationships with superiors and colleagues. A healthy office has 
all these. 

Healthy indoor environments are created as the result of realisational creativity, 
planning and layout design, choice of materials, technical designs and systems for 
heating, ventilation and electricity and water supply. SP and the purchaser have drawn 
up requirements relating to measurable parameters for the healthy office that affect the 
impression of the indoor environment. The recommended values are based on those 
suggested by a Nordic working party that has produced criteria for healthy materials and 
designs. 

Table 1 Advice and recomrnendations for the conversion 

become stiff. Occupants become tired at 

funiishings and occupants. Conference and board 
rooms norrnally have low flow rates, but which 



Quality assurance through P-marking 

I 

Function or 
parameter 

Emissions from 
materials and 
furnishings 

Cleaning 

Operation and 
care 

P-marking provides a quality assurance system for the entire process, from planning and 
design, through the building work to final use and administration. It is intended to 
ensure that the conversion work fulfils the requirements set out in legislation, standards 
or generally employed codes of practice. I11 conjunction with SP, the purchaser has in 
this case set further, more demanding, requirements, in respect of elimination of allergy 
risks in connection with the choice of materials, designs and - in particular - cleaning 
methods and materials used for cleaning. SP has made measurements and checked to 
ensure that the requirements have been met. While the work was in Progress, SP has 
also maintained frequent contact with the architect, as well as with the designers and 
contractors. SP has assisted in deciding on materials and designs, and has 
recommended suitable methods of cleaning and choice of materials. Physical 
measurements have shown that the performance requirements have been met. 

Existing walls, floors and ceilings were inspected before the design work started, 
looking for damp, moisture damage, odours and the presence of micro-organisms. 
Radon concentrations were also measured. 

Good air quality was also ensured during the design and building phases by providing 
an adequate air  flow rate and by selecting materials having low emissions. Good 
ventilation is needed in order to remove pollutants such as moisture, odour and carbon 
dioxide from occupants, emissions from office equipment and those from building 
materials and furniture. 

Surface coverings such as flooring materials, carpets, ceiling tiles and paints, as well 
as formless materials such as adhesives, filler and mastics were selected after due 
consideration of their performance, their contents and their claimed low emission. 

Recommendation 

2,O g/m3. 

Contents declarations and 
emission declarations required 
for all materials and furnishing 
used. 

Methods of cleaning, and 
cleaning chernicals, to be 
chosen so as to ensure a good 
indoor environment. 

Procedures and working 
methods to be defined for all 
who, in any way, look after or 
use the premises: Users, 
cleaners and administrators. 

Comments 

Materials in each group have been selected for 
non-hazardous contents and low emission. 

Working rnethods and chernicals have been 
selected in conjunction with the cleaning 
contractor for best results, with the choice being 
determined by the end results and any effects of 
chernicals on the indoor environment. 



A good noise environment has been ensured by the provision of adequate acoustic 
insulation (e.g. through additional insulation in the wall with the neighbouring 
properiy), low-noise building services systems (ventilation systems etc.), correct room 
acoustic attenuation and design and the selection of furniture that does not contribute to 
unnecessary noise generation or reflection. 

Good lighting conditions have been chosen in order to assist good working 
performance and concentration. 

Good thermal comfort has been ensured, even at the design outdoor temperature. 
Measurements of electric and magnetic fields have shown low values, except in the 

vicinity of certain items of apparatus. 
Complaints about the indoor environment from staff, visitors etc. when the building 

is in use will be documented. Details must be noted of how the complaint has been 
dealt with, e.g. whether checks have been made or what has been done about the 
problem. The purpose of this is that staff or others should know that there is a system 
for dealing with such matters, and that there should be early warning of what might be 
incipient problems. 

Clear and easily understood operating and care instructions for the premises are a 
prerequisite for continued good air quality. The various documents need to be matched 
to the needs of the target personnel concerned, i.e. perhaps to the building operator's 
staff, to cleaners or to occupants and Users. There are instructions for cleaning, and 
chemicals to be used have been selected to suit the surfaces to be cleaned, the job to be 
done and the need for good indoor air quality. The instructions for the heating and 
ventilating systems provide details of such aspects as the maximum number of persons 
based on the capabilities of the systems, work being carried out in the building and so 
On. 

The building process 

The project was planned and designed between January and April 1997. The building 
and installation work ran fiom May until August, with the final inspection being carried 
out on 15th August 1997. 

It has been important that all parties should understand the objective of creating a 
healthy office. There has therefore been intensive liaison throughout the conversion 
work, with weekly site meetings conducted by the administrator's project manager. No 
changes were allowed to the documents without the approval of the project manager, the 
architect and SP. There was frequent contact with SP, and decisions were made at short 
notice. SP's wide range of expertise has been utilised for dealing with problems of 
emissions, noise, odour, ventilation, instrumentation etc. 

The occupants moved into the new premises - the healthy office - on 22nd August. 
The work had been somewhat delayed, due to delivery delays during the summer. 
However, rather more serious was the fact that inspection found that a number of faults 
had been built in, as a result of failing to follow drawings in all respects. It was 
necessary, for example, to move a number of measuring devices and fittings, and to take 



down a number of false ceilings in order to increase the number of cleaning access 
points for the ventilation system. 

Display 

A display panel has been installed so that the occupants of the building and visitors to it 
can See exactly what the indoor conditions are at any time. Values for a number of 
climate parameters are displayed: outdoor conditions, and indoor conditions in the 
conference rooms and the boardroom, two ordinary office rooms and the common area. 
A green signal with each parameter value indicates whether it is within the 
recommended limits. The display also scrolls the values for the last seven days for one 
climate parameter at a time. 

During the use phase 

Temperature, relative humidity and carbon dioxide concentration in the conference 
rooms and some of the office rooms are continuously measured and shown on a display 
in the entry hall. The values are not used by any control system: in the event of serious 
departures from the desired values, it is necessary to contact the operating personnel. 

Complaints about the indoor environment from occupants, visitors etc. must be 
documented. The details must show how the complaint has been dealt with, e.g. 
whether checks have been made or what has been done about the problem. The purpose 
of this is that staff or others should know that there is a system for dealing with 
complaints, and that there should be early warning of what might be incipient problems. 

Clear and easily understood operating and care instructions for the premises have 
been prepared in order to ensure continued good air quality. There are instructions for 
cleaning, and chemicals to be used have been selected to suit the surfaces to be cleaned, 
the job to be done and the need for good indoor air quality. The instructions for the 
heating and ventilating systems provide details of such aspects as the maximum number 
of persons based on the capabilities of the systems, work being carried out in the 
building and so On. 

Validity of the P-marking 

Check measurements of the indoor environment will be made once a year, with 
operation and care also being checked at the same time. The P-marking of the various 
systems will be renewed as appropriate. 

Experience 

The following experience of the healthy office building has so far been acquired: 



The subjective impression of a good indoor environment is closely linked to layout, 
colours, lighting conditions and the choice of materials. However, it is also 
necessary to achieve the recommended values of a number of physical Parameters. 

It is important that all parties involved should be engaged in the entire process. 
Although the building, ventilation and electrical consultants were involved more or 
less fiom the start, the cleaning contractors were not brought in until a late stage. 
Their requirements in respect of materials and their 'cleanability' should have been 
allowed for from the planning stage. 

Frequent contacts between the parties are important, both during the planning stage 
and while the actual work is being carried out. A dedicated architect and a 
responsible project manager have been important figures: without them, it would not 
have been possible to operate the project towards its clear objective of a healthy 
office. 

The basic conditions of the building itself are favourable: a concrete building, with a 
massive structure and an attractive exterior. However, it was sometimes difficult to 
run the necessary pipes, ducts and wires: it was necessary at times to modiQ their 
intended arrangements. 

SP's participation in the project was initially regarded by some parties with some 
scepticism. The quality assurance work seemed to cause more bother than benefit, 
but it and SP's role were gradually accepted as the work proceeded. 

The display in the entry hall makes occupants and visitors aware of the special 
emphasis on good indoor environrnent. 
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Abstract 

Hygrotliermal models enable us to analyze the hygrothermal behaviour of building 

envelope components. Knowledge on several hygrothermal properties is a prerequisite 

for the application of such models. Often the question is asked: How well should one 

know the properties? This paper makes an attempt to provide some facts that may assist 

one to answer the question. A well-controlled drying experiment was conducted on a 

cement board used as exterior sheathing member in North America. All hygrothermal 

properties of the material have been determined through well known test procedures. 

The experimental data were used to benchmark an advanced hygrothermal model. The 

model was subsequently used to conduct a parametric analysis of the drying behaviour 

of the cement board. In the analysis, three hygrothermal properties that affect the 

drying process were systematically varied. These properties are: sorption/suction 

isotherm, water vapour permeability and moisture diffusivity. The results show that the 

sorption/suction isotherm has to be determined as precisely as possible according to 

current procedures. A 50 % variation in the vapour permeability has noticeable effect 

on the drying behaviour of the cement board. But a 50 % variation in the moisture 

difhsivity has insignificant effect on the drying details. 

Key words: drying, vapour permeability, sorption/suction isotherm, moisture 

diffusivity, hygrothermal models. 



1 Introduction 

Heat, air and moisture transport models[l] are powerful tools in the hands of building 

practitioners. These models can assess the long-term hygrothermal performance of a 

given building envelope assembly that operates in a specific geographic location and 

provides a specific indoor environrnent. The models shall include all the known aspects 

of building physics and the numerical techniques used shall be reliable. In addition, the 

following hygrothermal properties of various materials in the assembly shall be 

representative of current products: thermal conductivity as a function of temperature 

and moisture content, heat capacity as a function of temperature and moisture content, 

equilibrium moisture content as a function of relative humidity, water vapour 

permeability as a function of relative humidity, moisture diffusivity as a function of 

moisture content, water absorption coefficient and air perrneabilty as a function of 

pressure difference and moisture content. 

Determination of these properties is a challenging task due to a variety of 

uncertainties and practical difficulties. Some are inherent to the procedures. The others 

are induced by the material non-homogeneity and product variability. To give an 

example, ten plywood products were subjected to the cup measurements to detemine 

their water vapour permeabilities at a mean RH equal to 86 %. The deviation of the 

results from an average value of 9.5E-12 kg m" s-I ~ a - '  was 28 %. So, how well one 

has to know the above properties to make acceptable predictions? Results from 

systematic parametric analyses using reliable hygrothermal models that have been 

properly benchrnarked may answer this question. 

2 A drying experiment to benchmark models 

Three 30 cm X 30 cm test specimens were cut from a cement board that is used as a 

sheathing member in walls in North America. The average thickness of the product is 

12.5 mm. The hygrothermal properties of the product determined at the Institute for 

Research in Construction in an earlier investigation are listed in Table 1. 



The specimens with edges sealed using a mixture of waxes impermeable to 

moisture were saturated by keeping under water for 24 h. The initial increases in weight 

were recorded and the specimens were vertically placed on one of their edges in a 

chamber maintained at 25 "C and 70 % RH. Air was circulated over the major surfaces 

with velocities between 0.1 and 0.3 mls. The specimens were periodically removed 

from the chamber and the decrease in weight recorded until equilibrium was attained. 

The average drying curve for the three test specimens is given in Table 2. 

Table 1. Hygrothermal properties of the cement board. 

Density = 1 1 30 kg m" Heat capacity = 840 J kg-' K-' 
Thermal conductivitv = 0.25 W m-' K-' 

Sorptionlsuction curve 
RH Moisture content 
(Fraction) (kg/kg) 
0.02 8.77E-03 
0.14 1.2 1 E-02 
0.26 1.44E-02 
0.38 1.67E-02 
0.50 1.94E-02 
0.52 2.00E-02 
0.64 2.3 7E-02 
0.76 2.93E-02 
0.88 4.03E-02 
1 .OO 1.25E-0 1 

Moisture diffusivity 
Moisture Diffusivity 
(kg/kg) (m2/s) 
0.00 1.00E-13 
0.02 1.00E-13 
0.03 1.00E-13 
0.05 5.00E-12 
0.06 8.55E-10 
0.06 8.89E-10 
0.08 1.15E-09 
0.09 1.60E-09 
0.1 1 2.68E-09 
0.13 9.14E-09 

Vapour permeability 
RH permeability 
(Fraction) (kg m-' .~a-' . s-') 
0.00 7.80E-12 
0.12 8.09E- 12 
0.24 8.40E- 12 
0.37 8.78E-12 
0.49 9.32E-12 
0.5 1 9.43E-12 
0.63 1.04E-11 
0.76 1.22E- 1 1 
0.88 1.76E- 1 1 
1 .OO 2.68E-11 

Table 2. The average drying curve for the three test specimens 

Moisture content, g 

80.09 
46.90 
42.93 
40.2 1 
38.13 
34.00 
33.02 
32.16 
31.61 
3 0.3 7 
29.84 

Time, h 

0 
1 
2 
3 
4 

5.5 
6.5 
7.5 
8.5 

9.55 
10.5 

Moisture content, g 

189.90 
177.85 
166.4 1 
154.3 8 
143.22 
127.79 
1 16.02 
108.47 
99.67 
9 1 .OO 
85.3 1 

Time, h 

11.5 
23.75 
28.5 
29.5 
33.4 

47.75 
51.5 

58.15 
73.9 
100 

123.5 



3 Results from a simulation of the drying process 

An advanced hygrothermal model developed at the Institute was used to simulate the 

drying experiment exactly. Since the specimens were immersed in water for 24 h, it 

was assumed that they were at a uniform initial RH 4 0 0  %. The results from the 

simulation are compared with the measurements in Figure 1. 

TIME, day 

Figure 1. Comparison of the simulated and measured drying curves. 

Though the measured initial moisture content was slightly higher than the 

simulated, the overall agreement between the measured and simulated drying curves is 

acceptable in terrns of the duration of the process and the shape of the drying curve. 

4 Parametric analysis and discussion 

The hygrothermal properties as listed in Table 1 were used in the original simulation 

referred to in Figure 1. Eight other simulations were carried out as coded below, by 

systematically varying three hygric properties: sorption/suction curve, vapour 

permeability and moisture diffusivity. 



Code Variation from the properties listed in Table 1 

vap 50 The vapour permeability was reduced by 50 % of the original 

vap 150 The vapour permeability was increased by 50 % of the original 

dfl 50 The moisture diffusivity was reduced by 50 % of the original 

dfl 150 The moisture diffusivity was increased by 50 % of the original 

sorp 50 The sorption curve was reduced by 50 % of the original 

sorp 150 The sorption curve was increased by 50 % of the original 

all 50 All three properties were reduced by 50 % of the original 

all 150 All three properties were increased by 50 % of the original 

Figure 2 compares the results from these simulations with the original drying 

curve shown in Figure 1. The moisture contents are normalized against the initial 

moisture content. There is very little difference among the results for the initial part of 

the drying curve, until the moisture content reaches 50 % of the initial value. 

0.1 
0.05 

0 

0 1 2 3 4 

TIME, day 

Figure 2. Results from the parametric analysis compared with the original drying curve 

A 50 % uncertainty in moisture diffusivity alone has insignificant effect on the 

details of the drying curve. A 50 % uncertainty in the vapour permeability changes the 



shape of the curve by affecting the duration of the process, especially when it is 

underestimated. A 50 % uncertainty in the sorption curve, as one would expect, affects 

the shape of the drying curve significantly. The reason for this is that all model 

calculations assume local equilibrium at all time. 50% uncertainties in all three 

properties will result is very erroneous results, in terms of the shape of the drying curve 

as well as the duration of the process. 

4 Concluding remarks 

Comparison of the simulated and measured drying curves in this investigation confirms 

that the physics of the drying process is captured well by the hygrothermal model 

developed at the Institute. Also the numerical techniques used are sound. The properties 

of the material being well determiiled, the agreement between the two drying curves is 

acceptable in terms of the shape and time frame. 

Parametric analysis of the drying process investigated here leads to the following 

remarks. A proper knowledge of the order of magnitude of the moisture diffusivity may 

give acceptable drying curves. It is desirable that the vapour permeability is known at 

least within 20 % of the actual value. However, the sorption curve has to be known 

rather well, maybe within 5 %. 
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Recent advances in modeling of two-dimensional, simultaneous, coupled, heat, air and 
moisture flows permit predicting moisture content profiles in many wall Systems exposed 
to defined climate and service conditions. The input needed for such a calculation is 
complex and includes conditions of driving rain, solar and air temperatures, typical rates 
of cooling, frequency and duration of the freezing temperatures. Establishing a 
probability of the moisture content profile at a prescribed time e.g., at the start of freezing 
enhances the evaluation of the long-term performance of building envelopes. 

To predict the service life of a building component means to quantify the response 
of the building envelope to the environment and to define conditions at the onset of the 
damage. Currently the damage process is introduced through an experiment that seldom 
relates environmental forces and the damage process in analytical terms. 

In this paper a unified methodology that extrapolates the limit states analysis to 
assessment of durability processes quantifies the relation of the damage process to the 
environmental forces. This approach is exemplified by the limiting (critical) moisture 
content of clay-brick with regard to freezing. Yet, the limit states concepts cannot be 
applied in the practice. The limiting moisture content with regard to freezing can not be 
compared with "characteristic moisture contents" of clay-brick. Neither can the moisture 
potential (energy of the pore-water) be established for these moisture contents. 

It appears that the research on moisture movement through porous materials such as 
clay bricks has been dedicated just to the calculation of moisture content. While a few 
effects of moisture e.g., fungal defacement can be related to the moisture content alone, 
other durability considerations require the knowledge of the energy of the Pore water. 
This is a serious gap. If a Consensus can be reached within CIB W-40 committee, a small 
group could undertake a comparative study to define the range of moisture contents 
associated with the capillary saturation and extension of that knowledge to predict 
durability . 

Key words: building envelope design, limit states method, long-term performance, 
serviceability, durability, service life, damage functions, life cycle cost, evaluation, 
environmental control, check list, functional analysis. 

In Canada, the limit states (LS) method is used for evaluation of structural performance. 
CSA S478 standard, which guides the durability assessment, also implies LS principles. 
With this in mind, Bomberg and Allen (1996) and Allen and Bomberg (1997) expanded 
the use of limit states to durability evaluation. 

2. THE LIMIT STATE METHOD 

The generalized limit states' method is based on the condition of failure2. Table 1 
categorizes the limit states criteria3 in terms of safety, function (serviceability) or 

1 
The term "generalized" is omitted to highlight that the same method Covers structural and durability considerations. 



appearance. Requirements (a) and (b) are related to safety; others to the loss of function 
or appearance (Vanier and Lacasse, 1996). The sequence of LS method application is 
listed in Table 2. 

Table 1. Different requirements of the limit states (LS) method 

(a) instability e.g., overturning 
(b) strength (shear, bending, buckling), i.e., insufficient structural capacity to resist loads 
(C) unacceptable deflection or vibration 
(d) surface damage or discoloration, as it relates to appearance 
(e) local damage (loss of function), e.g., delamination of concrete Cover, 
( f )  property falls below a prescribed threshold, e.g., reduction of wall thermal resistance 

Table 2. Limit States evaluation of the building envelope for durability 

The LS method starts with the analysis of loads (Table 3). One can, then, select one 
aspect of performance and for the actual environrnental conditions, calculate (or establish 
otherwise) the performance indicator during the design life and compare it with the 
performance limit. 

STEP 

1 
2 
3 

4 

5 
6 

2.1 Loads in the Limit States method 

Limit States method 
Select loads applied to the building envelope 
Establish loads acting on and within the component 
Select the performance aspect and the performance indicator that relates 
deterioration or damage process to the service time 
Establish the maximum value of the performance indicator, Si, during the 
design life by application of the damage function 
Establish the performance limit, R;, at the onset of failure, (testinglmodeling). 
Check the limit state criterion, Si < Ri. If the predicted performance indicator 
exceeds .the performance limit, changes must be made. 

Loads include forces, movements, structural and environmental loads (Table 3). This 
term replaces such terms as "actions" or "environmental agents" to describe factors 
defining the microenvironment (temperature, humidity, presence of hyposulphite ions, 
etc.) that affect the process of material deterioration. In the structural analysis. all loads 
are considered external to the structure. With the durability analysis, loads are either 
extemal or internal (environment acting on or within the building envelope). Intemal 
loads were sometimes called load effects4, since they are actually determined by the 
external environmental loads and the construction itself. For instance, in the case of brick 
veneer ties, the temperature and humidity of air in the cavity between the brick veneer 
and the main part of the wall determine on the rate of corrosion of the meta1 ties. 

2 A feature of the deterioration or damage process which describes the onset of hnctional failure of component or 
subsystem, such as exceeding the strength of a material (loss of strength in brick ties caused by corrosion), onset of 
instability due to force, or reaching an excessive deflection of a component. 
' The lirnit states criterion, for a particular performance aspect, compares the value of the performance indicator during 
the whole design life with its limiting value. 

We do not use the name "load effects" to avoid conhsion with performance indicators which relate the deterioration / 
damage process to either internal or external loads. 



Table 3. Examples of loads used in the Limit States method 

The microenvironment inside the building envelope is shaped by the indoor and outdoor 
conditions and the response of the subsystem. The internal loads rnay be calculated by 
using information on external loads and a model of heat, air and moisture flows. 

EXTERNAL LOADS 
Ambient or surface temperature 
Radiation: IR, UV 
Moisture: rainfall, snowfall, ice 
Contaminants: Cl, SO2, NO2, 
Fungi, CO2 (carbonation) 
Structural loads: wind, snow, 
seismic, impact (accidental) 

2.2 The performance indicator 

INTERNAL LOADS 
Temperature, thermal gradient 
IR, UV 
condensation, moisture content 

' Cl- in water, fungal growth, 
CO2 in air or water 
Forces, stress, strain, deilection, 
movements, 

The limit states method defines conditions when the component fails to perform the 
required function. To quantify these relationships we use the concept of damage 
functions (Grondin, 1993). The darnage function is a simple mathematical model of the 
deterioratioddamage process relating service life to the environmental loads acting on 
the analyzed component or subsystem. Typically, damage functions incorporate 
parameters such as maximum stress or strain, number of stress cycles, area reduction, loss 
of mass during material deterioration or cumulative exposure time. Using the damage 
function for each performance aspect, either an extreme or a cumulative performance 
indicator, Si, provides a measure of performance (or, conversely, damage) during as well 
as at the end of the design life. There are two types of performance indicators, either 
physical characteristics (e.g., stress, strain, deflection, loss of mass or area, thermal or 
noise resistance) or an aggregate performance indicator called the cumulative exposure 
time. As the performance indicator is a function of time and environmental factors it rnay 
vary, in which case the extreme value is used for durability evaluation. 

The cumulative exposure time (CET) was postulated by Bomberg and Shirtliffe 
(1 994). CET is defined as a sum of the intervals of time when the actual moisture content 
is equal to (or higher than) the critical moisture content times the degree of severity of 
this exposure, namely: 

CET = C ( I Fex) 
where 

(1 > 
I = the interval during which moisture content is equal to or higher than the critical 
moisture content; Fex = the severity factor during this exposure. 

Typically, I is the interval in which the deterioration process takes place and Fex 
describes the contribution of the actual environrnent to the rate with which this process 
takes place. For instance, the rate of corrosion of metals exposed to air depends on 
temperature and humidity at the surface. Corrosion rnay start, say, at room temperature 
at 90% RH, but will proceed faster at a higher relative humidity and the Same 
temperature. Therefore, for a given temperature range, one rnay define Fex = 0 at 90% 
and Fex = 1 at 99.0%. The severity factor could be greater than one in the presence of 
other agents e.g., contarninants that lower pH. 

Use of the CET provides an alternative approach to deterioration or damage 
processes. For instance, a performance indicator for delamination of concrete caused by 
corrosion of reinforced steel is the tensile stress in concrete and the performance limit is 
the tensile stress during delamination (Genge, 19994). Using this performance indicator 
would require statistical analysis, which given the uncertainty involved in service 
conditions, rnay give a large standard error. One rnay prefer to calculate CET on the 



basis of the Information from several failures (the design and material used, the period to 
each failure and environmental conditions in each case). Since CET retains the critical 
features of the deterioratioddamage process and the failure mechanism is taken into 
account in the choice of the performance limit (LCET is defined below), using computer 
modeling one may predict CET for another set of environmental conditions. 

Note that the "time of wetness", previously used in the durability assessment is 
replaced by the CET. The fact that CET includes a varying severity factor does not 
complicate calculations. Becker (1 985), Kashiwagi (1 9 9 9 ,  and others showed that large 
errors are allowed in weighing factors for multiple regression or for fuzzy logic schemes, 
when such evaluations involve many aspects of performance. In effect, a linear 
approximation of the severity factor will suffice for most cases. 

2.3 The performance limit 

Ri is the value of the performance indicator at the onset of failure. Like the performance 
indicator, this criterion is either a physical property (e.g. limit on force, stress, strain and 
deflection or number of stress cycles) or the limit of the exposure period (limit of the 
cumulative exposure time, LCET). Typically, the LCET criterion may be used for 
delamination of concrete under chloride attack, fracture of pre-stressed reinforcement, or 
spalling on the exposed masonry surface. 

2.4 The limit state criterion: Si < Ri 

For a particular performance aspect, one checks if the performance indicator is greater 
than the performance limit during the design life. 

If the deterioration process is cumulative in nature, the initial performance indicator 
equals Zero. With time, and in accordance with the damage function, the performance 
indicator increases until it reaches the performance limit. At this stage the limit states has 
been reached and the service life ended (with regard to the analyzed performance aspect). 
The main question is whether this happens before or after the design life of the 
component. 

If the limit state criterion is not satisfied, (service life was shorter than the required 
design life), one can either alter the design or modify the design life of the component. 
Otherwise, one continues to examine other performance aspects for the Same design or 
returns to a general evaluation. 

3. AN EXAMPLE: ONE STEP FREEZE-THAW DAMAGE FUNCTION 

The concept of limiting moisture content or limiting degree of saturation5 with respect to 
freeze-thaw can be exemplified by tests performed by Fagerlund (1970) and discussed by 
Bomberg and Shirtliffe (1994). The limiting degree of saturation is the highest degree of 
saturation, which may be found in a specimen without it becoming damaged under 
freeze-thaw process. The discussed example made it clear that at a certain degree of 
moisture saturation, any freezing, either a single or multiple freeze-thaw cycling6, will 
cause a freeze-thaw damage. 111 the discussed case, the damage was characterized by a 
dramatic reduction in the residual dynamic modulus (the dynamic Young's modulus 
divided by the modulus determined on the undisturbed specimen). Effectively, in this 
somewhat simplified methodology, the limiting degree of saturation is independent of the 
test method, and therefore may be used as a limit states criterion for this type of material. 

The central issue of our discussion (see later text) is how to define the "maximum" moisture content to 
which the actual moisture content is related. 

Identical results are obtained with different nurnbers of freeze-thaw cycles or one-step freezing. 



The above example illustrates the process of evaluating the probability of frost 
damage in the material The limiting degree of saturation for the specific material 
(product) is determinedi and compared with the actual degree of saturation predicted 
from the model that is applied for the given climate. Hence, frost damage is expected to 
occur during the period of sub-zero temperatures when the S exceeds the Rs. 

4. WHAT IS THE MAXIMUM MOISTURE CONTENT UNDER CAPILLARY FORCES 
ALONE? 

It is widely recognized that using a degree of saturation instead of moisture content 
reduces the scatter of experimental data (Hedenblad and Nilsson, 1985). It has also been 
recognized that using maximum moisture content attainable under maximum driving 
forces (vacuum saturation, boiling water etc) as the reference moisture content does not 
focus attention on the capillary forces alone (Krus, 1996). 

The goal is to measure the maximum moisture content that would be obtained when 
water has filled all the pores that are accessible for ingress due to capillary forces alone. 
The importance of this point (see thesis by: Brocken, 1998; De~camp,~1997; Wessman L., 
1997; Pel 1995) rnay be inferred from the following set of hypotheses : 
o One rnay assume that when the system of coupled and simultaneous HAM transfer 

equations is congruent with the material characteristics used in this system, it does not 
matter whether this system is based on single-phase or lumped moisture potentials 
cthougl~ the numerical precision rnay be locally affected) 

o Material characteristics should be determined in the vicinity of characteristic moisture 
contents to be both reliable and precise 

o Calculations of capillary moisture flows, either in wetting or in drying, should be 
related to the Zero capillary suction 

o The condition of Zero capillary suction rnay correspond to the whole range of 
nloisture contents, particularly when the wetting rate varies or when an incomplete 
wetting and drying runs follow each other 

o The entrapment of air in the liquid phase, as well as its diffusion in and out the Pore 
water, rnay have an insignificant effect on the energy status of Pore water but a 
significant effect on the moisture content 

o To calculate stress-strain relations during the freezing process, one must account for 
capillary, osmotic, freezing and other pressure sources acting on the Pore water. To 
this end one must know the range of moisture content where the capillary potential 
(capillary suction) is equal to zero9. 

Traditionally, the knick-point in the plot of one-dimensional water intake versus Square 
root of time has been thought to indicate moisture content that correspond to Zero 
capillary suction. This is, however, a crude approximation. Different moisture contents 
at the knick point can be obtained if the rate of water supply is limited, material is partly 
wet or flow of air at the other boundary is restricted. 

5. PROPOSED SCOPE OF COMPARATIVE STUDY 

Any detailed analysis of freeze-thaw resistance is likely to involve a separate equation for 
air diffusion through the liquid water. It is advisable to establish the range in which the 
air entrapment can be replaced by water without changing its capillary potential (suction). 
Knowing this range is also critical for handling the moisture hysteresis in HAM models. 

7 ~ h e  test must involve REV, uniform temperature and moisture content. The test rnay be based on either 
dilatometry or non-destructive measurements of mechanical properties. 
8 This conference paper being restricted to six pages allows merely listing the hypothesis for discussion. 

We shall denote the range of rnoisture contents that correspond to such a definition as the capillary saturation range 



To establish such a range one may consider some of the experimental Set-ups for 
water immersion: 

o Minimum moisture content (maximum air entrapment) could be obtained when a 
50 rnm cube is immersed 75 mm into 100-mm deep water tank to undergo 3-D 
intake process. 

o Maximum moisture content (minimum air entrapment) can be obtained when a 50 
mm cube with four surfaces waterproofed, one provided with a ceramic filter and 
immersed 25 mm is immersed into water. The water intake rate is slowed clown 
by the filter and the other material surface is exposed to air. Alternatively, one 
may consider a process of 1 -D water intake with prolonged interruptions. 

6. C LOSING REMARKS 

The method for durability evaluation, presented in this paper, is based on the limit states 
method. Even this method is widely used in the structural design, design for durability 
has traditionally been performed in an unstructured manner. Because of the iterative 
nature of the design process and the complexity of the issues, the introduction of LS 
method enhances the use of HAM models for the prediction of loads. 

Using an example of freeze-thaw durability, the paper identifies an existing gap in 
research and proposes a new project. 
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Abstract 

New conception heating large-space objects recede from central boiler-room, 
divorce hot waters if need be vapour in industrial works and advise their heating by gas 
infrared radiator. Heating radiation system with infra heater presents energy economic 
system, handling proper unobjectionable micro-climatic conditions at workspace and 
notably with share on improvement life environment thereby, that burning gas is 
optimal from views protection life environment. 

Key words: energy, infra heater, heat, humidity, industrial hall 

1 Introduction 

Energy obtaining is one of most important factor for society existence. Process of 
rationalisation economy with fuels and energies is impossible to comprehend only like 
run to economies of consume energy, but also like efficient exploitation reasonable 
primary energy sources. Question protection life environment presents pivotal problem 
for healthy development our society extant, which is pollution especially manufacture 
heat for purposes of heating. Limitation of fuel consumption of poor quality kind of 
unyielding fuel is the most significant steps for improvement life environment, 
especially brown coal and enhancement power effectively at production and supplies 
heat. Enhancement technical level heating systems, improvement thermal insulating 
quality of building, production and finality hall and object they can notably reduce fuel 
consumption. 

This research has been supported by research project CE2 J22/98 
NO. -261 10000 7. 



2 Thermal equilibrium of the interior with radiation heating. 

We must determine thermal energy input Qp, by theoretic solution of the house heating. 
It is necessary for assurance of interior calculation heat of the air ti. It must act satisfi 
the demand of the heat cosiness for human being by select norm calculation exterior 
heat t,. 

The thermal energy input Qp usually calculates from equations of thermal equilibrium 
of the heating interior in the steady state. It is necessary to differentiate fundamentally 
the convection or panel heating by the evaluation. The convection storage heater 
realises heater transfer mainly with the convection and the panel storage heater realises 
the heater transfer mainly with the radiant heat transmission. 

3 Convection heating 

Heat flow inducted into interior by storage heater is from it educated one into 
neighbouring space or exterior to single building construction by convection and heat 
transfer on exteriorly building structure. Conduction and heat transfer of heat flow for j 
building construction QEJ is given as sum of convection for this building construction 
(QKJ) and radiation building construction from the others building constructions of 
interior QsJ by Fig. 1, so that heat equilibrium equation for arbitrary j construction is 
defined by 

Fig. 1 Thermal equilibrium of interior to convection heating 



VT - convection storage heater, SK - building 

convection heat floiv construction, 0 - window construction, V- 
volumetric infiltration air flow, M - weigh 

-------V radiating heat floii. volumetric infiltration air flow, Qk, - heat 
thermal flolv by conduction which is transmitted to interior by convection, 

and heat transfer Qv- heat losing by aeration, Q,- convection 

f - ' - - - - -  
heat gain, xQsrj- heat, which is transmitted by 

thermal quantities of 
I radiation to j-th construction, t,- exterior ' thermal equilibriwn 
\r- .-- . '  

temperature, ti- interior temperature, tu- active 
temperature of cool areas, t,- temperature in 
interior, P - radiation storage area 

Fig. 2 Notation for Fig. 1 and Fig. 3. 

4 Radiation heating 

Heat flow bring up into interior with from it lead off into neighbouring space by 
radiation heating surface or into exterior of single building construction by conduction 
and heat transfer on exteriorly building construction. Conduction heat flow and heat 
transfer QEJ for j building construction is given by difference total radiation heat flow 
incident on j-those building construction QsJ and convention heat flow QU (interior air 
take away heat from heating radiation j of that surface) by Fig. 3, so that heat 
equilibrium equation for arbitrary j those building construction will be done 

Fig. 3 Thermal equilibrium of interior to panel heating 



5 Heating systems 

Heating high industrial and workshop hall is very probleniatic. Heating air fly up. 
Bottom working section, where workers are situated and where heat needful is situated, 
air is warming less. Warming-up of big quantity of air in hall by classical method (e.g. 
air heating) is not only slow, but in the first place uneconomical (see Fig. 4.). 

Usually system Infr-a heater system I 

Usually system 28 18 

Infra heater system 

Fig. 4 Confrontation of usually and infra heater systems 

6 Conclusion 

Heating of big halls by gas infra heater is exceedingly economical. Big advantage is, 
that fall off tempering before working hours. Effect heating infia heater is appreciable 
almost instantly after switch on heating arrangement. Effect heating infra heater with 
appreciable almost instantly after switch on heating arrangement. Infra heaters can heat 
local, then only there, where it is necessary. It is eliminated to heat of places where 
workers are occurred minimum or at all. 
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Abstract 

In the case of buildings with historical value, the thermal rehabilitation measures for 
energy conservation are possible only by add-ing an insulation layer over the intemal 
side of the extemal walls. Struchiral interventions for consolidation, with reinforced 
concrete could also be made and, in order to avoid any undesirable condensation 
phenomena, a bidirectional analysis of the vapor difision field should be made. 
Despite its limited capacity, the 1-D Glaser method is recommended by today's 
technical codes. Some typical cases have been studied assuming the same principles 
and using for the 2-D dimision field analysis the Same software as for the 2-D thermal 
field exploration. As a result, the necessity of prolonging the thermal insulation on the 
lateral partition elements has been established. 

Key words: histoncal buildings, energy conservation, heat and mass transfer, 
numerical simulation 

1. Introduction 

The most efficient way of improving the thermal protection capacity of the building 
extemal walls is to add an outside insulation layer on the fiontages. However this is not 
admissible in the case of old buildings having architectural and cultural value 
(museums, schools, churches, and dwellings). Therefore, in such cases the intervention 
must be located on the inner face of the external walls. A reinforced concrete element 
(lintel, pillar, tie beam or coating) is often necessary to satis@ today's safety 
requirements against the seismic action. 

A complex local heat and mass transfer bridge is created and a condensation risk 
could often occur at the junction between the extemal wall and the intemal partition 
elements (walls and floors): See fig. 1. 

Fig. 1 Heat and mass transfer bridges at the junction between tlie external and intemal 
building elements: 1- masonry extemal wall; 2- masonry intemal wall; 3- reinforced 
concrete floor; 4- additional thermal insulation layer; 5- reinforced concrete element 



To control and prevent condensation phenomena, a bidirectional(2-D) analysis of the 
heat and vapor difision is necessary. The classical Glaser method [I] has a limited 
capacity, by solving only 1-D problems in steady state regime and neglecting some 
connected liquid or pellicular moisture transfer and the influence of changing the 
material humidity on the thermal conductivity and vapor permeability. However, the 
Glaser method is recommended by the technical codes and iised in design practice 
giving good, conservative results. Attempts to solve the 2-D transfer, based on the 
Glaser assumptions and using electrical models or numerical simulations with finite and 
boiindary elements have been realized before [2,3,4,5]. A computer software WUFI has 
also been developed for simultaneous complex heat and moisture transport by M. 
Kunzel [6]. Their utilization in design practice is quite difficult. Assuming that the 
moisture transport is driven by the vapor difision alone, the present research has been 
realized using the Same finite elements computer software for both thermal and 
difision field analysis in steady state regime. This possibility has been mentioned by 
G.T .Dow [7]. 

2. Mathernatical and physical background 

The mathematical model for heat transfer and vapor difision is presented in tab. 1. 

Tab. 1 Mathematical model 

-Heat transfer by conduction- -Vapor migration by diffusion- 1 

It can be easily observed that the mathematical models for heat transfer by conduction 
and vapor diffusion are of identical fom.  Therefore any available software for heat 
transfer analysis can also be used for the vapor diffusion field analysis. However there 
are also differences: 

Pv <PB ( 5 )  
Pi = B e  (6)  

3. Numerical simulation 

Let us consider the case of an intersection between the external wall and internal wall, 
presented in fig. 2. The therrnophysical characteristics of the building materials are 
presented in tab. 2. 

Tab. 2 Thermophysical characteristics 

Name of building material 

Ceramic brick masonry 
Expanded polyst irene 
Reinforced concrete 

Density p 
[kg/m3] 

1800 
20 

2500 

Thermal cond. h 
[WIrnK] 

0.8 
0.03 
1.74 

Vapor permeability p 
[g/m h mmHg] 

14 
- 
5 



a b 
Fig. 1 Junction between the intemal and external walls: a- thermal insulation only at the 
exterior wall, b- added thermal insulation at the interior wall; 1- masonry external wall. 

2- masonry internal wall, 3- reinforced concrete pillar, 4- additional iniulation layer 

, ,  
i i :  > .  
t , {  
; i , '  

Fig. 2 Discretization used in finite element analysis, considering half of the model 
because of symmetry; the marked points represent the real condensation Zone 

The finite element discretization (fig. 2) has been made using a rectangular mesh with 
variable dimensions: Ax=l.. .6cm, Ay=4.. .12cm. The finest mesh has been used for the 
most susceptible condensation areas (e.g. the inner Corner between the exterior and 
interior walls). 

The steps involved in simulation analysis are shown in fig. 3. 

1 Thermal field I I Diffusion field 

Fig. 3 Flowchart of the simulation analysis 

The frst simiilation concerm the thermal field analysis. Through this analysis the 
temperatures for each point in the mesh has been obtained (fig. 3). Then, the saturation 
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Abstract 

A model of the liquid moisture movement under gravity in cloth is investigated in this 
paper. Firstly, the moisture difisivity is determined from the experiment on the 
moisture absorption process in the horizontal direction where the gravity does not have 
influence on the moisture movement. Secondly the moisture absorption process in the 
vertical upward direction where the gravity has influence on the movement is analyzed 
with the use of the moisture diffusivity determined above. The validity of the parameter 
related to the gravity effect (the gradient of the equilibrium relationship) is investigated 
by comparing the result of the numerical calculation with that of the experiment using a 
gamma-spectrometer for the Same kind of cloth. In conclusion, since they agree as a 
whole, the model proposed here can be used. 

Key words: moisture diffusivity, equilibriurn relationship, gamma-spectrometer, 
clothing, sweat, thermophysiology 

1 Introduction 

In order to realize healthy and comfortable air-conditioning, it is important to grasp 
the thermophysiological response of human body to the thermal and hygric 
environment. Especially under an environment where regulatory sweating occurs 
intensively, most of the liquid moisture as sweat is once absorbed into the clothing, then 
accumulates in it, and at last, evaporates at the outer surface of the clothing. In such a 
situation, the rate of evaporation from the clothing surface, which is a function of the 
moisture content of the clothing surface, will have a significant influence on the body 
temperature regulation system [I]. Therefore it is important how the moisture absorbed 
into the clothing diffuses in the clothing. From such a viewpoint, tlie authors have been 
studying the liquid moisture movement in cloth and have shown the moisture movement 
in the horizontal direction can be described with a difision model [2]. In this paper, the 
moisture movement under gravity is investigated based on the water content 
measurement using gamrna-spectrometer. With the use of the model described in section 
2, this measurement is anal yzed numericall y. 



2 Basic equations 

The moisture flux in a porous material under gravity is expressed in two ways as 
follows for vertical coordinate z, where the direction of gravity is taken as negative [3]. 

where, g. : moisture flux [kg/((cm)2 s}], W  : volumetric water content [ (~m)~ l ( cm)~] ,  
Q : moisture diffusivity due to W  gradient [kgl(cm U s)], z : coordinate [cm], 

: water chemical potential [Jlkg], g : gravity acceleration [cm/s2], 
nt, : moisture conductivity due to gradient [kg/((J/kg) cm s }I. 

Now the equilibrium relationship (sorption isotherm) of cloth is written as equation (2). 

where, f : equilibrium relationship [Jlkg], T : temperature [K]. 
By neglecting the effect of temperature on the equilibrium relationship [4], the second 
term on the right-hand side of equation (3) becomes Zero, and by comparing equations 
(I-a) and (I-b), equation (4) is obtained, which describes the relationship among three 
variables: 1) moisture diffusivity Q, 2) gradient of equilibrium relationship to moisture 
content ap / a w  , 3) moisture conductivity due to water chemical potential nl, . 

The moisture balance equation in the cloth is written as equation ( 9 ,  when the liquid 
moisture transfer is superior to vapor one. In equation (3, the evaporation on the 
surface of the cloth is taken into account. 

du d d u  1 , [7 -=-- [-D ---. A,g]--*- E o ~  
dt dz  d z  ap, aPw 1 

where, u : degree of saturation( = W / a ), t : time [s], a : porosity of cloth [ (~m)~ / ( cm)~] ,  
p,, : density of water [kg/(cm)3], 1 : thickness of cloth [cm], 
E : evaporation rate at cloth surface [kg/ ( ( ~ m ) ~  0 s}], and D = D. / pw . 

Though equation (5) can also be written with the use of water chemical potential, the 
measurement of it is difficult. Therefore the expression using moisture content is 
adopted here. 

In the following section, the experiments are conducted on the moisture movement in 
the direction perpendicular to the gravity (horizontal direction) and the moisture 
difisivity D is determined by analyzing it. Then in section 4, the experiments on the 
moisture movement under gravity are conducted and analyzed numerically using the 
moisture diffusivity determined in section 3. 

3 Moisture movement in horizontal direction [2] 

3.1 Experiment 

A strip of cotton broadcloth (size: 30*200*0.25 [mm]) is put on the frame made of 
fishing line and one of the edges of the strip is dipped into the water at t=O. The 



moisture content distribution is measured gravimetrically by cutting the specimen at an 
interval of 1 [cm]. The distribution is measured five times at t=100, 200, 300, 400, 600 
[SI. The result is shown in Fig. 1 along with the computational results. 

3.2 Analysis 

Equation (5) is solved numerically, where the gravity acceleration is put at Zero and 
the vertical coordinate z is replaced with the horizontal coordinate X. The direction of 
the moisture movement from the water reservoir is taken as positive. For the boundary 
condition at x=O Cjust near the water reservoir), the measured values are used. The 
moisture difisivity D is determined so that the calculated moisture content distribution 
agrees with the experimental. The determined D is given by equation (6) and the 
calculated result using it is shown in Fig. 1. The calculated and experimental results 
agree well. 

D=4.0~10-' .exp(9u) [ ( c m ) 2 / s ]  ( u 1 0 . 7 )  

= 0.02 [ ( c m ) ' / s ]  (u>0.7)  
(6) 

Fig. 1 Distribution of U (Moisture Fig. 2 Experimental setup (Moisture 
movement in horizoiital direction) movement in vertical direction) 

4 Moisture movement in vertical direction 

4.1 Experiment 

In section 3, the moisture content during the water absorption process in the horizontal 
direction was measured gravimetrically. In this section, the process under gravity is 
measured with the use of the gamma-spectrometer in National Research Council, 
Canada. The experimental setup is shown schematically in Fig. 2. One hundred and fifty 
[ml] of distilled water is in a box made of plexiglass (size: 308* 165* 153 [mm]), and at 
t=O, twenty sheets of broadcloth specimen (size: 40* 100*0.25 [mm]) hung on a bar are 
immersed 1 [cm] into the water, This measurement is based on sensing the gamma-ray 
absorption by the moisture contained in the specimen [5]. The gamma-ray absorption by 
only one or two sheets of cloth is too small to measure accurately, and from the 
preparatory test, twenty was found to be enough. Separators are attached between the 
sheets on the bar lest they should contact each other. In this way, the variation of the 
moisture content is measured at seven heights (z=0.8, 1.3, 1.8, 2.3, 2.8, 3.3, 3.8 [cm]; 
The origin of coordinate z is set at the water surface shown as in Fig. 2.) In obtaining 
every datum, gamma-ray beam is radiated for Ca. 30 [s] at the point. The interval of the 
measurement is Ca. 45 [SI. 



The results are shown along with the calculated results in Fig. 5 and 6. The range of 
the fluctuation in the measured values of the degree of saturation reaches 0.1 at the 
maximum, and it is not so small. However, since the fluctuation is random, the averaged 
data can be used. 

4.2 Analysis 

Based on equations (5) and (6), the distribution of degree of saturation at each time is 
calculated numerically. The boundary condition at z=0 is given as saturation, that is 
u=l. The equilibrium relationship, whose gradient is related to the effect that the gravity 
has on the moisture movement, is determined as follows. 

4.2.1 Equilibrium relationship 

In the field of textile, there are several measurements on the equilibrium relationship 
of cloth. Very few data, however, are obtained just near saturation, the important region 
in the present analysis. In this study, the equilibrium relationship near saturation is 
decided from the moisture content distribution in equilibrium state. In an equilibrium 
state, the water chemical potential is a function of position as follows. 

i l p = - g z  (7) 
Here, based on the moisture content distribution measured during t=76 to 109 [min], 
when the distribution is nearly stationary, the equilibrium relationship was decided. It is 
shown in Fig. 3, along with the approximation function. In a strict sense, the distribution 
is not in an equilibrium state, since the moisture evaporation continues on the surface. 
In this study, however, it is assumed that the influence of the evaporation can be 
neglected and that the moisture distribution equilibrates. Using the gradient of the 
approximation function in Fig. 3, the moisture conductivity nt, is obtained from 
equation (4). The parameters determined through these procedures are shown in Fig. 4. 

4.2.2 Comparison with experiment 

As shown in Fig. 5, the calculated values agree well with the measured results during 
t=O to 20 [min]. As for z=0.8 [cm], the calculated values are smaller as a whole and it 
seems that there is still some room for improvement in determining the parameters for 
the higher moisture content region. On the other hand, the calculated values are too 
lower after t=20 [min] at the points far from the water surface. This seems to be due to 
the overestimation of the evaporation on the surface. In the current calculation, the 
humidity ratio of the ambient air is given as constant, while in reality the humidity ratio 
around the cloth seems to have increased owing to the evaporated moisture in the Course 
of time. The result of a calculation in which the evaporation is neglected is shown in 
Fig. 6. Even at the point far from the water surface, the calculated values agree well 
with the measured after t=50 [min]. Therefore if the humidity ratio of the arnbient air 
were given properly, the measured values would coincide with the calculated. Thus it 
can be said that the assumptions and parameters used in this investigation are valid as a 
whole. 
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Fig. 3 Equilibrium relationship 
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Fig. 4 Parameters used in calculation 
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Fig. 5 Variation in U (z in [cm], Evaporation Fig. 6 Variation in U (Evaporation 
is considered in the calculation.) is neglected in the calculation.) 

4.2.3 Width of gamma-ray beam passing through specimen 

If a gamma-ray beam radiated from the source propagated exactly horizontally, the 
distance between the specimen and the source would have nothing to do with the 
measured arnount of gamma-ray which reaches the detector. However, the locus of the 
gamma-ray beam is not usually horizontal and the gamma-ray diffuses gradually as it 
propagates. In other words, the scanned area in the specimen changes depending on the 
distance between the garnma-ray source and the specimen. Fig. 7 shows the schematics 
of the process. In measuring a specimen whose absorption coefficient distribution is 
homogeneous or changes linearly in the direction of scanning, the difference between 
the measured values and the true values at the center point of the measured area will be 
very little. On the other hand, for a specimen with a non-linearly distributing 
absorptivity, the distance between the source and the specimen will have a significant 
influence on the results. 

The relationship between the distance from the source and the width of the beam is 
estimated from another experiment (detection of water surface with the distance varied). 
As the result, the width is 0.52[cm] at the minimum (Sheet No.20 in Fig. 7) to 1.07[cm] 
at the maximum (Sheet No.1). The obtained data must be the sumrnation of every sheet 
whose scanned width is a function of distance from the gamma-ray source. Using the 
relationship, the calculated results in Fig. 6 is niodified in order to correspond to the 
measured results. It is shown in Fig. 8. 'Fig.6' in legend is the Same data as in Fig. 6 
(not modified), and 'Mod.' means the modified data. Although they differs slightly at 
the points far from the water surface in the early stages of the moisture absorption, the 
difference is small as a whole, which means the distribution of moisture content is 



almost linear. 

ClothsbeetNo.123 C 20 Cloth 

0 10 20 30 40 50 60 oz=33(Mod) i  

Time [min] - + r-3 8(Mod ); 

Fig. 7 Schematics of garnma-ray diffusion Fig. 8 Variation in U (calculated) 

5 Conclusions 

The liquid moisture movement in the cloth is investigated for broadcloth made of 
cotton. The obtained conclusions are as follows. 
a) The moisture difhsivity is deterrnined based on the experiment of water absorption 

process for cloth supported horizontally. 
b) The water absorption in the opposite direction with the gravity is measured with the 

use of the gamma-spectrometer, and the result is analyzed with the diffusion model 
considering the gravity effect. The calculated results agree with the experimental 
results as a whole. The proposed model can be used. 
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Abstract 
The paper presents a method to calculate the moisture penetration depth and the 
undisturbed moisture level, inside the region of periodic variation, in a porous material 
subjected to a periodic relative humidity variation at the boundary. The moisture 
properties may be highly non-linear. The method is strictly valid for a semi-infinite 
material. The theory to determine the undisturbed moisture level is given in detail, and a 
calculation method to deterniine the penetration depth is presented. Results for three 
different building materials subjected to daily and annual periodic relative humidity at 
the boundary are given. 

Keywords: penetration depth, moisture flow, Kirchhoff potential 

1 Introduction 
A building material is normally exposed to moisture conditions that are variable 

with time. Natural variations in moisture state can often be described as a periodic 
variation. A material exposed to such periodic moisture conditions during a long time 
will take up or loose humidity in a periodic way. 

Figure 1 illustrates the solution for a periodic variation at the boundary. The relative 
humidity varies between a maximum (70%) and a minimum value (30%) during the 
period time tp (24hours). The curves in the figure are the moisture distribution at 
different tinies (tp, td4, tfl, 3td4) during the time period tp. The dotted curves show the 
maximum and minimum values at different depths in the material. We See how the 
range of relative humidity variation decreases with the depth. Let xp be the point where 
the relative humidity variation is equal to 1 %. We define this point xp as the penetration 
depth, See Figure 1. 

In moisture calculations a complication is the non-linear behaviour. The mean value 
of tlie surrounding relative humidity is not the Same as the value of the relative humidity 
in the material at the penetration depth and inwards. We define this value as the 
undisturbed relative humid@, pund. See Figure 1. Here the mean value for the 
surrounding relative humidity is 50% but the undisturbed value deep in the material 
becomes 56%. The variation of the relative humidity is, due to non-linearity, not 
symmetric. 

The method presented below determines the moisture penetration depth and the 
undisturbed relative humidity in a material subjected to a variable surrounding relative 
humidity. The model determines a single value, which in a correct way represent a 
variable boundary condition in a material, taking non-linear effects into account. This 



value is valid from the penetration depth and further into the material. The n~ethod is 
strictly valid for a semi-infinite material. 

Fig. 1. The moisture distribution at different times during the period time tp due to a 
periodic boundary condition at the boundary. The arnplitude of the variation 
(dotted lines) decreases with the depth. The penetration depth for the variation 
is marked X,. 

2 Calculation model 

The model presented uses the Kirchhoff potentials to describe the moisture transport. 
This simplifies the model considerably. A short description of the Kirchhoff potentials 
is given in the next section. 

2.1 Kirchhoff potential 

Let g denote the moisture flow and 4 any moisture flow potential. In the one- 
dimensional case we have, when temperature effects and hysteresis are neglected: 

Here 4 may denote relative humidity 9, absolute humidity V or water vapour pressure p 
in gas phases, Pore water pressure P„. chemical potential pw for water or moisture 
content W .  The flow coefficient D@ depends on 4. Kirchhoff originally introduced Kirch- 
hoff s flow potential, when the flow coefficient is a function of the state [ I ] .  This 
potential is defined by: 

4 

~ ( 4 )  = V„ + JD, (44 (2) 
4rcf 

It is a function of 4 for each material: v H @ ) .  The flow potential y is independent of 
which 4 and Dm one chooses to use. The reference values hef and y~ can be chosen 
arbitrarily for each material. We nomally, by convenience, put the value of y to Zero 
for a reference level hef for the material: ~ ( 4 ~ 8  = 0 

The moisture flow equation (1) becomes: 
g = - v y  (3) 



The formulation using Kirchhoff potentials are further investigated and explained in [2]. 

2.2 Mathematical problem 

We have the following mathematical problem. The moisture balance equation, using the 
Kirchhoff potential, is in the one-dimensional case: 

The boundary moisture state varies periodically: 
w(0, t + t, ) = w(0, t) 

We seek the truly periodic solution: 
w(x, t + t, ) = w(x, t) 

It is obtained for example by starting with a constant value for w(x, 0), O~r<m, and 
continuing the calculations for many periods until the above periodic conditions for 
&x,t) and w(x, t) are attained. 

2.3 Theoi-y for undisturbed moisture values during a periodic process 

The undisturbed moisture level Fund, yund etc. of the periodic process at depth X 2 xp 
inside the material is of great interest. The convergence to truly periodic conditions is 
much more rapid if we start with this undisturbed value in the material. The technique to 
determine the undisturbed value is presented below. 

Consider a periodic process with a period time tp , and boundary condition 
according to (5). Then W and y vary periodically (6) and (7). The moisture balance 
equation is integrated in time over a whole period tp. The left hand side of the equation 
(4) then becomes Zero: 

The right hand side of the equation becomes: 

Let ym(x) be the mean value of y a t  the depth X during the period: 

Then we have, according to equation (9) that ym(x) is linear in X: 

In the limit x + q  we have: 
ym(m) =ASN)+ B 

Because ym is limited A=O. This means that yl, will be independent of X: 

V, (X) = B =  Y,(') (1 3) 
We have the result that the mean value of dx, t )  over a time period is equal to the 

average value of V at the boundary x=O. By calculating ~ ~ ( 0 )  from the periodical 



boundary condition the mean value for all X is obtained. For large values of X, where the 
variation is completely reduced. We know the y-value. So we have: 

V„, = v , ( x > x , )  = (14) 
From the material data relations we also know the corresponding relative humidity, 9, 
and the moisture content, W .  

2.4 Determination of the penetration depth 

When the undisturbed value for the relative humidity in the material is known for a 
specific periodical variation of the relative humidity on the boundary, the penetration 
depth can be calculated using a one- dimensional moisture calculation program. We 
define the amplitude as the difference between the maximum and minimum value of the 
relative humidity in the material at each point X. The arnplitude is the dotted line in 
Figure 1. This amplitude will decrease with the distance from the exposed boundary. . 
Let X, be the point where the relative humidity variation is equal to 1%. We define this 
point as the penetration depth, See Figure 1. 

Consider a sufficiently thick piece of material. As initial relative humidity we put 
the undisturbed relative humidity yl„d, determined with the above shown technique. 
This relative humidity is also put as boundary condition on one side of the material. On 
the other side we have the periodical boundary condition. Then we calculate the 
moisture distribution in the material during that number of periods necessary to get 
identical solutions during one period and another. 

The solution is found faster putting this undisturbed relative humidity pund as initial 
condition in the calculation. Any other value would require longer calculation time to 
obtain the right solution. 

2.5 Computer program JAM-P 

A computer program (JAM-P), especially designed to perform this kind of calculations, 
has been developed. An explicit forward difference method is used to solve the moisture 
balance equation (4). The numerical calculations involve two steps. The spatial 
distribution of y at a certain time-step determines the moisture flows and hence the net 
accumulation of moisture in each calculation cell. Thus, the new moisture distribution at 
the following time-step is known from the relation between y and W. A full description 
of the used numerical technique is found in Arfiidsson and Claesson, 1998. 

The program needs material data where the relation between moisture content W, 
relative humidity 9, and Kirchhoff potential y is specified for the actual interval in 
relative humidity. The working procedure for the prograrn JAM-P is: 

The cyclic boundary condition is given as two levels of relative humidity 91 and 92, 
valid during the times tl and t2, respectively. 
yund is determined for the actual moisture variation at the boundary 

The corresponding value vUnd (from material data) is given as initial condition in the 
calculation. 
The boundary condition vund is put On one side and the actual variable boundary 
condition on the other. 
A one-dimensional transient moisture flow calculation is made for five period times. 
The result is presented graphically. Curves for the maximum and the minimum 
relative humidity from the boundary and inwards to the undisturbed constant value 
are shown. 



2.6 Calculation on four materials 

The program JAM-P has been used to calculate penetration depths and relative 
humidity levels in different materials subjected to periodic variations of relative 
humidity with different period time. Four building materials is chosen; spruce, brick, 
lightweight concrete, and concrete with water cement ratio 0.7. 

Two different cyclic boundary conditions are chosen. The relative humidity varies 
between two constant values 50% and 90% in both cases. They represent a climatic 
variation over 24-hours and over a year. 

All used material data except brick is from steady-state measurements presented by 
Hedenblad [3]. Brick is from Andersson [4]. 

3 Results and Discussion 

The result, using the described method, is shown in figure 2. The penetration depth xp 
and the undisturbed relative humidity in the material pund are summarised in Table 1. It 
should be noticed that the mean value of the relative humidity of the boundary is 72.5%. 

We start with the results from the calculations with a period time of 24 hours. The 
result shows that we can group the tested materials into two groups. The two qualities of 
concrete and wood have a diurnal penetration depth of about lcm. Lightweight 
concrete, brick and sandstone have a diurnal penetration depth of 5 to 8 Cm. 

In the calculation results with a period time of one year we find the same two 
groups of materials again. Wood and concrete have an annual penetration depth of 10 to 
1 5 cm and the other materials more than 70 Cm. 

The undisturbed relative humidity pund differs in the materials. Concrete with 
W&'=0.7 have the highest value, pund =88%. Lightweight concrete, and brink have 
lower values on the undisturbed relative humidity. The values are closer to the average 
relative hurnidity at the boundary. Wood shows a value in-between. 

Table 1. Undisturbed relative humidity U)und and moisture penetration depth for the two 
cyclic conditions (table 2) and six materials. 

Material G n d  (%) Xp (Cm) xp (Cm) 
24h 1 year 

Concrete WdC=O.7 88 1 12 
Lightweight concrete 77 6 72 
Brick 77 8 94 
Spruce (tangential) 83 1 15 
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Fig. 2 Result for Diurnal (left) and annual (right) variation of relative humidity at the 
boundary for three materials. 

References 

1. Carslaw, H. and J.C. Jaeger, 1959. Conduction ofHeat in Solids, pp. 8-13, 2:nd ed., 
Oxford University Press, Oxford. 

2. Arfvidsson , J and Claesson, 1998. Moisture Transport Calculation in Building 
Materials using Kirchhof Potentials. Accepted for publication in Building and 
Environment. 

3. Hedenblad, G. 1 996. Material data for Moisture Transport Calculation. (In 
Swedish) T 19: 1996, Byggforskningsridet, Stockholm. 

4. Andersson, A-C . 1 9 8 5. Verification of Calculation Methods for Moisture Transport 
in Porous Building Materials. Document D6:1985, Swedish Council for Building 
Research, Stockholm, Swedeil. 
" theory, ASHRAE Transactions, Vol96, Part 1, pp. 447-454, 1990. 



FREEZING-THAWDJG PROCESSES IN BUILDING WALLS 

FREEZING-THAWING PROCESSIS OF GLASS FIBER BOARD 

S. Hokoi, M. Hatano, M. Matsumoto, M.K. Kumaran 



FREEZING-THAWING PROCESSES IN BUILDING 
WALLS 
- Freezing-Thawing Processes of Glass Fiber Board - 

S. ~ o k o i ' ,  M. ~ a t a n o ~ ,  M. ~ a t s u m o t o ~ ,  M.K. ~ u m a r a n ~  

1 Professor, Graduate School of Engineering, Kyoto University, Japan, Dr. Eng. 
2 Govemnient of Housing Loan Corporation, Japan, Mr. Eng. 
3 Professor, Faculty of Engineering, Osaka Sangyo University, Japan, Dr. Eng. 
4 National Research Council, Canada, Ph.D. 

Abstract 

For the prevention of vapor condensation and damage by it in cold regions, behaviors 
of water and ice in porous materials should be understood. In this study, experiments on 
the freezing-thawing processes of a glass fiber board, which is a typical insulation, are 
conducted. The freezing-thawing processes are analyzed with the use of simultaneous 
heat and moisture transfer equations that take into account the existence of ice. 

The result of the analysis agrees with that of the experiment on the whole. In materials 
with large pores such as glass fiber board, the moisture transfers mainly in gaseous 
phase. As a result, the maximum ice content is found at the colder boundary of the wall, 
which differs from the result in our previous investigation [3] for the soil (Leda Clay) 
whose pores are much smaller. 

Keywords: Vapor condensation, Heat and moisture transfer, Freezing-thawing, 
Transport properties, Glass fiber 

1. Introduction 
While vapor condensation on an inner wall surface has been decreasing due to 

appropriate thermal insulation and designs aimed at preventing condensation damage, 
the possibility of condensation inside the wall may be increasing. Especially in cold 
regions, liquid water may freeze in porous building materials and cause serious darnage. 
In order to avoid condensation damage, the transient state of the water and ice in 
materials should be predicted. From such a point of view, a basic theory on freezing- 
thawing processes has been proposed and analytical exarnples with respect to soil and 
Snow have been shown [I]  [2]. 

In our previous paper [3], the freezing-thawing processes in a wall made of soil (Leda 
Clay) were analyzed. The present paper reports the experimental results on freezing- 
thawing processes in glass fiber board, a typical insulation material. The results are 
analyzed by making use of simultaneous heat and moisture transfer equations that take 
into account the existence of ice. Since the glass fiber board has large pores, and thus 
moisture moves mainly in gaseous form up until high moisture content, different 



thermal and hygric behaviors from the wall made of soil are expected. Furthermore, the 
influence that the material properties have on the fieezing process is examined. 

2. Freezing-Thawing Experiments on Glass Fiber Board 

2.1 Freezing process 
The experiment was conducted at N.R.C.C. (National Research Council, Canada). The 

test piece is a 1 Ocmxl Ocmx 1 Ocm glass fiber board with the density of 48 [kg/m3]. The 
side of the sarnple was made vapor-tight by acrylic plates, while the bottom by 
aluminum foil as shown in Figure 1. The side of the sample was also insulated by 30rnm 
thick styro-foam plates. The upper side faces the ambient air of temperature 200 and 
R.H.60%. 

From time 0, cold refrigerant with a constant temperature of -100 was flowed 
through the water bath under the sample. Water vapor flows into the sample from the 
ambient air through the upper surface and condenses near the bottom, a part of it freezes 
there. The moisture content distribution was measured by a gamma-ray spectrometer at 
2mm interval. 

Figure 2 shows the measured total moisture (liquid water and ice) content in glass 
fiber board. The moisture content increases from the bottom side with time. After 500 
hours, a characteristic kink appears in the moisture content profile at 9rnm to 15mm 
from the bottom. 

The measured temperature distribution is 
shown in Figure 3. As the freezing „r,,,ic board SQ~O-foam board 

proceeds, the temperature decreases. The (9mmfhick) 
Aluminium foil profile is convex upward as a whole. The 

temperature gradient near the bottom is 
gradual compared with those in other 

Fig. 1 Schematic of experimental setup. 
regions and the temperature increases after 
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Fig.2 Measured total moisture (liquid water + ice) Fig.3 Measured temperature distribution 
content distribution during freezing process. during fieezing process. 

594 hours (about 25 days). This is probably due to the decrease in thermal resistance in 
the bottom region with the freezing process. 

2-2. Thawing process 



f 
The thawing experiment was started after the freezing experiment by heating the 

refrigerant up to 32 0. Figure 4 shows the measured distribution of the moisture content 
during the thawing process. As the ice evaporates, total amount of moisture decreases. 

The measured temperature distribution is shown in Figure 5. In a region 10 to 20mm 
from the bottom, the temperature lower than 0 is kept for a long time. This mean is 
that the ice remained there longer than any other region. After one and a half hours, the 
temperature becomes higher than 0 0 everywhere. The thawing rate is high compared 
with that of the freezing. 
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Fig.4 Measured total moisture (liquid water + ice) Fig. 5 Measured temperature distribution 
content distribution during thawing process. during thawing process. 

3. Analysis of Freezing-Thawing Processes 
The experiment was analyzed by making use of the governing equations used in the 

previous paper [3]. Freezing-thawing processes are dealt with as a three-phase system 
including gaseous, liquid and solid phases. Heat and moisture flow through the sample 
is regarded as two-dimensional, where the heat flux through the side surfaces of the 
sample is taken into account. 

3-1. System analyzed and method of analysis I 6E ln I 

A sample of 1OcmxlOcm glass fiber is analyzed. 
Heat and moisture flow in the sample is regarded as 
two-dimensional both in the vertical and horizontal 
directions. No moisture flow is assumed through the 
bottom and the side surfaces. The third kind 
boundary condition is used on the upper surface. The 
governing equations are solved by an explicit finite 
difference method. The sample is divided into 25 
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Fig.6 Vapor permeability and 
moisture content 

slices with ihickness of 4mn1 in the vertical direction, while divided into 5 slices (x2) of 
lOmm thickness horizontally by taking into account the syrnrnetry. The physical 
properties of glass fiber board in reference [4] are used. However, the calculated ice 
content became quite high in the cold regions when the original vapor permeability was 
used. Thus, the value was adjusted as shown in Figure 6 so that the calculated results 
agreed with the measured ones. 



3-2 U Analysis of Freezing Process 
(1) Computational conditions 

The bottom surface temperature falls from 5 0  to -100 in 60 minutes, while the 
temperature and chemical potential of the ambient air are kept constant. The relative 
humidity of the air is 60%. As initial conditions, the temperatures on the upper and 
bottom surfaces are set at 200 and 0 0 ,  respectively. A linear temperature profile is 
assumed between the two surfaces. Uniform distribution is used in the horizontal 
direction. 

The side of the sample was made impermeable and insulated by 2cm thick styro-foam 
board. However, the thermal resistance appears adjusted to a larger value Ur = 2.03 
[ m 2 K . / ~ ] 0  in order to obtain a better agreernent with the measured results. The heat 
transfer coefficient at the bottom surface is set at 23.3 [ w / r n 2 ~ ] .  
(2) Results and discussions 

Figure 7 shows the calculated total moisture content distribution. Whereas it differs 
slightly from the measured result in Figure 2, it can express such characteristics that the 
freezing propagates from the bottom and that there is a kink in the moisture profile. 

The freezing mainly occurs in a region near the bottom. The reason is as follows: the 
moisture moves mainly in gaseous phase up to high moisture content since the porosity 
of the glass fiber is very large, 98%. As a result, no concentration of freezing occurs at 
the region where the temperature is nearly 0 0  (30mm from the bottom). This is 
completely different from the previous result in the case of the wall made of soil [3]. 

Since the vapor permeability shown in Figure 6 is used in the calculation, the moisture 
does not concentrate only near the bottom but distributes over the sample. Judging from 
a good agreement with the measured result, the assumption that the vapor perrneability 
decreases with moisture content should be reasonable. 

Figure 8 gives the time history of the temperature distribution. The features of the 
measured result such as convex upward and Bat near the bottom are well predicted. The 
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Fig.7 Calculated total moisture (liquid water + ice) Fig.8 Calculated temperature distribution 
content distribution during freezing process. during freezing process. 

convex temperature distribution is partly because of the latent heat of phase change, 
however, the heat flux from the lateral direction is the main reason. This is 
demonstrated by the fact that the ternperature distribution obtained by the present two- 



dimensional calculation agrees well with the measured result while the one-dimensional 
calculation (not shown here) gives an almost linear distribution. On the other hand, the 
temperature distribution convex downward near the bottom region is caused by the 
increase in thermal conductivity with the amount of the frozen moisture. This also 
causes the enlargement of the frozen region and the temperature increase in the region, 
which agree well with the measured results in Figure 3. 

3-3. Analysis of thawing process after freezing (one-dimensional analysis) 
As a preliminary study, the thawing process was analyzed by a one-dimensional 

calculation. After the freezing process, the bottom temperature is raised to 32 C and then 
kept at the temperature. The calculated total moisture content and temperature 
distributions are shown in Figures 9 and 10, respectively. By raising the temperature of 
the circulating refrigerant. the ice melts and evaporates from the bottom surface. The 
calculated moisture content agrees with the measured result in that the moisture content 
in the bottom region decreases much faster than any other. 
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Fig.9 Calculated total moisture (liquid water + ice) Fig. 10 Calculated temperature distribution 
content distribution during thawing process. during thawing process. 
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The calculated temperature agrees fairly well with the measured result. It remains 
below 0 0  where the ice is found, and it increases from the bottom in sequence. 
However The time required for thawing is longer than that in the experiment, partly 
because that the acrylic plates work as heat bridge is not taken into account [4]. 
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The ice content distributions under freezing conditions are shown in Figure 11 for 
several materials. These are the results calculated under a constant temperature. The 
wall made of glass fiber has the maximum value at the cold side where the temperature 
is far below 0 . On the other hand, the peaks of the ice content are found at the regions 
where the temperature is nearly 0 0  in the walls made of ALC and soil. 

Table 1 shows the relationship between the material properties and the place where the 
peak occurs in the ice content distribution. The peak position evidently depends on 
whether the moisture moves mainly in gaseous or liquid phase. 
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5. Conclusions 

The experiment was carried out on the fieezing-thawing processes o c c h n g  in walls made 
of glass fiber. The thermal and hygric behaviors were clarified. The fieezing process was 
analyzed by using the two-dimensional equations of simultaneous heat and moisture transfer. 
The calculated distributions of the temperature and moisture content showed good agreement 
with the measured results. Thawing after the fieezing process occurs fiom the cold boundary 
and its rate is faster than that of fieezing. The tmnsport properties have a significant influence 
on the fieezing process. 

Glass Fiber 

Board 

ALC 

Wall 

Acknowledgement 
This research was partially supported by the Ministry of Education, Science, Sports 

and Culture of Japan, Grant-in-Aid for Scientific Research (B), 1 14502 16, 1999. 
Thanks are offered to Mr. R. Marchand for help with the measurement using gamma- 

spectrometer at National Research Council, Canada. 

Soil Wall 

(Leda Clay) 

References 
[I]  M.Matsumoto and S.Ma: A Numerical Analysis for the Freezing-Melting Processes 

of Soils, J. Archi. Planning Envi. Eng., AIJ, No.482, pp.25-34, Apr., 1996. 
[2] A.Iwarnae and M.Matsumoto: A Study on Thermal and Hygric Behavior of 

Snowpacks Based on Field Measurements, J. Archi. Planning Envi. Eng., AIJ, 
No.468, pp. 17-25, Feb., 1995. 

[3] M.Hatano, S.Hokoi and M.Matsurnoto: An Analysis of Freezing-thawing Processes 
in Building Walls, Proc. of CIB W40 meeting, Kyoto, Japan, pp. 14 1-1 58, 1997. 

[4] M. Ohuchi: An Identification of Thermal and Hygric Properties of Building 
Material, Master thesis, Graduate School of Natural Science, Kobe University, 1996. 

9 8 0  

mainly in 

gaseous phase 

cold edge 

7 0 0  37.50 

mainly in liquid 

phase 

temperature 2 fl 



INF'LUENCE OF CRACK ON HEAT AND MOISTURE TRANSFER IN CONCRETE WALL 

Y. Kishimoto, S. Hokoi, S. Takada, M. Matsumoto, J. Toman, R. Czerny 



INFLUENCE OF CRACK ON HEAT AM) MOISTURE 
TRANSFER IN CONCRETE WALL 

l-ent of Adhtechm and Environmenial Design, W u a t e  School of Engmeaing Kyoto 
UniverSi$ Yoshidahonmachi, Sakpku, Kyoto, 6068501 Japan 
2 m e n t  of Esvironmental Design, School of Engmedng, Osaka-sangyo Univemty, 3- 1 - 1 Nakagaito, 
D&,Osaka, Japan 
hpartment of Physics, Faculty of Civd Engmeaing, Czxh Technical Univemty, TEkumva 7,166 29 
Prague 6, Czxh Republic 
bqmfment of ~tructural ~ e c h c s ,  Fanilty of C id  l%gmeering, Czxh Technical Univ-, ThAkurova 
7,166 29 Prague 6, Czech Republic 
Email: kMi@archi~obuac. jp ,  hokoi@achi.kyobuac.jp, s a t o ~ h i . k y o b u a c . j p ,  
m-matwGJedd.osaka-sandai.ac.jp, can-.cvukz 

Abstract 
Cmcks caused by drying shnnkage and thermal expansion inaase the air and wa-ier permeabilities 

of concrete wall, and as a resulf &ect the durability of the building walls sigdicantly. The present 
Paper numerically investigates the influence that the cracks have on the heat and moisture transfa in a 
conc~te wall during dqmg proes.  Fusf an isothexmal system is anal- and the duence of the 
crack on the moisture t m s f a  is shown. It becomes d e r  as the distance h m  the maierial SUrface 
becomes larger. The moisture content in the region back of crack changes a lot compared wiih the case 
without crack. Secondly a non-isotherma,l system, where the humidity ratio of arnbient air is ihe same 
as in ihe isothmal case, is investigated. In this case, the Merence in total evaporation mte ktween 
with and without a crack is rather srnall, and the inüuence of the crack on the tem- distnbution 
is also mall enougk On the other hand, the differente in the distribution of moisture content is larger. 

Key words: crack, concrete, heat and moisture transfer, durability, ,chying 

1 Introduction 

V'ous dynamic loads On building components, ternpemture Merence due to solar radiation, and 
drying shnnkage r d t i n g  fiom the evaporaiion of working water cause stress in the material, 
deformation of the material, and even cracks in serious cases. When a cmck is gen- the 
chaiacteristics of the moisture transfa mund the crack nmy M e r  signLficandy fiom that far h m  the 
crack, especially in the case of the material which has d moisture conductivity like conmte [I ][2]. 
Thus, the cracks can accelerate penetmiion of rainwater, alkah-aggregate den, comsion of 
reinforcemenf and so on These &ect the durability of the buildmg elements signdicantly [3]. But in 
most studies On heai and moisture iransfer in building matenals, the problem of cracks has not been 
investigated th0mLlghly. 

The purpose of this study is to investigate numeridy the innuence that the cmks have On the heat 
and m o i m  transfer in a concrete wall. A SUrface region of the concrete wall with a crack is d y z d  
during drying process. By comparing the mult wiih that in the case of no crack, the effect of cracks On 
the moishire m f e r  in the material is c l d e d .  



2 Method of analysis 

The analyzed wall is a 30mm thick layer of 
concrete wall shown schematically in Fig. 1. The 
analyzed two dimensional area ranges 30mm in X 
direction (the crack depth direction) fiom the 
material surface, and 20rnm in y direction fiom 
the center of the crack. T'he crack depth h m  the 
material surface is changed at three levels, that is 
Ornrn, 1Ornrn and 20rnm, and the width is set at 
0.2rnrn. 

In the crack, only conduction of heat and 
diffusion of water vapor are taken into account. In 
'Sie concrete. simultaneous heat and moisture 

1 30mm 

V 

Fig.1 Analyzed model 
(crack depth=lOmm) 

transfer model descnbed by equations (1) and (2) is used. Equations (1) and (2) are solved by a 
finite difference method of Crank-Nicolson type. Basically, the width of contrd volume is set at 
5mm both in X and y directions. Near the material surface and the crack, the width of 2.5m.m is 
used. The analyzed width of the crack is set at 0. lmrn in y direction by makhg use of syrnmetry 
condition. The time increment is 10 seconds. Table 1 shows the physical properties of a concrete 
used in the calculation. Other transport properties are referenced fiom [4]. 

Tab. 1 Physical pmperties 

Energy balance 

Concrete 
Crack(stil1 air) 

a T  
cp- - - V - { ( L +  R . L ~ „ ) V T  } + v . ( R . L ~ , v ~ )  

d t  
Moisture balance 

As an initial condition, the temperature and relative humidity are set at 200 and 95% 
(humidity ratio is 13.95kgkg'). Indoor air temperature and relative humidity are kept constant 
at 200 060% (hurnidity ratio is 8.8lkgkg':isothermal case) and 230 049% (the sarne 
humidity r2io:non-isotheryal case). The heat transfer coeffi$ient on the material surface is 
9.28 [Wlm K], 4.64 [Wlm K] f~r~convection and 4.64 [Wlm K] for radiation. The moisture 
transfer coefficient is 0.004 [kg/m s(kg/kgl)]. On the surfaces at y=Omrn and 20mrn, heat and 
moisture fluxes are set at Zero due to syrnmetry. At x=3Om, the constant values Same as the 
initial conditions are given to the temperature and humidity ratio. A simulation for 15 days is 
performed. 

Density 
[kg/m31 

2300 
1.205 

where, 
T :Temperature [K], p :Water chernical potential (relative to fiee water) [Jkg], 
C :Specific heat [JkgK], p,p, :Densities of concrete and water, respectively [kg/m3], 
MV :Volurnetric water content [m3/m3], R :Latent heat of vaporization [Jkg], 
h :Thermal conductivity [WImK], 
XT :Moisture conductivity due to temperature gradient Fg/msK], 

X ,  :Moisture conductivity in gas phase due to temperature gradient [kgImsK], 

h;l :Moisture conductivity due to water chemical potential gradient [kg/ms(J/kg)] , 
h;g :Moisture transfer in gas phase due to water chemical potential gradient [kg/ms(J/kg)]. 

Specific heat 

[J/kgK] 
0.93 
1 .OO 

Thermal conductivity 

[ W / W  
1.624 
0.024 

Vapor diffusion coefficient 
[m2/s] 

- 
0.22 



3 Results and discussions 

3.1 Isothermal case 

3.1.1 Distribution of humidity ratio in 
crack 

The moisture transfer in concrete wall 
with crack is influenced by the faster vapor 
transfer in crack air than in concrete. Fig. 2 
shows the time history of humidity ratio 
distribution at y = O m  in the case of (a) no 
crack, @) crack depth of IOmm, and (C) 
crack depth of 20rnm. 

Ln the case with no crack, a remarkable 
decrease in humidity ratio can be Seen only 
in a narrow region of xOmm until the 15th 
day and X< 1 Omm even after 100 days. 

In the case of lOmm deep crack the 
humidity ratio distribution on the Ist day is 
already similar to that on the 100th day in the 
case with no crack. Besides, a linear 
distribution of the humidity ratio is formed 
between x=Omm and l O m  in the crack. 
After that, the humidity decreases further in 
the back region on the crack. 

In the case of the 20mm deep crack, the 
humidity ratio distribution on the Ist day is 
quite similar to the case of lOmm crack. 
After that, in the region from x=Omm to 
x=lOrnrn, the decrease in humidity ratio is 
slower than that in the case of lOmm crack, 
while in the region deeper than x=lOmrn, it 
is fast compared with the case of the lOrnrn 
crack. 

3.1.2 Drying rate and moisture content 
distribution 

Fig. 3 shows the variation in drying rate 
and the arnount of the water evaporated. The 
latter is calculated based on the evaporation 
velocity from the surface (x=O, O<yQO). 

As time passes, the drying rate decreases 
in every case. The drying of water in the 
cases with a crack is faster than that in the 
case with no crack. The drying rate in the 
case of the 2 0 m  crack is slightly larger 
than that in the case of the lOmm crack, 
although the difference is very small. The 
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Fig. 3 History of drying rate 
and amount of water evaporated 



arnount of water evaporated in the cases with 
a crack is 15% larger than that in the case 
with no crack on the 15th day (360 hours). 

Fig. 4 shows the distribution of the 
volumetric moisture content (a) on the 15th 
day and (b) the 100th day in the case with no 
crack, (C) in the case of 10mm crack, and (d) 
20mrn crack on the 15th day. 

As shown in Fig. 4(c), ihe distribution is o 5 10 15 20 25 30 

two-dimensional in the case of lOmm crack. Distance from material surface (X) [inm] 

(a) No crack (on 15th day) 
In the region far fiom the crack (y>lOmm), 
the disgbution of the moisture 'content is 
alrnost one-dimensional, and it is alrnost the 
Same as that in the case without crack shown 
in Fig. 4(a). The distribution of the moisture 
content at y=5mm is very close to that on the 
100th day in the case with no crack shown in 
Fig. 4(b). It can be said the influence of crack 
is significant in this region (y<5mrn). 

It can be Seen that the moisture transfer 
fiom concrete to the air in the crack is slower 
than hat from concrete to the indoor air- 
since the gradient of the moisture content 
near the material surface is steeper than that 
near the crack as shown in Fig. 4(c) and 4(d). 
This is partly because the convection is taken 
into account at the material surface, while not 
at the surfaces in .the crack. In ths  study, the 
air in the crack is assurned to be stationary, 
since the crack is very narrow (0.2mmj. 

In order to investigate the infiuence of the 
crack depth, the moisture content in the case 
of 20mrn depth in Fig 4(d) is compared with 
that in the case of 1Omm depth in Fig 4(c). In 
the region fiom x=Ornm to x=lOnun, the 
difference in the distribution is very small. In 
the region x>lOrnrn and O<y<lOrnm, the 
moisture content in the case of the 2 0 m  
depth falls more, although the difference is 
not so large. The drying Progresses faster 
than that on the 100th day in the case with no 
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crack shown in Fig 4(b). 0 5 10 15 20 25 30 

Dislance from material surface (,X) [inrn] 
The crack accelerates drying around the (d) Crack depth=20mm (on 15th day) 

crack. This effect becomes smaller as the 
position in a crack is deeper. The influence of Fig.4 Distribution of volumetric 
the depth of crack appears more in X moisture content (Val.%) 
direction. 



3.2 Non-isothermal case 
The calculations so far are for an isothermal 

system (200). In this section, the duence  of 
temperature gradient is investigated. 

Temperature gradient in the material 
affects the moisture transfer, especially ,the 
vapor transfer. 

The indoor air teniperature is changed from 
200 to 23 0 at time 0 in the calcdation. The 
humidity ratio is Set at the Same value as the 
isothemal case (8.8 1 kgkg'). 

Fig. 5 shows the variation in the drymg 
rate and the amount of water evaporated. The 
drying rate is much larger than that in the 
isothermal case. However, the difference due 
to the crack is not so large compared with 
that in the isothemal case. The arnount of 
water evaporated in the cases with a crack is 
0.1% larger tlian that in the case with no 
crack on the 15th day (360 hows). 

Fig. 6 shows the distribution of the 
volurnetnc moisture content on the 15th day 
(a) in the case with no crack, in the cases of 
(b) the 1 Ornm crack depth, and (C) the 20mm 
crack depth. 

The moisture transfer is faster and the two 
dimensional distribution of the moisture 
content is more evident than the isothermal 
case. 

In both crack depths of lOrnm and 20mm, 
the region where the moisture content 
decreases due to the crack is 5mm in v 

TimeIhours 
Fig.5 History of drying rate 

and amount of water evaporeted 

0 5 10 15 20 25 30 
Distance from material surface (X) [mm] 

(a) No crack 

direction. Compared with the isothermal 0 5 10 15 20 25 30 

Distance from marerial surface (X) [mm] 
case, the difference of the moisture content (b) Crack depth=lOmm 
between in v<5rnm and y>5rnrn is large and 
thus, the influence of-the crack &I the 
moisture content is significant in y direction. 

The temperature distribution is almost 
one-dimensional and the influence of the 
crack cannot be Seen in the temperatwe 
distribution as shown in Fig. 7. It can be said 
that the effect of the crack i n  heat transfer is 
negligible. 

8 5 10 15 20 25 3'0 

Distance from material surface (X) [mm] 

(C) Crack depth=20mm 

Fig.6 Distribution of moisture content 
on 15th day (Val.%) 



4. Conclusions 

In order to investigate the influence of 
cracks on the moisture transfer in walls 
quantitatively, the thermal and hygric behaviors 
around a crack is analyzed numerically. The 
surface region of a concrete wall with a crack 
(0.2nm in nidth, 1 Ornm or 20rnm in depth) is 
focued On. The results on drymg process are 0 5 1 0 1 5  20 25 30 

Distance from material surface (X) [mm] 
as follows. Fig.7 Temperature distribution 

1) In an isothermal case, the influence 
of a crack on the moisture transfer in a on 15th day [U ]  

concrete wall reaches 5rnm from the 
crack in the direction of the crack width in the case of 20mm deep crack. The moisture 
distribution at the point 5mm from the crack on the 15th day is sirnilar to the 
distribution on the 100th day in the case with no crack. The influence will be more 
significant if the cracks distribute more densely. 
2) An analysis with a temperature gradient is conducted under the condition that the 
humidity ratio of the arnbient air is the sarne as the isothemal analysis. The moisture 
transfer is faster as a whole, and the difference between with and without a crack is 
smaller. 
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Abstract 

The application ofa general therrnodynamical mass and energy transport model to the coupled 
heat, air, moisture and salt transfer in porous materials results in a balance equation system 
and the related constitutive equations for the considered quantities. The constitutive equations 
describe a phase-divided moisture transport leading into phase-divided hygric transport coef- 
ficients (advective transport coefficients for the liquid and the gaseous phase, vapour diffusion 
coefficients). 
Since phase-divided hygric transport coefficients are not directly measurable, but moisture 
transport coefficients in distinct moisture ranges, moisture conductivities and a phase dividing 
function are introduced. The moisture conductivities include liquid water and vapour trans- 
port. For a known phase dividing function, the phase-divided hygric transport coefficients of 
the balance equation system can be calculated from the measured moisture conductivities. 

Keywords: constitutive equations, hygric transport coefficients,moisture conductivities, 
phase dividing function 

1 Balance equations 

A general therrnodynamical model including the constitutive equations, derived in [2], can be 
applied to the coupled heat, air, moisture and salt transfer in porous building materials. The 
resulting balance equation system and the constitutive equations for the considered quantities 
are established. For the description of heat, air, moisture and salt transport in porous building 
materials, the phase system is considered as consisting of three phases, a solid (m), a liquid 
(1) and a gaseous (g) phase. General mass balance equations are applied to the total precipitated 
salt (P), to the components of the liquid phase: liquid water (W) and total dissolved salt (s) and 
to the components of the gaseous phase: dry air (a) and vapour (V). Eliminating the rates of 
phase change, the liquid water and the vapour balance are added which results in the moisture 
balance, and the precipitated and dissolved salt balance are added into one salt mass balance. 
Furthermore, a balance equation of internal energy is used to describe the iherrnal behaviour 
of the system. 
The modelling can be simplified, if some assumptions are accepted and a number of less impor- 
tant effects are neglected. The gaseous phase is considered as a binary system consisting of 
dry air and vapour, where the partial pressures of dry air and vapour form the gas pressure 
p, = p, + p, . Gravitation is the only volumetric force taken into account, and the mass produc- 
tion terms containonly phase changes. Since only one salt mass balance is established, the mass 



concentration of salt in the liquid phase and the precipitated salt content are regarded as total 
quantities according to the different salt species. In the balance equation of intemal energy, 
the production of intemal energy by compression and friction is not taken into account, because 
their contribution is assumed to be negligible. 
The necessary transition from the microscopic balance equations to the macroscopic scale 
causes further terms: the dispersive fluxes ofthe components in flowing fluid phases. The dis- 
persive flux is considered for salt and water transport in the liquid phase, not for vapour and 
air transport in the gaseous phase. For the above assumptions, the four macroscopic balance 
equations, the moisture mass balance(l), the air mass balance (2), the salt mass balance (3) 
and the internal energy balance(4), can be written in local formulation. 

The 1.h.s. of the balance equation system(1) - (4) describes the storage of moisture, air, salt 
and internal energy, and the terms at the r.h.s. of(1) - (4) present the divergences of the total 
flux of these quantities. 

2 Transport coefficients 

The balance equations (1) - (4) contain six independent flux expressions, which can be for- 
n~ulated using the general constitutive equations derived in [ 2 ] .  According to the considered 
quantities, one gets the advective liquid water flux(5), the advective flux of the gaseous phase 
(6), the vapour diffusion(7), the salt diffusion(9), the salt dispersion(9) and the reduced heat 
flux (1 0). 

PIVk Advective j u x  of the liquid phase (5) 

= -K g [j a x  + P g g k ]  Advectivejux of the gaseous phase (6) 

.ms - a c s  a p i  
Jk. d i f f  - - p l D s n z k  - ~ i ß i ~ ~ ~ ~ ~  

Vapour diffusion 

Salt dijfusion 

Salt dispersion 

. Q aT 
J k,  diff  = -L- Reduced heatflux 

a x k  
(1 0) 



The hygric transport coefficients~, ,D„ a n d ~  are not exactly measurable according to their 
'! 

definitions, and should not be regarded as material properties. The hygric transport coefficients 
are phase-divided defined, but according to the state-of-the-art in moisture transport meas- 
urement technics, a phase-divided measurement ofmoisture flux is impossible. Therefore, this 
problem is further discussed introducing a phase dividing function and moisture conductiv- 
ities. 

3 Phase dividing function 

The phase-divided experimental determination of liquid water transport coefficients and 
vapour diffusion coefficients of porous building materials caused always difficulties in the 
past. Vapour diffusion coefficients are determined affected by the movement of liquid water 
leading to the well known different interpretations of the moisture dependence of the vapour 
diffusivity [3,4, 5, 61. On the other hand, the determination of liquid water transport coeffi- 
cients in the unsaturated moisture range is not possible without being influenced by the mois- 
ture transport in the gaseous phase. This leads to the conclusion, that a phase-divided definition 
of hygric transport coefficients is not meaningful because their experimental determination 
cannot be practically realised. 
The total moisture flux should be written in terms of four independent forces (vapour pressure 
gradient or capillary pressure gradient altematively, temperature gradient, gas pressure gra- 
dient and gravity). These forces result from the governing thermodynamic potentials used in 
the constitutive equations. Then, the different parts ofmoisture flux can be determined accord- 
ing to their driving forces, since isothermal and isobar conditions can be experimentally real- 
ised. Using the constitutive equations(5)-(7), the mass flux of liquid and gaseous water read 
as (1 1) and (12). 

The macroscopic capillary pressure can be introduced as difference pressure between the liq- 
uid and the gaseous phase P, = P, + pg (see [I]), and the gradient of the vapour mass concen- 
tration is replaced by the vapour pressure gradient and the gas pressure gradient. Employing 

with 
2 2 

R: = $R, R: = ER, R, = pgRvRa 

P, 
Pd', ( P ~  - pv )Rv + pvRa 

the liquid and gaseous water flux can be written as(l3) and (1 4). In order to get an convenient 
formulation, the underlined terms have been complemented. 



The capillary pressure is related to the relative humidity and to the vapour pressure by the well 
known Kelvin-equationpc = p,%Tln(q) . The vapour pressure gradient can be expressed by the 
gradients of capillary pressure and temperature. 

Replacing the capillary pressure gradient and the vapour pressure gradient ir(l4) by the above 
relation (15), the alternative formulations (16) and (1 7) of liquid and gaseous water flux are 
obtained. 

The total moisture flux is the sum ofthe volumetric content-weighed mass fluxes of liquid and 
gaseous water, j r w  = plvr'e, + jrveg . The addition of the expressions (1 3), (1 7), (1 4) and (1 6), 
containing the Same driving forces, yields the total moisture flu>fl8). From equation (1 8) fol- 
lows, that the moisture movement through aporous medium for non-isothermal and non-isobar 
conditions is caused by the gradients of capillary pressure (or vapour pressure), gas pressure, 
temperature and the gravity force. 

According to the driving forces, moisture conductivities can be introduced. These are the cap- 
illary moisture conductivity~~(e~, C, T) due to the capillary pressure gradient, the hygroscopic 
moisture conductivity K h ( e p  C, T)  due to the vapour pressure gradient and the moisture con- 
ductivity Kp(ep  C, T) due to the gas pressure gradient. The latter moisture conductivity is not 
regarded as material hnction. An estimation forep(e,, C, T )  will be discussed below. 

"vn Pveg Kc(8„  C, T)  = K,8,  + +-- Capillary moisture conductivity 
R,T Pi (1 9) 

Hygroscopic moisture conductivity 

The moisture flux for isothermal and isobar conditions can be alternatively described by the 
moisture conductivities K h ( e p  C, T)  in the hygroscopic moisture range and K c ( e p  C, T)  in the 
overhygroscopic moisture range The fourth term in (1 8) is assumed to be small compared to 
the other terms and can be neglected. 



For solving the above balance equation system(1) - (4), the phase-divided hygric transport 
coefficients K,  , D„ and D have to be known. In order to express these coefficients by the 

"9 
definedmoisture conductivities,~, an&, , the liquid water and vapour parts ofthe isothermal- 
isobar moisture flux have to be expressed. This requires the introduction of a phase dividing 
function f„(e„ T) as shown in (19) and (20) (see [I]). The phase dividing function describes 
the liquid water and vapour flux percentages of the moisture flux depending on the moisture 
content. From (19) - (21), one gets directly the transport coefficients of the balance equation 
system for liquid water flux and vapour diffusion expressed by introduced the moisture con- 
ductivities and the phase dividing function. 

The defined moisture conductivities (see [7] for the capillary moisture conductivity) are meas- 
urable quantities as follows: 

Kc(eSat, C, T )  = KSat(cp T) (0°C 5 TS 50°C, 0 5 c s l  csat) Saturated moisture conductivi~ 

Kh(el, Cs T) 
= K ,,,(el) ( O  5 @ I  <eHyg)  Relative hygroscopic moisture conduct iv i~ 

Ksat(c„ T)  

Relative capillary moisture conductivi~ 

The moisture conductivity~, was not introduced as amaterial function and has to be estimated. 
From (19) and (21) follows, that K, is equal to K, at saturation (0, = e„„ e, = o)  . In the overhy- 
groscopic moisture range, the liquid water flux prevails the vapour diffusion, and the second 
term of (21) can be neglected by D„/(R,T) = D„/(R;T) . The gradient of the capillary pressure 
is about p,/pv = i 05.. . i o6 times greater than the vapour pressure gradient. The capillary mois- 
ture conductivity K, is by the Same factor smaller than the hygroscopic moisture conductivity 
K, . The vapour pressure gradient has the Same order of magnitude as the gas pressure gradient 
in the hygroscopic range, and K, has the Same order of magnitude aSK, . It can be concluded, 
that the moisture movement in the hygroscopic range due to the gas pressure gradient (except 
the vapour advection) is much smaller compared to the moisture movement due to the vapour 
pressure gradient. Thus, omitting of the second term in (21) is also justified in hygroscopic 
moisture range. For these assumptions, (21) and (25) simplify to (26). 

The remaining task is the determination of the moisture c o n d u c t i v i t i e s ~ ~ ~ ~ ( ~ , .  T) ,K,, ,(e,) , 
K ,  ,(eil and the determination of the phase dividing functioiiflg(e„ T) . It is important to know, 
that for isothermal conditions the phase dividing function does not influence the moisture mass 



balance. But a "fa1se"phase dividing function would lead to errors in non-isothermal moisture 
transport calculations because of its effect on the part of the vapour diffusion due to the tem- 
perature gradient. The different energy states of liquid water and vapour cause a dependence 
of the energy balance on the phase dividing function. The determination ofthe "correct"phase 
dividing function is also very important for the salt mass balance and the air mass balance. 
Thus, the phase dividing function have to be found by non-isothermal moisture and energy 
transport experiments . 

List of Symbols 

C 
m 

J /kgK Specific heat capacity dry material Ra J /kgK Specific gas constant of dry air 

C, kg kg Salt concentration liquid phase R, J / kgK Specific gas constant gaseous phase 
2 

D v n , D v p  m /S  Vap~urdz~usioncoefficients R: J / kgK „Changed " specific gas constant of 
vapour 

D„, D„ m2/s  Salt dSffusion coeficients 
2 

Dsd m / s  Salt dispersion coefficient RB J /kgK „Changed " specific gas constant of 
gaseous phase 

lg  
- Phase dividing function 

T K Temperature 
2 

gk, g m/  s  Gravity acceleration 
t s Time 

K„ K ,  , s, - Capillary moisture conductivity 
U, J /kg  Specific internal energy of solid 

' ~ a t  Saturated moisture conductivity material 

K,, K,, , s, - Hygroscopic moisture conductivity up J /kg  Specific internal energy of precipi- 
tated salt 

KP S 
Moisture conductivity due to the 
gas pressure gradient I J /kg  Speczfic internal energy of liquid 

phase 
P, Pa Pressure of the gaseous phase 

J /kg  Specific internal energy of liquid 
PV Pa Partial vapour pressure water 

PVS Pa Saturation vapour pressure 
V J /kg Speczfic internal energy of vapour 

Pa Pa Partial air pressure J / kg Specific internal energy of dry air 

Rv J / kgK Specz$c gas constant of vapour 
Xk m Spatial vector 

References 

[ l ]  Grunewald, J. 1997. Konvektiver und diffusiver Stoff- und Energietransport in kapillarporösen Baustof- 
fen. Dissertation an der TU Dresden, Fakultät Bauingenieurwesen. 

[2] Grunewald, J. 1999. Mass and Energy Transport in Porous Media - I. Thermodynamical Identification 
of Driving Potentials. Recent Research Developments in Heat, Mass & Momentum Transfer. Research 
Signpost, Trivandrum, India. (in Press) 

[3] Häupl, P.; Stopp, H. 1987. Feuchtetransport in Baustoffen und Bauwerksteilen. Dissertation B,  TU Dres- 
den. 

[4] Kießl, K. 1 983. Kapillarer und dampfförmiger Feuchtetransport in mehrschichtigen Bauteilen -Rechne- 
rische Erfassung und bauphysikalische Anwendung. Dissertation, Universität-Gesamthochschule Essen. 

[5] Krischer, 0. 1942. Der Wärme- und Stoffaustausch im Trocknungsgut. VDI-Forschungshefi, 4 15, 1-22. 
[6] Neiß, J. 1982. Numerische Simulation des Wärme- und Feuchtetransports und der Eisbildung in Böden. 

Fortschritt-Berichte der VDI-Zeitschriften, Reihe 3, Nr. 73, VDI-Verlag. 
[7] Plagge, R. 1991. Bestimmung der ungesättigten hydraulischen Leitfähigkeit im Boden. Dissertation an 

der TU Berlin, Fachgebiet Bodenkunde. 



A NUMERICAL ANALYSIS OF ANNUAL BEHAVIOUR OF MOISTURE CONTENT IN A 

WELL INSULATED AND AIRTIGHT ENVELOPE 

(THE EVALUATION OF SHRINKAGE OF A WOODEN STUD) 

M. Sato 



A NUMERICAL ANALYSIS OF ANNUAL BEHAVIOR OF 
MOISTURE CONTENT IN A WELL INSULATED AND 
AIRTIGHT ENVELOPE 
(THE EVALUATION OF SHRINKAGE OF A WOODEN 
STUD) 

Manami Sato 

Department of Architecture, Faculty of Engineering, Osaka Institute of Technology, 
Omiya 5-1 6-1, Asahi-ku, Osaka,535-8585, Japan, E-mail: sato@archi.oit.ac.jp 

Abstract 
Recently, many well insulated and airtight houses have been built building, even in a 
mild climate such as Japan. These houses consist of pre-fabricated wooden stud 
envelopes which are designed to enhance energy conservation and thermal comfort for 
persons in a cold climate. It have been reported that intemal moisture condensation in a 
envelope mentioned above occurs in surnrner, in Japan. 

It have been known that moisture adsorption of a yard lumber can control air humidity 
in a room. Moisture content of the yard lumber varies annually in a building envelope. 
The increase in moisture content increases expansion of the yard lumber. Conversely, 
the decrease in moisture content increases the shrinkage. The behavior of 
expansiodshrinkage repeats many times annually. In order to avoid the decrease in 
durability (for example : the Warp, the crock, the twist and the split etc.) ,it is important 
to expect the behavior of moisture content. 

In this Paper, a numerical analysis of relative humidity (temperature and moisture 
content) in a wooden stud envelope which is a well insulated and airtight wall, is shown. 
For the stud in the wall, the behavior of expansiodshrinkage caused by moisture 
adsorption is evaluated as compared with experimental data. 

Key words: well insulated and airtight envelope, variation of relative hurnidity, 
shrinkage of a yard lumber 

1 Introduction 

It has known that a yard lumber is of well adsorption of water vapor. The houses 
which are considered with moisture adsorption of a yard lumber, have been constructing 
in hot and humid climate as Japan. The surfaces of yard lurrlber which was used in these 
houses, faced ambient air generally. It has been known that the moisture content of yard 
lumber varies around a equilibrium steady state annually because of the moisture 
adsorption. 

Now the constructive industry intercepts a yard lumber to be exposed to ambient air. 
Many well insulated and airtight houses which were developed in Northem Europe or in 
Canada and Northem America, have been built in Japan. It is expected that an excess of 
fiber saturated point of a yard lumber ensures from the accumulation of moisture 



content caused by adsorption and that the evaporation of water vapor encourages the 
yard lunlber to be dry exceedingly. The yard lumber expands/shrinks corresponding 
with the variation and distribution of moisture content (relative humidity). A decrease in 
durability will ensure from shrinkage of the yard lumber . 

In this Paper, I show a numerical analysis of moisture content in a wooden stud 
envelope which is well insulated and airtight. For a stud which is made from Douglas fir 
in the wall, the behavior of expansiodshrinkage caused by the annual variation of 
moisture content is evaluated as compared with experimental data. 

2 Governing equationsl) and calculation rnethods 

The goveming equations are as follows. These are conservation equations for a porous 
material which consists of a solid, water in a liquid state, water in a vapor and humid 
air. It is assumed that the liquid phase difision can be disregarded. Moisture transfer in 
material is described by difision of the water vapor and moisture content in material is 
described by accumulation of the liquid water. 

a, moisture: (- zv @V 

z 
+K)-+(Q>-+v)-=v(A~,vP~) ( I )  

R, . T dt  6T dt 

In this moisture balance equation, moisture diffusive flow caused by the temperature 
gradient of the material is almost negligible. is an adsorptive coeficient 
corresponding to the variation in water vapor pressure in the material. O i s  an 
adsorptive coefficient corresponding to the variation in temperature. 

apv moisture boundary equation: - Aiv = ae(PvO-P,) (5) 

z 
energy boundary equation : - A - = a (T0  - T) (6) 

al 

C U :  thermal capacity of humid material(J/Kg/K), n: normal direction on the wall surface(m), r: phase 
change enthalpy of vapor water adsorbed(J/Kg), P,: vapor pressure(pa), PvO: vapor pressure of room 
air(pa), t: time(s), T: temperature(K),TO: temperature of room air(K), : true porosity (vol/vol), : 
moisture content(vol/vol), 0 , :  vapor density(ICg/rn3), : thermal conductivity(W/m/K), 'p,: moisture 
conductivity(Kg/m/slpa), : coefficient of heat transfer(w/rn2/~), .: coefficient of moisture 
t r ans fe r (~~l rn* / s /~aU 

The geometry considered is a two-dimensional well insulated and airtight envelope 
(Fig. 1). 

Thermal and moisture properties of the materials in the envelope are shown in Table 
1 ,Table 2 and Table 3. 

Generally, it is expected that the variable range of moisture content in a yard lumber 
is wide because it is well adsorptive material. Moisture conductivity of the yard lumber 
is variable with moisture accumulation. Though very little data of moisture conductivity 



have been measured. I assume that moisture conductivity of a plywood is sirnilar to 
property of a fiberboard as shown in Fig.2. I assume that moisture conductivity of a 
stud (Douglas fir) is approximation as shown in Fig.3. 

The equilibrium moisture content relations which were evaluated experimentally, are 
shown in Figs. 4 and 5. 
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Figure 1 Geometry of a two-dimensional well insulated and airtight envelope 
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For boundary condition, room air temperature is constant ( 250 )  during a year. 
Relative humidity is 50% from November to March. It is 60% in other months. I 
assume that temperature and relative humidity in a ainvay are similar to outdoor 
conditions. The variations of temperature and relative humidity in the airway are 
approximated in one term of sinusoidal wave considering with annual weather 
conditions of Osaka. 

The governing equations ( 1 ) 0  (6) were analyzed using the finite difference method. 
I could solve the equations using one second discrete time certainly when a least 
discrete distance was 6.0 rnm. 

For the sake of certification, I analyzed the periodic steady state distributions of 
temperature and relative humidity in the envelope considering experimental boundary 
conditions during a week in s u m e r .  Results from numerical analysis simulated the 
experimental distribution of temperature . 

3 Results of calculation 

3.1 Thermal and moisture behavior in a well insulated and airtight envelope 
In this section, annual relative humidity variations in the well insulated and airtight 

envelope are shown in Figus.6 and 7. Initial condition of this analysis is as follows. 
This envelope was equilibrated to ambient air at May. The equilibriun~ relative humidity 
for a plywood and a stud was 90%. The initial moisture content of stud (Douglas fir) 
corresponded to the relative humidity was 14.8wt% ( 5.0 ~01%). Usually, the moisture 
content value is approved to build a house. The remaining material in the envelope was 
60% relative humidity. 

The numerical results on discrete point 8 of y direction(Fig. 1) are shown in Fig. 6. 
It can be Seen that the variation of relative humidity at 13 of X direction(Fig.1) which 
faces room, is distinctly because of the adsorption. The maximum relative humidity is 
about 80% in summer. And the minimum value is about 30% in winter. The increase in 
moisture accumulation at 10 of X direction(Fig.1) where is a boundary between vapor 
barrier and rock wool, occurs during summer. The phenomenon has been known the 
internal moisture condensation of summer. It can been seen that the layer of rock wo01 
has dried to be less than 30% relative humidity during winter. The relative humidity at 3 
of X direction(Fig.1) where is a boundary between plywood and rock wool, decreases 
from 90% to 60%, during a year. 

The numerical results on discrete points 2 and 3 of y direction are shown in Fig.7. 
On discrete point 3 of y direction , it can be Seen that the stud affect the variations of 

relative humidity in plasterboard and particleboard slightly. The relative humidity on the 
boundary between stud and vapor barrier decreases in winter as shown in Fig. 7. It 
indicates that the stud dries up in winter. 

O n  discrete point  2 of y direction, relative humidity on the  surface of 
plasterboard(at 13 of X direction) decreases monotonously. It is more t h a n  
70% during a year.  O n  t he  boundary between s tud  and  vapor barrier ,  t h e  
relative humidity varies slightly because of the  adsorption of s tud  (Douglas 
fir). It can be Seen that relative humidity in  the  whole s tud  has been more 



t h a n  60% dur ing  a year.  The  effects of s tud  on  t h e  the rmal  a n d  moisture 
behavior in t h e  envelope a r e  observed distinctly. The decreaselincrease i n  
relative humidi ty  at t h e  edge of s tud  exceeds t h e  behavior at t h e  core. 
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3.2 Evaluation of shrinkage of a stud 
Figure 8 is shown the rate of expansion of a Douglas fir which is obtained 

experimentally. A method of the experiment is shown as follows. I provided some cube 
pieces of the Douglas fir (30x30~30 mm3) which were the state of oven-dry. They were 
equilibrated to ambient humid air individually. The expansion caused by moisture 
accumulation was evaluated to measure length of the cube piece. It is observed that the 
tangential expansion and the radial expansion caused by moisture accumulation are 
larger than the longitudinal expansion. 

The distribution of expansible rate at each discrete point in the stud are shown in 
Figures 9 and 10. Very little shrinkage is observed on the core of stud as shown in 
Figure 9. The shrinkage is observed distinctly on the edge of stud as shown in Figure 

(month) 

Figure 7 



10. The maximum rate of shrinkage is 2.5% on the boundary between stud and vapor 
barrier, during a year. 
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4 Conclusions 

Annual thermal and moisture variations in a well insulated and airtight envelope are 
analyzed. The effect of moisture adsorption and thermal resistance of the stud on 
thermal and moisture behavior in the envelope are evaluated. 

It is observed that the increase in relative humidity caused by intemal moisture 
condensation occurs on vapor barrier in summer. The increase in moisture content of the 
core of stud is caused by intemal moisture condensation in Summer. The relative 
humidity of the core is more than 60% during a year because the decrease in moisture 
content caused by moisture evaporation is slightly. It is indicated that the edge of stud 
dries up exceedingly in winter. 

The shrunken rate distribution of stud in the envelope is evaluated. It is expected that 
a maximum rate of shrinkage caused by decrease in moisture content is 2.5% on the 
edge of stud. When constructing a well insulated and airtight house, the transform of the 
stud caused by becoming dry or moisture accumulation should be dealt with cautiously. 
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Abstract 

This paper reports on an investigation into the effect of temperature on the moisture 
permeability of two hygroscopic building materials. The materials were tested at a 
rninimum of three different temperatures. At each temperature, four humidity gradients 
were applied to enable the variation of permeability to be described mathematically using 
the concept of differential permeability. Results indicate that the temperature influence on 
permeability is related to the relative humidity, with significant differences being 
observed in the critical high humidity (liquid flow) regime. 

Keywords: Moisture, permeability, temperature, building materials. 

1 Introduction 

In recent years, a considerable amount of research has taken place into the development of 
computer-based simulation tools to describe the phenomenon of combined heat and mass 
transfer through b~iilding envelopes ''I. The reliability of these models is highly dependent 
upon the measured moisture permeabilities of materials, which are used as a fundamental 
input parameter. The European Measurement Standard for the determination of 
permeability requires measurements at a single test temperature of 23"C, which is hardly 
representa~ive of the exposure conditions of construction materials in practice. This would 
not be considered important, except that little experimental information is available on the 
influence of temperature on the values of moisture permeability obtained. 

This paper reports the results of isothermal permeability measurements on two 
hygroscopic building materials at different levels of temperature to examine the 
dependence of moisture pernleability on temperature. This work forms part of an 
extensive research Programme being undertaken by the Authors into temperature 
gradient effects on moisture movement in porous building materials. 

2 The Flux Equations 

The total moisture flux through a porous media, g„„ can be expressed in terms of vapour 
and liquid flow components as L31: 



( 1 ) £5 tot 
= -Dv Vpv - 

where p, is the vapour pressure, p~ is the liquid pressure, and D, and DL are the respective 
vapour and liquid transfer coefficients. Taking p~ as a function of p, and temperature T, 
the liquid pressure gradient in equation (I) becomes: 

Using Kelvin's equation, the partial differentials can be expressed as: 

where p, is the saturation vapour pressure and 9 is the relative hurnidity. Applying the 
Clausius-Clapeyron and ideal-gas equations, equation (4) becomes: 

and the gradient of p~ can be written as: 

Substituting this expression for VpL into equation (1) gives: 

This equation provides a description of moisture flow using vapour pressure and 
temperature as independent variables. Under isothermal conditions, it simplifies to: 

R T R )  vpv= -pvpv = -(Dv +DL - tot 

Pv 

where p is the differential permeability: 



The strong dependence of DL On material moisture content results iii being a non-linear 
function of relative humidity. 

For one-dimensional flow, the total moisture flux can be expressed as: 

where 1. is the average permeability over the thickness L of the specimen and p , ~  and pv2 
are the boundary vapour pressures. 

The differential penneability function P($) can be generated from values of measured 
from a series of cup tests covering the whole humidity range 14'. It has been shown 15' 16' 

that the best basis for the description of this function is the form: 

The average and differential penneability are related by 

and integrating the above equation thus gives: 

where A, B and C are constants determined by using nonlinear regression. 

3 Experimental Investigation 

The experimental investigation involved moisture penneability measurements on 18mm 
plywood (7-ply Indonesian, 604 kg/m3) and 18mm medium density fibreboard (Sonaepan, 
692 kg/m3) under at least three different temperatures. The experiments were carried out 
using conventional gravimetric cup tests in conformity with the general recornmendations 
contained in the European Standard prEN/ISO 12572 12]. The test cup used accornmodated 
circular samples of approximately 94mrn diameter and produced a measurement area of 
65cm2. The tests were carried out within an Environmental Chamber which maintained a 
relative humidity of 60% at the exposed sample surfaces. At each temperature, 
measurements were made using four different vapour pressure regulators within the test 
cups: calcium chloride desiccant (O%), saturated solutions of arnmonium chloride (80%) 
and arnmonium dihydrogen orthophosphate (93%), and distilled water (100%). Six 
samples of each material were tested for each vapour pressure regulator. The daily weight 



change for each cup was measured using a balance with an accuracy of k 0.001g. After 
equilibrium was attained (i.e. a linear weight change with time), weighing was continued 
over a period of at least five days. Based on the measured mass flow rates and the 
monitored test conditions, the average permeability was then determined using equation 
(10). 

4 Results 

Table 1 gives the calculated average permeability values and corresponding standard 
deviations for the four test materials. From a statistical viewpoint, it can be concluded that 
the experimental results are highly reliable, because in almost all cases they show very 
low values of standard deviation. The data in this table has been analysed to determine the 
differential permeability coefficients A, B and C for each material at each test 
temperature. The results are presented in Table 2. The differential permeability curves 
generated from the calculated values of A, B and C are shown in Figures 1 and 2. 

Table 1: Test Conditions and Measured Average Permeabilities 

1 M A T E R I A L  1 T  1 M E A S U R E D  PERMEABILITY I 

P lywood 1 26 1.491 0.163 2.298 1 0 .241 3.293 ( 0.343 4.215 0.076 1 
I I I I I I I I 

(T) 
I 

Table 2: Determined Differential Permeability Coefficients 

M e a n  

M A T E R I A L  
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M e a n  ( S D  S D  
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T  
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20.5 

2 6 

3 0 

M e a n  1 S D  
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M e a n  

A  
(kgmINs)  x10 - I 2  

1.39 

1.39 
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S D  

10 ~ 7.29 

I 

B 
( kgmlNs )  x10 - I 2  

4.19 

5.23 

9.02 

9.94 

1.75 

C 

5.22 

5.75 

7.06 

7.32 

R 

0.998 

0.994 

0.999 

0.999 

3.00 0.864 



In the low humidity region below about 60% relative humidity, in which the moisture 
transfer process is dominated by vapour diffusion, the differential permeability values at 
each temperature remain essentially constant. Little temperature effect is evident. The 
maximum differences in differential permeability at 60% relative humidity are only 6.7% 
for plywood and 2.0% for MDF. These results indicate the weak dependence of vapour 
transport on the levels of test temperature adopted. Such variations are also well within 
the limits of accuracy expected from such measurements in practice [71. 

0 20 40 60 80 100 

Relative Hunlidity (% ) 

Figure 1 : Differential Permeability Curves for Plywood at Different Temperatures 

Relative Humidity (% ) 

Figure 2: Differential Permeability Curves for MDF at Different Temperatures 



As the relative hurnidity increases above about 60% to 70%, the differential 
permeability values exhibit a continuous increase. This can be attributed to the 
progressive initiation of capillary condensation, from small size pores to larger ones, and 
the increasing contribution of liquid water flow. In this liquid-dominated region, a 
significant and consistent temperature effect is obvious. At a given relative humidity, the 
permeability increases with increasing temperature. Near 100% relative hurnidity, 
plywood exhibits a 51% difference in differential perrneability value between 10°C and 
30°C, while MDF shows a 29% variation. It is interesting to note that these experimental 
results differ from the behavioural pattern proposed by Kunzel [*I, which suggests that the 
moisture flux related to a vapour pressure difference would be expected to decrease with 
increasing temperature. 

5 Conclusions 

This experimental investigation leads to the following conclusions: 

The influence of temperature on water vapour diffusion in the low hurnidity regime is 
negligible for the two materials investigated. It is anticipated that this result might well 
be valid for most, if not all, building materials. 
The two materials display a measurable and significant temperature effect in the high 
humidity, liquid flow regime. The experimental results presented here are clearly 
inadequate to enable the generation of an universal mathematical model for the 
inclusion of this effect within the differential perrneability procedure. An extension of 
these experiments to a wider range of wood-based and masonry materials is now being 
undertaken by the Authors which aims to produce a mathematical description of this 
effect which can be reliably applied in the future. 
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Abstract 

The anisotropy in moisture transfer is studied on two typical fibre containing plate 
building materials produced in the Czech Republic, Dekalux and Dekalit P, using 
a simple method for determining moisture diffusivity n on the basis of the total 
mass of water penetrating into the material during a specified time interval at o n e  
sided moistening. The results obtained by this method, called "method with con- 
stant n", are verified by a comparison with the well established Matano method for 
rod samples but this comparison does not give any unarnbiguous conclusion due to 
the inhomogeneity of the studied materials. Therefore, another verification is per- 
formed with a well homogeneous ceramic material. Here, the comparison with two 
commonly used methods for determining n shows that the method with piecewise 
constant n exhibits a relatively good agreement with both Matano and double inte- 
gration method in the range of high moistures, and therefore it can be considered 
as a simple and effective tool for identifying the anisotropy in moisture transfer; for 
low moistures the method can not be used in its current formulation. 

Key words: moisture diffusivity, anisotropy, building materials 

1 Introduction 

Moisture transfer in porous materials is modelled under assumption of an isotropic 
medium in most cases (e.g. [I]-[3]). This assumption is quite logical and pragmatic 
because the moisture diffusivity n is measured practically on rod samples only and 
its orientation dependence is neglected by the most experimentalists. 

The practical problem in determining the possible anisotropy in these materials 
consists in the fact that classical methods for measuring n (e.g. [4]-[7]) are suitable 
for measurements on rod samples only, and for instance in the case of plate materials 
they fail because in the direction across the plate, it is not feasible to determine 
moisture content in a sufficient number of points. Therefore, we have developed a 
simple method which needs only measuring of the time history of the water content 



in the sample. This method is applicable for measurements in directions both along 
and across the plate. 

In this Paper, we study experimentally the anisotropy of moisture transfer in two 
lining materials, commonly employed in building structures in the Czech Republic, 
Dekalit P and Dekalux. Then, we analyze the accuracy of particular methods for 
determining the moisture diffusivity using experimental results with a relatively well 
homogeneous material, an extruded porcelain mixture. 

2 Methods for measuring moisture diffusivity 

Based on the previous analysis of methods for determining moisture diffusivity [8], 
we will restrict ourselves to just two methods for rod samples, the Matano method 
[4] which is probably the most frequently used in the practice, and the double 
integration method [7] which is the most accurate and most reliable one. We will 
not repeat here the derivation of both methods as it has been done before, the reader 
can find it in [7]. 

For the plate materials in the direction across the plate, we will introduce our 
method with piecewise-const ant n (PCK) . The method consists in the assumption 
that the moisture diffusivity n can be considered as piecewise constant with re- 
spect to the moisture density. Then, the diffusion equation with Dirichlet boundary 
conditions and constant initial conditions can be solved analytically. 

Using the measured total mass of water m, which penetrated into the sample 
during the time interval [0, T], we get the following transcendent equation for n 

where p2 is the initial moisture density (i.e., the mass of liquid moisture per unit 
volume) in the sample, pl is the maximum moisture density which can be achieved 
in the material (one side of the sample is in direct contact with water during the 
moistening process), d is the length of the sample in the direction of the moisture 
transfer, S is the Cross section of the sample in the direction perpendicular to the 
moisture transfer. 

Eq. (1) can be solved by some of the iterative methods, such as the Newton 
method. 

The value of n determined by the solution of (1) we award to a characteristic 
average value of the moisture density in the time interval [O, T ] ,  

In practical measurements we perform the experiment with a set of samples with 
various values of the initial moisture density p2, and determine the corresponding set 
of values of the moisture diffusivity n(pm,&). In this way we obtain a pointwise given 
n(pm) function, i .e., the dependence of moisture diffusivity on moisture density. 



3 Materials and samples 

The experimental work has been done on two typical building materials, Dekalux 
and Dekalit P. 

Dekalux is an environmental friendly cellulose-based replacement material for the 
asbestos-cement products, designated for heat-insulating external linings, internal- 
wall- and lower-ceiling linings, and wood- and steel-structure facings. Dekalux is 
produced by EZA umperk, Czech Republic, and contains cement, organic and in- 
organic fibre and silicate-based additives. The volume mass of the material is 1750 
k g ~ n - ~ ,  the material plates are produced in thicknesses of 5 mm to 12 mm. 

Dekalit P is another replacement material for the asbestos-cement products of the 
Same producer. The difference between Dekalux and Dekalit P is in the technology of 
production and in the ratio between the components. Dekalit P contains less organic 
substances, has a lower volume mass (900 kgm-3), and is designated for increasing 
the fire-protection properties of building structures as internal lining. The material 
plates are produced in thicknesses of 6 mm to 15 mm. 

The dimensions of the sarnples were 10 X 40 X 200 mm for the Matano method, 
for the method with piecewise constant ri then 10 X 60 X 60 mm for the direction 
along the plate, and 80 X 100 X 10 mm for the direction across the plate. 

4 Experimental setup 

In the practical measurements, st andard experimental setup was employed (see e.g. 
[7]). One of the 10 X 40, 10 X 60 mm, or 80 X 100 mm surfaces was in direct contact 
with water, the second one was left in free contact with the surrounding air, the 
lateral area of the samples was water- and vapor-proof insulated. The mass of the 
moistened specimens was continuously measured as function of time, in the case of 
the Matano method, the p,(x, t,) function (t, is a specified time) was determined 
by the gravimetric method. 

5 Experimental results 

In evaluating the measured results, we calculated the moisture diffusivities in de- 
pendence on the relative moisture content U which is more frequently used in the 
building practice than the moisture density p, applied throughout the first part of 
the Paper, and is defined as 

Pm U = -  

Pd 
(3) 

where pd is the volume mass of the dried specimen. 
The results are summarized in Figs la ,b .  For Dekalux, no anisotropy was ob- 

served; the differences between ri determined in three perpendicular directions were 
within the limits of the experimental uncertainty. In the case of Dekalit P which is 
lighter and contains more pores, relatively, than Dekalux, the anisotropy was clearly 
distinguished. While for the two perpendicular directions along the plate no differ- 
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Fig.1 Moisture diffusivity of a) Dekalux, b) Dekalit P 

ences in n were observed, n in the direction across the plate was at  least one order 
of magnitude lower than in the direction along the plate. 

6 Discussion 

The results of measuring anisotropy in moisture transfer from the previous Section 
look very promising. Apparently, the method with piecewise constant n is sensitive 
enough to distinguish between the moisture diffusivities in two basic orientations 
of plate materials with a high content of fibers such as Dekalit P. However, we did 
not find any anisotropy for Dekalux which is heavier, contains more cement, and 
therefore the influence of fibres is not that important. 

We compared the results obtained with PCK to those determined by the classical 
Matano method on rod samples cut from the plate. Figs. la ,b  show that the 
agreement was not very good, in general. The results obtained by the two methods 
agreed well in the range of 60-80% of maximum water saturation only, otherwise 
marked differences were observed, and even the character of the ~ ( u )  curves was 
different. 

Due to the inhomogeneity of the studied materials, it is practically impossible to 
identify exactly the reason of the differences. From the analysis by ~ e r n f  et al. [8] 
we know that the Matano method achieves a lower precision in the region of both 
very high and very low moistures but the mentioned inhomogeneity prevent us from 
awarding the differences only to this factor in this case. 

The most reasonable way how to analyze these differences more exactly is to 
perform measurements of n(u) with a more homogeneous material. As probably 
no such materials can be found among usual building materials, we have chosen 
a ceramic material which exhibits according to its producers from the Institute 
of Chemical Technology in Prague relatively very good homogeneity, namely an 
extruded porcelain mixture containing kaolin, clay, feldspar and A1203 which after 
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drying was burned at the temperature 750°C. 
In the experimental tests, we have determined the n(u) functions from the mea- 

sured u(x) curves by the Matano method, the double integration method and the 
method of piecewise-constant n. For the Matano method and the double integration 
method, the dimensions of the samples were 260 X 40 X 12 mm, for the method of 
piecewise constant n then 40 X 40 X 12 mm. The method with piecewise constant n 
was also employed for measuring n in the direction perpendicular to the axis of the 
sample on 60 X 40 X 12 mm plates cut from the original rods. The measured results 
are presented in Fig. 2. 

These results can be summarized as follows: 
- the double integration method and the Matano method showed a very good agree- 
ment in all the range of moisture content, 
- the method with piecewise constant n showed a relatively good agreement with 
both Matano and double integration method in the range of high moistures, for low 
moistures it can not be used in its current formulation, 
- the measurements of n in two perpendicular directions using the method with 
piecewise-constant K. showed that despite its relatively good homogeneity the stud- 
ied ceramic material exhibits anisotropy in moisture transfer. 

7 Conclusions 

The method with piecewise-constant n was shown to be well suitable for deter- 
mination of anisotropy in moisture transfer in the case when material possesses a 
clearly orient ed structure. Therefore, the anisotropy can be measured for inst ance 
on fibered materials with a high content of pores with a sufficient accuracy. For 
heavier materials with a less obvious anisotropy, this method cannot be used as due 
to the inhomogeneity of the measured samples and the uncertainty of the measuring 



technique, the differences in r;. are within the errorbar of experimental measurements. 
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Abstract 

Water vapour permeability has been measured for aerated concrete, porous asphalt 
impregnated wood fibre board, wood fibre board (hardboard), exterior grade gypsum 
board, plywood, polyethylene film (vapour barrier), polypropylene film (wind barrier), 
spunbonded polyethylene film (wind barrier), PVC roofing membrane and spruce. 
Sorption curves were measured for aerated concrete, plywood, spruce, wood chipboard 
(particle board) and wood fibre board (hardboard). 

Key words: water vapour permeability, sorption curve, building materials 

1 Introduction 

As a part of the research Programme "Moisture in building materials and constructions" 
(1 993-97), experiments were performed on different building envelope constructions at 
a test house in Trondheim, Norway. Besides evaluating the hygrothermal performance 
of the different constructions, one of the main purposes of the test house measurements 
was collecting data for comparison with computer simulations of transient moisture 
transfer in building constructions. To be able to simulate the hygrothermal conditions of 
the various constructions the material properties have to be known. The most important 
material properties in this context are probably the water vapour permeability and the 
hygroscopic sorption curves. These two properties have been measured for most of the 
materials used in the constructions in the test house, and the results are presented in this 
Paper. 

The measurements have been carried out in the laboratories of the Nonvegian 
Building Research Institute (NBI) and Department of Building and Construction 
Engineering, NTNU, Trondheim, during the period 1995-97. A more detailed 
presentation of these measurements and results is given in [I]. 



2 Methods 

2.1 Water vapour permeability 

The method has mainly been based on a Nordtest Method [2]. In addition corrections 
for the effect of the masked edge, the vapour resistance of the air layer in the cup and 
the surface resistance above the specimen have been included. The effect of increasing 
thickness of the air layer in the cup caused by evaporation of the salt solution during the 
measurement period has also been taken into account. 

The material to be tested is placed on top of a cup as a lid. With the aid of a saturated 
salt solution, a constant relative humidity (RH) is obtained in the cup. This constant RH 
is then different from the RH that is obtained outside the cup. This creates a vapour flow 
either into or out of the cup. The vapour flow, determined through regular weighings of 
the cup, gives a measure of the vapour transfer rate. Then, by calculation, water vapour 
permeance, diffusion resistance and permeability can be determined. The water vapour 
permeance of the specimen is given by: 

- 1 .  -1 where W is the vapour permeance (kg.m-2.~a s ), g is the density of water vapour flow 
(kg.rnm2-s-l) and Apv is the vapour pressure difference between the saturated salt solution 
in the cup and the air outside of the cup (Pa). The test was stopped when five successive 
determinations of change in mass per weighing interval for each test specimen were 
constant within f 5 % of the mean value for that specimen. 

2.2 Sorption curves 

The procedure for determining sorption curves was in accordance with a draft European 
Standard [3]. Four specimens of each material were dried in an oven according to [4]. 
The drying temperature was 40 "C for the gypsum board and 70 "C for the rest of the 
materials. When the dry mass of the specimens had been determined, the specimens 
were subsequently placed in the sorption apparatus at increasing RH levels to determine 
the adsorption curve and then at decreasing RH levels to determine the desorption 
curve. At every RH level the specimen was weighed until it was in equilibriurn with the 
environment (constant mass). Constant mass was reached when the change of mass 
between two consecutive weighings made 24 hours apart was less than 0.1 % of the 
total mass. 

For the adsorption curve six RH levels were used, obtained with the following salt 
solutions; MgC12 , MgN03, NaCl, KBr, KN03 and &SO4. The starting point of the 
desorption curve was the last point on the adsorption curve (K2SO4) For the desorption 
curve four RH levels were used, obtained with the following salt solutions; NaCl, 
MgN03, MgC12 and LiCl. The highest value on the adsorption curve for the different 
materials is not necessarily the final moisture equilibrium as we had to stop the 
experiment at the 97 % level after approximately 700 hours because of mould growth. 



3 Materials and test equipment 

2.1 Water vapour permeability 

For the measurements, five specimens for each of the investigated materials were sealed 
at the top of the permeability cups made of aluminium, See Figure 1. It should be noted 
that the spruce specimens were mounted on somewhat different permeability cups, See 
[5]. The cups were placed in a room with a constant relative hurnidity of 50 f 2 % RH 
and a temperature of 23 f 1 'C. The "wet-cup" method was applied for all materials. 
The salt solution used in the cups was KN03, which yields a relative humidity of 94.0 f 
0.6 % at a temperature of 23 'C [3]. The average relative hurnidity across the test 
specimen was therefore approximately 72 % RH. The spruce was also measured at two 
other average RH-levels, i.e. 3 1 % and 63%. The salt solutions that were used were then 
respectively LiCl and NaCl. 

Air layer 

I Salt solution I 1 I ca.20mm 

Figure 1 The permeability cup with a test specimen sealed to the cup. 

2.2 Sorption curves 

Between four and ten specimens of each of the five materials were prepared with a 
length and height of 70 mm and 50 mm, respectively. The thickness of the specimens 
equalled the thickness of the different board materials, however the specimens of 
aerated concrete and plywood were given a thickness of 40 mrn and 9 mrn, 
respectively. The thickness of spruce specimens varied between 2 mrn and 10 rnm. On 
each specimen a stainless steel hook was screwed approximately 2 mm into the 
specimen. 

The sorption apparatus, which is a thin walled cylindrical polyethylene vessel with a 
top construction, is shown in Figure 2. The top construction includes a fan, a balance 
and the test specimens. The top construction can easily be moved from one vessel to 
another, so that the specimens quickly get into the next humidity level. The wanted RH- 
level is provided with shallow trays that are containing saturated salt solutions in the 
bottom of the vessels. The vessels are placed in a room with a fixed temperature at 23 f 
1 "C. Each vessel has six measuring points for temperature and three points for relative 
humidity. These values are logged every 30 minutes. 



Balance 

Air flow 

Fan 

Test specimen 

Temperature 
Sensors 

Salt solution 

Figure 2 Cross section of the sorption apparatus. 

Results 

Table 1 Water vapour permeability for spruce measured in the transverse direction, i.e. 
a combined radialltangential direction, for various RH-levels (with standard deviation 
G). The values represent a mean value for thickness ranging from 2.4 mm to 10 mm. 

Material Densiv 
kgSm- 

Spruce * 350-380 

Water vapour penneability t o 
( I  ~ - ' ~ . k ~ . ~ - ' . p ~ - ' . f l )  

RH: 31% 63% 72% 
1.75 t 0.34 6.01 t 0.51 

Spruce * 440-465 3.94 + 0.09 7.23 t 0.26 

* The measurements of the vapour permeability of spruce are more thoroughly reported in [5]. It should be 
noted that the procedures of those measurements may deviate to some extent from the procedures and 
methods described in the present Paper. 



Table 2 Measured water vapour permeance (with standard deviation G). 
Average RH-level is 72 %. 

Table 3 Measured equilibrium moisture contents (weight-%) for adsorption and 
desorption curves. 

Material Thickn. Density 

mm kglm3 

Aerated concrete 21 474 

Asphalt impregnated wood fibre board, porous 12 251 

Gypsum board, exterior grade 9 757 

P ly~ood  22 4.1 1 

Polyethylene foil, vapour barrier 0.15 

Polypropylene foil, wind barrier 0,27 

PVC roofing membrane 1.3 

Spunbonded polyethylene foil, wind barrier 0.14 

Wood fibre board, high density 1 1  803 

Water vapour permeance + o 

(1 0-'2.kg.m-2.~a-'.s-') 

1180 + 70 
845 rt 264 

2430 + 80 
145 rt 10 

3.09 rt 0.57 

44.1 $r 3.3 

15.0 rt 1.1 

9720 + 760 
371 + 25 

5 Discussion and conclusions 

RH (%) 
11.3 
32.9 
53.5 
75.4 
81.2 
94 

97.4 

The measurements were compared with similar measurements documented in the 
literature, mainly from [6].  The results of the water vapour permeability measurements 
agree well with these previous measurements. 

The measured results for sorption curves for different materials presented in this paper 
are however deviating more from results given in the literature. The following 
observations have been made: 

For the aerated concrete the difference in moisture content between the adsorption 
curve and the desorption curve is larger for all relative humidities in this report than 
in the corresponding measurements reported in [6]. This could imply that the final 
equilibrium values have not been attained, neither in adsorption nor desorption. 
However, the equilibrium criterion according to [3] has been fulfilled. The Same 
effect has previously been observed for measurements on loose fill lightweight 

Wood 
chipboard 

Ads. Des. 

5.7 
7.7 
10.6 
11.5 
15.6 

Wood fibre board 
(hard board) 

Ads. Des. 
3.4 

5.1 7.2 
7.0 8.8 
9.6 12.1 
10.5 
13.7 
16.0 16.0 

Plywood 

Ads. Des. 
3.8 

6.8 8.3 
8.9 10.3 
12.2 14.8 
13.2 
17.8 
18.9 18.9 

Aerated concrete 

Ads. Des. 
1 .O1 

0.23 1.40 
0.44 1.59 
0.93 1.89 
1.21 
1.88 
2.43 2.43 

Spruce 

Ads. Des. 
3.1 

7.2 7.8 
9.6 10.0 
13.2 14.7 
14.1 
18.6 
21.0 21.0 



expanded clay aggregates [7]. This equilibrium criterion niight therefore not be 
suitable for materials that absorbs only small amounts of water (e.g. below 3 % by 
weight), and when the absorption and desorption processes are slow. 
For the wood based materials there are also significant deviations between the 
present results and other reported results. At the Same time there are also significant 
deviations between the results fiom different laboratories, as reported in [6]. The 
moisture content of the wood fibreboard at the higher relative humidity levels are 
below values reported in the literature, a result which might imply that final 
equilibrium has not been attained. On the other hand, this is not the case for wood 
chipboard and plywood. The sorption curves reported for spruce, and the desorption 
isotherm in particular, are also relatively low compared to similar results reported in 
the literature. However, is known that measurements on sorption curves for spruce 
and pine vary quite a lot. A thorough comparison of sorption curves for spruce can 
be found in [5]. 
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Abstract 

In order to validate and successfully apply moisture simulation models to building 
envelopes, the experimental evaluation of material transport data is required. 
Conducting standard permeability tests under reduced barometric pressures provides a 
rapid nieans of evaluating the separate vapour and liquid transfer coefficients. This 
paper describes an advanced experimental apparatus which can facilitate such tests. Test 
results are reported for a hygroscopic building material and their accuracy is compared 
with standard test methods. 

Keywords: permeability, moisture, building materials, transfer coefficients 

1 Introduction 

The presence of excess moisture within a building can have serious implications with 
regard to health, safety and structural performance [ ' I .  Consequently, a significant effort 
has been focused recently on the development of computer simulation models to predict 
the moisture characteristics of building envelopes. These models are based upon 
differential equations which describe the mechanisms of moisture transfer. The 
successful solution of these equations, and validation of the niodels, requires the 
experimental evaluation of material transfer coefficients. 

The form moisture takes within a material depends on the prevailing environmental 
conditions and the material Pore structure [21. It is not unusual for the vapour and liquid 
phases to exist simultaneously. To overcome this problern, many pred.iction models 
assume that all moisture is transferred in the form of vapour below a relative humidity 
(RH) of 98% 13], at which the material becomes saturated with liquid water. It is known, 
however, that in porous building materials capillary condensation can occur at an RH of 
approxiniately 60% [41. Moisture transfer at this stage cannot be described accurately as 
either vapour or liquid transfer, but as a combination of the two. Any prediction model 
which does not account for this two-phase transfer must be of questionable validity. 



A previous conference presentation [51 described a test method which allows separate 
vapour and liquid transfer coefficients to be determined experimentally. The method 
involves carrying out standard permeability tests over a range of barometric pressures 
and results in the rapid attainment of test data. Since that time, the experimental 
apparatus has been substantially developed and further testing has taken place. These 
developments will be described in this paper and new results presented. 

2 Theoretical Background 

2.1 The Flux Equations 

The derivation of the equations which describe the transfer of moisture in tlie vapour 
and liquid phases was fully covered in the previous presentation [51. A repetitive 
derivation will not be given here. However, the prominent transfer equations do merit 
some comment. 

It is accepted that moisture is transported through a porous building material in the 
form of both vapour and liquid The former can be expressed by a version of Fick's 
Law as [71 

where jv is the vapour flux density (kglm' s), Rv is the gas constant for water vapour 
(461. 52 J/kg K), T is the absolute temperature (K), p, is the vapour pressure (Pa) and u 
is the material tortuosity factor. D is the diffusion coefficient for water vapour in air 
(m2/s), which is dependent upon temperature and inversely related to the total pressure, 
pb. The volume fraction of air-filled pores, a, is dependent upon the relative humidity. 

Equation (1) is often written as 

j = -D, vp,  

where D,, the vapour permeability coefficient (kgm/Ns), is also dependent on 
temperature and inversely related to pb. 

The transfer of liquid through a porous material under isothermal conditions can be 
described in terms of a vapour pressure gradient via a form of the well-known Kelvin 
equation as 

j, = -K, R v  T vp, = -K, Rv T vp,  
P, 0 Pvs 

where pl is the liquid density (kg/m3), + is the relative humidity, and pvs is the saturation 
vapour pressure (Pa). The hydraulic conductivity, Kl (kgmINs), is govemed by the 
material moisture content and decreases rapidly from a maximum at total saturation. 

Equations (1) and (3) can be summed to give an expression for the total moisture flux, 



where p, the differential moisture permeability (kgm/Ns), is a highly non-linear 
function of RH for hygroscopic building materials. While the vapour coefficient Dv will 
be inversely proportional to the barometric pressure, the liquid permeability coefficient 
Di is expected to be independent of it. 

2.2 The Measurement of Moisture Permeability 

The moisture permeability of a material sample is measured under isothermal conditions 
by means of the standard gravimetric cup technique 19'. This involves the determination 
of the total moisture flux across the sample for a known vapour pressure gradient. The 
average moisture permeability L can then be calculated using the following expression 

. P ( ~ v i  - ~ v o )  - 
Jtot - 7 

where 1 is the sample thickness (m) and pvi and pvo are the vapour pressures inside and 
outside of the cup respectively. 

Using the data from standard tests covering the whole hurnidity range, it is possible to 
generate the differential permeability function This allows the accurate 
evaluation of permeability appropriate to the hurnidity conditions to which a material is 
subjected in practice. Galbraith et al [''I proposed that the most appropriate integral 
form of this function is 

where u, ß and y are coefficients derived using statistical t e ~ h n i ~ u e s [ ~ ~ " ~ '  and is the 

average liquid permeability corresponding to the relative hurnidity conditions 
maintained on either side of the sample. 

3 The Low Pressure Tests 

The experimental evaluation of separate vapour and liquid transfer coefficients is made 
possible by carrying out gravimetric cup tests under reduced barometric pressures and is 
based on the assumption that only the vapour transfer coefficient will be dependent 
upon the barometric pressure. This allows equations ( 5 )  and (6) to be re-expressed as 

A graph of Lplotted against l/pb should produce a straight line of gradient D; and 

intercept D,. 



3.1 Low Pressure Test Procedure 

The ability to carry out gravimetric cup tests under a range of barometric pressures 
requires specialised equipment. Based on the experienced gained in the initial 
investigations a new test apparatus has been designed and built. This basically 
comprises of a pressure vessel, 600mm in diameter and 500rnrn in height. 

In line with standard gravimetric cup test procedures, six cups should be tested 
simultaneously under identical test conditions. To overcome this problem within the 
low pressure environment, a remote measurement technique was devised in order to 
consecutively weigh each of the six cups at given time intervals. This came in the form 
of a computer- controlled carousel arrangement which allowed each cup to be rotated 
into position, before being lowered until it rests freely on the balance. The weight of 
each cup is logged by computer. 

The pressure inside the vessel is maintained by a vacuum pump and is constantly 
monitored using a pressure transducer. The relative humidity is maintained at a constant 
58% by a series of trays containing saturated solutions of sodium bromide. The 
temperature and relative humidity are monitored closely throughout the duration of the 
tests. A schematic diagram of the entire measurement apparatus is shown in Figure 1. 

Figure 1 : Low Pressure Test Apparatus 

Testpoint Ii 

K E Y  : 

9 

1.  vacuum pump 
2.  vacuum control  swi tch  
3. pressure  t ransducer  
4. vapour  pressure  regulator  
5 .  carousel  
6 .  R H  and temperature  Sensor 
7 .  pressure  vessel 
8 .  ba lance  
9. compute r  
10 .env i ronmenta l  chamber  

At a selected test pressure, the weight change versus time graphs for each cup were 
produced and used to calculate the average permeability over the relative humidity 
range of the test. Results of several tests over identical RH conditions, but under 
different barometric pressures, were collated to produce plots of against l/pb. 



3.2 Low Pressure Test Results and Comparison of Transfer Coefficients 

The pressure test results for medium density fibreboard (MDF) are shown in Figure 2. 
The vapour pressure regulators used inside the cups were calcium chloride dessicant 
(3%RH), saturated solutions of amrnonium chlonde (80%RH) and arnrnonium 
dihydrogen orthophosphate (93%RH), and distilled water (100%RH). The temperature 
throughout the duration of the tests was maintained at 20°C. 

Medium Density Fibreboard (MDF) 

= [0.723 (1 / ptOt) + 0.00231 X 10.' 

o p = [0.710 (1 1 ptOt) + 0.06421 X 10.' 

A F = [0.703 (1 / pht) + 0.1 5581 X 10-' 

;=[0.695 ( 1 / ~ ~ ~ ~ ) + 0 . 2 1 3 0 ]  x10-' 
I 0.6 L 

+___.-___ -1- 1 
1 

1 1.2 1.4 1.6 1.8 ~ 
Reciprocal of Barometrie Pressure, llp, (llbar) ~ 

Figure 2: Pressure Test Results for MDF 

Conventional gravimetric tests carried out on the test material yielded the following 
regression coefficients: 

The use of these values witli equation (6) allows the deterrnination of the vapour and 
liquid transport coefficients for the humidity conditions corresponding to those of the 
pressure tests. A comparison of vapour and liquid transfer coefficients, as evaluated 
using equation (6) and measured using the low pressure method are given in Table 1. 

Table 1 : Comparison of Transfer Coefficients 

Prediction Method 
Test Conditions ~ o n v e n t i o n a l  test Pressure test 

vapour - liquid vapour - liquid 
RH D' 1 -  D, x10-'~ ~:x10-"  D,x10-l1 



An experimental procedure to measure material moisture permeability under reduced 
barometric pressure has been described and results from tests conducted on a 
hygroscopic building material have been reported. These results concur with previously 
reported low pressure measurements on particleboard and current data being obtained 
for plasterboard. 

The low pressure tests provide an experimental method to measure the individual 
transfer coefficients of vapour and liquid. The graphical representation of low pressure 
permeability data shows a reducing linear gradient as a function of increasing RH. This 
illustrates the reducing vapour transfer coefficient at RH values above 60%, shown in 
Table 1, where capillary condensation occurs. Although accepted as a theoretical 
description of the transfer process, the reduction in the vapour component has been 
unmeasurable until now. 

Another feature of the low pressure test method is the rapid attainment of 
experimental results. The reduction in barometric pressure accelerates the equilibrium 
period by several orders of magnitude in some cases. This eliminates the lengthy test 
durations which are typical of standard gravimetric measurements, and reduces the 
probability of material degradation and/or inconsistent environmental test conditions. 

The development of the low pressure technique is continuing and it is anticipated that 
a detailed theoretical analysis of the test procedure will be reported in the near future 
along with measurement data covering an extended range of cornmon building 
materials. 
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Abstract 
As moisture is a major problem for the durability of constmction materials, it must be 
considered in building design for extended life of the structures. A Nuclear Magnetic 
Resonance (NMR) spectrometer is one method of measuring the moisture content in 
building materials. In this study, different parameters of a low resolution NMR 
spectrometer were investigated. The longitudinal spatial resolution was found to be 
wide spread. The effect of that may be a large error in the measurements where a short 
steep moisture gradient or variation in moisture gradient in a short distance is present. 
The signal distribution in the radial direction of the NMR was also found to be un- 
syrnmetrical, which made the situation worse. It is suggested that to minimise error in 
the measurements a standard sarnple prepared maintaining a close tolerance should be 
used and should be placed in the Same position in the measurement area every time. The 
NMR signals were found to decrease due to increase in the sample temperature. To 
overcome the problem it is suggested that the measurement should be carried out in a 
very short time or the temperature effect should be considered. 

Key words: Moisture Measurement, Building Materials, Nuclear Magnetic Resonance. 

1. Introduction 
Moisture is an important factor in most of the processes that cause deterioration of 
building materials, playing a dominant role in accelerating the degradation processl. The 
damage may be in several forms such as the decay of wood, swelling of materials 
leading to cracking, corrosion of metals, reduced frost resistance, freezing damage etc. 
Moisture also increases thermal conductivity of materials and hence increases the loss of 
energy from buildings. The cost of damage due to moisture is billions of pounds around 
the globe. Moisture can enter a structure by driving rain (which may be contaminated), 
flooding, condensation, run off from a roof and capillary rise of ground water. Water 
can transport contarninants such as soluble salts, which may remain in the structure on 
drying and cause structural dan~age, e.g. delamination, surface chipping or 
disintegration. 



It has become generally accepted that the climate is changing due to greenhouse gas 
release and deforestation; besides increased temperatures and rising sea levels, both wind 
and rain are expected to increase in North west Europe, increasing the stress of driving 
rain on building facades2. 

Porous building materials are very vulnerable to moisture related damage since the 
pores allow water to enter into the structure. Many historical buildings and monuments 
in the UK are made of highly porous sandstone, where water can penetrate easily 
through the wall and make the building damp. If no measures are taken and the 
degradation continues then there is a possibility of collapse of the building structure and 
loss of lives. 

Both the heat and moisture properties of the materials must be considered for effective 
building design. While the thermal properties of building materials have been 
determined by different researchers and considerable data are available, the equivalent 
moisture properties are absent. The data which are available are so scattered in different 
sources that any coherent conclusion cannot be made. An extensive study of moisture 
properties of different building materials, e.g. sandstone, mortar, brick, timber etc, is 
necessary to provide the relevant information. 

There are a number of different methods to measure moisture in building materials 
including Nuclear Magnetic Resonance (NMR)~,~ ,  Neutron ~ a d i o ~ r a ~ h ~ ~ ,  Gamma ray6>' 
or X-ray abosrption, as well as the traditional oven drying. It has been demonstrated3 
that the moisture measurement using a NMR spectrometer is more effective than 
Neutron Radiography. This Paper, part of a detailed study aimed at determining the 
different moisture properties of building materials investigates the importance of 
different parameters of the NMR spectrometer as a preliminary to the main investigation. 

2. Description of Equipment 
In this investigation a low resolution Nuclear Magnetic Resonance (NMR) spectrometer 
(manufactured by BRUKER ANALYTISCHE MESSTECHNIK, GMBH, Germany) was 
used to measure the moisture present in the specimens. The system is equipped with a 
permanent magnet with 125 mrn pole-diarneter, 50 mm airgap, the set fiequency is 10 
MHz (0.23 Tesla) with automatic field adjustment. No magnetic gradient is included to 
obtain a higher spatial resolution. The measurement position (situated in the airgap) is a 
cylindrical hole of diameter is 40 mm and the size of the probehead is 4 mm. The 
system operating temperature is 40 'C is maintained with a close tolerance. 

The specimens are placed in the measurement position and the free induction decay 
(FID) signals from the hydrogen atoms present recorded. Since the investigation is 
aimed to determine the amount of moisture, i.e. the number of hydrogen atoms present in 
the specimen, the maximum intensity of the signals was taken. There are different 
settings in the spectrometer such as number of scans, recycled delay, analogue 
bandwidth, digital bandwidth, gain etc. Each of them was individually investigated to 
find out their effect on the signals (not shown here). The settings were optimised for the 
measurements and thereafter kept constant. 



3. Experimental Procedure and Result 
3.1 Investigation of Spatial Resolution in the Longitudinal Direction 
The spatial distribution of the signals in the measurement position was determined using 
water samples or water saturated absorbent paper samples. To determine the spatial 
resolution in the longitudinal direction, a thin, absorbent paper sample 17 mm diameter 
and 0.912 mm thick, saturated with -0.25 grams of water, was passed through the 
measurement position of the spectrometer held in a glass syringe. The experimental set- 
up for the investigation is shown in Figure 1. 

~l~~~ 1 4 mmprobe head / 

Syringe 
holder hTMR magnet unit 

Figure 1 - Experimental set-up for determining the longitudinal sensitivity 

The longitudinal spatial resolution was measured 4 times giving a similar pattem of 
signal distribution each time. One of the 4 measurements is presented here (Figure 2), 
where an exponential curve y = exp(-AX~) is fitted to the measured data. 

-20 -1 5 -10 -5 0 5 10 15 20 
Distance from midpoint - mm 

Figure 2 - Longitudinal resolution curve of the NMR spectrometer 

The effective length of the NMR measurements were calculated by integrating the area 
under the fitted exponential curve and dividing the area by the maximuni height. The 
effective lengths of the four different tests were 19.43rnm, 19.34 rnm, 19.89 mm, and 
18.49 rnrn giving an average of 19.3 mm. 



3.2 Investigation of Spatial Resolution in the Radial Direction 

To determine the horizontal and vertical spatial resolution, a water filled glass tube, of 4 
mm ID and 5 mm OD, was moved through the measured position vertically and 
horizontally as shown in the experimental set-up in Figures 3 and 4. The NMR signals 
were measured from two perpendicular radial lines: a horizontal line and a vertical line 
(shown in Figures 3 and 4). 

Water filled glass 
tube clamped ":Y for 
with the platfohq, 4 rnm probe head measurement 

NMR magnet unit 

movement F ,  I I 

Figure 3 - Experimental set-up to determine radial distribution of NMR signals 

Water filled glass 1 1 

k-l~ NMR magnet unit 

Direction of 
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Figure 4 - Experimental set-up for horizontal sensitivity measurement 

The signals were measured twice, in both measurements a similar pattern of signal 
distribution was found. The signals were plotted against the distance from the centre of 
the hole of the NMR (shown in Figure 5). 

Figure 5 - Distribution of NMR signals in two perpendicular radial directions. 
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The signals were found to be a minimum at the centre of the measurement position 
increasing towards the wall. The distribution of the signals was symmetrical in both the 
horizontal direction and veriical directions but the variation was much higher in the 
vertical. 

3.3 Investigation of Temperature Effect on the NMR Signals 

The effect of sample temperature on the NMR measurements was also investigated. 
Sarnples of sandstone were crushed, saturated in water and placed in a sealed glass tube, 
heated to constant temperature in a water bath as shown in Figure 6. 

Absorbent Thermocouple-1 , 

Figure 6 - Set-up for heating the sample at different levels of temperatures. 

15 20 25 30 35 40 45 
Temperature : C 

Figure 7 - NMR signals of wet crushed sandstone 

The temperatures of the sample and water were measured and when the difference 
between the two temperatures was 0.1 'C or less the sample was taken out and the 
maximum NMR signal measured. The experiment was repeated giving similar results 
on each occasion. Figure 7 shows the result of one run. 

Although there was a considerable amount of scatter the signals decreased as the 
temperature increased, with a gradient of -5.43 OC-'. In contrast, a similar test with pure 
water gave a gradient of -22 "C1. This implies that there must be a relationship between 
the moisture content and decrease in signals due to temperature increase. However, 
when these changes are compared to NMR signal changes of about 1000 for a 1% (by 
mass) change in water content in sandstone samples observed previouslys, temperature 
effects can be considered negligible. 



4. Conclusion 
The longitudinal sensitivity of the machine is widespread (-38 mrn), making it difficult 
to measure the distribution of moisture in a material with a gradient is present. A 
companion paper investigates the effect of this on the calculated liquid water diffusivity 
of typical building materials9. 

The sensitivity in the radial direction was found to be non-isotropic, with a much 
larger variation in the vertical compared to the horizontal direction. While this 
distribution does not cause any problems with samples that fill the measuring area, for 
the measurement of building materials where the specimens may be cut from a large 
sample, it may be difficult to prepare a sample of standard geometry. To minimise error 
the specimens should be prepared to certain geometry maintaining a very close tolerance. 

The investigation of the temperature effect showed that signals from moisture 
decreases as the temperature of the sample increases. This does not cause any problem 
to the samples where very low moisture is present and measurement can be carried out in 
a very short period (2 to 3 minutes). For specimens with larger moisture content or if the 
measurement takes bit longer time the temperature effect may need to be considered. 
The solution of this problem is may be modifying the machine to operate at a lower 
constant temperature of say 20 'C and placing the system in an environmentally 
controlled chamber. 
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Abstract 
A very small relative humidity Sensor has been used to measure directly humidities in 
dust-mite microenvironments. Microhabitats examined were: bedding; fumiture; and 
carpets with and without sub-carpet heating. 

Bedding relative humidities showed con~plex behaviour according to the distance 
separation between the measuring point and the occupant. Immediately below the 
occupant, bed relative humidities fell when the Person entered the bed. Similar 
behaviour is observed in a sofa. 

In unheated carpets, humidities in the base were significantly higher than room 
humidities. In heated carpets temperatures became as high as 39 'C with 
corresponding relative humidities down to 24%. 

Since it has been shown that dust mite microclimates can be very different from 
room conditions, reduction of dust mite numbers and allergen levels by the controlling 
of room humidities cannot be guaranteed to be successful without measuring and 
controlling microenvironmental conditions. 

Keywords Indoor climate, microclimate, humidity, dust-mite, asthma 

1. INTRODUCTION 

There have been many studies examining the effectiveness of dust mite control by 
lowering room air relative humidity [I-71. These studies have had mixed success. 
Failure to achieve sufficiently low relative humidities in the dust mites' microhabitat 
is one reason for these mixed results; changing room psychrometric conditions 
(temperatures and humidities) are orlly one factor determining psychrometric 
conditions in microhabitats such as bedding, the base of carpets, furniture etc. 



1.1 Measurement of Microclimates 

A new, very small, relative humidity Sensor has been built capable of distinguishing 
relative humidity differences over distances of millimetres [8], e.g. between the top of 
a carpet and the base of the carpet pile. Results for bedding, furniture and carpeting 
and sub-carpet heating are reported here. 

To acquire the bedding data, relative humidity sensors and thermistors were 
placed immediately under the bottom sheet and in several locations through the 
mattress. Only humidities under the bottom sheet are reported here. Sensors were 
placed just inside the lining of a sofa, to obtain the furniture data, and into the room 
air and the base of a carpet to obtain the carpet data. 

One set of measurements was made in a livii~g-room carpet with sub-carpet 
heating. The heating system consisted of plastic sheets with embedded electrical 
heating wire, the sheets being placed on the floor undemeath the carpet. Data reported 
here was obtained from sensors placed at the base of the carpet pile. 

2. RESULTS AND DISCUSSION 

2.1 Carpets 

Base-of-carpet results shown in Figure 1 are for 24 hours from midnight. 

+Humidity of 
room air , 

I 

Y Humidity in the 
base of the 
carpet 

0:OO 6: 00 12:OO 18:OO 0:OO 

Time 

Figure 1: Measured base-of-carpet psychrometric conditions (unheated) 

Significantly, it can be Seen that the carpet is, on average, about 7% humidity 
above the room value. (See [9] for more discussion on this result.) The difference 
between the room air and carpet humidity values is important; although the room air 
humidity is possibly too low for mite survival, the value in the base of the carpet is 
not. 



These results were obtained with the carpet on a suspended, uninsulated wooden 
floor. They are likely to be quite different for different flooring systems, such as 
concrete slabs, floors of non-ground stories, and floors with different sub-floor 
insulation detailing. 

2.2 Sub-Carpet Heating 

These results are for a different house than the one described above. Here a 
thermostated heating pad was laid on the floor under the carpet. 

Measured humidities in the base of a carpet with thermostated sub-carpet heating 
over a period of 24 hours are shown in Figure 2. Temperatures in the base of the 
carpet rose to 39 "C. Under these conditions mites die only slowly [10,11]. 

Time 

Figure 2: Carpet with sub-carpet heating - measured conditions in the base 
of the carpet 



2.3 Bedding 

Bedding humidities, directly under the lower sheet, are shown in Figure 3 for 24 hours 
from midnight. 

During the period that the bed is occupied, the temperatures are high directly 
below the occupant, up to 36 "C, and the humidities are low, down to 45%. Contrary 
to expectations, the relative hurnidity falls when a bed is occupied. When the bed is 
occupied, temperatures and vapour pressures rise due to occupant body heat and 
moisture release; relative humidities are derived quantities in this case whose values 
are difficult to calculate a priori, See Cunningham [9]. 

0:OO 3:OO 6:OO 9:OO 12 :OO 15:OO 18:OO 21:OO 0:OO 

Time of day (hours) 

Figure 3: Measured bedding psychrometric conditions, directly under lower 
sheet 

At first sight it appears the humidities under the sheet when the bed is occupied 
are easily low enough to kill mites. However, mite populations have been subjected to 
these bed conditions under controlled laboratory conditions and it has been found that 
these populations are quite viable [12]. 



2.4 Furniture 

Measured humidities just under the surface of the back of a sofa are shown in Figure 4 
for 48 hours from midnight. 

The humidities and temperatures just under the fabric of the sofa show similar 
behaviour to those in bedding, i.e. when a person sits on the sofa relative humidities 
fall, because the temperature rise due to body heat contributes more to relative 
humidity fall than body moisture contributes to relative hurnidity rise. 

I -  Sofa hurnidity 

, -  - - - Humidity of room ~ 
I air 
L . . -- 

Time 

Figure 4: Measured humidities just under the surface of the back of a sofa 

3. CONCLUSIONS 

Results have been presented for microclimates in bedding, furniture, and carpets with 
and without sub-carpet heating. These measurements have been made with a very 
small relative humidity Sensor capable of resolving humidity differences over a scale 
of millimetres. In some cases, particularly for bedding, the results were complex, and 
different from expectations. Experiments are in place measuring dust-mite viability in 
a controlled laboratory situation, using the real-world driving psychrometric 
conditions reported upon here. 
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Abstract 

Hygrothermal measurements have been performed on different building envelope 
constructions at a test house in Trondheim, Nonvay. One of the main purposes of the 
test house measurements was collecting data for comparison with computer simulations 
of transient moisture transfer in building constructions. The measurement data from this 
test house are made available for research scientists who want to verify computer 
models for heat, air and moisture transfer through building structures. 

This paper gives a short description of the data that are available for verification 
purposes from the test house. This includes a description of the test house, the wall and 
roof elements investigated, the instrumentation of the elements, boundary conditions, 
outdoor climatic parameters measured and measured material properties. 

Key words: test house, database, verification, moisture transfer models 

1 Introduction 

As a part of the research Programme "Moisture in building materials and constructions" 
(1993-97), experiments have been performed on different building envelope 
constructions at a test house in Trondheim, Nonvay. Most of the test elements were 
lightweight timber frame constructions. The roof elements were all horizontal with a 
high degree of one-dimensionality. The timber frame walls had different combinations 
of vapour retarders and wind barners. The extemal surfaces were exposed to the 
ambient climate, while the indoor climate in the house was controlled at 23 'C and 50 % 
RH. The outdoor climate was monitored by aii automatic weather station situated 10 
meters from the test house. Moisture and temperature conditions in the elements were 
monitored continuously. The test house and the various measurements are thoroughly 
documented in [I]. 



Description of the test house 

The roof and facades of the test house consist of prefabricated sections fixed to the 
outside of a steel frame structure. The test house is orientated in north-south direction 
and has the following indoor dimensions: length 10.7 m, width 3.45 m and height 3.5 m. 
The roof sections Span from facade to facade, and have a 1:40 slope. All sections are 1,2 
m wide and they are separated from each other regarding air and moisture transfer, by 
use of polyethylene foil. The sections may be changed individually without disturbing 
the neighbour sections. There are a total of 16 wall sections on the westem and eastem 
facades and 8 roof sections. The test house is equipped with a low temperature electric 
heating system, balanced mechanical ventilation with heat recovery and an automatic air 
humidifying system. The test house is shown in Figure 1.  

Figure 1 A south-west view of the test house. 

3 Description of wall and roof sections 

The wall sections are described in detail in Table 1. All the wood frame walls has 150 
mm insulation, except of section E8 which has 300 mm insulation and a wood frame 
made of wooden I-joists instead of solid spruce. All the wall sections, except of sections 
W2, W5, E5 and E6, has a 23 mm ventilated air gap and 19 mm shiplap cladding 
outside of the wind barrier. Section W2 has 19 nim shiplap cladding but no air gap 
between the wind barrier and the cladding. Section W6 has noggings (with 0.8 m 
spacing) between the studs. 

The wood frame roof sections (Rl-R6) consists of the following materials from the 
interior; 12 mm chipboard, 0,15 mm polyethylene foil, 200 mm glass fibre (48x198 mm 
wooden beams), 22 mm plywood and 1,3 mm PVC roofing membrane. In two of the 
wood fran~e roof sections (R5 and R6) the beam spacing is 1.2 m, while the other four 
wood frame roofs (Rl-R4) have a more nomial 0.6 m spacing. In sections R5 and R6 
the wooden beams are separated from the rest of the section with a polyethylene foil 
(see Figure 3). Four elements (Rl ,  R6-R8) have a dark coloured roofing membrane 



(emissivity = 0.9), while the other four have a light coloured roofing membrane 
(emissivity 0.65). Section R7 and R8 consists of respectively 300 mm and 200 mm 
(+I00 mm Rockwool) aerated concrete with PVC roofing membrane on the top. 

Table 1 Description of materials used in the various wall sections. W1 and E1 denote 
section no. 1 on the westem facade and eastem facade respectively . "Ratio " is the ratio 

between the water vapour resistance on the hot and on the cold side. 

4 Description of measurements 

Secti 
ons 
W1 

W2* + 
I W3 

W4 + 
E4 

W5 + 
E5 
W6 

W7 + 
W8 
E1 

E2 * 

E3* 

E6 + 
E7 
E8 

* No air 

4.1 Hygrothermal measurements in wall and roof sections 

Interna1 lining 

wood fibre board 
12 mm 

wood fibre board 

The locations of the measuring devices for moisture content (MC) and temperature are 
shown in Figure 2. The logging system stores hourly mean values. The measurements 
started in October 1994 and lasted till June 1998. The moisture content of the tirrlber 
frame members is measured by traditional pin electrode resistance measurements. The 
top plates, the bottom plates and the studs were instrumented for moisture 
measurements on the cold as well as warm side of the constructions. Corresponding 
temperature measurements were only employed for the studs. The MC electrodes 
intruded from the insulation cavity side until a depth so that the unprotected part of the 

Ratio 
6) 
35 

62 

* In September 1996 the wall sections E2 and E3 were modified. The wind barrier of section E3 was 
changed to 9 mm gypsum board. For both sections a horizontal 3 mm wide gap was sawn through the 
internal lining and vapour barrier near the bottom sill, and a similar gap through the wind barrier near the 
top sill at the external side. 
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electrode was located 4-14 mm beneath the opposite wood surface. Surface 
temperatures were measured at the inside of the wind barner and at the inteiior surface 
at the top and bottom section of the wall. 
In September 1996 the wall sections E2 and E3 were modified to investigate the effect 
of forced convection, See Table 1. Relative humidity and temperature were then in a 
period measured at three heights in the middle of the insulation layer. 

The locations of the measurement points in the roof sections are shown in Figure 3. 
Measurements were made in two different sections of the roof section, so every 
measurement location shown on the figure is represented by two parallel measurements. 
Relative humidity has been measured in three different depths in the roof and wall 
sections consisting of aerated concrete since February 1996. 

1190 mm 
Top pla'te 

plate 

8 bcat ion of MC sensors and thermocouples in studs 

0 Location of MC sensors in top and bottom plate 

X bcat ion of thermocouples at surfaces (air barrierlinsulation and interior surface) 

Figure 2 The framework of the wall test section, with measunng points. 

Elements R1, R2, R3 & R4 : Elements R5 & R6 : 

@ bcat ion of thermocouples and MC sensors 

Figure 3 Measurement points in the roof sections, in wooden beams and plywood layer. 



4.2 Other measurements 

Extemal climate data are measured with a Milos 500 Vaisala automatic weather station 
(AWS) placed 10 m to the south of the test house. Hourly averages of air temperature, 
relative humidity, air pressure, wind speed, wind direction, precipitation and global 
radiation are measured. In addition to the hourly average the maximum and the 
minimum minute average last hour is logged. The AWS has been operating since 15. 
March 1995. A program has been developed that estimate the hourly values of diffuse 
and direct solar radiation from global radiation. 

Indoor air temperature and RH have been controlled at a constant level of 23OC and 
50% RH, and are automatically logged every hour. The indoor air pressure was negative 
compared with outdoor pressure until April 1997, when it was tumed to be positive by 
adjusting the ventilation system. 
The water vapour pemeability and hygroscopic sorption curves have been measured for 
most of the materials used in the test house. The measurements are documented in an 
accompanying paper [2]. Air permeability of same type glass fibre insulation has also 
been measured [3]. 

The air tightness of the wood frame wall sections have been measured on site. Data 
for air leakage through the sections, from one side to the other, have been estimated. 

In December 1997 the shiplap cladding and the wind barner on the wood frame walls 
were disn~ounted and imperfections regarding air gaps in the cavities were 
photographed and recorded. In addition the wood around two MC measurement point 
was sawn out of a section, in order to compare measurements made by the electrical 
resistance method and the gravimetric method . 

Results and discussion 

An example of measured moisture content of the sill- and top plate of section E1 is 
shown in Figure 4. The measurements show for most wall sections, a clear tendency of 
moisture redistnbution in the winter, with moisture moving from the inner and lower 
parts of the timber framing members to the upper and outer parts. However in section 
E3 the highest moisture content is in the outer part of the sill plate. A rather high water 
vapour resistance and no hygroscopic capacity of the wind barrier probably caused this. 
Condensed water has probably run down along the wind barner to the outer Part of the 
sill plate during thawing periods in the winter. It was furthermore observed that some 
sections with an air gap between the insulation and the top plate got unexpected high 
moisture contents in the outer part of the top plate. 

Several of the wall sections had no traditional vapour barrier and therefore relatively 
low water vapour resistance on the warm side of the insulation layer. This fact has 
however not led to dramatic high moisture contents. It was found that all sections got 
the highest measured moisture content during the period when the indoor air pressure 
was higher than the outdoor pressure. 



Moisture content, Eastern Wall Section E1 
Description: Lining of 12 rnrn hardboard, vapour barrier of 0.15 rnrn PE-foil, 150 rnrn glass-wo01136 rnrn X 148 rnrn tirnber 

frarning mernbers, 12 rnrn wood fibre board soft, 23 rnrn ventilated air layer, 19 rnrn shiplap 
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Figure 4 Measured moisture content of top- and sill plates in section E l .  

6 Conclusion 

Hygrothermal measurements have been performed on different building envelope 
constructions at a test house in Trondheim, Nonvay. The measurement data from this 
test house are made available for research scientists who want to verify computer 
models for heat, air and moisture transfer through building structures. The measurement 
data are well documented and available on various data formats. The data are well 
suited for verification purposes of one- (roof sections), two- and three-dimensional 
computer programs, modelling moisture transfer by water vapour diffusion, capillary 
suction and air convection. This paper gives a short description of the data that are 
available for verification purposes from the test house. 
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Abstract 

The linear thermal expansion coefficient a~ of cement mortar is measured in the tem- 
perature range of 20°C to 1000°C, the hygric expansion coeficient a, is determined 
a t  room temperature. Both mechanically loaded samples (up to 70% of compressive 
strength) and sarnples without any load are studied. The experimental results show 
that samples 40 X 40 X 120 mm exposed to the load in the standing position exhibit 
a significant difference in the aT(T) function compared to the sarnples without any 
load while those exposed to the load in the flat position show a difference much 
lower. In measuring hygric expansion, although various regimes of moistening and 
drying are considered including full water saturation only little influence of external 
pressure on a, is observed. 

Keywords: thermal expansion, hygric expansion, high temperatures 

1 Introduction 

In the conditions of a fire, concrete structures undergo significant thermal stress 
which can result in a damage of the structure. However, thermal expansion of 
concrete is commonly measured at room temperature only, and high-temperature 
region is usually not very interesting for the engineers and designers. This may lead 
to  bad mistakes in the evaluation of the structural response to a fire because for most 
materials, thermal expansion coefficient increases significantly with temperature and 
the resulting thermal stress is higher than expected from the room temperature data. 

Length changes of porous materials can be affected not only by the change of 
temperature but also by the change of the moisture content [I]. Hygric expansion of 
concrete is usually not taken into account at all by the practice, although a higher 
content of moisture, particularly in the liquid state, can lead to hygric stresses which 
are at least comparable with the thermal ones [2]. 

Generally, the thermal and hygric expansion are measured in laboratory condi- 
tions only, and on the sarnples without any mechanical load. The possible structural 



damage after load can, however, cause changes in these parameters which were not 
yet taken into account very frequently. 

2 Thermal and hygric expansion parameters 

The infinitesimal change of length due to the change of temperature is defined by 

where 1, is the length a t  the reference temperature T,, c u ~  is the linear thermal 
expansion coefficient. In an analogous way, the linear hygric expansion coefficient 
a, can be defined 

dl, = Z,a, du,  (2) 

where 

is the moisture content in %, m, is the mass of the moistened material, m d  the 
mass of the dried material. 

Applying, in t he first approximation, the superposit ion principle to the length 
changes due to  temperature and moisture, we arrive a t  

dl = dlT + dl, = Zo(aT d T  + a, du). (4) 

Defining the relative elongation e as 

we obtain 

/T. (f:) (')Tdu=~~nTd~+/_Laydu. 
U 

3 Measuring the thermal and hygric expansion coefficients 

Measuring the linear hygric expansion coefficient a, a t  a constant temperature with 
the varying moisture content is relatively easy. On the contrary, the determination 
of CYT for porous materials is a little more complicated, since it is technically difficult 
to keep the absolute moisture content constant when the temperature is changing. 

Therefore, in practical measurements [2] we first determine the dependence of the 
relative elongation on moisture at room temperature. The material is moistened ei- 
ther to the full water saturation or to  the equilibrium moisture content, and then 
it is slowly dried with a simultaneous measurement of the length changes. Thus, a 
relation E, = E, (U) is obtained over a wide range of moisture and at constant tem- 
perature. The function (U) is represented by point values. Therefore, a regression 
analysis is necessary to obtain a continuous function. In accordance with Eq. (6), 



U., is obtained as the first derivative of C, (U). Knowing the function a,(u), we can 
continue with the temperature changes. Considering the superposition principle, we 
first measure the length changes caused by the changing temperature, and simulta- 
neously determine the changes of moisture content. Then, these length changes are 
recalculated to  the Zero moisture content using the €(U) functions which results in 
a pointwise given function €T = cT(S) for a constant moisture (U = 0) as required 
by Eq. (6). Regression analysis and calculation of the first derivative of (T) with 
respect to T leads to the function < r ~  = <rT(T). 

4 Material san~ples 

In practical experiments, we studied the samples of cement mortar. The composition 
of the mixture for one charge was the following: Portland cement ENV 197 - 1 CEM I 
42.5 R (Kraluv Dvur, CZ) - 450 g, natural quartz sand with continuous granulometry 
I, 11, I11 (the total screen residue on 1.6 mm 2%, on 1.0 mm 35%, on 0.50 mm 66%, 
on 0.16 mm 85%, on 0.08 mm 99.3%) - 1350 g, water - 225 g. 

The mortar was prepared by mixing and compacting using mixing machine and 
vibrator. The dimensions of the samples were 40 X 40 X 120 mm, the centers of the 40 
X 40 mm faces were provided by contact seats for the use with contact comparator. 
The samples in moulds were left for the first 24 hours in a high relative humidity 
environment under wetted cloth. After mould removal, the time remaining to 28 
days spent the samples in 2OoC water and then they were put in protected external 
environment (a metal-sheet shed) wit h the relative humidity approximately 65%. 

After 28 days, the compression strength was determined on selected sarnples 
(57.4 MPa). One part of the remaining samples was mechanically loaded, the other 
samples were left without any load. 

5 Experimental procedure 

In measuring the high-temperature linear thermal expansion of cement mortar, we 
ernployed the experimental device currently developed in our laboratory (see [3]). 
The device consists of a cylindrical, vertically placed electric furnace with two bar 
samples located in the furnace. The first sample is the measured material, the 
second sample is a reference material with the known dependence of the thermal 
expansion coefficient on temperature. The length changes of the sarnples are mea- 
sured mechanically outside the furnace by thin ceramic rods which pass through the 
furnace Cover and are fixed on the top side of the measured sample. These ceramic 
rods pass by an indefinite temperature field, therefore their elongation is not possi- 
ble to be determined mathematically and a comparative method of determining the 
elongation of the rod is used. 

In measuring hygric expansion, we have measured the length changes by the 
Carl Zeiss optical contact comparator with f l p m  accuracy, the mass changes were 
determined by the electronic balance Sartorius with &lmg accuracy. The basic set of 
points li(mi, T,) necessary for the determination of the a (u)  function was obtained 
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Fig. 1 Linear thermal expansion coefficient (YT of unloaded samples of cement 
mortar (NL) and those mechanically loaded to 69.5% of cornpressive strength in 

the flat position (F69) and to 57% of compressive strength in the standing 
position (S57) 

in this way. The experiments were performed under isothermal conditions, with 
T = (25.0 + 0.5)OC. 

First, the dependence of the relative elongation on moisture content was deter- 
mined. The samples were first dried in a hot-air dryer at T = 1 1O0C, then moistened 
in the environment with a known relative humidity of 40%, moistened to the full wa- 
ter saturation, and dried first in natural way in the laboratory and finally in hot-air 
dryer at T = llO°C. Both length and mass changes were simultaneously measured 
during the moistening and drying processes. 

6 Experimental results 

The measurements of both linear thermal expansion and linear hygric expansion 
were performed on 12 samples each which were approximately 8 months old. One 
third of the sarnples was not exposed to any load (we will denote it NL in what 
follows), the second third was mechanically loaded to 69.5% of compressive strength 
flat (i.e. the load in the direction parallel to the 40 X 40 mm face, in the center 
of the 40 X 120 mm face - it will be denoted as F69), the final third to 57.3% of 
compressive strength standing (i.e. the load in the direction parallel to the 40 X 120 
mm face, in the center of the 40 X 40 mm face - it will be denoted as S57). 

Fig. 1 shows the dependence of the linear thermal coefficient (YT on temperature 



Table 1 Hygric expansion coefficient of cernent mortar in 105 (%kg/kg)-I for 
various regirnes of moistening and drying and various mechanical load 

in the range of 20°C to 1000°C for the three mentioned cases. Generally, the char- 
acter of all three curves in Fig. 1 remains similar, the aT(T) functions increase up 
to 500°C and then decrease. This decrease is for the case of NL and F69 samples 
practically the Same as the foregoing increase, and for 100O0C, the values of c r ~  are 
practically the Same as for 20°C, but for S57 samples the aT(T) function decreases 
much faster. This fact is most probably due to the character of the structural 
damage after mechanical load in the standing position where the microcracks have 
different orientation than for loading the sample in the flat position. The interesting 
moment is that the remarkable differences between aT(T) functions of F69 and S57 
appear in the higher temperature region only, T > 500°C. Practically it means that 
combination of damage due to the mechanical and thermal load was effective for the 
standing position of the sample and higher temperatures only, otherwise the thermal 
damage prevailed . 

In measuring hygric expansion, several regions with abrupt changes of the first 
derivative with respect to moisture (i.e., of the hygric expansion coefficient) were 
identified, namely the forced drying from U = 4% to U = 0 (FD4-0 in what follows), 
the moistening on the air with 40% relative humidity (MO-4), the moistening in 
water (M4-8), natural drying from the full water saturation (ND8-6), and natural 
drying in the hygroscopic region (ND6-4). Table 1 shows the average values of or, 
of samples rnechanically loaded as defined before and in the mentioned regions of 
moistening and drying. 

The results can be summarized as follows. The mechanical load before the mea- 
surements has a relatively little influence on the hygric expansion coefficient cr,. In 
general, for higher load higher values of cr, were observed; for the standing orienta- 
tion of the sample higher a,'s compared to the flat orientation were measured. 

The rernarkable differences between a,'s (both at moistening and drying) in the 
hygroscopic and overhygroscopic regions can be explained by the mode of water 
penetration into the porous body in these two regimes. While in the hygroscopic 
region the most important way of the incorporation of the molecules of water into the 
porous structure is their absorption on the pore walls where first monornolecular and 
later polymolecular layers are formed (and the surface phase of water prevails the 
volume phase as a consequence), in .the overhygroscopic region the water penetrates 
into the porous structure as a volurne phase mostly and fills the inside of the pores 
as the Pore walls are already covered by the surface phase of water. 

The irreversible changes in the length of the sample following on one hand their 
saturation to the maximurn water content and on the other their forced drying in 



the hot-air dryer are most probably consequences of the late hydration of cement, 
ablation of macroparticles by water and removal of physically bonded water from 
the sample. 

7 Conclusions 

The linear thermal expansion coefficients of samples of cement mortar both mechani- 
cally unloaded and loaded in two different ways were determined in wide temperature 
range of 20°C to 1000°C. The low temperature data correspond well to the usual 
values of a~ for concrete. In the high temperature region, the aT(T) functions have 
a maximum at approx. 500°C. The position of the 40 X 40 X 120 mm samples during 
mechanical loading was found to have a remarkable influence on the values of c r ~  in 
the higher ternperature region only, for T > 500°C. Generally, the effect of thermal 
load prevailed that of mechanical load in the studied situation. 

The mechanical load up to 70% of the compressive strength was found to have 
a relatively low effect on the hygric expansion coefficient of cement mortar. On the 
other hand, the way of moistening and drying has appeared as a very remarkable 
influence which can result in variations as high as one order of magnitude in the 
hygric expansion coefficient. These variations are mainly due to the way of incor- 
poration of water molecules into the porous structure (or water removal from it), 
and due to the late hydration processes caused by either full water saturation or by 
heating in the dryer. 
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Abstract 
Theory is developed that shows how to infer, from psychrometric conditions alone, air- 
change rates and moisture release rates in dwellings. 

The dwelling is modelled as a single Zone and the dwelling hygroscopic materials 
are treated as a single lump. The corresponding differential equations are discretised and 
the coefficients compared to those derived from an ARX system identification model of 
the Same system. Air-change rates and moisture release rates can be inferred from this 
comparison. 

Moisture release rates and ventilation levels are measured and compared to the 
theoretical results. Results within 30% of measured values have been obtained, except 
for the case of moisture release rates under air-tight conditions where results seem 
unreliable. 

Keywords System identification, infiltration, moisture, humidity, psychrometric 
conditions 

1. INTRODUCTION 

There are applications where it is desirable or necessary to know ventilation levels and 
moisture release rates over a large sample of houses, e.g. if assessing the level of mould 
and condensation across a large group of buildings, or surveying the relationships 
between socio-economic measures and housing measures such as indoor climate. 
Straightfonvard and quick techniques not utilising specialised, expensive and intrusive 
equipment are required for this kind of application. High accuracy is not required. 

The author has shown how to infer ventilation rates, but not moisture release rates, 
from psychrometric data for the particular case of sinusoidal climate Parameters [I], but 



this is very much a special case that only exists approximately and irregularly in any 
psychrometric data set. 

This work addresses this issue by using system identification techniques [2,3]. Such 
an approach has been widely for building thermal properties, [4-61, but not, to the 
author's knowledge, for building moisture properties. 

2. THE PHYSICAL MODEL 

The room or building of volume V, (m3) is modelled as a Zone exchanging air with the 
outdoors, and with vapour pressure driven moisture transfer to and from the hygroscopic 
elements in the room. These hygroscopic elements are lumped as one node with an 
effective volume of Vh (m3), an effective area for mass transfer with the room of Ah (m2), 
and an effective surface mass transfer vapour resistance of r (N s kg-I). 

Conservation of moisture within the room gives 

where S is the moisture source strength (kg s-1) and F is the air-change rate (s-1) and 
C, and C, are indoor and outdoor vapour concentrations respectively (kg m"). ph and p, 
are the water vapour pressures (Pa) in the hygroscopic lump and the room respectively. 
Mass interchange to the hygroscopic lump gives 

where mh is the moisture concentration in the hygroscopic lump. This is determined 
by the average sorption curve of the room's hygroscopic materials implying that 

dmh dmh dyi 
P--- - 

d t  dyi d t  

where p is the relative humidity in the hygroscopic lump and where - dmh is the 
2~ 

instantaneous slope of the sorption curve of the hygroscopic lump. 
Two time constants tl and t2  are now defined which characterise the hygroscopic 

properties of the room, viz. 

Vhr d mh V. Wr 
tl = and t 2  =- 

A h ~ s a t  d~ AhRT 

A further time is defined as 



where p„ is the saturated vapour pressure (Pa) in the hygroscopic lump. 

Equations (1) and (2) become 

and 

- 0  P-+ -T-  
d t  

where V0 
Y =F 

and where W molecular weight of water (1 8 kg h o l e - 1 )  and R is the universal gas 
constant (83 1 0 kg kmole- 1). 

3. SYSTEM IDENTIFICATION MODELS 

3.1 Finding tl and ventilation rate - case with no moisture sources 

We consider first the loose case (i.e. high ventilation levels) with no moisture sources, 
govemed by equation (6) with S = 0. 

The discrete form of equation (6) is 
Poi-i P h i  + F ~ e i  - 

P o i - Z - z  a 

where 

L. 

Equation (8) is an ARX model, first order in the output variable p„ and first order 
in the input variables p, and ph. 

If the ARX model, equation (8), is written in the standard form [2,3] 

then comparison between the coefficients of equation (8) and equation (9) gives 

al b2 

t2  = T A t  
and F=-- 

al At 

There exist standard algorithrns for calculating the coefficients al and bl and b2 
[2,3], so that t2 and the ventilation level, F, can be found from equations (10). 



3.2 Finding ti - tight case with no moisture sources 

A similar process, starting from equation (6), in the approximate case of F=O yields 
an expression for tl 

where z„r, is the value of the pole of the ARX model. 
There exist standard algorithms for calculating the numerical value of the pole z„i, 

See for example [2,3], allowing the calculation of tl from equation (1 1). 

4. AVERAGING 

To find the moisture release rate S, an integral form of equation (6) is used - integrating 
equation (6) between t = a and t = b and rearranging gives 

5. EXPERIMENTAL 

5.1 Description 
This section describes the experiments undertaken to test the effectiveness of the system 
identification models developed above. 

Various combinations of ventilation levels, moisture release rates and heating were 
realised in a bedroom and the indoor and outdoor temperatures and humidities measured 
with thermistors and capacitive humidity Sensors. Moisture was released into the room 
in a controlled and measurable manner with a small Open topped container on a hot plate 
turned to a very low heat. Heating was provided from a radiant thermostated electric 
heater. 

Several experiments of a few hours duration were carried out, each aimed at finding 
different variables. Theoretical results were calculated using MATLAB@ to calculate the 



system model pararneters followed by using and fom~ulae (10), (1 1) and (12) to find rl , 
tl , F, and S. 

6. RESULTS 

As a typical example, Figure 1 shows data from Run 1 and Run 3. 

Runs 1 & 3: Vapour pressures and moisture release rates for higher 
ventilation levels 

-"-"----"." -- - " 
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lndoor vapour pressure 

Moisture release rate 

Figure 1: Run 1 and 3. Vapour pressure and moisture release rates at higher 
ventilation levels. 

Table 1 gives the results for the various parameters calculated by the methods 
above, and compared to experimentally measured quantities. 

Table 1: Experimental and calculational results. 

Moisture 
release 

rate 
experimental 

0.056 L/hr 

0.05 hour-' 

Run 
nurnber 

1 
2 
3 
4 
5 

Room 
hygroscopic 
parameter 

t I 

0.46 hours 

Room 
hygroscopic 

parameter 
t 2  

0.28 hours 

Ventilation 
calculation 

5.5 hour" 

1.3 hour-' 

Ventilation 
experimental 

5.0 hour-' 

1.0 hour-' 

Moisture 
release 

rate 
calculation 

0.072 L/hr 

0.18 hour-' 



7. DISCUSSION AND CONCLUSIONS 

Ventilation levels calculated at the higher air-change rates agree with measured values 
to within 10%, and at lower levels to within 30%. Moisture release rates agree to within 
27% at higher air-change rates, but differ by more than a factor of 3 at lower air-change 
rates. In general it appears that the methods described in this work give useable results 
at higher ventilation levels for both air-exchange values and moisture release rates, and 
perhaps for air-exchange values at lower ventilation levels, but camot predict well 
moisture release rates under air-tight conditions. 

This lesser performance level for more air-tight rooms probably arises because, under 
these tight conditions, the room hygroscopic materials influence substantially the time 
dependency of the room relative humidity and vapour pressure. In order fully to model 
this hygroscopic influence a more accurate physical model than the one used here is 
clearly needed. Furthermore, it is unclear where in the room temperatures and 
hurnidities should be measured to fairly represent the room as one Zone when, because 
of less external ventilation, room air circulation is lower. 
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Abstract 

The use of layered materials has rapidly increased in a great number of applications - in 
case of building industry especially as thermal barriers, partially as electric insulation 
and wear, erosion and corrosion resistance protection. Because such structures are 
utilized under different transient thermal conditions it is of a great interest to study their 
transient thermal behavior. 

The knowledge of thermophysical properties of these structures is the primary 
information needed for performing analytical as well as numerical analyses. One may 
study contact thermal resistance between layers that may indicate the quality of the 
layered composite. In situ measurement on layered systems allows testing whether and 
how thermophysical properties of layers differ from those values received for bulk 
materials. It has been shown that transient photothermal methods like the laser flash 
technique can be successfully utilized for a reliable estimation the thermal difisivity 
andlor the thermal contact resistance. 

The paper deals with an investigation of transient thermal behavior of layered 
systems. In case of analytical simulations the initial and boundary conditions 
corresponding to the laser flash experimental method are considered. The paper presents 
a draft of analytical theory and gives some results of an estimation of the thermal 
difisivity of a composite consisted of a metallic and non-metallic two-layer. 

Key words: layered structures, thermal diffusivity, thermal contact resistance 

1 Introduction 

Building constructions are frequently exposed on one side to variable weather 
conditions and on the other face enclosure an indoor space at a constant and uniform 
(room) temperature. The determination of the heat transfer through a wall is ofien 
treated as an example of the linear heat flow in a slab of finite thickness bounded by a 
pair of parallel planes of finite extent. They assume that each of the layers that compose 
the wall consists of a material of different thermal properties. The equation for the 
conduction in each layer of the wall is 



where k is the thermal conductivity - the basic thermophysical property used to relate 
heat fluxes to steady state temperature gradients, C ,  is the specific heat at constant 
pressure and p the density. 

For homogeneous isotropic materials whose thermal conductivity is independent on 
temperature and position the equation (1) can be rewritten as 

Here the thermal difhsivity a represents the transport property that describes how 
quickly heat propagates through a material during a transient state. 

If there occurs a temperature drop AT across the interface between two materials 
when analyzing a heat transfer through a layered composite the thermal contact 
resistance R should be considered. Then the heat flow q through the interface conforms 
to the equation [I]  

2 Theory and the laser flash method 

In the flash method, the front face of a wall shaped sample is subjected to a pulse of 
radiant energy coming from a laser [2]. If material boundaries are flat and parallel to the 
sample front and rear surfaces and if there are no heat losses from the radial surface an 
one-dimensional heat transfer occurs across the sample. Analyzing the resulting 
temperature rise on the opposite (rear) face of the sample any thermophysical property 
value (the thermal difisivity of one layer, or the thermal contact resistance) can be 
computed [3]. 

The analytical theory assumes one-dimensional heat flow across a wall composed 
fi-om n layers. It considers the sample initials at constant equilibrium (zero) temperature. 
The front face of the wall is in the initial (zero) time uniformly subjected to the 
instantaneous heat pulse with the heat Q supplied to the unit area. In case of non-ideal 
experimental conditions - when heat losses from the front and rear face is not negligible, 
appropriate boundary conditions include heat flux term with the heat transfer 
coefficients at the front hl and rear face h2. The expression for the transient temperature 
rise T=T(x,t) in the sample can be received solving the heat conduction equation for 
each layer 

with the initial 



and the boundary condition at the front and rear face as 

where 6(1) is the Dirac's delta function. The boundary conditions at the interface 
between the ith and jUl layer describe the relations 

The problem (equations 4-9) is negotiable using the Green's function approach as 
well as utilizing the Laplace transform technique [4]. Very eficient is to take the 
quadmpole formalism of the Laplace transform technique and the approach described in 
[5] that yields to simple expressions even though analyzing general complex cases. 

3 Simulations 

For a better understanding the phenomena a simple two-layered geometry is studied 
here. We consider to have sample that consists fi-om 1.97 mm thick molybdenum and 
0.21 mm ceramic layer with appropriate thermal properties as measured at 500 "C 
(molybdenum - k = 1 11.4 W l d ,  a = 39.3.10" m2/s, ceramic k = 6.09 W/&, 
a = 2.83.10-~ m2/s). From Fig 1 one can see, that thermal contact resistance below 
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Fig. 1 Simulated rear face temperature rise vs. time curves calculated for various 
thermal contact resistance 



1om6 W - ' ~ K  does not observably influence the temperature response investigated at the 
wall (sample) rear face. From the other point of view the result indicate the natural 
border of the thermal contact resistance estimation for the presented composite. 

Fig 2 presents normalized sensitivity to thermal difisivity of molybdenum SaM„ to 
thermal difisivity of ceramic Saceram, to Biot number (H = helk, where e is the sample 
(layer) thickness) SH and sensitivity to thermal contact resistance SR VS. time curves. We 
see that sensitivities to thermal diffusivity and sensitivity to thermal contact resistance 
have similar shape, what indicate that all these three parameters influence the 
temperature rise vs. time evolution in a similar and therefore they can not be estimated 
simultaneously . 
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Fig. 2 Normalized sensitivities vs. time curves 

Fig 3 presents a typical experimental temperature rise vs. time curve (No 1) and its 
least-squares-fit using the analytical model that considers the sample acting as a 
homogeneous medium (No 2) (here the unknown property is the 'apparent' thermal 
difisivity). The curve No 3 considers a two layered Molceramic sample with above 
mentioned thermal properties with non-zero thermal contact resistance - that is 
estimated here. The curve No 4 is based on an 'ideal two layered Molceramic sample' 
model with Zero thermal contact resistance - here the thermal diffusivity of ceramics is 
determined. We see that the case of an ideal two-layered composite suits the best to the 
experimental temperature rise vs. time evolution. Therefore a data reduction process 
based on the used analytical model can give a reliable data of thermal diffusivity of the 
ceramics material. 

4 Measurement of thermal diffusivity 

Fig 4 presents results of the thermal diffusivity estimation of the ceramic material on 
three samples of two-layered Molceramic composite. The sample No 1 has 2.1 8 mm 
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Fig 3 Experimental temperature rise vs. time data and its fit 

thick ceramic layer and the thickness of molybdenum layer is 0.29 mm, the sample No 2 
has layers thickness 2.31 mm and 0.35 mm; and No 3 - 2.295 mm and 0.329 mm. 
Acquired values are compared with those thermal diffusivities measured on a 
homogeneous ceramic samples. What can be Seen is also for a thermophysical property 
measurement unusually high dispersion of result. 
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Fig 4 Thermal diffusivity of ceramic material 



In fact an estimation of the thermal diffusivity from experimental data measured on a 
layered composite is a dependent measurement. The measurement of the thermal 
difisivity of one layer requires besides the knowledge of other relevant properties (the 
density, the heat capacity and the thickness of both components) to know the thermal 
difisivity of the remained layer. Errors in measurement of these additional parameters 
are propagated through the data reduction and result as inaccuracy of the thermal 
difisivity determination. On the other hand physical borders limit the accuracy and the 
reproducibility of the method [ 3 ]  Therefore the flash method approach is not very 
suitable for a study of poor thermal conductive coatings on much better conductive 
sub strate. 

5 Conclusion 

The paper shows that an experimental investigation of transient thermal behavior of a 
layered composite may be used as a suitable basis for measurement of a thermophysical 
property of a component. Because such measurement is a dependent measurement the 
accuracy of the required property estimation depends besides the accuracy of other 
relevant properties on an information that experimental data contains about the 
estimated property. This depends on the geometry and materials properties. 
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Abstract 

An acoustic emission has been used to study the effects of low temperature gradients in 
standardised specimens of timber with variable humidity. Note that the acoustic 
emission method detects active defects into test structure. A part of the specimen was 
immersed into liquid nitrogen (-196 'C). The upper part of the specimen was exposed to 
the air whose room temperature was (about 20 'C). The timber specimens were blocks 
of dimensions 16 cm X 4 cm X 4 cn?. Classification of acoustic emission sources were 
performed by using modern mathematical methods. The first series of measurements 
were carried out on dried-out specimens, the second series on specimens saturated with 
water. 

Key words: acoustic emission, temperature gradient, non-destructive testing, 
mechanical wave, signal analysis, burst type signal 

1 Introduction 

The acoustic emission method is one of non-destructive testing techniques. A 
phenomenon of the acoustic emission is known as process rise and propagation of Stress 
waves (acoustic photons) released for local dynamic dislocations of an inner solid 
structure. Defects into loaded structure generated the elastic waves. Sensors detect 
surface (Rayleigh) waves (Fig. 1). The defects are detectable only under activity. The 
inception of defect and its growth is concatenated with propagation of an accumulated 
energy. The Sensor (usually piezoelectric transducer) converted mechanical wave into 
an electrical signal. 



The humidity of building structures influences its strength. It was tested the 
defects under thermal load of the timber specimens. The acoustic emission method was 
used to determine phenomena over loaded time. 

. .. 

r Rayleigh wave 
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4- primary 
source 

propagation of 
longitudinal wave 

Fig. 1 Acoustic emission phenomena. 

2 Experimental set-up 

It was chosen specimens by dimension 16 cm X 4 cm X 4 Cm. The timber specimens 
were included one end into bath with liquid nitrogen (the temperature -196OC) and other 
one in an air of laboratory (the temperature about 20°C) into polystyrene vessel (Fig. 
3). A thermal gradient was over 200°C between the specimen ends. 

Fig. 2 Diagram of experiment. 

The temperature was measured by an infra red thermometer on the air end of 
specimen. An acoustic emission sensor was contacted on the air end. The signal was 
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separated into two sections. A counter detected acoustic emission counts in the first side 
and some "big" burst type signals were recorded in the second side (Fig. 2). 

Polysiyrene vessel 

Fig. 3 Position of timber specimen into vessel. 

The experimental conditions were temperature 20°C, relative humidity 30 % and 
atmospheric pressure 1 . 0 2 ~  1 o5 Pa. 

3 Wigner spectrum 

The recorded acoustic emission signals were analysed by Wigner spectrum. The 
Wigner spectrum is a combination of the Fourier transformation and the correlation 
calculation. 

where x(t) is amplitude dependence on time of the recorded signal, T is time parameter 
and f is frequency parameter. This is general time-frequency distribution which not 
using an analytical functions and in comparison with many other transformation it is not 
limited by Heisenberg's uncertainty. However, it requires large computation power, 
contains interference in discrete computing form and works in negative energy levels. 
The Wigner spectrum analyses with constant bandwidth. 

The frequency analyses find average frequency spectrum of analysed signal, but 
the time-frequency techniques localise spectrum accurately in the time and the 
frequency. Notice, that the frequency axis is horizontal and the time axis is vertical and 
the values of spectrum are shown by contours. 



4 Experimental results 

The cumulative curve of an acoustic paranieter shows that the test timbers with 
higher humidity have lower frequency of the pararneter. 

The time characteristic of the amplitude of the dry specimen (Fig. 4) shows a 
longer rise time the then of the wet specimen (Fig. 7). The frequency spectrum of the 
dry one (Fig. 5) contains a main frequencies on lower frequency then of the wet one 
(Fig. 8). A basically frequency is 80 kHz. The time-frequency spectrums (Fig. 6 and 
Fig. 9) show both time and frequency simultaneously. The contour diagrams plotted 
these spectrums. The high values of spectrums are Seen on these diagrams. The fall of 
the amplitudes over 40 ms interval is better to See on time-frequency diagrams (Fig. 6 
and Fig. 9) then on the time diagrams (Fig. 4 and Fig. 7). The darnping of any 
frequencies is taken in time-frequency spectrums but it is not possible to find in the 
frequency spectrums (Fig. 8 and Fig. 5). The array of high spectrum values of the wet 
specimen is bigger then of the dry one. 

5 Conclusion 

The timber humidity considerably influences frequency of hits generated at low- 
temperature loading. The hit frequency is decreased with humidity increasing. 

The time-frequency analysis shows difference spectrum between the specimens 
with variation humidity. Dried ones have single important frequency but wet ones have 
more then one frequency. 
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ABSTRACT 

In crawl space, temperature and humidity are significantly effected by heat and moisture flow fiom/into earth 
ground contacted with crawl spaces. So, to analyze and simulate behavior of temperature and humidity in crawl, 
it must be account for theeffect of earth griound. There are many researchs for this problem as praatical 
problems. But, they did account insufficientlly for effects of earth ground as moisture sourcelsink, though 
account for heat capacity. To predict moisture inlout flow through earth ground surface, ground must be treated 
as fields of simultaneous heat and moisture transfer. In earth ground, moisture sources are water table under earth 
surface and water precipitation around building. We presented mathematical model to analyze those as 
simultaneous heat and moisture problems[l]. Using the model, measured results in small house are analyzed over 
year and presented [I]. In the paper, we analyzed and discussed annual behavior of temperature humidity. 
Detailed analysis of daily variations did not analyze. In this paper, we analyze not only annual variations but also 
daily variation, using measured values of outdoor temparature, humidity and rain precipitation etc. Results of 
analysis show thaat simulated results agree well with measured values. It is concluded that the mathematical 
model presented is valid to simulate thermal and hygric behavior in crawl space. 

Key Words: Climate in Crawl, thermal and moisture effect of Earth Ground, Prevention of Moisture Damages, 
Heat and moisture Transfer 

1 INTRODUCTION 
Moisture problems occur fiequently in crawl in Japan, especially during summer due to high hurnidity of outdoor 
air. There is no quantitative analysis of prediction on the problems, because of the significant effects of earth 
ground on crawl, oflon which heat and moisture flow were not accurately analyzed in building thermal 
environmental engineering. We have studied those problems by numerical simulations applying equations of 
coupled heat and moisture transfer. In porous media In those analyses, effects of amount of precipitation, 
location of water table, multi-dimensionality of the object field, air change rate of crawl and moisture barrier on 
the earth ground surface bounded crawl, have been discussed by numerical analysis[l,2]. A field measurement 
are performed over a year of a small test house built at Shiga, Japan[3,4]. In 1993, we presented mathematical 
model to analyze those as simultaneous heat and moisture problems[5]. Using the model, measured results in test 
house are analyzed over year and presented [5]. In the paper, we analyzed and discussed mainly annual behavior 
of temperature humidity. Detailed analysis of daily variations did not performed. In this study, using the 
measured data, measured every hour over a year, detailed analysis, not only annual variations but daily variations 
are done. Results of the numerical analysis are compared with the measured values and validity and accuracy of 
analyses are discussed. In addition to those, sensitivity analysis of several Parameters are presented. 

2 X P E R I M E N T  
Schematic diagram of the test house are shown in Fig.1. Plan of the test house is 4x4m. Height of crawl 
space(craw1) is 0.46m. Basement surrounded the crawl space is made of concrete wall(0.15m) without thermal 
insulation. On the basement, there are two small openings(0.lmx0.2m) which are for ventilation of the crawl 
space(in Japan, those openings are usually equipped and minimum total area of openings are regulated by 
regulation). 

Floor slab of room above the underfloor space (i.e. ceiling of the crawl space) is made of a single layer of 
plywood (17.5mm) without thermal insulation. The room above the crawl space was usually not heated or cooled 
by artificial device, except for short period, that is almost under natural conditions during the experiment. Solar 
radiation radiated into the room through a windows (2mx2m). Temperature and humidity in the room were 
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Figure 2 Measured values of outdoor climate (29"' July-P August) 



continuously measured during the experiment. These measured values are used in the numerical simulations as 
the input data. All of input data such as outdoor air temperature, relative humidity, solar and longwave radiation, 
wind velocity and its direction etc. are continuously measured every hour or every 20min. during the entire 
experiment. Medium of the earth ground under the test house is sand. Of the test house, temperature and relative 
humidity in the crawl space are measured continuously over a year. And temperature and moisture content idon 
the earth ground contacting with the crawl space are simultaneously measured. 

3 ANALYSIS 
In Fig.1, domain of analysis is shown. At the lower boundary of earth ground, temperature and moisture 
potential are specified. Vertical boundary of the earth ground is treated as surfaces of no flow of heat and 
moisture. Boundary conditions at earth ground surface contacted with outdoor air and crawl space are the third 
kind. At former surface, rain precipitation rate are accounted for as surface production of liquid water. And heat 
flow of solar radiation and long wave radiation are accounted for. Basement concrete slab and wooden floor of 
room are treated as pure heat conduction media. 

Governing equations of the field are as follows 

Heat balance equation of crawl space 

dTc f 
C ~ V - = ~ K ~ ( T ~ - T ~ ) S ~ + K ~ ( T ~ - T ~ ) S ~ + C ~ N V ( T ~ - T ~ ) + ~ ~ C ( T , - T ~ ) S ~  (1) 

dt j=i 

Moisture balance equation of crawl space 

Heat transfer equation in the earth ground 

Moisture transfer equation in the earth ground 

d Y  d p  pw(- ) -=VA'p(Vp-  Fw) + V A 1 r V T  
a p  dt 

Boundary condition of heat transfer on upper surface of the ground 

d T  3~ 
- ( A + ~ A ' T ~ ) - - ~ A ' ~ ~ ( - - F w )  = a ( x ) ( T - T c ) + r a ~ p  ( P -  P c )  

d n  d n  
Boundary condition of moisture transfer on upper surface of the ground 

d T  dl* 
- ~ I T ~ - -  a tp(%- nFw) = a P p ( ~ )  ( P -  PC) + f r 

d n  
From definition of relation between partial water vapor pressure P , tempere T and chemical potential p 

where n means inward normal to earth ground and suffix C means value at crawl space, o means at outdoor air. 
Temperature and humidity in crawl space are treated as uniform. Domain of analysis is two dimensional space. 
System of equations shown above are solved by explicit finite difference method. 

A part of measured values of outdoor air are shown in Fig.2 (a). -(d). In the calculation, these value over the 
year are used as input data. Air change rate of underfloor space is obtained from calibration curve between 
outdoor wind velocity with wind direction and air change rate of the test house. During the experiment, mean air 







change rate was Ca. 14 ( lk ) .  Depth of water table was measured at the beginning of the measurement and 
measured depth is 1.5(m). 

4 RESUJITS AND DISCUSSIONS 
Calculated results of temperature Tc, partial vapor pressure Pc and surface temperature of the earth ground at 
Center of crawl space are shown in figure 3 (spring), 4 (summer) , 5 (autumn) and 6 (winter). Both of Crawl air 
temperature and the earth surface temperature agree well with measured value over the year, especially fair well 
in spring and autumn. On the other hand, of partial vapor in crawl space, calculated values are slightly small from 
measured values, except winter. Then, in the following, effects of depth of water table on calculated values are 
discussed, because it seems that their values used in the calculation are not accurate. Depth of water table was 
measured only at the beginning of the measurements. 

Depth of water table may vary. Considering measured value, 1.5(m), sensitivity analysis are performed from 
2.0 to 1.0(m). Calculeted results are shown only in figure 4 (summer) and 6 (winter). Figure 4 shows that at 
1.3(m) of depth of water table, calculated vapor pressurevalues are acceptablly agree with measured values, 
keeping temparature showing good agreement at crawl and earth ground surface. When depth of water table ia Set 
at 1 .0(m), vapor pressure in crawl shows good agreement, on the other hand, temperature of earth ground surface 
is lower Ca. 1.5(deg) than measured, by increased latent heat by evaporation of moisture at the earth surface. 
Considering much rain precipitation at beginning of summer in Japan, decrease of depth of water table rnight be 
occurred. Accounting for variations of depth of water table, calculated results show good agreenment with 
measured values. Then the mathematical model presented in thi paper yields reasonable prediction of thermal and 
hygric behavior in crawl space contacting bare soil surface. 

4 CONCLUSIONS 
Of the small test house, temperature and humidity variations of crawl Pace contacted with bare earth ground are 
analyzed, applying simultaneous heat and moisture transfer equations to earth ground, considering location of 
water table and penetration of precipitation on bare ground surrounding the test house. Results calculated are 
compared with measured values over year. In addition to those, effects of depth of water table are analyzed and 
discussed. Conclusions are as follows 

Calculated results using mathematical model presented show good agreement with measured values of 
temperature and vapor pressure. It is concluded that the model presented here is reasonably valid for predicting 
temperature and humidity in crawl space or space directly contacting to ground. Level of ground water play 
important roll when depth of water table decrease smaller than 2.0(m) in Sand soil. 
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Abstract 

Hygroscopic wall and ceilings give substantial stability to the indoor relative humidity 
in rooms. In this paper, we analyse the importance of "hygroscopic inertia" in buildings 
in temperate climate regions, where there isn't buildings normally any heating systems. 
We present, also, the results of an experimental study that was conducted on different 
covering materials on which different types of paint were applied, all this with the aim 
of appreciating the influence of support and its paint on "hygroscopic inertia". 

Key words: moisture, hygroscopicity, relative humidity, "hygroscopic inertia" 

1 Introduction 

The covering used on walls and ceilings play an important role in controlling the interior 
climate of buildings. Certain materials have a very strong hygroscopic behaviour, 
absorbing moisture, when the indoor relative humidity increases and releasing it into the 
air, when there is a reduction in the relative humidity. 

Between winter and Summer, in a single-family dwelling, it is possible to store over 
100 kg of moisture in the covering materials. 

Experiments, conducted at the Faculty of Engineering of Porto University, shown 
that, for a single-family house, without a heating system, whose vapour production 
inside was known, as we were dealing with a "laboratory house", there was a time lag 
and damping in the values of indoor absolute humidity with regard to outdoor absolute 
humidity . 

These time lag and damping are due to the "hygroscopic inertia" of the dwelling 
which depends on fumiture and equipment, but also on the nature of the covering 
materials for use in walls and ceilings. Hygroscopic wall and ceilings give substantial 
stability to the indoor relative humidity in rooms. 

Nowadays, there is a growing use of non-hygroscopic materials in buildings which 
reduce their daily and seasonal "hygroscopic inertia". 

In this paper, we analyse the importance of "hygroscopic inertia" in buildings in 
temperate climate regions, where there isn't buildings normally any heating systems. We 



present, also, the results of an experimental study that was conducted on different 
covering materials on which different types of paint were applied, all this with the aim 
of appreciating the influence of support and its paint on "hygroscopic inertia". 

2 Climate conditions inside buildings in Portugal 

Taking into account the fact that we do not have heating systems in buildings, indoor 
temperature and relative humidity vary as follows: 

Table 1 Climate conditions inside buildings in Portugal. 

Temperature ("C) Relative Humidity (%) 

(average) (average) 

Winter 15 - 17 80 - 90 

Summer > 24 < 50 

Under these circumstances, it can be stated that the surface materials are subject to 
changes in relative humidity ranging fiom 50 % to 95 %. It should be referred that the 
average outdoor temperature in Portugal, in the winter, dunng the coldest months of the 
year, ranges from 3 'C to 10 'C. 

3 Type of the studied materials 

With the aim of analysing the behaviour of the most fiequently used materials for 
covering of walls and ceilings, the following were tested: 

Table 2 Type of the studied materials. 

Designation of Designation of 
Type of covering Paint Type of covering 

the samples the samples 

A Traditional plastered A G Plaster + 2 mm gypsum 

B Traditional plastered A S H Plaster Board 

C Traditional plastered A T I Industrial plastered A 

D Traditional plastered A U J Industrial plastered B 

E Traditional plastered A V K Industrial plastered C 

F Traditional plastered B 

Four types of paints (S, T, U and V) were applied to the materials. 



4 Results 

For the experimental study, a Set of over one hundred samples was prepared, using the 
configuration as defined in the following figure: 

Fig. 2 Configuration of the samples. 

The samples were placed in ambiences with decreasing relative humidities: 98 %? 
93 %, 86 %, 75 % and 54 %, for long periods of time (3500 hours). 

As we can See in figure 3, the change in the mass of the samples is very significant 
when the relative humidity goes fiom 93 % to 54 % and depends on the nature of the 
covering. For instance, plaster boards, 10 mrn thick, can absorb or release 90 g/m2 of 
water, while for certain types of plaster work (20 mm) that change reaches 400 g/m2. 

(hours) 

Fig. 3 Change in the mass of the coverings as a h c t i o n  of the change in the relative 
humidity . 

In figure 4, it can be observed that the desorption process is very slow, thus requiring 
several hundreds of hours until stabilisation is attained, and the process is dependent on 
the relative humidity. However, the experimental study that was conducted allowed for 
the observation of the fact that it is especially during the first hours that the greatest 



exchanges of humidity between the materials and the atmosphere took place, and that 
change is linear in the first 6 hours for all the materials that were studied. 

(hours) 

Fig. 4 Change in the mass of the samples with time. 

When we paint the coverings of walls and ceilings, we are reducing their 
hygroscopicity. Even when using Open paints, this can reduce their capacity for storing 
hurnidity by around 30 % (see figure 5). The use of washable or vitrified paints leads to 
even greater reductions. 
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Fig. 5 Change in the mass of the samples with time, in function of the type of painting 
used (sarne support). 



5 Discussion of results 

The use of covering materials with a hygroscopic behaviour allows for the storage of 
around 25 litres of moisture between summer and winter in a room (4 m X 3 m X 2,5 m) 
where the walls and ceiling have a surface area of around 65 m2. The use of plaster 
boards allows for the storage of only 5,8 litres. 

We also know that, in a bedroom, around 1000 g of water vapour can be produced 
during the night. During that period, sometimes ventilation is highly reduced hence, the 
daily "hygroscopic inertia7' may contribute towards controlling peaks of relative 
humidity in the air. 

For the materials that were tested, the sorption/desorption capacity ranges from 
0,l g/(m2-h) to 0,7 g/(m2-h) for a difference in relative humidity of 1 % between the 
ambience and the surface of the material. 

Fig. 6 Test cells. 

With the aim to study the dynamic influence of the hygroscopicity of the coverings, 
we are developing measurements of temperature, relative humidity and ventilation in 
test cells (see figure 6), testing different coverings and considering different ventilation 
ratios. We also have at our disposal the weather station of the Faculty of Engineering of 
Porto University which continually measures outdoor air temperature, relative humidity, 
wind direction and speed, solar radiation and rainfall. 

With future developments in this research, we hope to find a criterion for quantifjing 
daily and seasonal "hygroscopic inertia", in order to minimise the phenomenon of 
condensation. 



6 Conclusions 

The main conclusions of this study, which is still in the development stage, are as 
follows: 

i Certain materials have the ability to absorb moisture, when relative humidity 
ranges fiom 54 % to 93 %. Certain coverings may reach a storage of about 
400 g/m2; 

i Paint can eliminate or strongly reduce the materials' hygroscopicity ; 

i In a bedroom, the walls and ceiling can Store 25 litres of moisture between the 
summer and the winter if its configuration is adequate; 

i For the tested materials, the sorption/desorption capacity ranges fiom 
0,l g/(m2-h) to 0,7 g/(m2-h) for a difference in relative hurnidity of 1 % between 
the ambiences and the surface of materials; 

i For buildings without heating systems, the hygroscopicity of coverings and 
daily and seasonal "hygroscopic inertia" are an important factor for the indoor 
relative humidity. 
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1. INTRODUCTION 

There is a growing use of cellular concrete in the Portuguese building construction, executed 

"in situ", used as form layers of Bat roofs and filling layers over concrete slabs inside the 

buildings. The advantages of this material are its low density, easy application and low cost. 

The drying of the cellular concrete, especially in case of layers of a great thickness, is 

very complex and long. The application of waterproofing systems or coverings (wood, 

linoleum, etc ...) on not fully dried cellular concrete, has resulted in the occurrence of 

pathologies. 

At the Building Physics Laboratory - LFC of the Faculty of Engineering of the 

University of Porto, we have camed out an experimental study with the aim of measuring the 

drying process of cellular concrete, under laboratory and outdoor conditions [ I ] .  The 

measurement of the moisture content profiles of the tested material was performed by means 

of a garnrna-ray attenuation device. In this Paper, we present the experimental results of the 

study and give some practical recommendations on the hygrothermal implications of the use 

of cellular concrete. 

2. THE DRYING OF BCTILDING MATERIALS 

The drying of materials can be expressed as a function of the differences in the vapour 

concentration at the surface of the material and in the atrnosphere, by means of the following 

expression [2]: 
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where 

g, - moisture flow ........................................................................................... kglmL.s 

ß - surface transfer of moisture coefficient .................................................... d s  

C's - concentration of water vapour at the surface kglm 3 ........................................ 

C'a - concentration of water vapour in the atmosphere kglm 3 ................................. 

When the surface is saturated, the drying flow is constant. Later, when the amount of 

water canied fiom inside the material to its surface is lower than the amount of vapour 

released during the drying process, the vapour concentration at the surface decreases and the 

drying flow tends to Zero. In this phase, the water vapour is camed to the surface of the 

material, by means of vapour diffusion, through a layer of "dry" material. This layer of "dry" 

material increases during this phase [3]. 

3. PROPERTIES OF THE CELLLEAR CONCRETE BEING STUDIED 

The cellular concrete being studied is made of a cement paste, with air introduced in the form 

of bubbles approximately 1 rnrn in diameter. The air is introduced by means of a chemical 

reaction during the preparation of the material [4]. The percentage of air in this type of 

material is around 50% of its volume. The original value of water content (saturation) can 

reach about 1,2 kgkg. 

Twelve cubic sarnples were moulded in order to determine the apparent density and to 

evaluate resistance to compression of the material. The density for compositions of Type I 

and Type 11 in the dry state are 440kg/m3 and 600kg/m3, respectively. The values obtained for 

resistance to compression ranged fiom 0,66 and 2,06 MPa. 

The hygroscopic moisture content of the cellular concrete was evaluated, by placing a 

sample of material in a saturated atmosphere (RH 98%), where the moisture content was 

0,21 kglkg. A sample of dry material was also placed in an atmosphere with a relative 

humidity of about 50%, which reached a moisture content 0,08 kgkg. 

4. EXPERIMENTAL DETERMINATION OF THE MOISTURE CONTENT 

PROFILES 

The experimental device used to measure moisture content by gamma-ray attenuation was 

built and calibrated at the Faculty of Engineering of Porto University - LFC and consists of a 



radioactive source (Americium), a detector of sodiurn iodide, an electronic unit made up of a 

voltmeter, a temporiser, a counter, a device for measuring the counting rate and high- and 

low-voltage feed as well as a computer terminal with the respective software for automatically 

introducing and obtaining data. 

The physical principle that is the basis of this measuring technique consists of the 

attenuation or absorption of emitted radiation when a given material is placed between the 

radioactive source and the detector (gamrnametry). The attenuation of the radiation depends 

on the energy of the photons, the chemical composition of the absorber and the distance 

between the source and the detector. It is possible to establish the relationship between the 

emitted ( I. ) and transmitted radiation ( I ), depending on the value of the thickness ( X ) of 

the specimen, the attenuation coefficient ( p ) and the density of the material ( p ). 

I = I. . exp. (-P . p . X) [counts/s] 

The value of water content can be calculated since the mass attenuation coefficient of 

the water ( pw ), the transmitted radiation of dry sample (Io*) and the density of the dry 

material ( po ) are known: 

The calibration of the equipment consists of the comparison between the mass 

variation of the samples obtained by weighing (gravimetry) and the mass variation calculated 

by the integration of the experimental profiles of moisture content, at the Same moment of the 

drying process. Good agreement of the results shows that gamma-ray attenuation equipment 

may be considered valid for the determination of moisture distribution profiles (see figure 3). 

4.1. Configuration of Samples 

Cellular concrete is normally applied in constructions with one side in contact with the 

support, while the other side - the drying side - is exposed to climate conditions. Thus, the 

adopted physical model is a prismatic system that is Open on one side (drying side) and 

"waterproofed" on the remaining five sides, so as to make Sure that the drying flow in these 

directions is null. 



The physical model was produced by a quadrangular Plexiglas mould of 3,5 mm with 

heights of 100,200 and 300 mrn and the intenor section of 100 X 100 mm'. 

The heights chosen for the samples represent the thicknesses of cellular concrete 

normally used in Portugal when executing moulded layers of covenngs and in filling 

pavements. 

4.2 Drying Process 

The sarnples of cellular concrete, with the dimensions mentioned above, were exposed 

to the following conditions: 

- Drying in the laboratory (T = 22'C 2 2OC and RH = 50% + 5%); 

- Drying outdoors (sheltered fi-om the rain and solar radiation). 

Figure 1 shows the vanation in the intensity of radiation in the dry state, by three 200- 

mm-high sarnples, which showed that density increases with depth, because the number of 

counts decreases. The samples are not homogeneous. 

Figure 1 
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Variation of the intensity of radiation along the sarnple. 



Figure 2 shows the evolution of the profiles of the moisture content in cellular 

concrete, obtained by means of gammametry, for 100-mm-thick samples dried in the 

laboratory . 

-G- 23 Days 

-t 46 Days 

-+ 53 Days 

-A- 74 Days 

U 102 Days 

-m- 127 Days 

0 10 20 30 40 50 60 70 80 90 100 

DEPTH (mm) 

Figure 2 Profiles of the moisture content of 100-mm-thick samples when dried in the 
laboratory . 

At the end of the drying period in the laboratory (127 days), the samples were placed 

in an oven at 60°C for 52 days, then for another 6 days at 105OC, until it reached the dry state. 

The variation of mass during the drying process, as a function of the Square root of time, is 

shown in figure 3. In this figure, one can See the agreement between the values for the 

variation of mass, obtained by means of gammametry and by gravimetry. 

Figure 4 shows the evolution of the profiles of the moisture content in a 100-rnrn-thick 

sample of cellular concrete dned outdoors. It should be noted that, after 68 days of drying, 

sheltered from rain and radiation, the sarnples were left exposed for 12 days, which led to a 

big increase in moisture content. 
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Figure 3 Comparison of the variation of the mass of a 100-mm sample calculated by 
garnrnametry and gravimetry. 
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4 Profiles of the moisture content when drying in outdoor conditions of the 100- 

nm-thick sample (600kg/m3). 

4.3 Discussion of the Results 

The average values for moisture content obtained when drying in laboratory 

conditions for 100- and 200-mm-thick samples are shown in Table 1. The 300-mm-thick 

samples are excluded fiom the table because the drying process is much longer. 



Table 1 Values of water content of samples dned in laboratory conditions. 

For a cellular concrete of 600 kg/ni3 and thicknesses of 100 and 200 nim, after drying 

for 102 days, the amount of water found within it exceeds the values for the amounts of water 

corresponding to hygroscopic equilibrium (50% RH) by 1,2 l/m2 and 12 l/m2, respectively. 

DENSITY 

(kg/m3> 

440 

600 

The moisture content observed in the samples dried in outdoor conditions were 

considerably higher. As an example, one should note that the average values for moisture 

content, measured in 100-mm-thick samples (600kg/m3), 81 days after exposure without rain 

and sun between the Ist aiid the 69th days and under the influence of sun aiid rain between tlie 

69th and 81st days, the values for moisture content exceed 0,40 kg/kg; that is, they exceed by 

19 l/m2 the values for the amount of water corresponding to the hygroscopic equilibrium. 

5. PRACTICAL RECOMMENDATIONS FOR THE APPLICATION OF THIS MATERIAL 

The application of cellular concrete, as a moulded layer for flat roofs or as a layer for filling 

pavements, executed "in situ", requires recomrnendations in what concems its drying process 

so that it will not interfere with the hygrothermal behaviour of the construction elements in 

which the cellular concrete is inserted. 

LAYER THICKNESS 

(mm> 

200 

100 

200 

The thicknesses of the layer of cellular concrete to be adopted should be chosen by 

keeping in mind the drying time. As an example, one can refer to the fact that in the 

application of a 100-mm-thick layer of cellular concrete, the value of water content found in 

the material, after being dried for 23 days, is some 10 litres of water per m2. To us, it seems 

inadvisable that one should use layers of cellular concrete over 20 cm thick when the possible 

drying times, without rain, are less than 120 days. 

MOISTURE CONTENT ( kglkg ) 

23 

(days) 

-- 

0,23 

0,23 

74 

(days) 

0,27 

0,12 

0,21 

30 

(days) 

0,32 

0,17 

-- 

1 02 

(days) 

0,26 

0,lO 

0,18 

46 

(days) 

0,28 

0,15 

0,22 

127 

(days) 

0,22 

0,09 

0,17 

53 

-- 

0,14 

0,22 



The use of cellular concrete is very complex when it is not sheltered from rainfall. 

Therefore, the use of protection devices is recornrnended, during the drying period. A cellular 

concrete with a density of around 440 kg/m3 and with a thickness of 200 mm can contain over 

25 litres of water per m2 after exposure to rain for a short period. 

The most common foms  of protection consist of devices placed on the layer of 

cellular concrete. This will avoid humidification and, at the Same time, allow for the 

development of the material's drying process. 

Another type of constructive drying devices consist of making holes in the layer of 

cellular concrete, whose length should be greater than half its thickness, and then place 

perforated tubes, inside these holes to ensure the drying at different levels. These holes are 

later covered before the waterproofing system is placed. However, protection from the direct 

rain is required. 

6. CONCLUSIONS 

As a result of this experimental study, the following conclusions can be obtained: 

The drying of cellular concrete is a long and cornplex process lasting several n~onths; 

The drying period is increased by the increase in the thickness of the applied material; 

The development of the drying process is deeply influenced by climate conditions and by 

the physical characteristics of the cellular concrete; 

The tested material is not homogeneous; 

The occurrence of rainfall gives rise to an increase of the drying time; 

In paragraph 5 recommendations are given to the practical application of this material. 
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Abstract 

The interaction of salt transport and moisture transport plays a crucial role in some 
deterioration mechanisms of porous building materials. For this reason it has been an 
important research subject for many years. Yet most research was still complicated by 
the lack of experimental techniques capable of measuring salt content. Therefore TNO 
initiated some research projects, in which the development and 'practical use' of such 
experimental techniques are central issues. 

Part of the research focuses on the hygroscopic response of salinized porous 
materials. For a typical fired-clay brick and a calcium silicate brick, both salted with 
sodium chloride, the sorption isotherm was measured continuously by means of 
Microcalorimetry. The fired-clay brick contained no micropores and consequently the 
sorption isotherm was determined by sodium chloride only. The calcium silicate 
brick, however contained a reasonable amount of micropores so that the sorption 
isotherm was determined both by sodium chloride and by capillary condensation in 
the micropores. This paper shows that the measured adsorption isotherms can be 
predicted by a modified Kelvin equation accounting for capillary condensation at a 
solution-vapour interface. 

Key words: sorption isotherm, Kelvin equation, salt load, brick, micropores 

1 Introduction 

With respect to salt crystallisation in porous building materials, durability tests were 
often performed by means of cyclic immersion in a salt solution and subsequent 
drying. Yet, such tests cannot determine the so-defined critical salt content, that is the 
lowest salt content that causes damage to a porous material. Repeated immersion- 
drying cycles cause huge salt contents to accumulate in the considered sample, 
leading to material in a relatively short period of time. However, actually salt 
crystallisation is known to be a long-term process, slowly exposing a porous material 



to increasing crystallisation pressures. Therefore the critical salt content should be 
determined by means of a lon,- term test. 

Nowadays, in research on salt compatibility of porous materials the long-term effect 
is recognized and the old durability test is replaced by a test in which the material is 
immersed only once. Subsequent drying introduces salts transport towards the material 
surface. As this situation is set, the hygroscopic response of the salted material nearby 
the drying surface probably dominates the damaging process. Especially the 
desorption isotherm, as related to the drying, is a valuable parameter in this respect. 

The general method for measuring sorption isotherrns is based on equilibration 
above saturated aqueous salt solutions. A major drawback, however, is that it offers 
some discrete resnlts only, introducing inaccuracies with respect to the interpretation 
of the shape of the sorption isotherm. In the present work, sorption istherms were 
measured using microcalorimetry. This technique not only allows a continuous 
determination of the sorption isotherm, but moreover it distinguishes between 
physically different types of water vapour adsorption. 

2 Capillary condensation in salted porous materials 

On the basis of the definition of water activity (see e.g. Thain, 1967), for a solution- 
vapour interface the Kelvin equation is written as (see also Adan, 1994): 

or in a more convenient form: 

In these equations h is the relative humidity, p, the vapour pressure above the 
solution-vapour interface in the capillary, p0„ the saturation vapour pressure of free 
pure water, p„ the saturation vapour pressure of the fi-ee salt solution, o, the surface 
tension of the solution-vapour interface, PB the barometric pressure, P, the capillary 
pressure, ui the molar volume of liquid water, r the Pore radius and a, t he water 
activity of the solution. The right hand side of the second equation consists of two 
terms. The first term accounts for the water activity, a,, of a free (r --+ a ~ )  salt solution 
at hydrostatic pressures equal to the barometric pressure, PB. For pure water this term 
equals unity and the second equation reduces to the regular Kelvin equation as given 
by the second exponential term. Addition of salt to the capillary water, gives an extra 
reduction of the vapour pressure above the liquid-vapour interface by a factor a,, the 
water activity of the free salt solution. This water activity, aw, as well as the surface 
tension of the solution-vapour interface, o„ are a function of the concentration or 
molality of the solution. 



3 Sorption microcalorimetry 

Sorption rnicrocalorimetry is a heat measuring sorption technique that makes it 
possible to measure the equilibrium moisture content during adsorption and 
desorption of water vapour in a porous material. Water is evaporated and the vapour 
is supplied to the porous material. The vapour transfer is performed in a controlled 
manner so that the adsorption remains close to equilibrium. By that, integration of the 
evaporation enthalpy represents a measure of the amount of adsorbed water vapour. 
Meanwhile inside the systeni the adsorptive vapour pressure is recorded. The 
measurement of such an adsorption (or desorption) cycle provides a data set of 500- 
1000 points in the range of 0 - 100%. 

In addition to the evaporation enthalpy, also the adsorption enthalpy is integrated 
and subtracted from the integrated evaporation enthalpy. The resulting net adsorption 
energy provides information on the type of water vapour adsorption; for condensation 
at a water-vapour interface the net adsorption energy equals Zero, while for adsorption 
at a Pore wall surface the net adsorption energy has a negative value (release of 
energ y). 

In this paper the experimental technique will not be further elucidated. An extensive 
description of the method, is given by van Bokhoven (1 979) and Duisterwinkel and 
van Bokhoven (1995). A further description of its application for measuring water 
vapour adsorption in porous building materials, is given by Adan (1994) and Brocken 
(1 998). The experimental results presented in this paper are a further verification of 
preliminary data (Brocken, 1998). 

4 Sorption isotherms 

For a typical fired-clay brick and a calcium silicate brick, adsorption isotherms were 
measured. This was done for bricks witli an artificial salt load as well as for bricks 
without an artificial salt load. Firstly bricks without an artificial salt load were tested. 
After that the Same brick samples were dried and immersed in sodium chloride 
solutions for at least ten days, assuming that by then the concentration of the capillary 
water and the bulk concentration of the solution had equilibrated. For the fired-clay 
brick two concentrations of sodium chloride solution were used, i.e. 0.2M and 1 .0M. 
For the calcium silicate brick only a 1 .0M solution was used. After immersion the 
samples were air dried at (moderate) room conditions of 20°C and about 50% relative 
humidity for one day, followed by oven drying at 105°C for at least one day. 

For non-salted bricks, adsorption isotherm are presented in Figure 1. For salted 
bricks, adsorption isotherm are presented in Figure 2. 

For fired-clay brick, the curve for the non-salted sample hardly shows any 
adsorption of water vapour at high relative humidities (see Figure 1). Most of the 
pores in this brick are bigger than about 0.01 pm (see Brocken, 1998) so that capillary 
condensation hardly occurs at relative humidities less than 90%. 
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Figure 1 [Eeft] Adsorption isotherms for nno-salted (m) fired-clay brick and (+) calcium 
silicate brick. 

Figure 3 [right] Schematic presentation of adsorption isotherms for bricks with and without 
salts, and either or not containing rnicropores. This presentation shows the effect of capillarity 
on dissolution of salts in a Pore System. 
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Figure 2: (a) Adsorption isotherm for fired-clay brick immersed in a 0.2M and 1 .OM solution 
of sodium chloride. (b) Adsorption isotherm for calcium silicate brick immersed in a 1 .OM 
solution of sodium chloride. The dashed lines indicate the simulated dilution for a free 
aqueous salt solution according to data adopted from Robinson and Stokes (1959). 



For fired-clay brick, the adsorption isotherrns of the salted samples show that in the 
relative humidity range up to approximately 75%, the salt load has no significant 
effect (see Figure 2a). At 75% relative humidity, the sorption of water (vapour) 
steeply increases corresponding to the introduction of a free saturated solution of 
sodium chloride. (With respect to the Pore sizes occurring in fired-clay brick, r + m, 

the saturated salt solution can be referred to as "free".) 
At relative humidities above 75%, the increase of the water (ad)sorption is related to 

dilution of the Pore solution. In Figure 2a, starting from the saturation point at 75% 
relative humidit y, simulations based on experimental data for dilution of a "free" 
aqueous sodium chloride solution (see Robinson and Stokes, 1959) are added. For the 
brick sample immersed in a 0.2M solution of NaC1, in this region the simulated water 
sorption (represented by the dashed lines) and the measured water absorption agree 
very well; the dashed line lies through the data points. For the brick sample immersed 
in a 1 .0M solution of NaCl, the simulation does not fully agree with the experimental 
data. Therefore the amount of water (ad)sorption of both brick samples was compared. 

At 75% relative humidity, the (ad)sorption of water in the fired-clay brick samples 
immersed in a 0.2M and 1.OM solution appears to be linearly related to the salt loads, 
i.e. 0.4 mass% and 2.3 mass% respectively. This is reflected in the observed 1 to 5 
ratio (see the inset in Figure 2a). Furthermore, with increasing relative humidity up to 
approximately 85 %, this ratio remains the Same, suggesting further dilution of the 
solution. For higher relative humidities, deviations occur. Presumably the capillary 
moisture content of the brick limits further dilution of the salt solution. 

For calcium silicate brick, the curve for the non-salted samples shows a relatively 
large amount of adsorbed water vapour at the start of the adsorption isotherm and 
t hereafter, for increasing relative humidities, the sorption isotherm shows a gradual 
increase (see Figure 1). This indicates that the calcium silicate brick contains a 
significant amount of micropores; at the start of the experiment first a lot of water 
vapour is adsorbed at the wall surfaces of these micropores. 

The adsorption isotherm of the salted sample shows that up to a relative hurnidity of 
approximately 75%, the amount of water vapour adsorption is nearly the Same as for 
the non-salted sample (see Figure 2b). Yet, in comparison to the non-salted sample, 
the experimental data have a "horizontal shift" which reflects tbe presence of a 
"saturated" salt solution in some pores. Up to a relative humidity of about 75%, the 
dry salt present in the Pore system will not dilute but (partly) dissolve in the available 
amount of adsorbed water vapour and form a (highly) saturated salt solution. 
According to the modified Kelvin equation this part of the adsorption isotherm is 
equal to the water vapour adsorption in the untreated sample (the regular Kelvin 
equation), n~ultiplied by the water activity. For a saturated sodium chloride solution, 
this water activity has a constant value of 0.75 (compare this part of the sorption 
isotherm in Figure 2b with the curve of the non-salted sample copied from Figure 1). 

Complete dissolution of all salts present in the Pore system is reached "before" 75% 
relative humidit y. (75 % relative humidit y is indicated by the dashed vertical line.) 
This can also be explained from the Kelvin equation. In the case of calcium silicate 
brick the water (vapour) is (ad)sorbed in small pores for which the second exponential 



term of the Kelvin equation is less than one. As a consequence complete dissolution 
of the salt present in the pores occurs at a relative humidity less than 75%. 

The sin~ulated curve for the dilution of a free aqueous salt solution is added in 
Figure 2b by a dashed line. This curve does not fully agree with the experimental 
data. Though in general it can be said that at relative humidities above 75%, the water 
(ad)sorption is predominantly related to dilution of the solution. 

5 Conclusions 

For a solution-vapour interface, the regular Kelvin equation is extended with a term 
accounting for the water activity of a salt solution in the pores. In this case the Kelvin 
equation consists of two ternx; a ternl accounting for water vapour adsorption by 
capillary condensation (the exponential term from the regular Kelvin equation) and a 
term accounting for water vapour adsorption by the salts (the water activity). For 
salted porous materials that do not contain rnicropores (e.g. a typical fired-clay brick 
that mainly contains pores bigger than 1 0 - ~  m diameter), water vapour adsorption is 
fully governed by dissolution and subsequent dilution of salts in the pores (see 
schematic presentation in Figure 3). For salted porous materials that contain 
micropores, the (ad)sorption of water (vapour) is governed both by salts in the pores 
as well as by capillary condensation in the micropores. This effect is most 
predominant at relative humidities near to the water activity of the free saturated 
aqueous solution; that is for NaCl near to 75% relative humidity (see also Figure 3). 

To understand drying of salinized porous materials, further research and evaluat ion 
of the sorpt ion characteristics, and in part icular the desorption isotherm, is needed. 
(Note that in the case of desorption of water vapour, so-called "hysteresis" may 
appear to be an important phenomenon.) For this purpose interpretation of the 
sorption energies will be needed. 
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lntroduction 

The purpose of this project was to develop and test new and existing indicators of a 
building's energy efficiency. Such indicators have many applications, such as in 
screening tools for energy audits, establishing measures of performance in energy- 
savings contracts, and tracking improvements in effciency. These indicators should 
make it easier to identiQ houses that are tmly energy efficient and to assist in 
comparisons with other buildings. We approached the problem by studying individual 
homes rather than aggregate statistics. Other IEA projects are examining indicators fi-om 
an aggregate perspective. This project did not achieve all of its goals, but the analysis of 
individual homes provides insights and recomrnendations for compilation and analysis of 
aggregate or national data. 

We explored energy indicators from the perspective of a building scientist. How does the 
choice of indicators affect the apparent efficiency of specific homes? And since 
indicators are used to compare perfom~ance, does a home's ranking change with the 
indicator? Most important, do the rankings make sense? Here again, we wanted to use 
our building science background to ensure that the indicators and rankings make physical 
sense. These questions are best answered through exarnination of individual houses 
rather than with aggregations (that is, collections of houses) because detailed 
charactenstics are generally not collected for large groups of houses. Nevertheless, an 
indicator that fails to accurately rank efficiencies of individual homes is unlikely to 
succeed when comparing the entire housing stocks of countries. 

Technical Approach 

The first step in this project involved finding homes suitable for the project. These 
homes needed to be well-documented with both building characteristics and energy use 
data. Furthermore, we wanted the homes to be located in cold climates, that is, where 
space heating energy dominated. We hoped to acquire the following information about 
each building: 

One year of energy use data 



o Submetered space heat 
n Floor area 
o Weather 
o Number of occupants 
o Basic construction and equipment characteristics 

In addition, we expanded the compilation to include both typical and high-efficiency 
houses. A more diverse collection was likely to give more insights. 

In spite of the "sponsor" approach, obtaining sufficient data for the homes proved to be 
more difficult than anticipated. Some of the problems were: 

o Number of occupants was not recorded 
o Lack of whole-year energy cuse data 

Failure to monitor (or report) whole-building energy use 
o Lack of submetered energy use 
o No information on arnenities or levels of service (such as indoor temperatures) 
o Inability to estimate home's overall heat loss coefficient (U-value) 

The participants were sometimes asked to try to obtain more data for t h s  project. This 
was achieved with some (but not complete) success. 

Description of the lnvestigated Houses 

We made compromises in order to create a diverse collection of homes and to speed up 
the project. As a result, some of the homes do not meet all our collection cntena. The 
results are still valid, but we were unable to explore as many indicators as we had initially 
planned. Eleven homes were finally selected for the intense exarnination. Those homes 
are shown in Table 1. 

Table 1. Key to the homes 
- - - - - 

Letter Country City, State/Province 
A Finland Espoo 
B Japan Sendai, Miyagi 
C Gem~any Schrecksbach, Hessen 
D USA Moscow, Idaho 
E USA Hanover Park, Illinois 
F USA Missoula, Montana 
G USA Missoula, Montana 
H USA Eagle River, Alaska 
I Sweden Malmo 
J Canada Edmonton, Alberta 
K Poland Poznan 



In this report, we refer to a house by the city in which it was located or by its letter. Sonie 
features of each house are presented in Table 2. Energy data were also compiled and 
summanzed in Table 3. 

These homes represented a wide range of locations, designs, and efficiencies. Floor areas 
ranged from 107 to 223 m2. Five houses were all-electnc, one house was connected to a 
distnct heating system, and the remaining five bumed fossil fbels for space and water 
heating. Two nearly identical homes-those in Missoula-were selected to show the 
impact when several variables were the sarne. A descnption of each house is available on 
the web site.' 

Table 2. Summary of the houses' characteristics 

House ID Floor Area Year Built Space Fireplace Heat Water Heating 
(m2) Heating Pump 

A 164 1991 Elec. Elec. 
Oil 
Oil 
Elec. 
Gas Yes 
Elec. 
Elec. 
Elec. 
Elec. 

Gas 
Dist. heat 

Oil 
Oil 

yes Elec. 
Gas 

yes Elec. 
yes Elec. 
yes Elec. 

Elec. 
Gas 

Gas 

Table 3. Summary of energy data (annual site energy) 

House ID Total Energy Use Space Heating Water Heating Appliances & Lighting 
(kWh) (kWh) (kWh) (kWh) 

A 24,108 9,020 6,232 8,856 

International comparisons are complicated by inconsistent definitions of many key terms. 
Expressing the information in completely consistent terms proved to be impossible. 

' Please access the web site through Alan Meier's home page: ~vww.LBL.~ovl-akmeier . 



These inconsistencies undermined the accuracy of the absolute compansons. In the end, 
the absence of clear and consistent definitions of basic physical characteristics-even 
surprisingly simple characteristics- became a major finding of this project. Four 
examples of inconsistent terms that could introduce significant errors are: 

o Livable iloor area calculation 
o Calculation of heating degree-days 
o Energy content of fuels 
o Conversion of electrical energy into primary energy 

In the complete report each of these inconsistencies are explained and the impact that 
they may have on the analyses is described . Several of them are characteristics that 
appear as the "denominator" in normalization of energy use. As such, building 
characteristics are just as important energy use data. 

Indicators of Efficiency 

Twenty different indicators of energy efficiency based on the data fiom the eleven homes 
have been calculated. These indicators are listed below. 

Total energy 
Area-norrnalized total energy 
Occupant-normalized total energy 
Space heat 
Area-normalized space heat 
Occupant-normalized space heat 
Climate-adjusted space heat 
Climate- and area-adjusted space heat 
Appliance and lighting energy per person 
Domestic hot water energy per person 

Area adjustment means "divided by floor area", occupant normalized means "divided by 
the nurnber of occupants", and climate-adjusted means "divided by degree-days". All ten 
of the above indicators were calculated for both site and primary energy (hence twenty 
different indicators). These calculations are summarized for site energy in Table 4 and 
Table 5. 

We were unable to develop as many indicators as we hoped, because we lacked a 
complete data set. We particularly regretted the absence of consistent and complete 
information descnbing each building's thermal charactenstics (U-values), equipment 
characteristics (such as heating system efficiency), and indoor temperature settings. 
Detailed climate adjustments were also impossible because outside temperature data were 
inconsistent, both in the definitions and the location of data collection. 



Table 4. Total and space heating indicators expressed in terms of site energy (kWh) 

House ID Space Heat Space Heat Space Heat Space Heat Space Heat Total Total 
per m2 per Person per HDD per HDD Energy per Energy per 

per m2 m2 person 
A 9,020 55 1,804 1.7 10.4 147 4,822 

Table 5. Appliance, lighting, and domestic hot water indicators expressed in terms 
of site energy (kWh) 

House ID Appliances Appliances Appliances Domestic Hot Domestic Hot Domestic Hot 
and Lighting and Lighting and Lighting Water Water per Water per m2 

per person per m2 person 
A 8,856 1,771 54 6,232 1,246 3 8 

B 3,630 908 22 4,425 1,106 26.8 
C 5,292 1,323 31.5 1,512 378 9 
D 8,775 2.925 27 1,300 433 4 

E 9,498 4,749 85.2 14,829 7,415 133 
F 13,681 3,420 61.4 3,724 93 1 16.7 
G 16,445 4,111 101.5 6,570 1,643 40.6 
H 5,011 1,253 30.7 3,294 824 20.2 
I 3,900 1,300 36 4,200 1,400 39 
J 10,870 5,435 50.5 7,403 3,701 34.4 
K 1,937 323 18.1 4.4 72 745 41.8 

There are many different ways to present the results. In this study, we are most interested 
in how the rankzng of the houses changes with different indicators. We considered 
numerous graphical displays to facilitate interpretation. Each display had its own merits 
and but none proved to be generally superior. 

The second approach (Figure I), a histogram, displays the approximate values and the 
distribution of values (but requires much more space). 
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opwe hecit (kWh) per m' 

Figure 1. Histogram display of one indicator (where vertical axis represents the 
number of homes in that bin) 

Discussion of the lndicators 

These results allowed us to trace the impact of the choice of indicator on the ranking of 
the houses. Four detailed discussions on the following topics are presented in the 
complete report: 

o Performance ranking of specific houses 
o Implications of site vs. primary energy 
o Impact of extreme situations (e.g. occupancy, plug loads, climate) 
o Declining significance of space heating indicators 

These discussions also draw upon additional information presented in the original 
documents or fiom the project participants. 

Conclusions and Recommendations 

Indicators of energy efficiency are prescriptions for condensing a large amount of 
information into a simple number to facilitate evaluation and/or comparison. Indicators 
serve many different functions. For a single house, an indicator can be used as a simple 
way to track its performance over time or evaluate the success of a retrofit. At a regional 
or national level, indicators can be used to observe the impact of energy efficiency 
policies on a large collection of houses. 

There is no reason to expect that a single indicator will work in all cases, but it is useful 
to understand which indicator will be most appropriate and the data that need to be 
collected to support it. This project investigated the strengths and weaknesses of 
different indicators of energy efficiency by examining the way in which the choice of 
indicator affected the rankings of buildings. By understanding the implications at a 
single-house level, one can better interpret observed changes at the macro level. 

Our major conclusions are as follows: 



o Uncertainties and inconsistencies in definitions of non-energy data (the 
"denominator data"), such as floor area and definitions of degree-days, introduce 
large uncertainties in the indicators that are o ften larger than the uncertainties in 
energy data. These definitional problems undermine the value of international 
comparisons, especially because they introduce biases rather than random error. 

o The ranking of houses by different indicators is critically dependent on the 
treatment of electrical energy. Houses that appear very efficient in terms of site 
energy may fall in apparent efficiency when this consumption is converted to 
primary energy at 1 kWh = lOMJ of primary energy. 

o Space heating energy is declining in importance and now is less than one third of 
energy use, even for homes located in very cold climates. At the same time, 
energy use of appliances is increasing (especially when treated in terms of 
primary energy). Indicators need to reflect total energy use of buildings rather 
than focus on space heating. 

o Homes with similar physical characteristics and equipment are likely to maintain 
their relative ranking across a broad range of indicators. Occupants and 
appliances certainly will affect the absolute values, but the rankings remain the 
same. 

o The quality of the indoor environment, such as temperature, air quality, and other 
amenities, are not adequately reflected in any of the indicators. This nses in 
importance because some amenities are energy-intensive. 

In this project, we sought to understand the implications of using specific indicators on 
large, poorly-defined groups of houses by examining the impact on a small group of well- 
defined homes. This approach emphasized the building science aspects of the indicators 
rather than the statistical aspects of large data sets. This approach was not as successful 
as hoped because of the complexity of attempting to develop a standard measure. 
Nevertheless, this proj ect demonstrat ed some o f the fundamental problems with 
indicators at both practical and physical levels. 

Summary 

Indicators of energy efficiency are used as screening tools for energy audits, establishing 
measures of performance in energy-savings contracts, and tracking improvements in 
efficiency. The purpose of this project was to develop and test new aild existing 
indicators of a building's energy efficiency. We explored energy indicators from the 
perspective of building scientists, that is, how does the choice of indicators affect the 
apparent efficiency of single buildings? 



We compiled detailed data on eleven houses in seven countries and calculated twenty 
different indicators of energy efficiency. In the Course of this compilation, we found that 
international comparisons are complicated by inconsistent definitions of many key terms, 
some of which are fundamental to all indicators, such as floor area and conversions fi-om 
site to primary energy. 

We investigated the impact of different indicators by observing how the ranking of the 
houses changed. Our major conclusions were: 

o The ranking of houses by different indicators is critically dependent on the 
treatment of electrical energy. Houses that appear very efficient in terms of site 
energy may fall in apparent efficiency when this use is converted to primary 
energy . 

Space heating energy is declining in importance, and now is less than one third of 
energy use, even for homes located in very cold climates. At the Same time, 
energy use of appliances is increasing. Indicators need to reflect the total energy 
use of buildings rather than focus only on space heating. 

o Homes with similar physical charactenstics and equipment are likely to maintain 
their relative ranking across a broad range of indicators. Occupants and 
appliances certainly will affect the absolute values, but the rankings remain the 
Same. 

o The quality of the indoor environment, such as temperature, air quality, and other 
arnenities, are not adequately reflected in any of the indicators. Environmental 
quality rises in importance because some amenities are energy-intensive. 

These conclusions, while based on examination of orlly a few houses, also apply to 
national studies and comparisons. The difficulties in evaluating performance of 
individual houses have implications for measuring the success of national or regional 
policies to improve energy efficiency and reduce COz emissions. 

(The original report was wntten by Alan Meier, USA (Working Group Leader), Karin 
Adalberth, Sweden ,Sabine Busching, Germany, Arne Elrnroth, Sweden, Debra Haltrecht, 
Canada, Tomasz Mroz, Poland, Trine Dyrstad Pettersen, Nonvay, Markku Virtanen, 
Finland, Hiroshi Yoshino, Japan) 

The complete report is available on the website: 
http://eetd.lbl . gov/EA/Buildin~s/ALAN/indicators99/ 
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CIB is a world wide network of over 5000 experts from about 500 organisations, who actively 

cooperate and exchange information in over 50 Commissions and Task Groups. Their scopes 

extend to all fields in building and construction related research and development. They are 

listed on the next page. 

They are actively engaged in initiating projects for R&D and information exchange, organising 

workshops, symposia and congresses and producing publications of acknowledged globa.1 

repute. 

It is in their ability to bring a multi-national and multi-disciplinary approach to bear on the 

subject matter delineated in their Terms of Reference that is their strength. 

CIB Members come from institutes, cornpanies, partnerships and other types of organisations 

as well as individual experts involved in research or in the transfer or application of research 

results. More than 130 Universities worldwide have joined. 

CIB is an Association that utilises the collec'tive expertise of its membership to foster 

innovations and to create workable solutions to technical, economic, social and organisational 

problems within its competence. 

Details on Membership and Activities are obtainable from the General Secretariat at the 

address above. 



CIB Task Groups (TG) and Working Commissions (W) 
(as at I s t  February 2000) 

Task Groups 
TG 1 7 Protection Against Electromagnetic Radiation 
TG 19 Designing for the Ageing Society 
TG20 Geographical Information Systems 
TG2 I Climatic Data for Building Services 
TG22 Environmental Design Methods in Materials and Structural Engineering 

(also RlLEM TC EDM) 
TG23 Culture in Construction 
TG25 Facade Systems and Technologies 
TG27 Human-Machine Technologies for Construction Sites 
TG28 Dissemination of lndoor Air Sciences (joint CI B-ISIAQ Task Group) 
TG29 Construction in Developing Countries 
TG3 I Macro-Economic Data for the Construction Industry 
TG32 Public Perception of Safety and Risks in Civil Engineering (joint CIB-IABSE Group) 
TG33 Conci~rrent Engineering in Construction 
TG34 Regeneration of the Built Environment 
TG35 Innovation Systems in Construction 
TG36 Quality Assurance 
TG37 Performance Based B~iilding Reg~ilatory Systems 
TG38 Urban Sustainability 
TG39 Deconstruction 
TG40 l nformal Settlements 
TG4 I Benchmarking Construction Performance 
TG42 Performance Criteria of Buildings for Health and Comfort (Joint 

CIB - ISlAQ Task Group) 

Working Commissions 
WO 14 Fire 
WO 18 Timber Structures 
W023 Wall Structures 
W024 Open lndustrialisation in Building 
W040 Heat and Moisture Transfer in Buildings 
W05 I Acoustics 
W055 Building Economics 
W056 Sandwich Panels (joint CIB - ECCS Commission) 
W060 Performance Concept iri Building 
W062 Water Supply and Drainage 
W063 Affordable Housing 
W065 Organisation and Management of Construction 
W067 Energy Conservation in the Built Enviroriment 
W069 Housing Sociology 
W070 Facilities Management and Maintenance 
W077 lndoor Climate 
W078 l nformation Technology for Construction 



CI6 Task Groups (TG) and Working Commissions (W) (cont) 
(as at I st  February 2000) 

W080 Prediction of Service Life of Building Materials and Components (also RlLEM SLM) 
W082 Future Studies in Construction 
W083 Roofing Materials and Systems (also RlLEM MRS) 
W084 Building Non-Handicapping Environments 
'W085 Structural Serviceability 
'W086 Building Pathology 
'W087 Post-Construction Liability and lnsurance 
'NO89 Building Research and Education 
W092 Procurement Systems 
W094 Design for Durability 
\NO96 Architecti,iral Management 
\NO98 Intelligent and Responsive Buildings 
W099 Safety and Health on Construction Sites 
\N 1 00 Environmenta.1 Pssessment of Buildings 
\N I 0 I Spatial Planning and lnfrastructure Development 
\N I02 Information and Knowledge Management in Building 
\W 1 03 Construction Conflict: Avoidance and Resolution 
\N 1 04 Open Building lmplementation 



CIB HOME PAGE 

The CIB home Page contains the following main and publicly accessible sections: 

1. General Information 

2. Newsletter 

3. Databases 

General Information 

Included is General Information about CIB in the following sub-sections: 

Introduction, including among others: CIB in the past and present 

Mission Statement 

Membership which includes information on the various types of CIB Membership and on 

developments in the composition of the CIB Membership 

Organisation, including the composition of the CIB Board and its Standing Committees and 

of the CIB General Secretariat and links with the CIB Partner Organisations 

Programme of Activities 

Services to Members, and in addition the possibilities for Members to participate in CIB's 

Programme of Activities 

Fee System and How To Join, including the description of the current Membership Fee 

Levels and the option to electronically request a Membership Application Form 

Newsletters 

In this section electronic copies are included of the various issues of INFORMATION, the CIB 

Bi-Monthly Newsletter, as published over the last couple of years. Also included is an Index to 

facilitate searching articles on certain topics published in all included issues of Information. 

Databases 
This is the largest section in the CIB home page. It includes fact sheets in separate on-line 

regularly updated databases, with detailed searchable information as concems: 

+ 500 CIB Member Organisations, including among others: descriptions of their Fields of 

Activities, contact information and links with their Websites 

I 5000 Individual Contacts, with an indication of their Fields of Expertise, photo and contact 

information 



I 50 CIB Task Groups and Working Comrnissions, with a listing of their Coordinators and 

Members, Scope and Objectives, Work Programme and Planned Outputs, Publications 

produced so far, and Schedule of Meetings 

+ 100 Publications,originating to date from the CIB Task Groups and Working Commissions, 

with a listing of their contents, price and information on how to order 

I 250 Meetings, including an indication of subjects, type of Meeting, dates and location, 

contact information and links with designated websites for all CIB Meetings (I 50 each year) 

and all other international workshops, symposia, conferences, etc. of potential relevance for 

people interested in research and innovation in the area of building and construction 

Searchable Data: an Example 

Searching for certain publications in the Databases in the CIB home page can be done in the 

following three ways: 

1. In the home page itself a pre-selection is included of all recent CIB publications (published 

in the last 4 to 6 months). By clicking on "New Publications" the respective list will appear. 

By clicking on a title in this list the information fact sheet about this Publication will 

appear, including the option for an electronic order if it concerns a publication produced by 

the CIB Secretariat. 

2. In the description of a Task Group or Working Cornmission in the database "Cornmissions" 

a pre-programmed selection is included of all publications produced under the responsibility 

of each Commission. 

3. In the database "Publications" one can search, for example, for all publications on a certain 

topic, by simply typing the word that Covers this topic in the box "Title" in the search page 

that appears when one asks for this database. 
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