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2.2. ENVIRONMENTAL CONTROL - MOISTURE FLOWS  

This review should begin with consideration of moisture in the ambient air. 

2.2.1 Water vapor in air 

Total gas pressure is equal to the sum of partial pressures (p) of different components. Each of 
the gases tends to equalize its own pressure (Dalton’s law). For each gas 

 p V = (m/M) R T          (1) 

Where: V= volume, m3; m = mass of the gas, kg, M = molecular mass of the gas, kg/mol,  
R = 8 314 J/(kmol K) and T = absolute temperature, K.  Molecular mass of dry air is 28.96 kg/kmol 
and for water vapor 18.02 kg/kmol. 

So, the density of dry air is  = m/V or 

   = (p M) / (R T) = p /(287.1 T), kg/m3     (2) 

And the concentration of water vapor is  

  c = (pv M) / (R T) = pv /(461.4 . T) , kg/m3     (3) 

In ventilation technology one uses water vapor content in kg per kg of dry air 

  x = mv /(mtot – mv) or if using partial pressure a ratio of Mv /M is included 

  x = 0.622 pv /(ptot – pv)        (4) 

Alternatively, concentration of water vapor divided by the density of dry air 

  x = c/a         (4b) 

Relation between temperature and phase change of water is taught in high school physics and 
reproduced below in Figure 1. 
 

 

Figure 1: State diagram for water shows equilibrium between liquid, vapor and ice. 

From Figure 1 one can easily derive the psychrometric chart (Figure 2). Dry bulb temperature is 
shown on x-axis, humidity ratio on y-axis, and the family of exponential curves growing with 
temperature showing relative humidity. Relative humidity is a ratio of partial pressure of water 
vapor to its value at saturation at the given temperature. It is slightly different from ratio of water 
content to the maximum water content (error is about 0.6% at 20oC). 
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Figure 2: The relationship of the concentration of water vapor on relative humidity and 
temperature 

 
Figure 3 further highlights the relationship of the storage of moisture in air on temperature. 

 
Figure 3: The same amount of moisture in a given amount of indoor air (8.65 g/m3) results in 
different relative humidity when temperature falls from 20 oC to 10 oC or 5 oC. 
 
For a temperature of 20oC the maximum vapor concentration is 17.3 g/m3  so that 8.65 g/m3 of WV 
in air corresponds to  50 %RH; at 10oC the same absolute humidity gives 92% RH and for 5oC, 
condensation has already taken  place. 

Even though we talk about moisture equilibrium as if it was a static phenomenon, in reality it is a 
dynamic process of water evaporating and vapor condensing continually on the liquid surface. If the 
rate of condensation and evaporation are equal, the net value of the moisture content remains 
constant allowing us to talk about the macroscopic equilibrium.  

This dynamic nature is characteristic of all transport phenomena that are characterized by their 
statistical quantities but for the sake of modeling we approximate them as a constant during the time 
of calculation. 
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Water vapor contained in the indoor air comes from a few sources, namely: 
1. Ventilation brings  water vapor from the outdoors, 
2. Unplanned air flows (UAF) i.e., exchange between outdoor and indoor air adds to ventilation 
3. Moisture production by occupants (from people. kitchen, bathroom, etc.) 
4. Sinks or sources of moisture stored in furniture, building enclosures, etc. 

Disregarding (2) and (4) we may consider water vapor concentration in indoor air (vI, kg/m3) as that of 
the outdoor air (vo, kg/m3), plus moisture production by occupants (G, kg/h), and a product of the 
volume of the ventilated space (V, m3) and the number of ventilation air exchanges per hour (n, 1/h). 
We call this complex G/(n V) the moisture product. If for at time t=0 the indoor concentration is equal 
to the outdoor concentration, Equation 1 states: 

 vI = vo + G/(n V) {1 –  exp(-n t)}       (5) 

For long periods of time one can assume a steady state relationship and disregard the exponential 
term. This relationship is demonstrated in Figure 3 presenting measurements performed in a concrete 
house in which UAF was minimized. 

.Figure 4: External and internal partial pressures of water vapor in a concrete house 
 

The line drawn at 45o angle implies that there is no moisture production in the house. The 
measured values imply that moisture production in relation to the house ventilation {G/n V} is 
about 2.410-3 kg/m3.  Measurements in office buildings show the value at about 2 10-3 kg/m3 and 
the value 3 10-3 kg/m3 is typically used for calculations.  Table 1 shows the effect of assuming {G/n 
V} at four levels: 0, 1, 2 and 4 10-3 kg/m3. 

 

Table 1: Relative humidity indoor with T= 20oC and with different ratios of moisture 
production to ventilation for the selected outdoor climate conditions. 
 

Outdoor 

ToC,  

Prod/vent 
0 

Prod/vent 
1x10-3 

Prod/vent 
2x10-3 

Prod/vent 
4x10-3 

  5, 80 30 35 41 53 

  0, 85 22 28 34 45 

-5, 90 15 21 27 38 

-15, 90 6 12 18 29 

-25, 90 2 8 14 25 
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Dry air has the specific heat of 1 kJ/(kg K), water vapor has the specific heat of 1.84 kJ/(kg K) and 
the heat of evaporation of 2500 kJ/kg.  It is evident that condensation and evaporation processes 
involve substantial quantities of heat. 
 

2.2.2 Definitions used in the science of psychrometrics1  
 
Moisture: in general, moisture refers to the water content of any material (gas, liquid, or solid) but in 
practice it usually is applied to liquids and solids, with humidity being reserved for the water vapor 
content of gases. The most popular interpretation is that this is the amount of water contained in a 
liquid or solid by adsorption or absorption which can be removed without altering its chemical 
properties.   

Humidity: a general term for the water vapor in the air.  

Dry bulb temperature: the temperature measured by an ordinary thermometer (not exposed to any 

radiation). If no prefix is used then the word temperature is understood to mean dry bulb. The symbol  
is tDB with units of oC.  

Wet bulb temperature: the temperature measured by an ordinary thermometer, which has its stem 
covered by a water-saturated sleeve. Wet bulb temperature lines are almost parallel to Specific 
Enthalpy lines on a psychrometric chart. The symbol for wet bulb temperature is tWB with units of oC.  

Dew point (or saturation temperature): dew point is the temperature of a vapor at which saturation 
of the vapor will occur without change in vapor pressure. The symbol for dew point is tDP with units of 
oC.  

Relative humidity: the ratio of the actual water vapor pressure relative to the saturated water vapor 
pressure at the same dry bulb temperature. Relative humidity is customarily expressed in percentage 
form together with the dry bulb temperature. The symbol for relative humidity is RH. Note: the air does 
not hold the water vapor. These molecules simply share the same volume as a mixture.  

Water vapor pressure: the temperature dependent pressure exerted by the water vapor in the air. 
The symbol for water vapor pressure is pwv and the unit is Pa.  

Saturation vapor pressure: the maximum (partial) pressure that can be exerted by water vapor at a 
particular temperature.  

Humidity ratio: the ratio of the mass of water vapor to the mass of dry air with which the water vapor 
is associated. The symbol for humidity ratio is W and the units are kgwv/kgDA.  

                                                             
1
 Quoted from lecture of Donald Gatley, delivered during 1997 Westford Seminar of Building Science. With 

permission of the author, for further details consult the book of the same author published by ASHRAE in 2001. 

Outside –10oC and 90 %RH inside 20oC and production of 

3 g/m3, for –10oC vo = 0.9 2.1 = 1.9g/m3 

For vI = 1.9 + 3 = 4.9 g/m3 and max 17.3 g/m3  

the relative humidity is 4.9/17.3 = 28 %RH 

Room is at 20oC and 100m3 with moisture production 0.5 kg/h outside 

10oC and 70%RH. Calculate if n = 2 and n = 0.35. 

vo = 0.7 9.4 = 6.6 g/m3  

(1)  500/(2 100) = 2.5 g/m3 vI = 6.6+2.5=9.1 9.1/17.3 = 53% 
(2) 500/(0.35 100)= 14.3 g/m3 vI = 6.6+14.3 =20.9 g/m3  

this is not possible as it exceeds 100% RH 
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Water Activity: It is the ratio of the partial pressure of water vapor in a material to the saturation 

partial pressure of water vapor at the same temperature. The symbol is Aw.  

Equilibrium Relative Humidity: the relative humidity of both in the material and the surrounding 

space, when temperature and water vapor pressure of the space and the material are in equilibrium. 

The symbol is ERH.  

Barometric (atmospheric) pressure: barometric pressure is the sum of the pressure of the dry air 
gases and that of the water vapor in the atmosphere. It is measured with a barometer corrected for 
temperature differences between actual temperature and 0 oC and for differences in gravity between 
the place of actual measurement and the standard reference location at sea level and 45' North 
Latitude. Normal sea level atmospheric pressure is 101325 Pa, which is equivalent to 29.921 " Hg, 
760 nun Hg. and 14.696 lb/in. At most locations the barometric pressure varies plus or minus 2" Ha 
(7000 Pa) over the course of the year. At higher elevations such as Denver, Co, the average 
barometric pressure is approximately 25" Hg (85 000 Pa). The symbol for barometric pressure is PBAR 
and the unit is Pa.  

Specific volume: the volume of air per unit mass of the mass of the dry air component. The symbol 
for specific volume is VDA with units of m3/kgDA-.Using Dalton's model, the moist air mixture and its two 
components, dry air and water vapor, share a common volume. Furthermore if the volume is 
referenced to the dry air component then VMA = VDA = VMA.  

Specific volume is the reciprocal of density. Standard air has density of 1.204 kgDA /m3 which equates 
to a specific volume of 0.8305 m3/kgDA. (At sea level (10 1325 Pa) of dry air (0%RH) at 21 oC)  

Sensible heat: the quantity of heat causing a temperature increase of the substance without any 
phase change. Sensible means capable of being perceived by the ordinary senses and measured 
with a thermometer. 

Sensible heat (for air): the quantity of heat transferred into moist air resulting in an increase in dry 

bulb temperature, without change in the water vapor content  Note that sensible heat for air involves 
heating  air and the water vapor components, it is not heating only the dry air components.  

Latent heat: vaporizing water requires adding heat, while condensing the vapor into water requires 
removing  heat. Latent heat goes with a change from a liquid (or solid) to a vapor or from a vapor to a 
liquid or solid. No temperature change is involved. Note that a change in the temperature of water 
vapor is included in the definition of sensible heat.  

Latent heat of air: heat associated with an increase in the humidity ratio of moist air, without change 
in dry bulb temperature. A positive value indicates that heat is transferred into moist air as the heat of 
vaporization resulting in an increase in humidity ratio. A negative value indicates that heat is 
transferred out of moist air causing condensation and drainage of a portion of the water vapor 
resulting in a decrease in humidity ratio without change in the dry bulb temperature. An increase in 
humidity ratio requires the addition of water vapor to the air.  

Latent heat removal: the energy required to condense water vapor from air without changing the dry 
bulb temperature of the air; i.e., remove the heat of condensation by the drainage.  
 
To maintain comfort in the space served by the air conditioner the sensible cooling and moisture 
removal capacity must be reasonably close to the rates at which the space experiences sensible 
heating and moisture additions. Most residential air conditioners are designed so that 70% to 75% of 
their capacity is sensible cooling and 30% to 25% of their capacity is moisture removal.  

Tons and Btu/hour: A ton of cooling is equal to a heat removal capacity of 12000 Btu/hour. For 

example your home's 3 ton cooling unit could also be called a 36,000 Btu/hour cooling unit.   
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2.2.3 Concepts related to moisture in porous materials. 

There is a number of confusing terms used to describe the presence of water in porous materials.  

Water may be chemically bound e.g., water in a gypsum crystal, or physically contained within a 

porous material.  Physically contained water may be adsorbed from the surface, absorbed from 

water previously wetting the surface or condensed in the material capillaries (called free water).   

One often talks about hygroscopic moisture if moisture comes from the exposure to moist air or if 

the moisture content is within the so-called hygroscopic region (98 %RH or lower). If the moisture 

content in the material is higher than the hygroscopic region, one may talk about over-hygroscopic 

region or about capillary water. Capillary water flow is called unsaturated in hydrology because 

saturated involves positive water head, but it is capillary saturated for building physics, because 

we deal with negative water head. If a material takes water from the environment, one talks about 

wetting, otherwise about drainage or drying. A material is in equilibrium with the environment if the 

net exchange between the material and its environment is zero.  

Two different concepts are used to describe the quantity of moisture stored in a material, moisture 

content in percent of weight or percent of volume. We recommended to express moisture content 

as the ratio between the mass of water and that of the dry volume of the material, kg/m3.  Another 

possible expression for moisture content is percentage by volume i.e., m3 of water per m3 of the 

dry material.  (To recalculate % by volume into kg/m3 one multiplies the value by 10).   

Use of the “% by weight” is not recommended.  Compare a clay-brick and polyurea foam each 

with moisture content of 20 % by weight. To recalculate % by weight into % by volume one 

multiplies it with the ratio of material density to water density i.e., 20% x 1.75 = 35%. For the clay-

brick with density of 1750 kg/m3 (with solid matrix density of 2700 kg/m3 and 35.2% porosity) it 

means 350 kg of water per m3 or 35% by volume, a number exceeding the capillary saturation. 

On the other hand the polyurea foam with density of 9 kg/m3 and solid matrix of 1050 kg/m3 has 

99.1% porosity. Its moisture content is 20%x0.009= 0.2% by volume. So, the same % by weight 

means an absolute saturation in one case or a minute fraction of pore volume in the other case. 

 
 
 
 
 
 
 

Equally confusing are concepts of degree of vacuum saturation and degree of capillary saturation 

(also called capillary moisture content). The first concept is self-explanatory. The degree of 

moisture saturation is a ratio between the actual moisture content (w) and the maximum attainable 

moisture content (wmax) 

 S = w / wmax         (6) 

Where w is the actual moisture content, wmax is the absolute maximum moisture content obtainable 

under vacuum or boiling condition (when a number of interacting forces cause evacuation of air 

and entry of water). In the capillary water intake test performed under standard conditions, much 

smaller moisture content will be reached, namely wcap 

  Scap = w / wcap         (7) 

Where w is the actual moisture content, wcap is the maximum moisture content obtainable under 

free water intake test.  . 

Specimen of concrete with density 2200 kg/m3 had a weight of 

4.4 kg when wet and 4.0 kg when dry. Calculate moisture 

content in % by weight, % by volume and kg/m3 

0.4/4.0 = 10 %wt; 10% x 2200/1000 = 22% vol 

0.10 kg/kg x 2200 kg/m3 = 220 kg/m3 
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2.2.4 Moisture content in equilibrium with moist air: sorption isotherms 

During equilibrium between water in the capillary and water vapor pressure above it in the 

isothermal conditions one may say that specific, (i.e., per unit of mass, J/kg), free enthalpy of 

water (gl) and vapor (gv) must be equal. Furthermore, under isothermal conditions the change of 

state will change the enthalpy (dg) but with constant temperature it involves only the product of 

specific volume and pressure difference (vdp), as expressed in Equation (8) 

  dg = vdp          (8) 

As in the equilibrium vapor pressure is saturated and liquid pressure on the water surface is zero, 

one may write that the change of the specific enthalpy for vapor is equal to the change of the 

specific enthalpy of the water 

  t                  pv                       pc 

  g v + ∫{1/vdpv  =  gl +∫ {1/l } dpl        (9) 

                  pvsat    0 

and solving Equation (9) and inserting the ideal gas equation  

pv = vRvT         (10) 

we obtain the Kelvin equation defining the equilibrium between capillary water pressure and the 

saturated water vapor pressure above the meniscus  

pc= ρl RvT ln()        (11) 

Thus, when water on the surface of the meniscus become strained by the capillary forces i.e., it is 

not any more the free water, and this happens when the pore diameter is getting smaller than 10-7 

m, at the limit of micro-pores, Kelvin equation predicts that the tension of water meniscus will 

modify the saturation vapor pressure of the pore water (Figure 5).  

Figure 5: Thompson law describes the saturation concentration of vapor in equilibrium with pore-water 

and shows that in micro-pores the equilibrium between vapor and liquid water depends on pore size. 
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Figure 6 shows wetting sorption isotherms for a few typical construction materials. Initially water 

vapor adsorption is the process of adsorption. With the increase of the relative humidity in the 

pores of the material, a thickness of adsorbed water film grows and pore water density 

approaches that of free water. The BET theory for multilayer sorption becomes valid, capillary 

hysteresis begins and also one can apply a continuum hygrothermal models such as Delpin, 

CHAMPS or WUFI.  Further increase is in form of absorbed water and soon thereafter a so-called 

capillary condensation is likely to occur when water condenses in micro-capillaries  

As     = exp {pc / ( Rv T)}        (11) 

Where is the relative humidity, pc is the pore water pressure in reference to atmospheric, Pa, 

and is the pore water density kg/m3, Rv is the gas constant, J/(kg K) and T absolute temperature, 

deg K; when the wetting angle is zero i.e. in presence of significant layer of adsorbed water and 

disregarding the wetting angle (pre-wetted material), one may write: 

  p = 2/r         (12) 

Where  is the surface tension of water, N/m, and r is the capillary radius, m. 

  

Figure 6: Typical sorption isotherms (wetting) for a few materials. In order of the growing 

moisture content: mineral wool, clay brick, aerated autoclaved concrete, concrete, wood 

 2.2.5 Diffusion of water vapor through a porous material 

Measurement of water vapor (WV) permeance (dry cup) is presented in Figure 7. WV diffuses from a 

conditioned environment (typically with 50 %RH) to the desiccant (near zero % RH) and periodically 

measured weight increases of the desiccant cup give us the WV permeance value. 

wood 

 concrete

wood 

 
AAC 

Clay brick 

rickAAC 
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Figure 7: Dry cup measurement of WV permeance 

The isothermal value of WV permeance represents well also the values obtained when diffusion takes 
place under the difference of temperature, as demonstrated by Hutcheon and Paxton (1958) see Figure 
8.  Figure 8 shows the measured values in experiments with thermal gradients and full drawn lines of 
calculations and highlights that one can approximate the relationship between moisture content and 
moisture potential in the capillary material under non-isothermal conditions by using the permeance 
measured under isothermal conditions.      

 
Figure 8: Moisture content in equilibrium is predictable from the sorption isotherm even under 
thermal gradient conditions (experiment of Hutcheon and Paxton, 1958) 

2.2.6 Concept of capillarity 

Figure 9 shows a wetting angle (angle formed in water between the solid surface and air-water 

interface) of awater on a capillary active surface (0), (b) water on inert surface e.g. glass 

(<90)and (c) liquid on non-wetting surface (negative wetting angle) e.g.,  mercury on glass ( 

 

 

         c)         b)             a) 

Figure 9 Wetting angle in case: a) extreme wetting ability, b) standard wetting, c) non-wetting fluid.  

While this picture represents behavior of a liquid in contact with a dry material it may not be 

representative for moisture flow inside a porous medium because (as discussed later) the wetting by 

water vapor may take place ahead of the water movement and “pre-wet” the surface of the pores. 

Capillary rise of water in tubes with different diameter and inclination is shown in Figures 10 and 11. 

The equilibrium height will be reached in the capillary tube at the height: 
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 H = 2  cos  /(r w g)        (13) 

Where  is the surface tension of water, (N/m),  is the wetting angle, r is the radius of the capillary 

(m), w is the density of pore water (above a multi-layer adsorbed layer it is equal to the density of free 

water, in kg/m3), and g is the acceleration of free fall, (m/s2). 

 

Figure 10: Capillary rise depends on the wetting angle i.e., radius of the capillary. 

Figure 11: Water suction exhibited by a non-vertical capillary tube 

 

Equation (10) is presented in Figure 10 for temperature of 20oC.  The surface tension of water 

depends on temperature: 

  = 78 (1 – 0.0032 T) 10-3        (14) 

Where T is the temperature in oC 

2.2.7 Rain on the material surface and free water intake  

With a constant water diffusivity coefficient, the equation describing water transfer in the porous body 

may be expressed with help of an error function (cf. Carslaw and Jaeger, 1959) and at time,  

Initial conditions are:    for x > 0  w= w1 

While the boundary conditions are: x = 0   for 0 w = wo 

 (w-wo) /(w1 – wo) = 2/( 0.5)  exp (-2) d      (15) 

Where  = x / (2 d0.5) 
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Therefore an experimentally determined relationship is expected to be valid as long as the water 

transport coefficient may be assumed as constant:  

              m = A 0.5               (16)    

Where: m is the mass of water absorbed from the beginning of the water intake process and A is the 

experimental constant, called water absorption coefficient,  is the duration of the test.  

It may be interesting to examine a few cases of the A-coefficient testing to gain an insight into these 

factors that affect the rate of water flow inside the porous material. 

Figure 14 shows that air pressure in front of the moving water will affect the rate of water inflow, while 

Figure 15 shows that interruptions of water supply have lesser effect on water absorption coefficient. 

Of course, the flow with interruptions has modified an intercept of Equation (16). These experiments, 

as well as work of Phillip (1957) on theory of “sorptivity” in soil science, indicates that assumption of 

the constant A-coefficient is limited to a short term (few hours) absorption. Indeed, for most capillary 

materials in construction, this A-coefficient is not constant if the test is longer than 1-2 hours.  

This is illustrated in Figure 16 showing results obtained on two types of clay bricks tested over period 

of 6 hours. 

Figure 14: Cumulative infiltration as a function of (time)0.5 for different air pressures ahead of water 

front 

Figure 15: Cumulative infiltration volume as a function of (time )0.5 for tests with interruptions. Tests of 

Jansson (1965) reprinted from Bomberg (1974) 
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Figure 16: Testing water absorption coefficient over 6 hours reveals the changes in the slope about 

25 to 30 percent 

 

 

 

 

 

 

 

 

 

 

Figure 17: Cumulative liquid inflow in kg/m2 measured on calcium silicate with automatic balance 

(TUD) and manual weighing (SU). Tests shows also reaching the capillary moisture content  

 

 

 

 

 

 

 

 

 

 

Figure 18: Differential measurement, dA/dt1/2, displays the period with a constant A-coefficient 

A 

C 
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Figure 17 show that manual measurements are as good as the automatic and Figure 18 highlights 

that to maintain conditions of validity in the definition of the A-coefficient its measurement must be 

restricted to an initial period in which the water front has not yet reached the upper boundary of the 

test specimen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Capillary moisture content measured on combination of two types clay-brick with two types 

of rendering is shown to be stable for long period of time and is affected only by removal of air from 

the water system. Measurements performed by H. Kuenzel at IBP, Holzkirchen.  

 

2.2.8 Moisture retention curves 

The difference between pore water pressure and pressure on the free water surface being in 

equilibrium with atmospheric air is called capillary suction (pc) and defined as: 

pc = w RT ln  (11)  

Where: w is the density of water, Rw is the gas constant for water, T is the absolute temperature, and 

ln s the natural logarithm of relative humidity of the pore air.  

 

 

 

 

 

 

Since sorption isotherm used  and capillary suction uses a complex depending on relative humidity 

of air, one may place both capillary and hygroscopic fields together and talk about the moisture 

retention curves (MRC, Figure 20 and 21. Figures 20 and 21 represent capillary forces acting within 

porous materials and one can observe that the pressure range in those curves is much wider that in 

hydraulic water flows.  

Example:   = 99%;    ln

  = 99.9%; ln 

  T1>T2   than   pc1 > pc2 

                          Moisture flows to lower T 
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The hydraulic water flow with open ended capillary tube could lift a water column only to the 10 m 

height i.e. one atmosphere pressure. The MRC shown here go beyond 10 kilometers of the negative 

water head because those are water pressures involved in moisture fixation to the micro-pores and 

micro-capillaries. It is no surprise that the combination of micro-capillaries and osmotic pressures that 

takes place in the nature can be seen in some tall trees lifting water to several times the limit of one 

atmosphere.  

Figure 20 shows tests performed with four different test methods by three researchers.  Moisture 

content determined to be in equilibrium during either the wetting or drying from the absolute 

saturation is presented against two variables: relative humidity (on the left side) and capillary 

suction (on the right side). 

To reduce effect of material variability (see later discussion), Figure 21 uses the degree of 

capillary saturation instead of moisture content. The test was performed using water saturated 

with wood fiber extract and a maximum moisture content achieved under vacuum was used to 

start the drying run. Then, the following wetting run was interrupted and when the subsequent 

wetting run was started using distilled water. The moisture retention curve did not follow the same 

trace. When wetting and drying runs were performed the shift in the equilibrium moisture content 

was clearly measurable.   

There are two possible reasons for such a shift: 

1) A change in the solid phase organization e.g. pore size distribution could be affected 

by fiber swelling and shrinking in the subsequent wetting and drying cycles (this often 

happen with organic, fibrous materials) 

2) A change in the salinity of pore water e.g., caused by immersing the specimen in water 

with different salinity than one of the pore-water (instead of tap water we place  small 

pieces of the material and cook it to dissolve the salts and to obtain water with 

adequate salinity for precise measurements of material characteristics) 
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Figure 20: Moisture retention curves for aerated autoclaved concrete with density about 500 kg/m3 
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Figure 21: Moisture retention curves for wood fiber board with density of 600 kg/m3 repeated with 

distilled water to show the effect of salinity changes 

 

Figure 22: Effect of adding sodium chloride (kitchen salt)on moisture retention of the clay brick 
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Figure 22 illustrates the effect of salinity on the energy of the pore water and thereby resulting 

changes in the equilibrium moisture content. For sodium chloride (kitchen salt) the shift takes 

place at 75% RH that corresponds to the suction value of 4x107 Pa i.e. at the end of the presented 

results. 

2.2.9 Construction (built-in) moisture 

Table 2 shows typical amount of moisture introduced during the construction process. 

 

Table 2: Built-in moisture in kg/m3, chemically bound moisture, and amount to dry-out 

 

Material M.C. as 

built 

Chem. 

bound 

Equilibr. 

at 50% 

RH 

Amount 

to dry out 

Concrete 180 70 30 80 

Lime-cement 

mortar 

300 20 10 270 

Masonry   80 - 10 70 

 

2.2.10 Interactions between water vapor and liquid  

Figure 23 shows two inter-connected containers with moist air, each having the same total air 

pressure but different fraction of water vapor. Air and water vapor diffuse in the opposite directions. 

Thus, Figure 23 shows an equimolar diffusion of water vapor in air. 

.  

Figure 23 Equimolar diffusion of water vapor in air. 

 

Figure 23 shows the water vapor diffuses from the right to the left tank and air diffuses from the 

left to the right tank.  The rate of each transport depends on the mean free path of the gas and 

pressure difference. The flow shown in Figure 23 is characterized by the linear gradient of water 

vapor concentration. 

The rate of water vapor diffusion is defined by the following equation: 

 Q = D grad c                     (17) 

Where D = (22.2 + 0.14 T) 10-6 and temperature T is measured in degree C. 
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In contrast to this process, Figure 24 shows evaporation of water from a capillary and subsequent 

diffusion through an air layer. 

 

Figure 24: Evaporation and diffusion of water vapor through an air layer. 

 

Figure 24 shows the boundary conditions are constant, yet, the concentration profile as a function of 

the distance from the evaporation surface is different because the potential of the pore water is 

described by Equation (11)2. While the gradient of potential is constant it is the gradient of the natural 

logarithm of the relative humidity instead of the vapor concentration.   

 

Figure 25 shows a general pattern of vapor concentration profiles in a porous material. 

 

Figure 25 shows diffusion of water vapor through an air layer and condensation with subsequent 

evaporation on the other side of the capillary as illustration of the serial mechanism of water vapor 

transmission in the porous body. Theoretically, vapor diffusion rate should decrease with growing 

moisture content since the volume of air available for vapor diffusion decreases with higher 

moisture contents, yet, as shown in Figure 26 it is not the case for hygroscopic materials.  

The water vapor transmission (WVT) is increasing with the relative humidity because of the 

contribution from the liquid phase. This is not a water vapor diffusion but an apparent transport 

characteristic that involves a multiphase system and that varies with moisture content of the 

material. For the sake of hygrothermal modeling when we need to separate between water vapor 

                                                             
2
 In thermodynamics the potential of water in the porous material is defined by the difference between the free 

energy of Gibbs in relation to reference level of free water table i.e., f = RT ln Observe that  

pc = w f  and with w (density of pore water) being constant and equal to water density, the capillary suction 
may be used as a good descriptor of the water thermodynamic potential. 
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and liquid phase movement we will use this kind of measurements establish onset of the liquid 

phase transport functions.  

 

Figure 26: A typical relationship of dry and wet cup methods (Joy and Wilson,1965) 

2.2.11 Movement of moisture causes heat transfer 

Below, we provide a demonstration that phase change takes place during isothermal water inflow into 

a porous material even though conditions surrounding the specimen are strictly isothermal. The 

measurements were performed at Lund Institute of Technology in 1970 and involved a container with 

water and the reference gypsum specimen conditioned in a constant temperature for a long period 

before the test. The test (Figure 27) was performed to explain interaction between heat and moisture 

flows during the “isothermal” environmental conditions. The temperature reduction shown in front of 

water inflow to a porous material can only be explained by cooling of the material during evaporation 

of water. Diffusion through the pore air ahead of the water front modifies the intensity of evaporation.  

Two trends of temperature changes can be observed in Figure 27. The first trend starts soon after 

establishing contact between the specimen and water. For the next 4 hours the temperature of the 

whole specimen appears to be slowly decreasing. Superimposed on this profile are the results of 

each separate measuring point.  The temperature profile recorded at the first measuring point shows 

a rapid decrease, reaching the limit of the scale within about 30 minutes.  This period is longer for 

more distant points.  For a distance of 40 mm this period is about 45 min, at 60 mm distance about 1 

hour and 15 minutes.  Generally speaking temperature profiles appear to correspond to the moisture 

content profiles during the free water intake process. 

To understand these measured results one must realize that when water penetrates into a porous 

material there is a mixture of air and water vapor at the water front. Water flow displaces much of 

the air ahead of it. This air already contains water vapor (note a rapid evaporation at the first 

measuring point) a smaller amount of water can evaporate into the pore air at the second 

measuring point. Even smaller is the evaporation at the third measuring point. The change in 

water / vapor ratio at the water front results in the change in latent heat that is measured in this 

test. This is the reason for the temperature profiles to resemble moisture profiles observed by so 

many people before. Even though the water front moves faster than the vapor can diffuse, the air 

displaced by the water moves with the same speed as the water and superposition of these three 

movements is seen in the Figure 27.  

Yet the objective for measuring the process depicted in this Figure was to demonstrate that one 

cannot separate liquid and vapor transports even under so called “isothermal” conditions. This 

experiment also highlights that for any calculation of moisture flow one must always calculate the 
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thermal field and for any temperature field one must calculate moisture field. With other words for 

construction cases, one must always perform hygrothermal calculations, not either thermal or 

hygric alone.  

 Figure 27: Temperature measured with 12 thermistors placed each 20-mm apart from the level of 

free-water intake into gypsum column with insulated sides (from Bomberg, 1974) 

Another effect that can be inferred from Figure 27 relates to the changes in wetting angle of water. 

In the initial stage of water inflow into a dry material one may talk about a specific wetting angle, 

yet after some time elapse the pore surface is wetted from water vapor diffusion ahead of water 

front and we may consider the wetting angle under wetting and drying being the same. 

Even though our experiment dealt with open pore system, the similar situation is expected in closed 

cell plastics since water vapor can penetrate through walls of the closed cells. In the presence of a 

thermal gradient, vapor diffusing through the polymeric membrane will evaporate, diffuse through the 

cell gas and condense at the next pore surface. Effectively, we may conclude that heat and moisture 

transfer cannot be separated. 
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It is safe to assume that Figure 27 shows multiple cycles of evaporation, diffusion of water vapor 

through air followed by a subsequent condensation. These cycles constitute the actual pattern of 

moisture transmission in the porous body. It has been shown that vapor, which condenses in the 

middle of a porous material, evaporates and continues to flow towards the cooler temperature.  It 

accumulates to a significant degree only when one of the following conditions is fulfilled: 

1) Change in the equilibrium conditions introduces a phase change reducing the vapor mobility 

e.g., temperature for a phase change transition 

2)  There is a significant increase of resistance to vapor diffusion causing the reduction of the flow 

rate, i.e., flow into the analyzed volume is much higher than flow out of the volume.  

This may happen when: 

 There is a reduction in the permeability of the next layer or interface of material 

 There is significant reduction in vapor permeability caused by temperature change 

Generally speaking, if moisture content is above a certain range (typically equilibrium moisture content 

55 %RH to 80%RH), then, any moisture flow in a porous material involves both the vapor- and liquid-

phase flows.  Figure 27 showed that one can measure a temperature difference caused by 

evaporation – condensation cycle, even though conditions surrounding the specimen in which 

moisture flow takes place are strictly isothermal.  

2.2.12. Thermally driven movement of moisture 

Coupling between heat and moisture transport is one of the critical issues in hygrothermal design 

because temperature gradients will always exist in building enclosures. 

Figure 28 (a) Moisture is sprayed on a surface (b) placing the wet specimen in a sealed bag 

 Figure 29(a) Specimen placed in the heat flow meter apparatus with the moisture on the hot side, 

and (b) moisture moves to the cold side. 
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Figure 30(a) Measured (apparent) thermal conductivity of the moist specimen (Langlais,1983) and 

water vapor flux calculated as a slope of moisture mass carried during the constant thermal 

conductivity "quasi-steady state" period of these measurements (Kumaran,1987) 

Measured from water vapor diffusion and calculated from thermal measurements water vapor 

permeance differed 8% only indicating that the assumption of all water being evaporated and 

transferred as vapor until it condensed on the cold side of the specimen was acceptable. 

2.2.13 Effect of interface 

Brocken (1998) examined moisture transport across brick-mortar highlighting the significance of the 

interface. In the ideal case of perfect hydraulic contact, as shown in Figure 31, the macroscopic 

capillary pressure across the material interface is continuous. Despite different moisture contents, the 

capillary potential is identical for both materials.  An imperfect hydraulic contact is characterized by a 

so-called “interface permeability”. This may be caused by a discontinuity in the pore structures of the 

materials at their interface, or a presence of air gap or a combination of both phenomena. Interface 

resistance Ri, is defined as the ratio of moisture flux qm to the capillary pressure drop on the interface, 

Pc, namelyPC = (QM

.
  RI). 

Figure 31: Perfect contact makes hydraulic continuity across the interface. Both materials in contact 

exhibit different moisture contents but the same value of potential (Brocken, 1998) 
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To verify if perfect contact is possible Brocken cut one clay brick into two parts and tested water flow 

during wetting and during drying. During wetting the flow behaved as “nearly” continuous i.e. no effect 

in early stages of wetting and some effect later. The drying curve was discontinuous (Figure 32). 

Figure 32 Moisture profiles measured every hour during drying through one surface of the brick-brick 

specimen (From Brocken, 1998). 

Brocken (1998) concluded:  

“In the moisture transport experiments, the investigated brick-brick interfaces seem to show 

different characteristics; in the water absorption experiments the hydraulic contact between brick 

layers seem to be perfect,  whereas in the drying experiments this contact seems to be imperfect 

though only slightly.” 

Similar conclusions were derived from a PhD work (Qiu et al, 2003) at Concordia U, Canada. 

2.2.14 Control of rain penetration 

Different aspects of controlling rain penetration are illustrated in Figures 33 and 34. 

 

 Figure 33: Control of rain penetration: gravity and capillary forces. 
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Figure 34: Elements of rain shedding - actual shedding, flashing with drips and drainage 
 
The overlap in the water shedding layer must be higher than the actual air pressure difference for the 
location. Typically a rain drop needs crack of 3 to 4 mm, yet hair line cracks may also promote a 
significant capillary suction. 

The moisture management concept for insulated exterior walls in a cold climate introduced by the 
Swedish researcher Johansson (1946) called for: 

 An outer rain screen 
 A drained and vented cavity;  
 Thermal insulation “between the actual wall and the rain screen” 

It is amazing to see that these requirements are still valid. The role of air gap is illustrated in Figure 35 
that shows contact experiments where dry material (aerated autoclaved concrete) was placed in 
contact with wet reference material (vacuum casted gypsum) and sealed. Two experiments with 
different moisture content of the reference material were conducted. Materials are in direct contact 
(curves 1) or moisture diffuses through a 1.5 mm air gap (curves 2), 
 

 
 
Figure 35: Contact experiments between sealed pair of the specimens, wet reference material and dry 
test material (1) in direct contact; (2) through a 1,5 mm air gap (Bomberg 1974). 
 

Overlap 
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Figure 35 highlights that even though the final equilibrium is the same, the rate of transport though the 
air gap is much longer than through the physical contact. The need for exterior thermal insulation was 
recently introduced by NA building codes specifying Rsi 1 as the minimum value to be used on the 
exterior of the walls. 

Hutcheon (1963) redefined this design strategy listing principle requirements of an exterior wall 
assembly as: 

1) control of air flow through the wall assembly  

2) control of vapor flow through the wall assembly (applied on the warm side of the insulation) 
3) control of thermal energy with insulation applied to the exterior of the structure 
4) control of rain penetration with a capillary break between the outer skin and the inner part 

of the wall, that preferably is an air space, vented to minimize transfer of vapor to the inner 
wall under summer conditions (reverse vapor drive) 

These principles were expanded upon in Canadian Building Digests published to introduce building 

science to the design professions and to architects in particular. These digests were short, mostly 

conceptual essays relating to specific topics of building design. Building Digest 40, Rain Penetration 

and its Control (1963), reinforced the message to Industry that a two-stage approach to wall design 

had been recognized as the required means of controlling water ingress into wall assemblies. 

Principles of enclosure design were re-emphasized in 1974: 

 A vapor barrier on the warm side of the wall assembly,  

 An air barrier on the warm side of the wall assembly 

 Thermal insulation outwards of the main wall and structural framing 

 A rain screen cladding 

 An air space behind the cladding that is drained and ventilated to the exterior. 
 
This type of wall is known in the industry as the rain screen design. Today however, when using air 
barrier material that typically are impermeable to WV diffusion we stress the drying ability to both 
sides of the wall and relax requirements for water vapor barrier. 

 2.2.15 Selected issues in understanding of moisture transfer 

In closing, one must highlight a few critical aspects of moisture transfer. 

 Firstly, we must state that one element of moisture control, namely the vapor barrier (retarder), has 

received a disproportionate amount of attention. This is mainly because of the simplicity of water 

vapor transport calculations used in the past. To make situation worse, practitioners try to avoid 

moisture condensation and use barriers impermeable for air and vapor on the warm side of the 

construction. This type of approach is called moisture design with barriers. Conversely, design based 

on moisture balance (alternatively called a permeable envelope approach) permits temporary 

moisture accumulation on an intermediate basis. Figure 36 illustrates these two design principles 

using the analogy of a barrel with and without a leak. No liquid is delivered to the Barrel A that has no 

leaks and none is flowing out it (design with barriers).  In the case of Barrel B, the same quantity flows 

into it as flows out and the moisture balance does not change on the yearly basis.  

The moisture balance approach is more difficult to design for than the barrier approach. It requires 

performing hygrothermal calculations of the moisture balance over the entire year over which the wall 

assembly is exposed to the worst set of probable climatic conditions. Based on those calculations one 

may estimate how much moisture will accumulate within the building envelope during the critical 

season. Then, one must assess the potential effects of this moisture on the structure and material 

durability. If the durability of the materials and components is not adversely affected, one must check 
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whether the drainage and drying capability will lead to safe levels of moisture. Moisture may be 

allowed to accumulate during the heating or cooling seasons, but it is not allowed to accumulate 

beyond safe levels from one year to another. 

Figure 36 Two approaches to moisture design: (A) design with barriers, (B) design based on moisture 

balance (flow-through) principles.  

Note that the moisture flow in building enclosures is seldom one-dimensional, and that flow-through 

invariably involves both liquid flow and vapor diffusion, as well as moisture carried by air  Actually, the 

more drainage that can occur as a result of phase changes of moisture3 entrapped within the 

enclosure, the more efficient the moisture balance design can be.  A well-designed building system is 

not significantly affected when some moisture enters the structure because of mistakes or unforeseen 

circumstances.  There is no damage to materials, and the system allows for subsequent drainage and 

drying. Therefore, we often talk about the moisture tolerance of assemblies. 

Secondly, what is not appreciated enough is the fact that moisture always moves to materials at a 

lower temperature. Imagine a small portion of water between two interfaces located in an ideal, 

horizontal capillary in external wall with temperature gradient as shown in Figure 37. 

 

 

. 

 

         T1    T1<<T2      T2 

 
Figure 37: Thermally driven vapor transport in a horizontal capillary with a drop of water exposed to 
temperature difference with T1 (lower than T2) on the left side. 

 
What are forces acting on the water? Firstly, there is a pressure difference between two 
water menisca, Equation (13) applies: 

  p = 2  cos  /( r w g)        (13)     

Where the only variable affected by temperature is  - surface tension. It varies little with 
temperature and depending on the mobility of the water it may or may not move to the lower 
temperature. 

                                                             
3
 Phase changes may occur daily because of solar or night radiation. 
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Yet, the water vapor at the interface is much more affected by the temperature because its 
potential is defined by the Equation (11) 

pc = w RvT ln  (11) 

Relative humidity of pore air is affected by temperature to a significant extent and water 
vapor diffusion to the cold temperature will cause evaporation from water menisca and 
diffusion towards the lower temperature. 
  
Now if the radius of the capillary on the warmer side is larger than one on the cold side 
(Figure 38) and there is some water between these two interfaces. 

 

 

 

 

 

 

 
  Figure 38: Capillary water driven to smaller radius 
 
According to the Equation (18) negative water pressure is reverse function of capillary radius and 
water will be transferred towards the thicker part of capillary until interface pressures are equal again. 
While the diffusion of water vapor continues always towards the lower temperature, the bulk of water 
may move in the direction decided by the larger driving force.   

This example explains while studying moisture transfer through the interface of materials with different 
pore size we observe a range of variation in the contact resistance. In this case we have a thermal 
depression caused by the water evaporation, smaller size of pores on either side and if we are 
dealing a dry material surface there is a difference with one that was previously pre-wetted.  

Thirdly, also not appreciated enough is the role played by hairline cracks on material surface and at 
material terminations. A shrinkage originated crack (about 0.3 mm) extends from a window corner to 
the vertical joint. Figure 2 (on page 11) showed that water absorption rate measured at a cracked 
surface is several times higher than that measured at a non-cracked material surface. Water from a 
device to measure surface water absorption rate was first drawn to the crack in exterior stucco and 
then it spreads on the material surface. 

Fourthly, not appreciated enough are the interactions between heating or ventilating systems and the 

building enclosure. With multilayered walls containing a lot of gaps and void spaces e.g. acoustic 

separation, building chases etc, some interstitial air fields may or may not be connect to the interior or 

exterior spaces. Lstiburek et al (2002) investigated connected multi-zonal air flows with spaces inside 

the building enclosure: 

"As the result of these interstitial air pressure fields, one-dimensional airflow does not always hold.  

To account for the presence of interstitial air pressure fields, airflow must be added or subtracted 

within an assembly, chase, or void space. In this manner, continuity of mass and momentum 

holds across the volume of the assembly or element. The interstitial air pressure fields often vary 

with time with complex daily, weekly, seasonal and sometimes random cycles. They may also be 

affected by fan forces and coupled with duct leakage. Thermal effects, moisture effects and wind 

forces can also be interstitial air-pressure-field drivers depending on the linkages of interstitial flow 

paths. These time-variable, interstitial, air-pressure fields help characterize the transient 

characteristics of the pressure response of buildings. The presence of complex, time dependent 
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interstitial air pressure fields and associated lateral or three dimensional flow paths can lead to 

complex interactions of the building structure with the mechanical system and climate.” 

For this reason, to understand the complex interactions of the structure with mechanical systems and 

exterior climate one must understand the ways in which buildings respond to air pressure changes.   

2.2.16 Characterization of materials for input in hygrothermal models 

Typically one considers pore-size distribution curves as means of material characterization. Yet, 

realizing that those functions are built on the basis of several hygrothermal measurements such as 

sorption isotherms, intrusion of a non-wetting medium (e.g., mercury), flow through the material etc., 

may elect to use tests of moisture response of the material as the means of material characterization. 

From the theory of mechanical similitude (Bomberg, 19724), we know that two functions must be 

used. One is a moisture fixation of the material and the other a moisture conductivity and both must 

be expressed as a function of moisture content (MC) to provide a unique characterization of material. 

Why do we need two different functions? 

We are asking for a response of a porous material that is well characterized by the moisture retention 

curve (MRC). Yet, the flow involves a multi-phase medium. We know that flow of a single phase 

medium could be characterized by a single factor such as dynamic viscosity of the fluid. In case of the 

multi-phase flow, however, it has been shown (Rose, 1964) that the fraction of one phase varies over 

a full range of pore size because the composition of the medium depends on the pore size and pore-

size distribution. Furthermore, the mixture of liquid water, air and water vapor uses the whole volume 

of the open porosity so these two functions must be defined from the moment a multi-layer adsorption 

provides the pore-water density near to one of free water (assumed to happen below 20 %RH) up to 

the capillary moisture content (where by definition capillary suction becomes equal to zero). 

Independently, whether one will be using moisture content-based (e.g. WUFI) or potential-based 

model (Delphin, CHAMP), one should determine two MRC and one moisture transfer characteristics 

with use of potential-based model. If needed, one can recalculate them to moisture based model. This 

procedure will allow one to construct real time moisture calculations i.e., with inclusion of capillary 

hysteresis. 

On the other hand, if one makes non-destructive measurements of moisture profiles for a parametric 

model, one can determine two MRC and two sets of moisture diffusivities for extreme cases of wetting 

and drying experiments.   

Figure 39 is reproduced from a PhD thesis of Mahler (1958 that was supervised by Prof. O. Krisher) 

and shows moisture transport characteristics determined under steady state (Beharrungszustand) 

and transient (drying = Trocknungsversuchen) with and without water vapor diffusion. 

                                                             
4
 Peer reviewed paper resented at the International symposium on fundamentals of moisture transport in 

hydrology & soil science, 1972, Guelph, Canada 
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Figure 39: Material characteristics determined by Mahler (1958) for aerated autoclaved concrete. Note 

that the measurements above 28 percent (capillary MC) do not belong to the same frame of reference 

(are not valid).  

Potential based HT models use the steady state to characterize moisture transport material while 

models based on moisture content use the transient measurements. Material tested and shown in 

Figure 39 has a dual porosity system that is making the liquid conductivity curve more affected by the 

dispersion process. Figure 40 shows more clearly two different regions in the liquid conductivity of 

clay bricks 

 

 

 

 

 

 

 

 

 Figure 40: Liquid conductivity of clay-bricks, from Bomberg (1974) 

 

Liquid diffusivity for the same clay-brick is shown in Figure 41. 
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Figure 41: Liquid diffusivity of clay-bricks shown in Figure 40 for extreme loops of wetting and drying, 

from Bomberg (1974) 

The comparison of Figures 40 and 41 explains why unless the conditions of transient measurements 

are identified as the extreme drying or wetting loops the determined diffusivity curves may be located 

anywhere between the two extreme curves shown in Figure 41. Effectively, the uncertainty of 

moisture conductivity from steady state measurements recalculated to diffusivity with the slope of 

wetting and drying loops of MRC could be lower than when using unqualified moisture profiles to 

calculate the diffusivity curves. 

The next question in material characterization is how many measurements one needs to establish 

material characteristics. One knows that making measurements near characteristics moisture 

contents reduces the number of needed measuring points, yet one does not know where 

characteristic MC points are located. Therefore, one may use one of the following strategies: 

1) Perform a minimum number of tests with or without using a hygrothermal (HT) model to 

calculate some of the material characteristics and use material verification tests to fine-tune 

the transport characteristics 

2) Perform larger number of measurements to determine MRC and WV conductivity as a function 

of moisture content and follow (1) to fine-tune the liquid conductivity as a function of MC. 

3) Perform extensive number of measurements to determine both MRC curves, vapor and liquid 

phase moisture conductivity in the whole range of moisture content (observe that this strategy 

is only used for PhD works) 
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To illustrate strategies (1) and (2) we present Figures 42 and 43. 

 

 

 

 

 

 

 

 

 

 

Figure 42: Strategy (1) used at TU Dresden, MRC with a minimum number of points, more test points 

are from sorption and bubbling point measurements. Vertical axis - volumetric moisture content, 

m3/m3, horizontal axis - capillary suction, Pa, (from Grunewald 2006) 

The minimum information needed to characterize the material was agreed by CIB W40 Task group 

(see Bomberg, 2002) as follows: 

 Density and total porosity of material 

 Thermal conductivity and specific heat of a dry material 

 Equilibrium moisture content at ranges (75 – 85) and (93 - 95) %RH 

 Capillary moisture content 

 Water vapor permeance at an average of 25% RH (dry cup test or equivalent) 

 Water conductivity at the capillary moisture content  

Note: to improve precision recommend is also measuring one point with pressure plates 

 

 

 

 

 

 

 

 

 

Figure 43: Strategy (2) used at TU Dresden, large number of points on MRC, from Grunewald (2006)  
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One has noticed that material variability may distort the character of material functions if different 

characteristics are measured on various specimens. To alleviate this problem one needs to use 

normalized variables. Figures 44 and 45 highlight the need for normalization. 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: Moisture diffusivity of a standard gypsum (from Bomberg, 1974) 

 

 

 

 

 

 

 

 

 

 

 

Figure 45:  Moisture diffusivity of the standard gypsum shown in Figure 44 was normalized using the 

degree of capillary saturation (this normalized variable was introduced by Bomberg in1974 under the 

name of actual saturation) 

It has been established that liquid conductivity at the capillary saturation is correlated with the initial 

water absorption coefficient (the slope of cumulative water inflow during the free water intake test); 

therefore, normalization of moisture content and conductivity of capillary saturated liquid flow will 

reduce variation of measured values, yet it does not address the material variability issue. A multi-

phase research ecological plaster (eco-stucco) was constructed in laboratory to study effects of 

reinforcement with recycled agricultural materials and thereby introduced material variability and 

characterized in a PhD project. Figures 46-51 coming from Yu (2012) highlight these issues.  
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Figure 46: Sorption isotherms measured on experimental stucco (from Yu at al 2012) 

 

Figure 47: Moisture retention curves for (1) wetting and (2) drying versus degree of capillary 
saturation measured on experimental stucco (from Yu at al 2012) 

 

 

 

 

 

 

 

 
 
 
 

Figure 48: Water vapor permeability measured with multi-layer test on experimental stucco (from Yu 
et al., 2012) 
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Figure 49: Free water intake test with capillary saturation measured on four stucco specimens (from 
Yu et al., 2012) 
 

 

Figure 50: WV conductivity vs degree of effective (capillary) saturation, calculated from the average of 
data shown in Figure 47 for the outmost wetting (1) and drying (2), quoted from Yu et al. (2012) 

 

Figure 51: A variability of material characteristics displayed by the tested specimens of eco-stucco 
that can be used for estimating the range of changes in material characteristics to be used in the input 
data or uncertainty of the average data (From Yu et al., 2012). 
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2.2.17 Closing remarks 

Discussing approximations used in modeling Grunewald (2006) presented Figure 52 to highlight non-

uniformity of real moisture flow phenomena. 

 

 

 

 

 

 

 

 

 

 

 

Figure 52: Real complexity of moisture flow in a porous material. Uniform moisture inflow results in so 

called finger flow in the material as liquid and vapor phase in normal direction are accompanied by 

dispersion and air pressure caused water vapor diffusion. 

Obviously one must be careful to use material specimens larger than the representative elementary 

volume when performing material characterization. When using material data from the library, it is also 

recommended to perform at least one verification test.  

While we often discuss open or closed porosity one must remember that water can also move through 

the closed porosity.  Figure 26 (in this section) showed the presence of both liquid and vapor transport 

under “isothermal” conditions. In presence of a thermal gradient, vapor diffusing through the polymeric 

membrane or cellular plastic will evaporate, diffuse through the cell gas and condense at the next pore 

surface. 

In this chapter we also highlighted the interaction of temperature and moisture content fields, 

highlighting that moisture in the form of vapor always moves towards lower temperature, while liquid 

moisture always moves to material having lower moisture content. In many instances, these two 

different moisture movements can occur simultaneously and in opposite directions. Furthermore, in 

similar fashion air moves in multidirectional space of varying air pressures and carry moisture adding 

to the complexity that can only be addressed with advanced hygrothermal models. 
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