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3. MATERIALS FOR ENVIRONMENTAL CONTROL 

Englisby (1973) in the introduction to the thermal review stated: 

“Notwithstanding its simplicity, building insulation – a much used and very important products, 

especially in today’s period of energy shortage – continues to elude the complete understanding of 

many people – including those boasting technical background. 

The confusion seems to stem from claims made by various product manufacturers as they try to  

increase their shares of rapidly growing market.  

Wilson (1994) in an article entitled “Understanding thermal insulation’s transformation” postulated that 

designers must re-evaluate even familiar materials. He stated:  

“For decades, technical advances in insulation materials were driven largely by energy 

performance and cost.  While getting most bangs for the buck remains important, virtually every 

product has been reformulated, due to health and environmental concerns. Performance of some 

has changed significantly”.  

Both these statements are correct. Furthermore, with a change of design approach to house-as-the-

system we must also acknowledge effect of thermal insulation on durability of materials in the building 

envelope that has not been fully understood. The evolution in building science led us from a focus on 

materials to the focus on systems. The same evolution led us to list in one sentence all three effects  

heat, air and moisture (i.e., environmental) control. How does the thermal insulation form an integral 

part of the environmental control is often unclear and the following section aims to fill this gap. 

To do so, we must, however, take a few steps back. The fundamental role of insulation is to retard the 

rate of heat flow, so we shall start with the principles of heat transfer through fibrous and porous 

materials. The analysis of fibrous materials will be separated from that of cellular plastics (foams) as 

their mechanical properties must be considered.  

Next, we analyze a system in which external walls, roof and the floor act as environmental separators 

and the chosen materials contribute to the microclimate inside the building. This microclimate often 

impacts upon the field performance of the insulation material. To this end, one must consider the 

effects of air and moisture movements, aging and weathering processes. The environment within the 

building envelope affects the long-term performance of all materials and thermal insulation is a critical 

factor in shaping this environment. In this manner, the interaction between thermal insulation and 

durability becomes integral part of the cost-benefit analysis. 

3.1 FIBROUS INSULATIONS:  MINERAL FIBER INSULATION (MFI) 

This category includes several glass, slag and rock products, with different composition and 

different manufacturing processes used commercially since 1930’s.  Different raw materials (silica 

sand, or volcanic rock, recycled steel slag) are mixed and melted in a furnace.  The melted 

material is fed into a fiberization device. Typically the molten glass flows into some sort of a fiber 

extruding device e.g., dish shaped, high-speed rotor that extrudes thin molten fibers into a high 

velocity air stream (see Figure 1 and Figure 2). 
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Figure 1: Example of processes used for manufacturing glass fiber insulation. 

Binder (e.g. urea modified phenolic) or steam treatment (for rock fibers) may be applied to these 

fibers as they flow through the collection chamber to the moving belt. Depending on the nature of 

fibers and type of finish product, each process will apply different conditions of temperature, viscosity, 

fiber attenuation, mass of binder and orientation of fibers falling on the moving belt. Material on the 

belt is passing under rollers that compress to a required density. The belt is then moving through the 

curing oven, where the setting of the binder resin takes place, and ultimately through cutting to the 

required size and facing (if applied). There are basically no losses as trims are used as admixture in 

the melting oven. Material used in MFI loose-fill and spray products may be either recycled (cut or 

milled) from products that were originally manufactured as batts1, blankets2 and rolls3, or may be 

manufactured in a dedicated loose-fill production runs. 

MFI is chemically inert, in principle non-combustible (binder and facing are often combustible). Fibers 

when treated with binder do not encourage growth of fungi, mold and bacteria, do not rot or sustain 

vermin. Some semi-rigid or rigid products have additional hydrophobic treatment to improve drainage. 

3.1.1 Thermal conductivity of dry, MFI 

Figure 2 shows two photomicrographs of glass fiber with various densities.  The material consists of 

solid phase (glass) and continuous gaseous phase (air). Since normally the fraction of air contained in 

the glass fiber insulation exceeds 0.95, one may expect that while radiation and conduction of heat 

through air are dominating mechanisms of heat transfer, the convection may also occur under specific 

conditions.   

  Figure 2: Samples of glass fiber insulation with density 140 kg/m3 and 10 kg/m3 

                                                             
1
 Batts are short (e.g., 1.2 m) pieces of flexible insulation usually fitted between frame of the wall structure. 

2
 Blankets of flexible insulation are long pieces with easy to handle width (e.g. 1.2 m) to be placed next to each    
other for covering a specific area. 

3
 A product similar to blanket but with much smaller width e.g., 30 – 60 cm. 
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Convection, however, is not depicted in Figure 3.  While natural convection can be treated in as a 

function of structure and the gradient of temperature, considerations of wall thermal performance 

usually involve mixed convection regime in which other system variables decide upon the onset of 

convection. 

Experience indicates that the three main features of the solid phase that define the structure with 

respect to heat transfer are (Bomberg and Klarsfeld, 1983):  

 Porosity (dimensionless), a ratio between the volume of air and total volume of the specimen 

 Specific area (also called fineness), Sv, m
2/m3; a ratio between the area of solid/air  interface 

and total volume of the specimen 

 Anisotropy factor (dimensionless), normally defined by the ratio between the air permeability in 

direction perpendicular to parallel for the material manufacturing plane. This factor is 

neglected if the analysis is restricted to the direction perpendicular to the manufacturing plane. 

As shown in Figure 3, the solid phase conduction and interaction between radiation and conduction 

within solid material are usually lumped together and called “solid conduction”.  Both the solid and air 

conduction varies little in the range of density 15 – 100 kg/m3 so that the radiative component of heat 

transfer in gas is primarily responsible for the change in thermal conductivity shown in Figure 3. 

Figure.3 Linear regression model for TEL glass fiber (T = 24 oC). From Klarsfeld (1976). 

Normally, thermal conductivity of glass fibre insulation is expressed by the following equation: 

  = A + B + C (1) 

where: A = is the air conductivity, typically a linear function of mean temperature; B = is the constant  

[(m3W)/(kg m K)] that multiplied with the material density gives a contribution of the solid conduction; 

and C = is the constant [(kgW)/(m4K)] that divided by material density gives a contribution of the 

radiation through the glass fiber insulation. Three coefficients from equation (1) are shown in Figure 3.  

Coefficient A representing conduction of air contained in the insulation is practically constant and 

independent on the type of fiber matrix organization studied. Coefficient B that represents the solid 

phase conduction increases linearly with the density of the material (actually it is both solid conduction 

and interaction with radiative heat transfer that is shown as solid conduction.  The contribution of 
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interaction between heat transfer mechanisms is normally included into the solid conduction, see 

Bomberg and Klarsfeld, 1983). Effectively, the only difference between the three MFI products shown 

in Figure 3 is that of radiative heat transfer as described by coefficient C.   

There is another piece of information also shown in Figure 3, namely readings of the so called 

“micronaire” denoted as “F”. This is a quality control technique used in the cement or fiber industry 

where air permeability measurements are calibrated in relation to the specific surface. For MFI 

industry this is translated into a “nominal fiber diameter”. Thus, Figure 3 shows that the change in 

thermal conductivity can be ascribed to the change in the specific area. The best thermal 

performance curve (1) was obtained with F= 2.9 (on a sample of 5 gram) representing the nominal 

fiber diameter 2.5 micron; the worst curve (3) was obtained with F= 6.6 (on a sample of 6 gram) 

representing the nominal fiber diameter 12 micron 

Measurements shown in Figure 3 were performed on MFI batt.  This is a thermal insulating product 

for which the organization of solid matrix is carefully optimized for thermal performance. To improve 

the thermal performance fibers in this product have planar orientation.  In effect, a one-sided focus on 

improvement of thermal performance of MFI measured in the laboratory (North America) has effect on 

material resilience (recovery thickness) and resistance to convection under field conditions i.e. field 

performance of MFI.  Traditionally, MFI products manufactured in Europe have not been reaching as 

low density as the NA products.  

 

Finally, a question of thermal resistance a compressed batt is illustrated in the Table below 
(representing products from one glass fiber manufacturer) 
 

 Table.1 Effect of placing a batt in smaller or larger cavity on its thermal resistance 

 

Figure 4 shows thermal conductivity of several preformed loose-fill products. The latter are relatively close to 

each other but have substantially lower thermal performance (higher conductivity coefficient). This is caused by 

significant difference in anisotropy factor (difference in fiber orientation). The process employed in batt or 

blanket manufacture ensures that most of fibers are placed parallel to the moving belt, providing the most 

effective attenuation for heat transfer through radiation; this is not the case with loose-fill products.  For the 

same density as the MFI batt (see curve from the ASHRAE handbook) slag or rock wool loose-fill may have 

thermal efficiency about 20 percent lower. At lower densities, the difference between the batt and loose-fill glass 

fibre may be even higher.  For low-density MFI products, where radiative heat transfer is significantly increased 

(see Figure 3) this difference may be as high 70 percent. 
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Figure 4: Thermal conductivity of MFI products depends on their structure and density. 

3.1.2 Testing performance of MFI 

One of the problems encountered when measuring low-density materials (such as MFI or expanded 

polystyrene (EPS) is the fact that thermal conductivity depends on the thickness of the test specimen.  

Effect of radiation on thermal resistance of MFI 

 

 Figure 5 Thickness dependence of typical low-density batt (see text) 

The measurements shown in Figure 5 were performed on several 12-mm thick MFI specimens that 

were selected (optical scanning) with regard to their uniformity.  The upper curve shows the actual 

dependence of thermal conductivity coefficient on thickness of the specimen (stack of these thin 
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specimens). The lower curve (denoted with septa) shows the same specimen, when a Kraft paper 

layer (thick packaging paper) was placed between each of the thin specimens.  This confirmed that 

intercepting radiative heat transfer at 12-mm intervals made a thick specimen showing thermal 

conductivity of the thin (i.e., much higher thermal resistance). For this reason, Canadian or European 

standard EN ISO 10456 “Building materials and products - Hygrothermal properties -Tabulated design 

values and procedures for determining declared and design thermal values” require that thermal 

resistance is determined at full MFI product thickness, i.e., at nominal thickness as expected in the 

field installation. Usually, in Europe that does not encourage as low density materials as the US, the 

minimum thickness of 50 mm is advised to avoid influence of thickness on material conductance. 

Effect of moisture 

For a long time it was known that moisture presence in the material affects its thermal performance.  

Figure 6 Steady state measurements of thermal conductivity of wet fiber-board. (Reprint from 1932). 

Simplistic interpretation of such observations and popular assumptions that making rapid tests would 

eliminate effect of moisture on thermal transmission measurements led to much confusion. 

Nevertheless, effect of moderate amount of moisture entrapment in MFI does not significantly affect 

its thermal performance over long period of time (Figure 7). 

Figure 7 Effect of heat flow reversal on heat flux of the moist, encapsulated MFI specimen (Bomberg 

and Shirtliffe, 1976) 
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Figure 7 shows that when the position of the MFI specimen was reversed (hot side of the specimen 

was placed on the cold side of the equipment), the heat flux increased immediately for almost 50%.  

Yet, this increase lasted only for a short period, until some moisture moving toward lower temperature 

reached the cold surface of the test equipment. The latent heat transfer was then decreased until a 

dynamic equilibrium was reached. Most of the moisture was now concentrated on the cold side and 

the heat flux decreased to a previous level.   

In effect, only for  those roof situations where a heat siphon occurs is moisture movement a serious 

threat to thermal performance of the roof.  Heat siphon is created by moisture condensing on the cold 

side of the roof and falling down as a liquid drop that may reach the hot side and vaporize. Since the 

whole cycle repeats, it involves significant quantity of heat on a continuous basis.  

 Effect of air movements (convection) 

To study effect of workmanship on thermal performance of MFI an experiment was conducted with 

deliberately unfilled corners of the batts (Figure 8) 

Figure 8: Deliberately unfilled corners of batt installation 

 

 Figure 9: Vertical section through calibrated (guarded) hot box facility 
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Figure 10: Temperature distribution on three levels: (a) zero defects – identical, (b) 6% by volume  of 

the defects, a fully developed convection makes clear difference between profiles. 

On the left figure (zero defects) one may observe that temperature distribution in MFI is non-linear 

(because of the significant contribution of the radiative component to the total heat transfer). In case 

of wall with defect, right figure, the middle temperature profile is close to that measured without 

convection, while the top and bottom show clear shifts upward and downwards. This heating and 

cooling of the material has effect on the overall heat transmission as shown in Figure 11. 

Figure 11: Measured thermal resistance of the wall section of MFI products 1 and 3, without (0% 

defects) and with 3% and 6% of defects in the corners. 

One may observe a substantial reduction for each of three tested products when 3% or 6% defects 

were present in the corner of the stud space.  Firstly, one may notice that each of these products 

without defects shows a correct temperature dependence (increased thermal resistance with a 

reduced temperature of the insulation). Secondly, at 3% defects there is already a significant 
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convection in each of these products.  Thirdly, at –20 oC outside temperature (i.e., a moderate cold in 

Canadian conditions) the reduction of thermal performance of these products varies from 10% to 

60%. 

The above discussed study highlights significance of convection initiators such as unfilled corners 

adjacent to the thermal bridge created by wood or metal frame of the wall construction. One cannot 

predict the onset of convection without knowing directional air permeability of the MFI product.  

Therefore, for loose-fill MFI one must require a minimum thermal resistivity about 15.3 (K m2)/W or 2.7 

(oF hr ft2) / BTU in to assume that material structure has achieved a given “air tightness”.  

 

Figure 12: Example of a poor workmanship in the MFI batt installation that may cause 

convection of air around the bat. 

For batts, blankets and even semi-rigid boards one must require a 100% contact with a substrate that 

provides sufficient air tightness.  Even though this is a code requirement in Canada, one may often 

see wall surfaces with clear cavities adjacent to the frame (Figure 12).  Furthermore, to ensure proper 

performance of the MFI batts and blankets one must place stringent requirements for air (wind) 

barriers, 

Other factors affecting thermal resistance of dry MFI  

To achieve the specified thermal resistance (R-value), the MFI batts or blankets after opening the 

package in which they were transported, must recover to a specified thickness (recovery thickness).  

Typically, material specifications contain a test procedure to check if such requirement is fulfilled and 

to relate thermal resistance of the product to the recovery thickness. 

It must be remembered that prolonged storage period or storage in humid conditions where some 

moisture may enter stored packages may reduce the capability of MFI to achieve its recovery 

thickness.  As moisture sensitivity of different products vary, nothing general can be stated except 

advise to check the recovery thickness if prolonged exposure of a product batch has been suspected. 

The reduced resiliency of the MFI product may also contribute to a workmanship issue, so called 

unfilled corners that may (or may not) initiate convection in the systems. 

3.2 OTHERFIBERS 

Figure 13 shows spectral radiative properties for alumina libers with three différent diamètres. 
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Figure 13: Extinction efficiency depends on the fiber diameter : 1 micron continuous line, 3 
micron line with long stretches, 5 micron line with short stretches. 

 

 

 

 

 

 

 

 

Figure 14: Back scatter efficiency depends also on the fiber diameter: 1 micron continuous 
line, 3 micron line with long stretches, 5 micron line with short stretches. 

 

 

 

 

 

 

 

 

Figure 15 : Spectral extinction  coefficient for 5 micron alumina fibers (cont. line), carbon (cont. 

line with two stretches), silica (cont. line with one stretch) titanium (dashed line). 
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With the insight extinction and the role of back scattering in the fibrous insulation one may have a 

better understanding why glass fiber optimized with a fiber diameter just below 3 microns is the most 

efficient low density thermal insulation product (see Figure 16). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 : Thermal conductivity versus density for wool,  cellulose fiber, rockwool and glass fiber 

poducts (from Symons et al., 1995) 

 

3.3 FIBROUS INSULATIONS: CELLULOSE FIBER INSULATION (CFI) 

Cellulose fiber insulation was commercially manufactured in the Prairie region of North America in 

mid-1920’s. It replaced wood chips for filling the wood frame cavities. In the mid-1970’s, however, the 

changes in air tightness of the housing enclosure combined with large wall retrofitting efforts 

dramatically changed this type of insulation. 

Modern CFI is manufactured in a two-stage process.  During the first stage, newsprint, other paper 

feed stock or virgin wood goes through shredder (hammer mill) and mill screen with approximately 6-

mm openings. Then a combination of chemicals, (typically involving borax and boric acid, and smaller 

amounts of aluminum hydrate / tri-hydrate or ammonium phosphate, etc.) is fed (by forced air, gravity 

or auger supply) to the line and the mix undergoes the second stage fiberization. This can be done 

with counter- rotating disc mill, turbine or hammer mill. Typically, the chemical add-on varies between 

18 and 22 by weight percent and is balanced with regard to moisture absorption, corrosion, flame 

spread and smolder resistance, fungus growth, and vermin.  

Typically CFI is applied pneumatically as a loose-fill into horizontal (slope up to 1:12) in open 

blowing process or through a nozzle into closed cavity of wall studs.  Sometimes small quantity of 

water is added to reduce the dusting of fiber during the application, the settlement of fiber after 

application and improve chemical bonding to the fiber mix.  The latter application is often termed 

as “stabilized cellulose”.   

The water add-on may also be used when the adhesives are pre-mixed in the chemical add-on to 

produce the bonded insulation (spray).  Sometimes the adhesives (polyvinyl acetate or acrylic) is 
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added into water and mixed with the fibers at the nozzle. A special application, so-called blown-in-

blanket is achieved by applying either dry loose-fill or one with water containing a small amount of 

adhesives behind a mesh (or vapor permeable4 film) into the wall cavity. 

3.3.1 Thermal conductivity of dry, loose-fill CFI 

The thermal performance of the cellulose fiber insulation depends not only on the composition and 

structure of the material as produced during the milling operation, but also on the way it is fluffed 

and configured while being blown into place.  The blowing process produces a structural network 

of fibers. Both the density and stability of the structure depends on the conditions of blowing. 

Typical density of loose-fill cellulose fiber insulation in horizontal spaces varies between 30 and 40 

kg/m3, while its thermal resistivity5 is stable.  Typical thermal resistivity of CFI in horizontal 

application is 21 (K m2)/W or 3.7 (oF hr ft2) / BTU in6.  Typical density of loose-fill cellulose fiber 

insulation in vertical applications (confined spaces) varies between 50 and 80 kg/m3, while its 

thermal resistivity is 19.9 (K m2)/W or 3.5 (oF hr ft2) / BTU in.  The same value can be used for 

sprayed CFI. 

3.3.2 Other factors affecting thermal resistance of dry CFI  

While variation in thermal performance of different CFI products is small, typically within 5 percent, 

one may use the recommended thermal resistivity values for all CFI applications.  Nevertheless, 

the main factor influencing field performance in horizontal applications is the material settlement. 

The settlement is primarily affected by dimensional changes during wetting and drying of wood 

fibers. Subsequent wetting and drying result in the settlement of the insulation layer, a process 

that can be approximated by an exponential relation.  Typical settlement of loose-fill CFI in attics is 

10%. It is therefore, required that the quantity of applied CFI product is increased in such a 

manner that the nominal thermal resistance is ensured after material settlement reduced the 

insulation thickness by 10%.  In the field application, however, the actual density of CFI may vary.   

Therefore, in the Canadian National Standard the design density of CFI is established in three 

stages: 

1. A minimum blown density (obtained for a given product under standardized conditions) is 

established, 

2. A correcting factor of 10 % is added to accommodate for the main part of climatic 

settlement (originally measured in climatic chambers7, and later assumed as 
constant) 

3. A correcting factor to accommodate for the difference between the minimum blown density 

and average field applied density. 

This factor was established as a difference between the sum of (1) and (2) comparing with density 

measured in the field conditions.  Yet, to accommodate differences between various CFI types, 

originally this correcting factor (3) was simulated by an impact test involving containers with 

specified weight.  Since there has been a lot of misconceptions and studies how to improve this 

                                                             
4
 WV permeability depends on the climate 

5
 Inverse of thermal conductivity but units given in text above are for resistance ? 

6
 See Bomberg and Shirtliffe, 1978, ASTM STP 660 

7
 Bomberg and Shirtliffe, 1979, BRN 147, National Research Council of Canada 
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arbitrary “correcting” factor, it is now also used as an average 10% reduction of the material 

coverage obtainable under field conditions. 

In effect, as conformed by multiple field data, measuring the minimum blown density and 

multiplying by factor of 1.21 produces a good description of average field density8. The product of 

design density and thermal resistivity gives a total thermal resistance of the CFI layer. The density 

of CFI applied in a vertical application varies depending on the air tightness of the cavity and the 

conditions of the material applications9 (pressure and volume of air, ratio of air to material in the 

hose, hose and nozzle resistance to air flow etc). It is, therefore, not possible to derive a ratio 

between material minimum density when blown into an open space such as an attic and that when 

blown into an enclosed cavity such as stud wall.  The following trends are, however, typical for 

vertical applications in a confined space: 

1) density obtained with injection (hose) technique is 15 – 20 percent lower than that with two 

hole technique 

2) the lower air pressure on the blower or the higher is the leakage of the cavity the lower is 

the density in the cavity 

3) blown-in-blanket density (air escapes through the open mesh) is much lower than that 

obtained in blowing into the confined cavity 

4) to avoid settlement, each vertical application of CFI must involve two stages, blowing and 

compaction.  Density increase of 10 percent during the compaction stage is necessary for 

elimination of the climate–originated settlement. 

The following benchmarks may be used for the CFI application in walls: 

 for CFI with design density less than 35 kg/m3 vertical application may have a minimum 

density of 50 kg/m3,  

 for other CFI products a minimum density of 55 kg/m3 may be used. 

 

3.4 AIR-FILLED FOAMED THERMAL ISULATION: EXPANDED POLYSTYRENE 

A list of polymers used in commercial foams is long. There are grafted, cross-linked polyolefin, 

polyethylene, polyvinyl chloride, silicone, phenol formaldehyde used as closed cell foams, while 

melamine formaldehyde, urea formaldehyde and others are used as open cell foams. Instead of a 

general overview, however, this note is focus on a few foams widely used in the construction 

industry, primarily in residential construction.  Polystyrene (molded expanded or extruded) and 

polyurethane foams (sprayed, poured and froth) represent the most popular cellular plastic (foam) 

used as residential thermal insulations. Polystyrene can be either air-filled, e.g. molded, expanded 

polystyrene or gas-filled e.g. extruded polystyrene. 

Polystyrene is a thermoplastic polymer. Polystyrene beads are polymerized in a suspension process 

in the presence of a protective colloid.  During or after polymerization, a hydrocarbon, e.g. pentane is 

added. After screening they are treated with surface coatings. During foam manufacturing these 

beads are placed in a mold and exposed to high temperature steam.  Expansion of the blowing agent 

                                                             
8
 Other methods e.g. cyclone-shaker are also used to establish the design density.  Fiberization used in these methods 

differs from one actually used in the field application of CFI and therefore their results may be more related to the material 
structure than to its density under field applications.  
9
 Bomberg and Solvason, 1980, J. Thermal Insulation pp. 93-114 and 119-133 
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combined with polymer softening produces a uniform board containing expanded beads with 

predominantly closed cells and open cells (voids) between the beads.   

The blowing agent quickly diffuses out of the cells and air pressure equalizes within the block of 

molded, expanded polystyrene.  As these gas transfer involve some changes in cell-gas pressure 

affecting dimensions of the polystyrene block (billet), it is the industry standard to store these billet for 

a period of time and cut into sheets / boards when the material has achieved full stability of its 

dimensional and thermal performance.  

3.4.1 Thermal conductivity of dry EPS board 

Typically, the thermal conductivity coefficient of thermal insulation depends on factors related to 

material structure, selected test method and conditions of the test. The effect of the test method 

on the thermal conductivity coefficient is caused by the interaction of different components of heat 

transfer, namely radiation and conduction. For the sake of simplicity, only results obtained from 

steady state tests, either Heat Flow Meter method (ASTM C 518) or Guarded Hot Plate method (C 

177) will be discussed. 

Effect of structure variation within one block was reported elsewhere (Bomberg et al, 2000). 

Term “structure variation” means here both differences in the cellular structure of separate 

polystyrene beads as well as differences in the organization of the space between the EPS 

beads. A matrix of 128 manufacturing variables in the discussed project included: 

 four different raw materials,  

 two types of EPS (type 1 and 2 Canadian classification),  

 two different processes (one or two stages of bead expansion),  

 different equipment (three commercial companies using four different plants) 

 two levels of regrind material 

Measurements of thermal resistivity taken from four different production lines are shown in 

Figure 17.  

Figure 17: Thermal resistivity of 31 specimens with thickness 25  1 mm, with a nominal density 

of 16 ( 10%) kg/m3 taken from four different EPS production lines (no regrind). 

Figure 17 shows that except for the process 4 (two boards) dependence of EPS thermal resistivity on 

density is similar.  A particularly close agreement is observed between process 2 and 3 (different raw 
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materials). Further examination showed that except for a larger scatter of test results, the thermal 

resistance density relation appears to be independent of use of the regrind.  

3.4.2 Relation between thermal conductivity and density of the specimen 

Results of 74 thermal resistivity measurements performed on all manufactured EPS products are 

shown in Figure 18 as a function of the density of the measured part of the test specimen (One of the 

tests with the regrind was considered as a statistical outlier). 

Figure 18: Thermal resistivity of eight EPS products manufactured with four different raw materials in 

four different manufacturing plants. 

Figure 18 shows a good agreement between different products.  The standard error in the regression 

fit is about 0.4 (m K)/W i.e., less than 1.5% of the measured thermal resistivity.  A more general 

relation for the thermal conductivity coefficient at 20 oC, as a function of density (, kg/m3) is 

expressed by the following equation (IEA-Annex 24, 1996): 

  = 0.0213 +0.00012  + 0.235/       (2) 

All thermal tests discussed above were performed at the same specimen thickness, namely 25 + 1 

mm. The next aspect of EPS thermal performance that needs quantification is the effect of the 

specimen thickness on thermal conductivity of the EPS specimen. 

3.4.3 Effect of the specimen thickness on thermal conductivity of EPS  

Traditionally, the interaction between radiation and conduction (Kumaran and Stephenson, 1986) is 

not separated from other mechanisms of heat transfer through insulation.  As shown in Table 2, tests 

performed at NRC in mid-1980’s with a Guarded Hot Plate (GHP) method highlight the significance of 

the interaction between radiation and conduction. 

Changing ambient air pressure from the atmospheric level to 15 – 19 Pa caused a reduction of 

thermal conductivity equal to 0.0240 W/(m K) for GHP apparatus with black surfaces (standard plates) 

and 0.0246 W/(m K) when the GHP had highly reflective surfaces (plates were draped with reflective 

foil). 

Having measured the gas conduction and taking solid conduction as 3 percent, one may approximate 

the radiative component of thermal conductivity as 0.0086 W/(m K).  With isotropic scattering, when 
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the extinction coefficient is large and the solid phase conduction is small, using the so called 

Roseland equation: 

Table 2: Thermal conductivity of two different EPS specimens tested under different boundary 

conditions, (a) EPS specimen with density 19.2 kg/m3 

 

Test code Plate emissivity Air pressure, Pa Mean temper., 
o
C Measured , W/(mK) 

381-30 0.07 101 325 24.3 0.0344 

381-31 0.07 19 24.5 0.0096 

381-44 0.95 101 325 24.5 0.0364 

381-45 0.95 18 24.6 0.0124 

 (b) EPS specimen with density 16.8 kg/m
3 

code Plate emissivity Air pressure, Pa Mean temp.,
o
C Measured d,W/(mK) 

381-33 0.07 101 325 24.2 0.0355 

381-34 0.95 15 24.7 0.0124 

  r = 16  T3/ (3 K )        (3) 

where  is the Steffan-Boltzman constant  = 5.67 x 10-8 W/(K m), K is the specific extinction 

coefficient, m2/kg; T is the mean temperature, K; and  is the density of the material, kg/m3.  The 

specific mass extinction coefficient is defined as the total extinction coefficient divided by the foam 

density (Kuhn et al, 1992).  Thus, changes in density, unless associated by significant alterations in 

cellular structure, are well represented in the radiative heat transfer calculations. 

Developing the distributed parameters continuum (DIPAC) model of heat and mass transfer 

through cellular plastics (Bomberg and Kumaran, 1994) added an exponential transition term, 

which transfers equation (2) into using equation (3): 

  r = 16 T3 (1- exp (K x))/(3K )        (4) 

where x is the thickness of the test specimen, m. 

Equation (4) describes thermal conductivity of the foam as a function of specimen thickness.  Observe 

that for optically thick specimens (large x), Equation (4) gives thermal conductivity as  defined by the 

Rosselund’s approximation (Ostrogorsky and Glicksman, 1986).   
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The specific extinction coefficient, being a measure of efficiency in reducing the heat transfer by 

thermal radiation appears to be strongly dependent on the material structure.  This fact was noted by 

Bomberg and Klarsfeld (1983) who examined differences in thermal conductivity of different glass 

fiber insulation products.  Conduction of heat by solid matrix being it glass fiber or polymeric cellular 

structure of EPS as well as conduction of heat through dry air enclosed by the solid matrix are 

relatively invariable, if the insulation product is characterized by its type and the bulk density.  This is 

not the case with the heat transfer by IR radiation.  Both the radiative heat transfer and the interaction 

between radiation and conduction are strongly dependent on the organization of the solid matrix.  It is, 

therefore, why the specific extinction coefficient can be used as means to characterize the structure of 

the material. 

Using equation (3) for the mean temperature of 297.65 K, specimen density of 19.2 kg/m3 the specific 

extinction coefficient is calculated as equal to 37 m2/kg.  This value may be compared with the 

specific extinction coefficient measured for extruded polystyrene. Bomberg and Kumaran (1994) 

reported values of K = 46 m2/kg for three XPS products (both for the core and the surface layers) and 

K = 47 m2/kg for the core and K = 50 m2/kg for the surface layers of the fourth XPS product. 

Let us examine a specific extinction coefficient of three different EPS products10 that were tested 

during the EIBS research project (Swinton et al, 1999).  Their thermal conductivity, as shown in 

Tables 3, 4, and 5 was measured on specimens with thicknesses of 75 mm (full board), 38 mm 

(required by Canadian standard) and 25 mm (ASTM basis for comparing materials).  

Table 3. Thermal conductivity of EPS product A, measured and calculated from DIPAC 

model using the specific mass extinction coefficient K= 37 m2/kg 

 

Density, kg/m
3
 Thickness, mm 

 

Measured d, 

W/ (K m) 

Calculated , 

W/ (K m) 

10.5 75.72 0.0477 0.0463 (-1.5%) 

10.6 38.32 0.0452  

10.6 38.33 0.0453 0.0453 

11.0 38.32 0.0452  

10.6 25.10 0.0427 0.0443 (+1.5%) 

 

                                                             
10

 Products A, B, C representing respectively types 0, 1 and 2 according to Canadian classification. 
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Table 4, Thermal conductivity of EPS product B, measured and calculated from DIPAC 

model using the specific mass extinction coefficient K= 46 m2/kg 

 

Density, 

kg/m
3
 

Thickness, 

mm 

Measured , 

W/ (K m) 

Calculated , 

W/ (K m) 

15.3 76.35 0.0377 0.0376 (-0.3%) 

15.4 38.32 0.0372  

15.4 38. 02 0.0374 0.0373 

16.7 25.50 0.0357  

16.7 25.40 0.0357 0.0362 (+1.3%) 

 

Table 5: Thermal conductivity of EPS product C, measured and calculated from DIPAC 

model using the specific mass extinction coefficient K= 37 m2/kg 

Density, 

kg/m3 

Thickness 

mm 

Measured , 

W/ (K m) 

Calculated , 

W/ (K m) 

21.1 75.9 0.0370 0.0366 (-1%) 

21.1 38.32 0.0365  

21.2 38.33 0.0364 0.0364 

21.1 24.9 0.0355  

21.9 25.9 0.0353 0.0358 (+1.5%) 
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Calculations shown in Tables 3 to 5 were performed in two steps.  First, the calculated thermal 

conductivity coefficients were matched for all specimens with the mean value of the measurements 

performed on 38-mm thick material.  Then, using the specific extinction coefficient that gave the best 

match, the thermal conductivity coefficients were calculated for both 75 mm and 25 mm thick 

specimens. 

Analyzing the results shown in these three tables, one may observe a good agreement between 

predicted from DIPAC and measured effect of thickness on the apparent11 thermal conductivity.  

Furthermore, Tables 2, 3 and 4 show different values of the specific extinction coefficient established 

by matching the measured and calculated thermal conductivity coefficients at 38-mm thickness.  

Products A and C have the specific extinction coefficient similar to the EPS tested in middle of the 

1980’s (Table 3).  The product B shows, however, much higher specific extinction coefficient K = 47 

m2/kg i.e., the same as a few XPS products. 

This comparison illustrates the significance of the organization of the solid matrix. It is evident that 

EPS products B and C have practically identical thermal conductivity coefficient, while the difference 

in their bulk density (i. e, the raw material use) amounts to almost 20%.  

3.4.4 Relationship between the compressive strength and the density of an EPS 
specimen 

Analyzing the effect of long-term exposure in underground applications (Bomberg et al, 2000) 

compressive strength measurements were plotted against specimen density.  Figure 15 shows the 

compressive strength of EPS type 1 as tested on the material before and after the environmental 

exposure. The compressive strength of the specimens before aging varies in the range from 86 to 101 

kPa.  After the aging the mean value is higher than that before aging.  In effect, the correct statement 

would "the results are inconclusive". 

Yet, presenting the same results as a function of density and realizing that the mean product density 

of type 1 is approximately 15.5 kg/m3, one can state with a high degree of confidence that the 

compressive strength of EPS was not affected by the prolonged underground exposure. (Bomberg et 

al, 2000) 

Material scientists sometimes quote an old adage “here is no material variability, just people 

measuring the response of a material that was not adequately characterized”. This seems to be the 

case with thermal and mechanical properties of molded expanded polystyrene. Realizing that there is 

a distribution of temperature, moisture and pressure conditions within a polystyrene mold one expects 

that the structure of the molded product will also vary as witnessed by the density variation in the 

block.   

Figures 17 and 18 compare many specimens manufactured in four different manufacturing plants 

using four different raw materials, with and without regrind of a recycled product and estimate of the 

material density. Figure 19 uses the actual value of the density measured on the test area of the 

specimen. The agreement between different manufacturing processes is remarkably good when 

thermal properties are expressed in relation to the actual density of the test specimen. 

                                                             
11

 Term apparent indicates that a change in boundary or initial conditions of the test specimen will affect the 
result of the measurement. In the discussed case, results obtained with a standard ASTM test depend on the 
thickness of the specimen. Since the thermal conductivity coefficient of thermal insulation products is nearly 
always an apparent property, the term apparent is normally dropped. 
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Figure 19:  Compressive strength of EPS s tested before and after the environmental exposure.  

 

When describing the thermal resistivity (conductivity) of EPS, there is another important factor, 

namely the specific extinction coefficient. The specific (mass) extinction coefficient is a measure how 

efficient is the solid polymer matrix in attenuating radiative heat flow. The 20% difference in the 

specific extinction coefficient between products B on one side and products A and C on the other side 

is  significant.  (Note the specific extinction coefficients for products A and C are consistent with other 

test results).  Nevertheless, when comparing insulation products made with similar polymers, the 

difference in specific extinction coefficient can tell us how much the structure of the material can be 

improved, i. e., how much the production process can be improved. 

3.5 FOAMS CONTAINING CAPTIVE BLOWING AGENTS 

Names of key cellular plastics used in construction industry are based on tradition.  For instance, 

basic reaction of polyol with an isocyanate forms a urethane linkage. Yet, foams derived from MDI 

and water have “urea” linkages and should be called “polyurea” foams. If excess of isocyanurate is 

used, the “trimer” linkages are often referred as “polyisocyanurate” foams. In effect, rigid MDI based 

foam typically contains different linkages and may be called any of these three names, depending on 

majority of the linkages. 

To improve their thermal resistance, many closed cell cellular plastics (foams) are manufactured with 

“captive blowing agents”, such as hydrochlorofluorocarbons (HCFC) or penthane in addition to these 

blowing agents that are used during the foaming process (e.g. carbon dioxide). The most popularly 

used polymers are polyisocyanurate and polystyrene (extruded products).  Previously, also phenolic 

(phenolic formaldehyde) boards were popularly used.  
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3.5.1 Spray polyurethane foams   

The term "spray polyurethane foam" (SPF) represents a general class of foams (cellular plastics) 

fabricated as a product of a catalyzed chemical reaction of polyisocyanate (component A) and 

polyhydroxyl compounds (component B). The latter component also contains other compounds such 

as stabilizers, nucleating agents, and blowing agents. The SPF products are fabricated in-situ.  In 

most cases, these products are applied directly on the surface to be insulated or sealed for air 

transfer through the construction.  In addition to chemically cured, two-component foams, the SPF 

category also includes one-component, moisture-cured foams, often called as polymeric sealants. 

SPF as a category comprises either close-cell or open-cell structures with densities ranging from 8 to 

65 kg/m3 (0.5 to 4 lb/ft3).  While the foam density cannot be used as the criterion of foam 

performance, the core density is extensively used in quality assurance programs. 

In a typical two-component foam fabrication, two transfer pumps deliver components A and B to the 

proportioning unit.  Then, a heated dual-hose carries each of the components to the mixing gun.  As a 

rule, A and B components are delivered to the spray gun in a one-to-one ratio.  Compressed air is 

also delivered to the mixing chamber, though via a separate, unheated hose.  Depending on the 

reactivity of the polymeric mixture and the delivery mechanism, SPF may be recognized as: 

 poured foam, when a liquid stream reaches the substrate 

 spray foam, when a plethora of small liquid droplets reach the substrate 

 froth foam, when the liquid droplets reaching the substrate contain already nucleated miniature 

gas bubbles. 

A mechanism used to discharge one-component foam from a pressurized container is different. A 

propellant gas extrudes a bead of the foam through a plastic (removable) nozzle placed on the 

container with the foam.  In principle, two-component foams can also be applied in the form of a 

narrow strip, making the difference between container and gun applied foams a mere "technicality." 

Since SPF can perform varied functions such as bonding, thermal insulation, and air or moisture 

control in buildings, it becomes a preferred choice for many applications. SPF products are used for 

insulating roofs, storage tanks, ducts, and pipes (district heating, underground pipes). They are also 

used in sewer renewals (where the bonding strength of specially developed foams is well utilized).  

SPF products can also be used to consolidate friable strata in mining operations or as a measure to 

prevent soil erosion.  Specially designed, poured foams have also been used for repair (leveling) of 

industrial floors where a slab on ground construction has experienced uneven settlement. 

With a view to their field performance, all sprayed, poured, and frothed polyurethane foams may 

be classified as follows:  

1. super high density (SHD-type) 

2. high density (HD-type) 

3. medium density (MD-type) 

4. low density (LD-type) 

5. open-cell foam(OCF-type) 

6. bead-applied sealant foam (BSF-type) 

The super high density (SHD-type) SPF is defined by the minimum compressive strength of 380 

kPa (55 psi).  In practice, it corresponds to type IV of the classification system used by the ASTM 
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Specification C 1029 -90.  The strength requirement will lead to a minimum foam core density12 of 

56 kg/m3 (3.5 lb/ft3).  

The high density (HD-type) SPF is defined by the minimum compressive strength of 276 kPa (40 

psi), leading to a minimum core density about 45 kg/m3 (2.8 lb/ft3).  This type is identical to type 

III of the ASTM C 1029 -90 classification.   

The SHD-type and HD-type foams are used primarily in roofing applications with a minimum 40 

mm (1.5 inch) thickness.  These spray polyurethane foams are strong, durable, and designed to 

satisfy requirements of roof traffic, forces of wind uplift, effect of rain, heat or extreme cold acting 

on the roof.  The choice of one or the other type depends on the climate and service conditions, 

and on the intensity of traffic in particular.   

The medium density (MD-type) and the low density (LD-type) foams are used in masonry or frame 

(wood or steel) walls.  Though SPF in these applications is not directly exposed to the outdoor 

environment, it must withstand wind loads and structural movements.  All loads, as well as 

environmental (hygric and thermal) stresses acting on these foams, are less severe than those 

acting on the roofing foams. A minimum compressive strength of 173 kPa (25 psi) is required for 

the MD-type of SPF, resulting in the minimum core density of 37 kg/m3 (2.3 lb./ft3). The MD-type 

SPF corresponds to type II in the ASTM C 1029 -90 classification. The LD-type is used in the 

building envelope only when structural movements and loads are negligible.  A minimum 

compressive strength of 104 kPa (15 psi) is required for the LD-type of SPF.  This compressive 

strength requirement results in a minimum density of 20 kg/m3 (1.3 lb./ft3) for predominantly 

closed-cell foams. 

The closed-cell, LD-type SPF corresponds to type I in the ASTM C 1029 classification.  The LD-type 

SPF is designed to be more vapor-permeable (typically 20% to 30% more than MD-type), causing the 

hygric stresses acting on LD-type SPF to be much smaller than those acting on MD-type foams.  

However, in contrast to the MD-type foams, the LD-type foams do not qualify as a vapor retarder.  

Compressive strength is different in rise and normal directions.  This difference is particularly 
large for polyurethane (either one-component or two-component) foams delivered in 
pressurized containers, where the compressive strength perpendicular to the foam rise may be as 

low as 50% of the compressive strength in rise direction.  Therefore, for these LD-type foams, the 

minimum density would be 27 kg/m3 (1.7 lb/ft3). The minimum recommended thickness for MD-type 

and LD-type SPF is 50 mm (2.0 inch) in masonry and 75 mm (3.0 inch) for the 89-mm thick cavity of a 

frame wall (2x4 inch wood studs). This implies a 10 - 14 mm (nominal 1/2 inch) gap between the foam 

and inner gypsum layer (see section 9.2 for further discussion).   

Bead-applied sealant foam, called BSF-type SPF is the last type of close-cell SPF. The name 

indicates that the foam is applied as a bead. It could be a bead of one-component or two-

component foam, either chemically cured or moisture cured. There are many different products in 

the BF-type category.  Some of them (both two- and one component foams with 90% of closed 

cell) have the compressive strength and density at the borderline of LD-type or higher. BSF-type 

foams have the thermal efficiency similar to that of expanded polystyrene. In effect, thermal 

resistance of 25 mm (1‘) thick bead would range from 0.6 to 0.7 (m2 K)/W or in IP units from 3.6 to 

4.0 (ft2hroF)/(BTU). 

                                                             
12 The limits postulated here are based on experience with HCFC 141b blown foams.
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The properties of BSF-type foams are as follows:  

 the density varies between 27 kg/m3 and 50 kg/m3 (1.7 lb/ft3 - 3.1 lb/ft3)  

 the fraction of closed-cell ranges between 60% and 90 % 

 the compressive strength varies between 40 kPa and 80 kPa (6 and 12 psi).  (Some commercial 

foam kits, however, contain foams with density as low as 16 kg/m3 (1 lb/ft3) and unspecified 

mechanical performance). 

BSF-type is usually applied when gaps or openings do not exceed 75 mm (3 in).  Application of 

caulking compounds is not recommended when crack are as small as 6 mm, then, BSF-type foam 

may be the best means of sealing the penetration.  To dispense the foam, the can must be kept 

upside down, otherwise the propellant gas (typically nitrogen) will escape without delivering the foam. 

Table 5 defines each SPF type by a requirement of the minimum compressive strength and 
summarizes the compressive strength / density relations for the six SPF types. 

Table 5: A minimum compressive strength and core density of each SPF type. 

 

Types of SPF Main use Property SI 
units 

IP Units 

SHD - super high 
density  

roofs compressive 
strength 

core density 

380 kPa 

56 kg/m
3
 

55 psi 

3.5 lb/ft3 

HD - high density  roofs compressive 
strength 

core density 

280 kPa 

45 kg/m3 

40 psi 

2.8 lb/ft3 

MD - medium 
density 

 

walls compressive 
strength 

core density 

170 kPa 

37 kg/m3 

25 psi 

2.3 lb/ft3 

LD - low density  

machine applied 

pressurized 
container 

walls compressive 
strength 

core density  

core density 

100 kPa 

20 kg/m3  

27 kg/m3 

15 psi 

1.3 lb/ft3 

1.7 lb/ft3 

  BSF- bead 
applied 

 foam sealant 

air 
sealing 

compressive 
strength 

min. density 

35 kPa 

16 kg/m3 

5 psi 

1.0 lb/ft3 

  OCF - open cell  

 foam 

air 
sealing 

compressive 
strength 

min. density 

N/A 

8 kg/m3 

N/A 

0.5 lb/ft3 
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3.5.2 Thermal conductivity of dry, gas-filled foam insulation 

During the production of foam plastic, exothermal reaction heats the liquid component of the foam and 

boils the captive blowing agent.  Small bubbles are formed in the polymer matrix. These bubbles are 

sensitive to pressure and must be left for a period of time in which the polymer cures and the foam 

become self-supportive. When the foam cools, some blowing agent condenses and is absorbed by 

the polymer matrix, some remains in the cell-gas.  Since these captive blowing agents have thermal 

resistance much higher than air, they are used in manufacturing polyisocyanurate, polyurethane, 

polystyrene and phenolic thermal insulating foams.   

Figure 20: Hypothetical curves of thermal resistivity versus aging time for 25-mm thick, typical 

polyurethane foam specimen  

With time, components of air such as nitrogen and oxygen diffuse into the cells of the foam diluting 

the blowing agent concentration in the cell-gas. Change in cell-gas composition results in in reduction 

of thermal resistance of the foam layer, the process called thermal drift or foam aging. The aging 

process can be explained using the distributed parameters continuum (DIPAC) model developed and 

verified experimentally by the National Res. Council of Canada (Bomberg and Kumaran, 1995). The 

DIPAC model illustrates the relative significance of different aging mechanisms. Figure 7.20 shows 

thermal resistivity versus aging time. 

.Four curves are shown in Figure 20. Curve 1 shows the aging of a 25 mm- (1 inch) thick 

polyurethane specimen, fully encapsulated on all sides. The encapsulation prevents entry of air into 

the foam, but has no effect on the redistribution of the BA (BA) within the encapsulated foam.  Part of 

the BA enters and saturates the polymer matrix, reducing the concentration of the BA in cell gas. This, 

however, does not change the thermal performance of the fully encapsulated specimen. The thermal 

conductivity (k-factor) does not change13 as long as air has not entered the cells of the foam, despite 

the change in pressure caused by the cell gas redistribution.  

                                                             
13

  It is known that the thermal conductivity of the cell gas does not depend on the pressure of the gas, as long 
as the gas pressure does not fall below 0.01 atmosphere. 
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Curve 2 shown in Figure 20 relates to the hypothetical aging of the same specimen when only air is 

allowed to enter the foam. In this computer simulation, the BA redistribution is eliminated by using zero 

values for the effective diffusion and solubility coefficients of the BA; the effective diffusion coefficients for 

oxygen and nitrogen are taken from Bomberg and Kumaran (1989).   

Curve 3 in Figure 20 shows the increase in the aging process when the effects of BA solubility in the 

polymeric matrix are included in the calculation. Finally, Curve 4 adds one more mechanism of the aging 

process, namely that of the BA outward diffusion. Figure 20 show that the difference between curves 3 

and 4 is small. This implies that aging is primarily caused by the ingress of air into the foam and the 

solubility of the BA. The BA diffusion affects the aging process much less than previously thought. 

3.5.3 Long-term thermal resistance of dry, gas-filled foams  

Traditionally, in North America, thermal resistance of the product is determined on a dry piece of material 

with prescribed dimensions, e.g., 25 mm- (1 inch) thick, at a standard temperature of 24oC (75oF).  

However, thermal properties determined in such an arbitrary manner seldom describe material 

performance under field conditions.  A number of environmental effects will alter thermal performance of 

materials under field conditions. Glass fiber insulations may be affected by convection, cellulose fiber 

insulation by moisture and gas-filled cellar plastics are subject to aging. As a result, many European 

countries use concepts of declared value and design value. The declared value is the expected value of 

the thermal characteristic of a building material or product assessed through data measured at a reference 

temperature and thickness and stated with a given confidence level.  The design value is the value of the 

thermal characteristic of a building material or product in a condition that can be considered typical in 

buildings. The design value may depend on climate and use conditions. 

Thermal resistivity14 of the material is also used for estimating the thickness of insulation to achieve the 

thermal resistance needed for the prescribed heating or cooling loads.  Because the thermal resistance of 

gas-filled foam varies with time, the heat loss (or gain) calculations should be based on thermal properties 

averaged over the service life.  In practical terms, a reference point in the aging period should be selected 

which yields a thermal resistance equal to the time-averaged value.   

Much research has been done to examine R-values of SPF with different blowing agents.  These 

include: 

 5-year exposure in the NRC building combined with the laboratory testing at large- and small-

scale of several MD-SPF products (blown with CFC 11) 

 CPIA/NRCC project on performance of blowing agents. Five commercial SPF were included.  

Improving the cellular structure of the SPF compensated for most the HCFC 141b inherent 

reduction. 

 2.5-year roof exposure of several medium density SPF products (blown with HCFC 141b) to 

compare measured and predicted long-term R-values (Bomberg and Kumaran, 1994) 

 2-year study of field thermal resistance measured on MD-SPF in the external basement 

insulation system (EIBS) (Swinton et al, 1999) 

When thermal resistance of gas-filled foam varies with time, the heat loss (or gain) calculations should 

be based on thermal properties averaged over the service life.  To this end the Canadian Plastics 

                                                             
14

 Thermal resistivity (r-value) is the inverse of thermal conductivity.  It defines the resistance to heat flow 
through a slab with unit thickness. Thermal resistance, is the resistance to heat flow offered by the foam layer 
with the actual thickness; R-value is obtained by multiplying foam thermal resistivity (r-value) and foam 
thickness. 
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Industry Association (CPIA) recommended the 15-year period.  In practical terms, a reference point 

should be selected which yields a thermal resistance equal to the time-averaged value. 

Typically LTTR of cellular plastics is the value measured at standard laboratory conditions after 5-year 

storage in a laboratory environment and it can be predicted based on an accelerated laboratory test.  

This standard procedure is based on ASTM standard test method C1303 and can be applied to a 

wide range of preformed as well as field applied insulating foams with either permeable or semi-

permeable facers. It estimates the change in the thermal resistivity of insulating foam products by 

means of slicing and scaling15. 

The aging process is dependent on a number of factors, including the chemical and morphological 

characteristics of the foam, type and interactions of blowing agent(s) and material thickness. The last 

factor greatly complicates prediction of the long-term thermal performance of foams (Table 6) 

 Table 6: Typical LTTR values for SPF manufactured with HCFC 141b 

 

Thickness, 
Mm 

Thickness,  
inch 

Thermal resistivity 
(m K)/W 

Thermal resistivity 
(ft2 hr F)/BTU in 

40 1 1/2 39.5 5.70 
50 2 39.9 5.80 
75 3 42.4 6.15 

 

During the above discussed research programs (see Bomberg and Lstiburek, 1999) SPF was 

subjected to different environmental factors such as temperature, humidity, condensation of moisture 

and freeze-thaw cycling.  The conclusion, supported by the field exposure data, is that while all these 

factors have an intermediate effect on thermal resistance, and average thermal resistance of the foam 

is primarily related to the seasonal mean temperature.  Therefore, one may evaluate the design 

thermal resistance under laboratory conditions and use it to represent field performance of the SPF. 

3.5.4 Water vapor transmission through SPF 

Moisture accumulation in SPF can be generalized as follows. If the vapor transport occurs under 

isothermal conditions, there is no significant accumulation of moisture. If the process occurs in the 

presence of a thermal gradient, moisture will be accumulated in the middle of the foam, higher when 

the material at the cold surface is impermeable and lower when the surface was exposed to air. Yet, 

accumulation of moisture under conditions of thermal gradient is significant in both cases. 

This contradicts a widespread misconception about moisture performance of closed cell cellular 

plastics.  It is often assumed that if the foam does not absorb moisture when immersed in water, then 

it also will not absorb moisture under typical service conditions. This assumption is evidently false.  

The water ingress is stopped because 94 percent to 98 percent of the void space is enclosed by 

                                                             
15

 The acceleration is achieved through the use of scaling.  The scaling relates the time at which specimens of 

different thickness cut from the same foam sample are in the same state of aging as that of the foam sample. For 

any foam product with identical gas diffusion characteristics, two different specimens with thickness L1 and L2 will 

reach the same degree of aging in time t1 and t2 such that t1/t2 = (L1/L2)
2
.  This relationship is defined as the scaling 

equation.   
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continuous cell membranes.  Water vapor, however, can easily migrate through these membranes 

and condense inside the foam cells. 

The surface layer of the same SPF product exhibits different properties when sprayed on different 

substrates, such as an external-grade gypsum sheet and a concrete block wall. Measuring WVT on 

the whole system (a composite of the foam and the substrate) and each of its components separately 

one may determine the effect of the skin of the average WVT. Table 7 shows design values for WVT.  

 Table 7. The average design values of water vapor permeance for SPF systems. 

SPF and substrate Total thickness 

mm (in) 

WV resistance 

(Pa.s.m2)/g 

Permeance 

ng/(Pa.s.m2) 

Permeance 

perm 

50 mm (2 in), external gypsum    63 (21/2)    19    52    0.91 

75 mm (3 in), external gypsum    89 (31/2)    25.7    39    0.68 

50 mm (2 in), concrete blocks    74 (27/8)    33.9    29.5    0.52 

75 mm (3 in), concrete blocks    98 (37/8)    40.6    24.6    0.43 

In effect, even a thin layer of the SPF applied to masonry block wall will perform the function of vapor 

retarder as it is defined by the majority of building codes in North America.  Table 3 shows water 

vapor permeance that can be used for design purposes for 50 mm, (2 in) or 75 mm. (3 in) thick layers 

of MD-type SPF. 

3.6 EFFECT OF MOISTURE ON THERMAL PERFORMANCE OF INSULATION 

 Figure 7 in section 3.1 explained how a heat siphon is created by moisture condensing on the top 
cold side of the material to be pushed downwards by gravity. Flowing as a liquid downwards, water 
may again evaporate and as such continue moving to the cold side. A heat siphon provides a serious 
threat to thermal performance of the roof.  Since the whole cycle repeats, it involves significant 
quantity of heat on a continuous basis. It is evident that the main contribution of moisture to transfer of 
thermal energy comes from the latent heat transfer, i.e., phase changes (evaporation and 
condensation)..  

In the investigation performed by Kumaran (1989), each test specimen was placed in contact with 

a thin layer of a high-density glass fiber and fitted in a polyethylene bag.  The history of the heat 

flux was recorded and when a steady state was established, fiberboard was soaked in water to 

pick approximately 15 grams. It was than laid on the table, the test specimen was placed over it 

and encapsulated again (Figure 17). Measurements of moisture profile were made with help of 

gamma spectrometer in positions marked as 1 through 11 and spaced about 21 mm apart. Four 

materials were tested, but only two fibrous insulation products are discussed below.  The other 

two will be discussed later.  
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Figure 21: Schematic of the experimental set-up and materials tested. (Kumaran, 1989) 

 

3.6.1 Effect of moisture movement on thermal performance of MFI and CFI 

Figure 22 a) shows changes in moisture distribution measured with gamma spectrometer in the glass 

fiber specimen. Measurement performed between 3 and 4 hours (+) shows increase of moisture 

content starting from layer 6 but the steep part of moisture gradient is visible between layers 8 and 9.  

Between 5 and 6 hours increased moisture content has been measured from layer 4 until 11 with the 

steep part of moisture gradient in the same location. Yet the level of moisture content in the layers 

higher than 8 has been increased.  

The final distribution achieved at about 10 hours shows even more moisture originally located 

between layers 4 to 8 being moved to the layers 8 to 11. The final distribution of moisture shows 

almost constant gradient of moisture content between layers 8 and 11. 

Figure 22b) shows identical measurements performed on CFI specimen.  Initial distribution of 

moisture content () shows increase of moisture content at the hot side of the specimen i.e. in layers 1 

and 2. Moisture content in these layers increases in the next measurement (+).  Nevertheless, after 

period of seven hours, moisture is removed from layers 1 – 3 moved to the cold side and starts 

accumulating in layers 10 and 11.  Final distribution, which was achieved after 17 hours, shows 

presence of moisture over the whole specimen with a steep gradient in layers 8 – 11 (i.e., as in the 

previous case). 
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            Number of layers from the cold side     Number of layers from the cold side 

Figure 22 Measured moisture distribution as a function of time (Kumaran, 1989). 

A comparison of these two figures a) and b) shows the hygroscopic effects in CFI, initial 

absorption on the hot side and presence all over the specimen, though similarly to MFI the bulk of 

moisture is transferred to the four coldest layers.  Figure 23 a and b show how the transfer of 

moisture in MFI and CFI affected heat flux through the wet materials. 

Figure 23: Heat flux, in W/m2, measured during the process of moisture redistribution: a) 

glass fiber insulation, b) cellulose fiber insulation. 

Figure 23a) shows that initially heat flux through MFI was increased by a factor close to 3. After 

about 5 hours heat flux decreases rapidly.  At the time when the dynamic equilibrium is reached 

(10 hours) the heat flux is very close to the one in the dry material. Figure 23b) shows that in the 

CFI the initial increase in heat flux is smaller. The initial plateau also lasts for a few hours and it is 

followed by the steady decrease of the heat flux. The dynamic equilibrium is reached after 14 

hours but the increase of heat flux is more significant than it was in the case of less hygroscopic 

MFI. 

Moisture content, g/cm3 a

) 

b

) 

Moisture content, g/cm3 
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When looking at Figure 23 one can make two comments: 

1) an inexperienced operator of thermal test equipment can read a stable initial value of heat 

flux and produce a large reduction of thermal performance of these insulation products. 

2) Reduction of thermal performance caused by moisture is likely to be higher for hygroscopic 

materials or materials containing moisture from manufacturing process. 

 

3.6.2 Effect of moisture movement on thermal performance of XPS and SPF  

Experiments described on fibrous insulations were also performed with two foams: extruded 
polystyrene and spray polyurethane. They are marked as c) and d) respectively and presented in 
Figure 20 and 21 respectively. 

 

 Figure 24: Changes in moisture content distribution caused by thermal gradient. 

 

 

  Figure 25: Effect of moisture transport on heat flux through (c) SPF and (d) XPC 

Figure 24c shows that wetting pattern of SPF is quite different from the fibrous insulations. The 

process of moisture redistribution in this material is much slower, almost 10 times slower than it was 

in MFI.  While the final moisture distribution was achieved in MFI after 10 hours, it took about 140 

hours for the same amount of moisture to reach dynamic equilibrium in SPF specimen. 

Heat flux, W/m2 

Moisture content, g/cm3 
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Finally, Figure 24d shows yet another pattern of moisture transport through the extruded polystyrene 

(XPS) specimen. No moisture accumulation is observed in the main part of the specimen, except for 

the outmost cold side. Moisture gradient develops only in layers 9 – 11 and reaches its final shape in 

period of about 25 hours. Figure 25c) and 25d) are similar. Both figures show that the effect of 

moisture transport on heat flux is small but constant throughout the whole period.  Yet, the reason for 

this result is quite different. In case of SPF, the water vapor transport is slow and uniform throughout 

the whole period. In case of XPS there is apparently no condensation before reaching the cold side.  

The effect in both cases is the same, a small and constant increase of the heat flow. 

3.7 BRICK VENEER AS CLADDING – MOISTURE PERFORMANCE  

There are many ways for water entry into a masonry-veneer back-up (MV-BW) wall.  It can enter 

through the masonry unit, through mortar, through cracks in the joint between the masonry unit and 

the mortar, as well as through the junctions between the masonry assembly and other components of 

the building envelope such as windows, doors, roof parapets, balconies, etc.  It is generally accepted 

that larger amounts of liquid water tends to enter at junctions between a given cladding system and its 

interfacing with other sub-systems of the envelope than through the field of the wall.  In this respect, 

performance of masonry assemblies is different for two reasons: 

 

1) masonry can store large amount of water, and  
2) there is an air cavity behind the masonry veneer. 

 

Figure 26: Typical masonry veneer and wood frame construction.  A vented and drained at the 
bottom cavity separates the cladding from the inner wall.   

 
Brick veneer walls are primarily a system of moisture storage.  Moisture stored in masonry depends 

on many variables, such as moisture properties of the brick, mortar, bricklaying skills (bond and 

possible delamination of mortar from the bricks) as well as on many climatic factors that affect the 

residual moisture in the mortar or brick.  These factors include conditions on the masonry surface, 

intensity and duration of rain will also decide on how much of the moisture storage is filled. 
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Different materials: burned clay-brick, calcium silicate brick or concrete masonry can be used for 

veneer constructions.  Calcium silicate units are typically used in together with the cultured rough 

stone for units such as sills, quoins, or headers.  Clay brick, is the most frequently used masonry unit 

in residential construction.  Since moisture management is the same for clay brick, concrete brick, 

and calcium silicate units, using terms such as “masonry unit” or “unit” may be more appropriate than 

the "brick". 

Normally, the moisture management strategy of masonry veneer walls includes multiple "lines of 

defense”. The first line of defense is the masonry surface; it offers a large water storage capacity as 

well as a water shedding action when subjected to large volumes of incident rain. The second line of 

defense against water penetration provides a capillary break in form of an air cavity and the water-

resistive barrier (WRB) placed on the inner side of the air cavity, flashing and weep (drain) holes at 

the bottom of the wall. The second line of defense minimizes water entry into the inner part of the 

wall, which typically contains moisture-sensitive materials.  The assembly also provides some air 

pressure moderation to a degree depending on its venting holes and air tightness of the construction.  

The vented cavity can also contribute to the drying of the masonry and other material adjacent to the 

air cavity.  Nevertheless, if there is any mortar bridging for example (as, invariably, it happens in the 

low-rise residential construction), water may also be transported across the cavity and come in a 

direct contact with the WRB (particularly at the bottom part of the wall.   

The WRB is to function as the drainage plane i.e., to minimize the entry of liquid water coming from 

outside, into the wall assembly. The drainage plane needs to be water-resistant. Like other materials 

that constitute the environmental separation, WRB affects other aspects of wall performance.  Of 

particular importance is vapor permeability of the WRB.  As some of the water stored in the masonry 

evaporates into the cavity, a thermal and vapor drive can move that moisture further into the wall, at a 

rate that will depend upon the vapor transmission property of the water resistive barrier.  Therefore, in 

practical terms, WRB will affect moisture flow in both phases either as vapor or as liquid.   

There are two reasons for being concerned with the moisture stored within the brick veneer: 

 Durability of the masonry itself (discussed in the course of durability of building materials) 

 Thermally driven moisture transfer across the air cavity, i.e., thermal gradient will move 

moisture stored in the brick veneer into the inner part of the wall  

The latter question, i.e., brick veneer as the source of moisture entry into the inner wall, must be 

addressed in the context of the following effects: 

 Effect of environmental conditions on moisture loads (rain coming into contact with the 

brick veneer as it depends on the shape and exposure of the building, overhangs etc.) 

 Effect of environmental conditions on the accumulation (storage) of water and its 

distribution within the brick veneer thickness (e.g. suction through cracks in brick mortar 

interface) 

 Effect of air exchange between the cavity and external air on the wetting and drying of the 

brick veneer 

The above list implies that three components should be included in any moisture management 

strategy developed for brick veneer (wood, steel) frame or masonry back-up wall. 

 Surface control.  Limiting water ingress into the brick veneer during the construction or 

retrofitting with surface treatment, when needed. 
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 Controlling moisture storage in the brick veneer. Factors such as thermal gradients, control 

of vapor condensation, and drainage capabilities will affect the amount of moisture stored 

in the brick veneer.  

 Reducing mass of moisture stored in the brick veneer through action of drainage openings, 

i.e., venting or ventilation of the cavity. 

Each of these three components of moisture management interacts with the others.  If the air cavity is 

to accelerate drying of the brick veneer, there should be enough moisture at the back surface of the 

brick veneer. The distribution of moisture within the brick veneer, however, depends on thermal 

gradients that move moisture towards the cooler side. If the cooler side is the outdoor, moisture from 

the cavity may be collecting in the outer layer of the brick. If the inner wall is cooler than the brick 

veneer, moisture will be driven into the inner wall.  In the latter case, the water vapor resistance of 

WRB becomes important. 

In short, one needs to understand the mechanism of water penetration through the brick veneer. One 

must also understand how and where moisture is stored within the masonry, as this defines the extent 

to which the moisture storage can be reduced through a combination of temperature, low humidity 

and the air movement. Except for a sporadic research in 1960's, not much has been done since the 

extensive research on masonry was performed in 1930's (Isberner, 1985).  Yet, changes in the 

material technology and workmanship warrant a careful review of the mechanisms in which water 

penetrates into the masonry wall. 

In a comprehensive summary of a research project on high-rise buildings Rand (1999) stated: 

"Masonry veneer, as well as the masonry cavity wall that preceded  it, are designed as "drainage 

walls", the veneer is not intended to be a barrier to moisture intrusion. (Krogstad, 1994) 

"Emphasizing that a single wythe of brickwork is fundamentally water permeable, Bell and 

Gumpertz urge detailing the cavity to positively protect the stud wall as well as convey collected 

water to the exterior. The brick veneer/ metal stud system unfortunately has little tolerance16 for 

poor detailing or sloppy workmanship". (Russell, 1989). 

Furthermore, Rand (1997, 1999) observed that "cavities between the veneer and backup materials 

are not effective at draining water, no matter what type of weep detail is employed".  The mason 

cannot keep mortar from clogging the cavity, because, typically, the level of expected production is 

too high.  Furthermore, in many cases, bad wall design causes poor "buildability" of the assembly. 

Evidently the descriptors like "limited moisture tolerance" or "poor buildability of the assembly" need to 

be examined in the context of a larger design complex.  To understand this complex, often termed as 

the "moisture management strategy", one must analyze performance of each component of the 

masonry assembly.  This review, done in terms of performance analysis, is presented in Table 8 . 

 Table 8. Performance analysis of masonry veneer back up wall (moisture control only) 

Performance 

aspect:  

Component of 

the assembly 

Attribute of the performance aspect 

(function) 

Issues and 

comments 

                                                             
16

 This statement may even be more relevant to other cladding systems, particularly those providing tight 
external skin (see chapter on whole building hygrothermal performance).  
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1. Rain 

ingress 

Brick veneer 1.1 rain ingress into masonry 

1.2 water storage in the masonry 

1.3 moisture flow into the cavity 

Properties of surface 

Durability of brick 

Permeability of WRB 

2. Control of 

moisture flow 

Air cavity 2.1 provide capillary break (water) 

2.2 control condensation on outer side 

2.3 control condensation on inner side 

2.4 provide drainage of condensate 

2.5 provide drying of condensed water 

2.6 provide path for air flow  

Mortar clogging the 

gap 

Mortar filled joints 

Porosity of WRB 

Vents and flashing 

Connection to the 

exterior 

3. Control of 

moisture flow 

Water 

resistive 

barrier 

3.1 facilitate drainage  

3.2 retard water vapor flow inwards  

      (from air cavity to the inner wall) 

3.3 permit water vapor flow outwards  

 (from the inner wall to the air cavity) 

Surface, porosity 

Low water vapor 

permeance  

High water vapor 

permeance 

4. Control of 

moisture flow 

Vents, 

(drainage 

openings) 

4.1 lead condensed water drained by 

the WRB  to the outside 

4.2 provide connection with outside air  

4.3 provide path for vapor diffusion 

Flashing material and 

design details, drip 

Pressure moderated 

or pres. equalized 

cavity 

5. Control of 

moisture flow 

Sheathing  

Board 

5.1 provide resistance for air/ WV flow 

5.2 provide moisture storage  

provide support to 

WRB / durability of 

wood 

6. Control of 

moisture flow 

Vapor 

retarded and 

drywall 

6.1 provide resistance to air flow 

6.2 provide moisture storage  

Air barrier system 

durability of wood 

Some of the performance requirements appear to be repeated in different places, e.g., air cavity, 

WRB and vents are all involved in providing drainage and leading the condensed moisture to the 

outside.  Not much of the rain will be drained directly, because the water is likely to remain within the 

masonry veneer. Yet, the temperature oscillation on both sides of the cavity will cause water vapor 

diffusion and condensation.  The drainage of the condensed water is the primary function of the WRB. 

3.7.1 Understanding water penetration through the brick veneer 

One may relate the rate of rain falling on the surface of bricks "a" to the absorption coefficient "A" and 

determine period during which the absorptive capability of bricks exceeds the rate of water supply.  

Figure 23 shows a period necessary to reach a rain film on clay bricks.  These bricks were 

characterized by the A-coefficient varying from about 25 kg/(m2h1/2) during the initial stages to 18.5 

kg/(m2h1/2) after 4 hours of water absorption.  
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So, if a rain of 1 mm per hour, i.e., 1 kg/m2h, falls on the surface of the brick, one day period is 

needed to create water film on the brick veneer surface.  Without the existence of a water film on the 

masonry surface, the difference in air pressure across the masonry has no significant effect on the 

water intrusion.   

Theoretically speaking, as the mortar is less absorptive, and brick has a large capability for water 

storage, there should be no rain penetration for several hours. Testing actual water penetration 

across the brick veneer typically shows that water leakage occurs in 1 or 2 hours.  One may, 

therefore, infer that a single most important factor affecting rain penetration through the brick veneer 

is the quality of mortar brick interface. This is highlighted in Figure 24 that shows a wetness pattern 

during a typical water penetration test. 

 Figure 27 Time (in hours) to build a water film on bricks in relation to rain intensity 

  (in kg/m
2
 h). From Kjellander (brick denoted  A, see, Bomberg (1972), 

 
 

  Figure 28: A pattern of wetness on the back of brick veneer  
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 3.7.2 Improving moisture performance of brickwork 

One postulates that mortars, in the hardened state, should have low or moderate water absorption 

coefficient, high adhesion (tensile bond), low volume changes (shrinkage) and high weathering 

resistance. Yet, the water penetration seldom depends on the property of the mortar alone, but rather 

on the compatibility between mortar and the masonry unit. 

Figure 29:  Compatibility between brick and mortar as defined by the tensile bond strength and water 

penetration test.  From Ritchie and Davidson (1963) 

Figure 29 shows the dependence of water leakage of masonry and bond strength versus the initial 

water suction of the brick. It is evident that low to moderate value of the initial water absorption water 

helps in achieving a good bond. Nevertheless, the value of the initial water suction alone does not 

ensure good moisture performance of the wall.   

Conditions of cement hydration are critical for achieving the bond.  To continue cement hydration, 

water must be available for longer time, so dry brick with small initial suction but significant suction in 

longer period may prevent good hydration.  One could increase water content in the mortar but this 

creates a risk of water bleeding and may lead to lack of bond.  Of course, one may pre-wet the bricks 

to reduce their suction and achieve result as good as for bricks with low suction (this does require a 

controlled workmanship).  Since the under-burned clay and concrete blocks generally belong to the 

category of units with high water absorption - using these materials may require extra consideration. 

To select appropriate water content of the mortar one must judge initial water absorption of the 

masonry unit.  This can be done quantitatively in two ways: 
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 using a 1-min suction test, i.e., measuring amount of water absorbed during 1 minute by 

the surface of the unit, or  

 qualitative assessment with a bedding test. (The placement of a unit and its removal will 

allow a qualitative assessing the wetting of the unit.) 

Ritchie and Davidson (1963) studied influence of workmanship on water permeance and bond 

(Figures 30 and 31). 

Figure 30: Effect of flow of mortar on tensile bond strength and water penetration test. From Ritchie 

and Davidson (1963) 

Figure 31: Effect of time elapse between placing mortar bed and setting brick in it on tensile 

bond strength and water penetration test. From Ritchie and Davidson (1963) 

Ritchie and Davidson (1960) observed also changes in brick laying technique that experienced 

masons used for different types of bricks.  A low-suction brick was laid on mortar spread prepared for 
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two or three bricks, the brick was easy to place in the position.  High-suction brick required a lot of 

tapping because of rapid consolidation of mortar when placed in contact with the brick.Tapping is 

customary for all types of bricks but more taping was needed for high cement mortars. 

Review of the testing done over the years by Isberner (1985) indicates that: 

 Most of the walls that leaked in the heavy rain tests did so in the capillary tests.  Applying the 

air pressure only increased the rate of the water flow. 

 Workmanship was found to be the most important factor affecting permeability of brick walls 

with common American bond. 

 High cement, low lime types of mortar were least permeable. 

 Repeated exposures to heat or wetting/drying cycles in laboratory did not affect significantly 

the permeability of brick veneer 

Figure 32 shows efflorescence on the surface of masonry veneer with American bond that can likely 

be attributed to the workmanship issue. 

Figure 32: Efflorescence is visible on the surface of masonry veneer with American bond. 

The pattern of efflorescence shown in Figure 32 relates to the form factor coefficient for wind. Wind 

driven rain is concentrated in the area close to the vertical edge of the building and this area, grow 

with the height reaching maximum at the top edge of the building. The efflorescence pattern is 

compatible with the form factor but appears to show only at the layers of brick headers leading us to   

belief that mortar bond at this location may differ from the main area of the brickwork. 

3.7.3 Movement of brick veneer walls and its effect on rain penetration 

Three major causes of differential movements are: 

 Thermal expansion and contraction of the brick 

 Moisture expansion of the brick 

 Lateral and vertical movement of the building frame 

Jessop (1980) summarizes 154 references dealing with moisture, thermal, elastic properties and 

creep of masonry.  Moisture movement in clay brickwork depends to a great extent on the nature of 
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the brick (e.g. the highest expansion is noted for the bricks fired between 900 and 1050 oC). Longer 

time elapse after brick firing will reduce the amount of moisture expansion. 

Moisture expansion from dry to saturated condition is typically in the range of 0.007 to 0.02 percent.  

This expansion is contrary to moisture originated shrinkage and can only be explained as reduction of 

intermolecular forces in constituents such as alumino-silicates, amorphous silica, and gamma-

alumina.  The process of expansion is rapid in the initial stages and slow at later stages. 

There are three ways of representing the moisture expansion:  

(1) an index of moisture expansion, (the index of expansion is measured between days 2 and 

128; it varies from 0.003 to 0.13%) 

(2) short term tests, (using dimensional changes caused by 4 hours boiling water at 1 atmosphere 

pressure as the measure of expansion) 

(3) prediction curves, (a measured curve of dimensional changes is presented in semi-log scale) 

Thermal expansion coefficient, on the other hand, is easy to determine. Typical values of the thermal 

expansion coefficient are: 

5 - 7 10-6 1/K for clay bricks  

6 - 13 10-6 1/K for concrete blocks  

13 10-6 1/K for cement mortar 1:3  

For brickwork the picture is much more complicated. Not much data exists on thermal expansion 

coefficients for brickwork. It is believed, however, that horizontal movements in masonry typically 

introduce fine cracks between masonry units and mortar. Movements of the masonry, differential 

movements between masonry and the load bearing structure, tolerances needed to provide enough 

latitude for unavoidable dimensional inaccuracies, are important and must be addressed at the 

system design stage through the design of control and expansion joints. 

One may also expand this list with a number of structural issues such as possibility of cracking of the 

brick veneer under design wind loading, and question adequacy of wall ties for reducing the 

movement of masonry. Yet, all these effects can be lumped together with partial lack of bond between 

mortar and the brick as they have the same effect on water penetration into brick veneer. 

 3.7.4 Volume changes resulting from chemical attack and their effect on rain penetration 

Larsen and Nielsen (1990) examined interaction between deterioration of bricks and salt solution.  

While different theoretical models have been postulated, e.g., NaCl crystallize at 75 % RH (20 oC) and 

in many instances a supersaturated solution will exert additional pressure, crystalline salt retain 

smaller or larger quantity of water in their structure, etc.  Whatever is the damage mechanism, there is 

a significant effect of NaCl on moisture retention and shrinkage. They showed that a salt content of 2 

percent by weight increased thermal expansion coefficient by 16% and hygroscopic shrinkage almost 

70 times. (1.9x10-6 as compared to 0.03x10-6 for the pure brick).  This is an important finding, since 

amount of soluble salts in the outer part of the brick was found to be 2 to 3 times greater than that in 

the inner part. Though these data relate to a coastal climate of Denmark, they indicate a larger 

problem.  Since mid 1980, an increase of surface spalling was also observed in Sweden and Holland. 

3.7.5 Effect of environmental conditions on rain absorption and drying of brick veneer  

The evaporation rate from bricks (Rooss et al, 1988) can be described by the same type of equation 

as the water absorption [equation no.]  For bricks with Ah coefficient about 9 kg/(m2 h0.5) the power 
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coefficient was about 1.3 and the evaporation rate coefficient (E= a b) was about 0.02 kg/(m2h1.3). 

This implies that the rate of evaporation is  several hundred times lower than that of water absorption 

from rain.  

The rate of evaporation is affected by environmental conditions such as solar radiation, wind etc. The 

absorption of thermal radiation may strongly vary with color and texture of the brick surface (Straube 

and Burnett, 1998).  During the winter, it is not unlikely that brick temperature is 5 - 7 degrees higher 

than the surrounding air (Straube and Burnett, 1998; Ritchie and Davidson, 1968).  This affects the 

drying rate of the brick.  On the other hand, comparing to thermal insulation and wood based 

products, thermal conductivity coefficient of clay bricks is high and differences in the brick 

temperature are relatively small.  This, in turn, reduces thermally driven movement of moisture within 

bricks. 

In summary, the effect of solar radiation on the drying rate is probably less important than the effect of 

environment on the wetting rate. 

 3.7.6 Effect of air cavity on moisture balance of the wall 

The function of the brick veneer is to protect the inner wall.  As the experience indicates, sooner or 

later the brick veneer will leak water into the cavity. The air cavity functions as a capillary break, 

cutting off the liquid transport to the inner wall.  Yet, the moisture contained in the brick veneer is free 

to diffuse in all directions.   

In summer, when temperature of brick can be 20 - 25 degrees above the ambient temperature, partial 

pressure of the vapor contained in the brick becomes high enough to start rapid movement towards 

the cooler side of the air cavity. Subsequently the vapor moves towards the interior side of the wall.  If 

there is a vapor barrier, there is likely to be so called summer condensation i.e., moisture deposits on 

the interior side of the vapor barrier.  

 

Figure 33: Moisture content in the cavity air when the cavity was either ventilated or not (From 
Straube and Burnett, 1998b) 
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Rand (1999) measured an effect of passive venting over a period of three days.  The venting reduced 

relative humidity in the air cavity about 3.5%.  This difference was higher when water was introduced 

into the un-vented cavity.  

Straube and Burnett, 1998b, showed that the air space of two walls that had about the same moisture 

content when ventilated to the outside, became distinctly different when the upper vent became 

closed. The vapor concentration in the non-ventilated wall increased from 9 g/m3 about 13 g/m3 and 

the moisture content of the framing climbed to an equilibrium around 80% RH. These findings are not 

surprising, when one realizes that wetting takes place in a manner quite different from that of drying.   

Wetting of the wall assembly takes place in the following sequence:  

1. absorption of rain by the surface of  the bricks 

2. capillary suction of the absorbed water into the body of the brick  

3. capillary suction of the absorbed water through cracks between the brick and mortar 

delivering water to the back side of the brick veneer 

4. evaporation of water and vapor diffusion caused by either partial pressure or temperature 

differences 

Drying toward outside can take place from any material surface, either external surface of the brick 

veneer or surfaces of the air cavity. The later, however, requires adequate venting of the air cavity.  

An unvented cavity can dry towards the outside only when the brick veneer is relatively dry!  As the 

moisture content of the brick is strongly dependent on frequency and duration of driving rain, the 

findings of Staube and Burnett (1998b) fit well to the expected pattern. 

For several years, Sandin (1993) measured humidity of an air cavity in a test building. Figure 34 

shows relative humidity of air cavity in different constructions.   

 

 Figure 34: Effect of different design factors on relative humidity in the air cavity of the  

 masonry veneer when the wall is exposed to sunshine after heavy driving rain. (From  

 Sandin, 1993) 
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Figure 34 shows moisture content measured in different wall constructions during a few summer days 

when the heavy rain hit the brick façade. There is a significant difference between the wall provided 

with  a vapor barrier on the inner side and other assemblies. In contrast to other assemblies that show 

a daily cycle of RH fluctuations, this assembly shows full saturation for five days of the measurement 

time. 

The amplitude of daily oscillations and the average level of relative humidity of the cavity air may vary.  

Under the same conditions, a 50-mm wide air cavity shows a lower humidity level than that for a 20-

mm wide cavity.  While the air cavity is but one part of the moisture control system, Figure 30 implies 

that the same vent openings could be more efficient with the wider cavity. 

The last wall assembly included in this comparison is a brick veneer impregnated with a water- 

repellent agent.  The primary goal of such a treatment is to reduce moisture ingress into the brick 

veneer, and therefore the moisture content of the brick remains lower even during the heavy rain. 

(This wall was called a "dry" masonry). In effect, Figure 30 illustrates that the moisture performance of 

the air cavity cannot be assessed in isolation from other elements of the wall assembly.   

3.7.7 Limitations of drainage from masonry veneer walls 

Rand (1999) stated:  

"Variation in workmanship in the construction of the walls is the single most important factor 

determining the performance of the cavity as a drainage mechanism. Most importantly, the cavity 

must be kept relatively clear of obstructions and the flashing and weeps must be installed properly, 

otherwise water will not drain out of the wall." 

"Even the best performing weep detail allows less than 50% of the water to drain out of the cavity, 

and then only when the large amount (e.g.: more than 0.65 l per meter of wall length).  When only 

small amounts of water are present inside the cavities (e.g.: less than 0.08 l per meter of wall 

length) no water will drain out of any of the cavities. 

Rand (1999) has found that the pea gravel allows accumulation of continuous layer of mortar or over 

the top edge of the drainage material  Using sash cord (either left in place or removed) and open 

head joints reduced the amount of mortar lumps and thereby the amount water retained in the wall. 

The drainage of air cavity as the only measure controlling moisture in the brick veneer is not sufficient.  

Venting may assist in the process of moisture removal, if the prevailing weather is dry enough to 

reduce the humidity in the air cavity. Yet, in warm and humid or even moderate and humid climates 

this may not be the case, over extended periods of time. It is evident that typical moisture 

management strategy must also involve some considerations for prevention of damage of moisture 

sensitive materials.  This can be achieved by two means: 

 providing a buffer zone for moisture, that is placed between the air cavity and the moisture 

sensitive material, 

 providing an air, water and vapor barrier that is placed between the air cavity and the 

moisture sensitive material, 

The first approach can be used for those climates where seasonal moisture accumulation and drying 

can be accommodated without any risk to the moisture sensitive materials (wood-based products or 

metal).  The second approach may be used where a potential for drying to indoor space much 

exceeds the potential for wetting. Typically it would be in a warm / hot climate where drying towards 

inner space is sufficient. 
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The above review of moisture performance of BVBW highlighted the interdependence of different 

measures used to control ingress and removal of moisture from the wall assembly.  In effect, one may 

propose the following five critical components of the moisture management strategies. Each strategy, 

in addition to the vented air cavity would incorporate one or more of the following components: 

1. surface treated masonry  

2. external insulating sheathing  

3. zero-cavity i.e, cavity filled with drained thermal insulation  

4. moisture separated wall (with WRB acting as vapor and air barrier) 

These components of moisture management can be used separately or in combination with each other.  

3.7.8 Reducing moisture ingress by surface treatment  

As shown in Figure 35, the relative humidity of air in the cavity is low, as long as the moisture content 
of the brick veneer is low.  So, to keep the brick veneer as dry as possible one can use one out of two 
means: 

 selecting bricks with low or moderate suction and using mortar with the proven bonding 
ability to reduce the capillary channeling action between brick and mortar  

 applying a surface treatment with water repellant agents 
 
The use of water- repellent agents for surface treatment of the brick veneer raises two concerns: 

 a possibility of increased moisture content during the fall and winter season leading to a 
increased potential for freeze-thaw damage on the surface (see Sedler and Kuenzel, 2000) 

 a question of long-term performance of the treatment itself (see Chiovitti et al 1999) 
 
An example of varying long-term performance of the surface treatment is shown in Figure 31. 

 
 Figure 35: Long-term performance of different surface treatments (Chiovitti et al.,1999) 
 

Figure 35 shows that during 180 days of testing some commercial products lost only a few percent of 

efficiency while other products lost as much as 50 % of their efficiency. 

Generally speaking, new masonry does not require surface treatment.  One minute suction (initial rate 

of absorption) of the brick should be measured and if higher than 30 g/min/30 in2 then these bricks 



186 
 

should be pre-wetted. Old masonry, particularly in a cold climate when insulated on the inner side 

needs to have moisture loads reduced. Applying additional thermal insulation on the warm side of the 

masonry will not only reduce the temperature of the masonry surface, but will also reduce the thermal 

gradient in masonry (that moves moisture outwards and facilitates masonry drying). However, the 

protection obtained by application of a layer of fiber reinforced, polymer modified stucco has higher 

moisture storage than any surface coating.  

Furthermore, the difference between coatings and renderings (stucco) relates to their crack-bridging 

abilities.  If the bond between units and mortar in old masonry is poor, the presence of the coating will 

not improve it and moisture will be primarily sucked into the wall through these cracks.  Yet the drying 

ability of the masonry units will be impaired - often making the masonry performance worse than it 

was before the application of the coating. Rendering on the other hand, (if proven to have a limited 

shrinkage and a given level of crack bridging abilities) will  reduce both the wetting and drying rate. 

3.7.9 External insulating sheathing or cavity filled with drained thermal insulation  

Normally, a vented air cavity faces brick veneer on one side and a breather type air barrier on the 

other side To improve the system one may place a continuous external insulating layer with a non-

absorbing surface on the permeable air barrier material to perform the function of WRB.  In such a 

case, one must carefully review the dimensional stability of the insulation layer and the means for 

ensuring the continuity of the insulation surface (taped joints or profiled and taped joints).   

Alternatively one may  use a drained insulation (typically a mineral fiber board), as the measure 

preventing the mortar dropping as well as providing benefits in form of thermal resistance and 

drainage has been recognized upon a few conditions. Note, however that presence of mineral fiber 

insulation in the cavity may significantly reduce the drying ability of the air cavity (Straube and Burnett, 

1997) creating conditions with high relative humidity during prolonged periods of summer.  Secondly, 

if the insulation is rigid enough to prevent excessive mortar droppings then it reduces the pace of 

masonry work (difficult to place hand behind the brick).  On the other hand, if the insulation material is 

soft enough to accommodate the worker, it does not prevent mortar droppings.   

Two different approaches can be used: (1) natural stones are placed directly against the 
semi-rigid insulation, (2) semi-rigid or rigid thermal insulation is mechanically fastened to the inner 

wall and a narrow air gap (e.g., 10-mm wide) is left between the masonry veneer and the surface of 

insulation. 

Typically, in warm or mixed and humid climates, moisture needs to dry to the indoor space. There will 

be a margin of safety in warm and humid climates, since thermal gradients pushing moisture inwards 

are stronger and the inner finish has characteristics vapor breather. This is not the case in mixed 

climates. In mixed and humid climates it would be advisable to separate the cladding system from the 

inner wall by means of WRB that also functions as the air and vapor barrier.  The wetting and drying 

of the inner wall is then uncoupled from any incidental rain penetration that may enter the wall and the 

designer must ensure that the inner wall can dry to the inside.  

3.7.10 Variation of moisture content in masonry under field conditions  

Figure 36 shows variation in the actual moisture content expressed as a ratio to 24-hour water 

immersion for different materials built in east facing wall in Halifax, N.S. (Ritchie and Davidson, 1968). 

The difference between east and west elevations in this bulding may be ascribed to the direction of 

the prevailing winds. 
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Figure 36: Variation in moisture content expressed as a ratio to 24-hour water immersion for 

one of the materials in relation to the wall orientation. (Ritchie and Davidson, 1968). 

 

Closing remarks 

This chapter is about the role of materials in the environmental control and therefore thermal 

insulations and cladding materials exemplified by brick veneer are discussed next to each other. 

One could review also other cladding or insulating materials and systems but we have selected 

a few cases that exemplify most of the critical issues. 
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