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Abstract. Building designers are aware that components of different 
thermal mass – heavyweight or lightweight – affect the thermal per-
formance of a building. The dynamic thermal behaviour can influence 
the internal room temperatures, effects of intermittent heating/cooling 
performance and peak heating/cooling loads. The relative effect of 
thermal mass in different contexts is however often difficult to assess 
and the search for a simple metric to describe the effect of thermal 
mass has been the subject of investigations. This paper gives a brief 
history of research mainly in Australia aimed at characterising the dy-
namic thermal performance of opaque building elements. A summary 
of various mathematical approaches is introduced. Early work at the 
Commonwealth Experimental Building Station, Sydney (CEBS) and 
CSIRO, Division of Building Research, Melbourne (DBR) is de-
scribed and how this work later developed into computer simulation 
programs. Recent research on the development a mass-Enhanced R-
value to characterise the energy performance of concrete sandwich 
panel walls, and a project that introduces a novel metric (the T-value) 
to represent the dynamic behaviour of walls is discussed. The paper 
concludes with speculation on how a simple “thermal mass factor” 
can be incorporated into the Building Code. 
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1. Introduction  

Building designers are aware that the use of components of different thermal 

mass – heavyweight or lightweight – may influence the thermal performance 

of a building, favourably or unfavourably. The effect of thermal mass is to 

alter the dynamic behaviour of the building in response to dynamic diurnal 

variations. The dynamic thermal behaviour can influence the internal room 
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temperatures, the energy required for heating and/or cooling and peak loads 

demands of heating and cooling plant.  

The relative effect of thermal mass for different climates and user opera-

tional requirements is however often difficult to assess, unless based on ex-

perience. The earliest applications of scientific principles to the calculations 

of building thermal requirements emanated from France (Peclet, 1878), the 

UK (Box, 1868) and Germany (Rietschel & Barbbee, 1927). The procedures 

developed reflected the geographical location of the authors and technolo-

gies of the times. The main concern was to estimate loads in order to proper-

ly size boilers and the heating systems. The calculations involved steady-

state assumptions of heat flows through the envelop elements of buildings. 

Even so “Because of the necessity of taking into account variable factors ….. 

the heat loss from a building could not be stated in any simple expression 

and the practical rules that are used for such calculations are therefore large-

ly empirical.” (Allen, 1918 p12) 

In the time before air-conditioning was available, cooling was a matter of 

providing adequate ventilation during the hotter period of the year. Thermal 

mass was essentially considered a non-issue as most buildings were con-

structed of heavy materials. (Note, that in Australia this was not entirely true 

with many houses, particularly away from the cities, being constructed of 

timber and other lightweight materials). With an increasing interest in fuel 

economy and thermal comfort in the period before WWII some research at-

tention was drawn to two observations. First, by Dufton at the UK Building 

Research Station (BRE) that “... some rooms are not easily warmed” but that 

“masonry walls are much more readily warmed if lined with wood or other 

material of low thermal capacity” (Dufton, 1934-35) and secondly work in 

the US at the John B. Pierce Foundation that “the thermal properties of wall 

materials influenced human comfort under typical summer conditions” 

(Mackey and Wright, 1942). Both these problems could not be solved by 

steady-state assumptions and required the development of mathematical so-

lutions for time-varying heat flow. In Australia research in the 1940s & 50s 

at the Commonwealth Experimental Building Station in Sydney (CEBS) by 

Drysdale and others into the factors that contributed to summer comfort con-

dition in houses suggested that the decision revolved largely around the type 

of construction defined by the weight of construction that “had a definite 

bearing upon the relationship between temperature indoors and outdoors” 

(Drysdale , 1950 p31). The Thermal Behaviour Chart for domestic buildings, 

Figure 1, based on data from thermal models, electrical analog devices, etc. 

could be used to gauge the severity of the summer climate and the extent to 

which heavyweight construction would likely provide cooler conditions in-

doors. 
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Figure 1: CEBS Thermal Behaviour Chart 

Opinions on the benefits or otherwise of thermally massive construction 

have been a topic of debate ever since. This paper reviews some of the scien-

tific studies undertaken in Australia that investigate the mass effects of 

building elements (there is no claim to include all such work).  

Of special interest are those studies that have attempted to distil the re-

sults to a simple characterisation.  

2. Investigating Mass 

Techniques for investigating and then presenting the mass effects of building 

elements can be divided into two groups: those based on the testing, or anal-

ysis of an isolated element, and those that take into account the effect in the 

context of a whole building generally by simulation. Hunn (1996) comments 

that techniques derived by consideration of an isolated element “implicitly 

assume that the space conditions are not coupled to other building mass” and 

that “On the other hand, approaches derived from the simulation of entire 

buildings explicitly account for the effect of mass in the context and are thus 

more rigorous”. He warns however that all methods “involve many assump-

tions, and the user must be aware of how these apply to the specific case un-

der consideration”. A key aspect of these assumptions is the design objec-

tive(s) being addressed by the information provided. For example particular 

advice might address ameliorating summer conditions (implicitly without 
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air-conditioning), but other objectives may include reducing overall heating 

and cooling energy loads or reducing peak loads. 

3. Advice Based on Whole Building Simulations 

Various mathematical approaches that describe the time-varying heat trans-

mission through opaque building elements have been incorporated into com-

puter simulation programs that calculate whole building heat flows at dis-

crete time intervals and energy loads to maintain comfort conditions. These 

techniques can be divided into three analysis methods – harmonic response, 

response function and finite element. In the 1950s Muncey working at 

CSIRO Division of Building Research (DBR), Melbourne developed a har-

monic response method for the “direct mathematical treatment of the thermal 

conditions in a building when the external temperature is not constant ...” 

(Muncey, 1953). The method was validated against measurements taken in a 

small scale model shown in Figure 2 and shown to be “in good agreement” 

given that the thermal properties of the model materials “could well be 10% 

in error”. By 1963 this methodology had been developed as Fortran language 

code for a computer program known as CARE (Holden, 1963). In 1968 this 

program was fully operational and had been thoroughly tested (Muncey & 

Holden, 1967). It was probably one of the first fully functioning thermal 

analysis programs in the world. The program CARE was all but abandoned 

in the 1970s in favour of another CSIRO developed program, STEP, which 

employed the building response factor method (Muncey, et al., 1970). STEP 

(later ZSTEP for handling multiple zones) was preferred because it was 

found to more accurately handle sudden changes in climate or internal condi-

tions. The current program AccuRate/Chenath used in the Nationwide House 

Energy Rating Scheme (NatHERS) has its origins in the program STEP. 

 

Figure 2: Masonry Model Used for Validation Measurements (taken from Muncey, 1953) 

A major study was undertaken by the DBR using the computer program 

ZSTEP which aimed to “… provide some objective and quantitative 

knowledge on which to compare the relative merits of so-called ‘light-

weight’ and ‘heavyweight’ materials commonly used in domestic construc-
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tion” (Walsh, P.J. et al, 1982). The research was initiated because “as ener-

gy-conserving building design assumes ever increasing significance, the 

quest for appropriate building materials is perceived as a vital part of the 

overall task”. Consequently the investigation focused mainly on heating and 

cooling energy requirements for a “typical” house over a range of Australian 

climates. The computer modelling included lightweight and heavyweight 

construction variations. The study covered both winter and summer condi-

tions, for Alice Springs, Brisbane, Darwin, Melbourne, Perth, Wagga Wagga 

(Canberra) and Williamstown (Sydney). 

Relatively simple conclusions on the effectiveness of construction types 

where made for the various climates. “In general, heavyweight construction 

or high thermal capacity is advantageous in the milder temperate climates, 

especially in securing summer comfort. As the climate becomes more se-

vere, (either extreme heat or extreme cold), the advantages of heavyweight 

construction tend to disappear". However, the authors warned that “General-

ization of these conclusions should only be undertaken with caution” be-

cause different assumptions (e.g. house plans, occupancy, etc.) could alter 

the results. Conclusions based on the various construction types with no arti-

ficial heating or cooling were found to be “much more complicated”. De-

spite these caveats on the results industry bodies “harvest” selected quota-

tions from this research to support their point of view (e.g., see Clay Brick 

and Paver Association of Victoria, 2003). 

4. The mass-Enhanced R-value 

During the 1970s the Masonry Industry Committee (MIC) in the USA de-

veloped the m-Factor concept to account for the mass effect in exterior walls 

of buildings (MIC, circa 1976). The m-Factor provided a correction to the 

steady-state R-value based on an estimation of heat flow through massive 

wall elements. The m-Factor found its way into a number of codes and 

standards in the US, including ASHRAE Standard 90-75 Energy Conserva-

tion in New Building Design. The validity of the m-Factor method was how-

ever questioned. Godfrey, Wilkes and Lavine (1979) concluded the m-Factor 

“has been shown to be without technical justification” and in 1983 the US 

Oak Ridge National Laboratory (Childs, Courville, & Bales, 1983) ad-

dressed the controversy regarding building mass and heating and cooling en-

ergy consumption and found no simple theoretical way of accounting for the 

mass effects because the heat flow through individual elements was depend-

ent inter alia on form of construction, orientation, colour, building use pat-

tern, thermostat settings and climate. 
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 In a particular context however a solution is possible and Williamson 

(2011) has described the development of a mass-Enhanced R-value RME for 

pre-cast concrete sandwich panel walls. There is no doubt that as the mass of 

the external walls increases (defined by the surface density kg/m
2
) and all 

other factors are kept constant, the heating and/or cooling energy required to 

maintain comfort reduces. This is seen in Figure 3. 

 

 

Figure 3: Surface density v reduction in total energy load for various locations 

With this in mind a mass-Enhanced R-value is defined such that, 

m
R

RME


 (1) 

Where, RME = mass-Enhanced R-value at constant Q 

m = mass-Factor (m-Factor), 

R = steady state thermal resistance or R-value of an element 

Q = total energy load (heating & cooling - MJ/m2) estimated for wall 

with R 

The m-Factor as a function of surface density has been determined for 

each of the eight BCA defined climate zones. Building variations corre-

sponding to different floor areas, window type and area, occupancy loads, 

etc. are tested so that a worst case scenario is found, that is, the biggest m-

Factor value is found. Using this worst case provides a “minimum” construc-

tion standard applicable for all designs and has been accepted by the Austral-

ian Building Code authority as an alternative solution to demonstrate 

deemed-to-satisfy (DTS) compliance. Figure 4 shows derived m-Factors for 

climate Zones 1-7 (Note: climate Zone 8 - Alpine, shows little advantage for 

increasing mass). 

A simple Excel® based tool has been developed to do the calculations. 

Some results are shown in Table 1 for an unshaded concrete sandwich panel 

comprising 50mm concrete outer layer, 80mm EPS insulation layer and 

150mm internal concrete layer. The steady state R-value for this wall is 2.4 

m
2
K/W.  
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Figure 4: Composite mass-Factors (unshaded walls) 

Table1: Mass Enhanced R-values for Various Climates 

Climate Zone 2 

Brisbane 

4 

 

5 

Sydney 

6 

Melbourne 

mass-Enhanced R-value (m2K/W) 5.17 3.98 4.19 3.45 

Ongoing investigations have shown that the mass-Enhanced R-value con-

cept can be applied to other common wall constructions incorporating mas-

sive elements, for example, employing brickwork or blockwork. In other 

words less insulation could be used to achieve the same total energy load 

(heating and cooling) as a lightweight wall. 

5. The T-Factor – A Novel Approach 

Page, et al. (2011) and Alterman, et al. (2012) describe an 8-year research 

project at the University of Newcastle that involved detailed monitoring of 

three test module buildings that they claim provides the basis for a new and 

“novel” metric (the T-value) that can be used to characterise the dynamic 

behaviour of mass walls and eventually whole buildings. The T-value is de-

termined as the angle of inclination of an ellipse formed by plotting the co-

incident external and internal surface temperatures of a wall exposed to a di-

urnal excitation, as seen in Figure 5. 

 

Figure 5: Plot of Coincident External and Internal Surface Temperatures (adapted from Al-
terman, et al., 2012) 

= T-value 
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This assertion can easily be tested by a simple analytical investigation 

such as developed by Coldicutt (1973), Milbank & Harrington-Lynn (1974) 

and others. By using 24 hour period harmonic transfer functions derived 

from the matrix formulation, Equation 2, the dynamic heat flows and tem-

peratures of buildings elements can be estimated. 
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Considering a typical winter situation as depicted in Alterman, et al. 

(2012) the mean and amplitude of the external temperature can be deter-

mined. Making assumptions regarding the solar input through the test mod-

ule window for this period, Figure 6A plots the calculated external and inter-

nal surface temperatures. The inclination of the principle axis (the T-value) 

for the hysteresis loops may be calculated as the ratio of the eigen values for 

the largest eigen vector in the input temperature time series. The ellipse an-

gle for InsCB (Insulated Cavity Brick) is 4.7deg and for InsLW (Insulated 

Lightweight) is 28.7deg. These closely match the values given by Alterman, 

et al., (4.2deg and 30.6deg respectively) for the two construction systems. 

Considering the unknowns this is significant. Figure 6B corresponding to 

summer conditions shows the angle for InsCB as 0.3deg and InsLW as 

18.1deg. Again these match results in the paper (0.18deg & 13.4deg respec-

tively). 

 

Figure 6A & 6B: Typical Cyclic Winter & Summer Temperature Responses for InsCB and 
InsLW Constructions 

This analysis shows that the T-value is not novel; just a different way of 

presenting the results that can readily be estimated from existing theory. Im-

portantly it also shows that the T-value is not a characteristic property of a 

wall nor is it sufficient to characterise the dynamic behaviour. For any real 
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wall the T-value depends, not only on the wall construction and the material 

properties, but also on the nature of the diurnal excitations. For example, it is 

likely to vary between summer and winter seasons depending on solar input 

to the space. 

6. Discussion 

The studies described above (and others) have fuelled the debate concerning 

the benefits of employing heavyweight construction elements in buildings. 

The debate is complicated by the Building Code of the Australia (BCA) re-

quirement that building elements achieve a minimum overall thermal re-

sistance (R-value) for compliance. While there are some dispensations for 

heavyweight walls, many traditional construction methods can only comply 

at considerable expense. In one important point, however, the debate is often 

confused. The dynamic effect of mass in a building is a property of the mate-

rial and its position in an element and is also intrinsically linked to and is a 

property of the system. Measurements of the behaviour of an element may 

yield some intelligence but a generalised measure of the mass effect can only 

be achieved by parametric simulation studies. While there are sections of the 

building industry that argues that thermal performance computer simulation 

modelling programs (in particular Accurate/Chenath) do not deal satisfacto-

rily with thermal mass (e.g. Baggs, D, 2013) the evidence shows the contra-

ry. Numerous validation studies have demonstrated the adequacy of these 

programs (see for example Delsante, 1995). Major criticisms of the pro-

grams to simulate the performance of real buildings are more about their use 

in a regulatory regime (e.g. NatHERS Star Ratings): codified data and/or ge-

neric occupancy assumptions that have been found to be at odds with the real 

use of buildings. 

As a way forward in this debate a mass-Enhanced R-value, as above, 

should be permitted to demonstrate the building code DTS R-value require-

ment. This would remove the disadvantage for heavyweight walls as they 

would attain the same total energy load (heating and cooling) as a light-

weight wall, while allowing the other advantages of mass to be achieved. 
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