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4. DURABILITY OF MATERIALS AND COMPONENTS  
Selection of materials is typically based on previous experience of the designer and modified with 

information gathered during successive design refinements. The knowledge gained on each project 

may be used in the later applications of the same system. The efficiency of this process depends 

greatly on the experience with the particular construction system that the designer's team has. 

Lacking experience with the particular construction system, the designer will produce a design that 

has not been optimized in terms of cost or in the use of materials. A more rigorous approach is 

needed, where both material and system long-term performance could be related to the specific 

climatic and service conditions that the building may experience. 

A particularly difficult situation exists today in the area of durability. This is a popular term meaning 

“the ability for long time performance” that in a technical language is defined as “the period of service 

life of a given material or system under specified conditions of outdoor and indoor climate and 

construction of the assembly”. Technically speaking there are no durable or not durable materials, 

there are only materials that under certain climatic conditions and interaction with other materials 

may last longer or shorter period of time.  

Effectively we are talking about the Risk Management and as such we need to review a series of 

different design scenarios each having a different probability. For each of these scenarios we may 

have different strategies that must include cost-benefit analysis that must include economic and non-

economic benefits. On the economic side we must include initial construction cost, cost of operation 

and maintenance but also cost associated with a failure. On the non-economic side we must include 

all elements of sustainability that cannot be quantified in monetary terms. 

Since we must consider the construction process from the concept to the reuse stage (or as some 

call it from cradle to cradle) each strategy must include the initial design, performance assurance 

(traditionally called quality assurance), operation and maintenance program that may or may not be 

included in the performance assurance program and last but not least options for reuse of materials. 

Thus a scientifically correct approach requires using two types of models: 

(a) For predicting performance over the service time (this is concern of building physics) 

(b) For economic models that can address both the cost and economically non-quantifiable 

benefits (that is beyond our discussion) 

The logic presented above dictates two different approaches to the integrated design approach (see 

volume 2 of this book) 

(1) Setting the design team from day one to develop and assess a number of possible scenarios  

(2) Investor select the scenario and the design team is created only to optimize the process of 

development of the best strategy for design  

In this chapter we will only deal with introducing limit state based approach to durability and some 

example of its application to predicting masonry performance.  
  

4.1 DURABILITY ANALYSIS BASED ON THE LIMIT STATES METHOD  

The rate of the damage depends on severity of the environment to which material is exposed that 

in turn must be related to the severity of environment used for establishing the damage function. 

With other words, since we know when the failure occurred in the environment previously 

applied in laboratory, we must estimate when such a failure would take place in the actual 

situation (i.e. what would be the service life in the actual case). This philosophy was expressed 
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by the CSA standard S478 “Guideline on durability in buildings” and later by ISO standard 

13823: 2008 General Principles on the Design of Structures for Durability and is presented in 

Figure 1.  

The period in which the building component must function is called a design life. It can be specified 

(ranging from 5 to 100 years) typically when performing life-cycle assessment for sustainability. The 

selection of the design life also depends on the accessibility and the ease with which the building 

component can be repaired or replaced. 

 
 

 

 

 

 

Figure 1: The limit states method relates performance to the cost of maintenance and repair 
 

 

 

 

Figure 2: The basic concept of durability analysis 

 

To predict the service life (time to failure) of any component we must understand the degradation 

process and employ one of the three methods:  

(1) experience (demonstrated effectiveness),  

(2) either a conceptual or computer-based modeling 

(3) testing  

Experience is applicable to systems/ materials applied under identical environmental conditions. 

Modeling and testing are required for innovative materials and systems as well as for traditional 

materials or systems that are to be exposed to different environmental conditions. Although many 

models are currently available, the validity range of these models is often questioned.  

The process of limit states is shown in Figure 3. Loads include both structural loads such as stress, 

strain, deflection, differential movement and environmental loads such as thermal or moisture induced 

loads or movements as well as the effect of contaminants.  

Damage functions include a new element, namely time. So the degree of damage caused by moisture 

related mechanisms (corrosion, freeze-thaw spalling or wood rotting)  depend on time of exposure as 

well as on the severity of exposure. 
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Their combined effect can be addressed in one of two ways: 

1. A comparison of the predicted and limiting values (Figure 3) 

2. A comparison of the design life with the period to reach the limiting value.  

The second approach is useful when one deals with a cumulative effect, which builds-up by a sum 

of many short period exposures. Each of these exposures may have different degree of severity 

and instead of dealing with the progress in the on and off actions one may calculate the cumulative 

exposure time and compare it with a critical cumulative exposure time. 

 

  

 

 

 

 

 

Figure 3: Limit states approach applied to performance of MFI batts in a wall 

In design of building enclosures we use either mathematical or conceptual modeling. Figure 3 may 

represent the following line of thinking. The evaluation of convective de-rating of mineral fiber insulation 

does not have a high reliability, let use a small but significant value of 5% as the criterion. If any 

estimate (hygrothermal model, study of previously tested walls or qualified guess) indicates a risk, one 

will change the design to eliminate the problem. This can be done by ensuring that no air movement 

parallel to the surface of the material exists (check air barrier system, connectivity of the cavity space 

with interior or exterior, ensure that the installation process is supervised and material has a good 

contact on 100% of the surface) or one may select denser insulation product.   

Discussing this example we must note that the traditional testing of thermal insulation was developed 

to characterize materials for the sake of purchase documents and the focus on accuracy and 

precision of the test method was needed because these factors directly affect the business of the 

manufacturer. Only recently under pressure of the users some of these standards start to include 

performance-oriented test methods. The emergence of computer models with the input in form of 

material characteristics and climate conditions and their output in form of parametric evaluation of 

performance is changing the situation. In effect, the renewed interest in the performance or long-term 

performance (durability) assessment is also market driven - as the durability and sustainability are 

now becoming terms also used in marketing. 

In this context two new standards are dealing with evaluation of the long term performance a CSA 

(Canada) and following it ISO. 

 CSA S478: Guideline on Durability in Buildings – Structures (Design) 

 ISO 13823: 2008 General Principles on the Design of Structures for Durability  



 
 

193 
 

These standards formulate the basic durability requirement as follows: 

Structures and their components should be designed, constructed, operated, inspected, maintained 
and repaired in such a way that, under foreseeable environmental conditions, they maintain their 
required performance during their design lives with sufficient reliability for the safety and comfort of 
users and the intended use of the structure. To achieve this, the service life of the structure and its 
components shall meet or exceed the design life. 

4.1.1 Predicted service life  

For the prediction of service life of any component of the structure: 

a) Experience may be applied where identical assemblies have been used successfully and in 
the same environments, 

b) Modelling and experience should be applied where (i) a similar component or assembly has 
been used successfully in the same environments, or (ii) proven components or assemblies 
have been used successfully, but in moderately different environments, and 

c) Modelling and testing should be applied where (i) innovative components and assemblies are 
to be used, or (ii) proven components or assemblies are to be used in significantly different 
environments. 

The degree to which an assembly or its components are innovative, or the service life is dissimilar to 
one previously experienced, should be established by the application of building science (building 
physics) principles. 

In CSA S478 the modeling of the deterioration process to predict service life requires considering: 

(1) The environment adjacent to and within the assembly, determined from a consideration of the 
environments on both sides of the assembly and the transport of environmental agents1 to the 
surface and to interior of building assemblies 

(2) The relative movement of adjacent components, determined from the dimensional changes of 
the components due to stress, temperature, moisture changes and ground movements, 

(3) The deterioration or damage mechanisms that occur as a consequence of the environmental 
agents on or in components, as well as the relative movements of connected components, 

(4)  The limit state defines both the functional (e.g., fracture, damage) or serviceability failures 

(e.g. discoloration). As the prediction of service life is more complicated than the failures 

embodied in structural engineering applications of the limit states design and the word 

'consideration', is used to denote cause-and-effect thinking instead of the word 'calculation'. 

Limit states calculations are only beginning to be used and computer modelling have been 

developed mainly for research purposes.(see later text). 

 

4.1.2 Design life of the structure and its components 

The design life of the structure should be agreed by the design team with the client and the 
appropriate authority. For example, the current design life of new bridges is usually 75 years. For 
heritage structures, however, one only discusses the design life of repairs to the structure. 

The design life of a component should be determined considering: 

a) The design life of the whole structure, 
b) Exposure conditions, 

                                                             
1 Environmental agents here are: heat, air and moisture transfer, salts, oxygen, mold spores, pollutants etc. 
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c) Difficulty and cost of maintenance or replacement, taking into account its accessibility, 
d) The consequences of failure of the component in terms of costs of repair and disruption, 
       operation and the hazard to building users, 
e) Current and future availability of suitable components, and 
f) Functional obsolescence. 

The selection or design of components and the specification of the necessary maintenance should be 

determined by life cycle cost for economy, or by the life cycle assessment for sustainability. Currently 

most considerations of sustainability, such as the choice of materials as they affect health, waste and 

energy consumption, are outside the scope of durability. Nevertheless, it is expected that in the near 

future, sustainability considerations will add the emphasis on issues such as choice of materials, 

technologies, inspection frequency, maintenance, repair, replacement and disposal (e.g. recycling) in 

the planning and design of structures. 

4.1.3 Modelling – the limit states method  

The limit states method shown in Figure 4 is recommended for design of structures for durability. 

This Figure uses terms such as the structure environment, the mechanisms of transfer and 

protection, the environmental action, leading to action effects resulting in failure of the component.  

Structure environment: The environment outside and inside the structure contains influences such 

as air, rain, contaminants, temperature, biological life or solar radiation that provide agents such as 

moisture, oxygen and other chemicals that can affect the durability of components.  

Transfer mechanisms:  direct exposure to environmental factors (influences) promotes a transfer of 

environmental influences into agents causing environmental action on components of the structural 

system. One of the most important environmental agents is moisture alone or interacting with other 

contaminants 

Protection mechanisms: Protection mechanisms, such as barriers or removal (drainage), either 

prevent or reduce actions of agents causing environmental actions on components of the construction 

assembly.  

Environmental action: An environmental action, such as corrosion, decay, swelling or shrinkage of 

the material, can be a chemical, electrochemical, biological, physical (e.g. UV or insect attack) or 

mechanical action causing material deformation or deterioration.  Except for mechanical action, an 

environmental action is the consequence of: 

a) the external environmental agents, such as moisture, oxygen and temperature, 
b) the properties of the component materials e.g., chemical, electrochemical and physical,  
c) the interaction of the different materials, including electrochemical phenomena (e.g., galvanic 

corrosion) and physical interactions. (e.g. differential deformation)  

Action effects: Action effects include damage, loss of resistance, internal force/stress or 

unacceptable appearance due to material deterioration, or displacement due to material deformation. 

An action effect can result in loss of performance as defined by one or more of the limit states. 

Limit States: For material deterioration resulting in failure (e.g. structural failure) due to loss of 
resistance, the ultimate limit state (ULS) is defined when the resistance of the component or 
structure becomes equal to or less than the force generated by the damage process.  

Conversely, the serviceability limit states (SLS) are defined by: 
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a) Local damage (including cracking) or change in appearance which affects the function or 

appearance of structural or non-structural components, and 

b) Relative displacements which affect the function or appearance of structural or non-
structural components. 

ISO 13823 also includes an initiation limit state (ILS), similar to an allowable stress, defined by the 
initiation of deterioration of a component that precedes the occurrence of a serviceability or ultimate 
limit state. This concept is very useful in discussion of durability of reinforced concrete structures. 

A deterioration or deformation occurring on or inside a structure does not necessarily mean failure. 
Therefore it is important to consider not only the environmental action and action effects, but also the 
criteria used by the limit states method including time to reach this limit state as indicated by ti in 
Figure 4 (quoted from the Canadian (CSA) Standard).  

. 

 

 

Figure 4 Limit states method for durability 
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Conceptual modelling 

Conceptual modelling for the evaluation of durability is the application of building science (building 

physics) principles in accordance with the limit states method in Figure 4. This applies to the structure 

environment, transfer mechanisms, environmental action, and action effects leading to failure. In  

engineering practice conceptual modelling is by far more frequently used than mathematical 

modelling. 

 Mathematical modeling 

The basic durability requirement can be checked in one of two ways, the service life format or the 
limit states format: 

Service life format: The service life format consists of specifying the design life, tD, of the 

component or structure, and of determining the predicted service life, tS, of the component so as to 

satisfy with an acceptable probability of failure, Ptarget. 

To take into account surface protection of a component (e.g., concrete cover of reinforcement, zinc 
coating of steel, preservative treatment of wood), the service life, tS, is expressed as follows (see 
Figure 6): 

tS = ti + te     (1) 

where ti is the time to initiate deterioration and te is the service life after initiation of the deterioration. 

Limit states format: The basic requirement for the ultimate and serviceability limit states at any time, 

t, during the design life of the component, tD, includes calculating ad comparing: 

 R(t) or Slim ~ S(t)   (2) 

Where R(t) = resistance capacity of the structural component at time, t, 

Slim = a serviceability limit such as a crack width, and 

S(t) = action effect (e.g. internal force, stress or deformation) at any time, t. 

Slim is usually specified, and R(t) and S(t) are modeled mathematically as a function of the basic 
variables, including time, causing collapse, damage or loss of appearance.  

The probability of failure, Pf, is determined from the probability density curves for R(t) and S(t) . 

 

 

 

 

 

 

 

Figure 5: Mathematical model for predicting service life: probability of failure is in the region of 
where the probability density of the component resistance R(t) and probability of action effect 
S(t) overlap  
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Initiation limit state: The basic requirement for the initiation limit state can be evaluated in 
accordance with Equation (1) by assuming that te = 0 and ti is a function of the basic variables 
causing initiation of environmental action (material deterioration), including time. 

Procedures for assuring durability  

Procedures, especially communication, for the design, construction, and for the operation and 
maintenance of the structure during its service life, and for the investigation of damage due to 
degradation, are crucial for durability.. 

4.2 HEAT AIR AND MOISTURE INTERACTIONS DURING FREEZE- THAW 
PROCESSES   

Advances in modeling of two-dimensional, simultaneous heat, air and moisture flows permit us 

predicting moisture content profiles in masonry systems as they changes during exposure to known 

climate and service conditions. The information on climatic conditions needed for such calculations is 

complex and includes hourly data on wind speed and direction, precipitation, long and short wave 

radiation, temperature and humidity of air.  Given this information, advanced hygrothermal models 

allow calculation of the actual cooling rate, duration of the freezing temperatures and their frequency 

as well as distribution of moisture content at the start of freezing. 

From experiments one determines the moisture content at the onset of the damage. Thus, we have all 

the components of integrated approach to apply the limit states (discussed above on the basis of 

Bomberg and Allen, 1996; Allen D., and M. Bomberg, 1997, Pietrzyk et al, 2004) and understanding 

of the role of the salt deposition (Grunewald et al 2002) in the process of material spalling. All this has 

been known it exactly 40 years ago (Fagerlund,1974) and except a few institutes in Holland and 

Canada people do not use this approach. Why? Because people prefer using apparent test methods2 

in which the level of moisture content in the moment of damage is unknown but a number of specified 

cycles is easy to understand. The practical freeze-thaw testing is neither precise not scientifically 

correct but it is easy to understand and therefore so popular. 

We need to start our review with analysis of interactions between heat, air and moisture during 

freeze-thaw processes in clay-bricks. This discussion not only highlights many problems of the 

comparative tests used by many but also explains the need for integration of testing and modeling to 

predict durability of masonry in various climates. 

4.2.1 Introduction 

In brittle, porous materials such as clay-brick, a repetition of freeze-thaw cycles is usually considered 

as a prerequisite for the macroscopic fracture of the material. One believes that a local damage to the 

pore system is caused by successive cycles of freezing and thawing. Actually, when a critical damage 

stage is reached, a crack initiated somewhere within the porous matrix is likely to propagate until 

reaching the material surface.  A fracture, characteristic for this type of damage results in the spalling 

of the surface layer. 

The frost resistance is defined as the ability to withstand environmental loads (which may, or may 

not), coincide with the mechanical loads. These loads are resulting from many simultaneously 

                                                             
2 Apparent test means that the result does not produce any defined physical property and the results are varying 

with small deviation of the test condition i.e. we cannot compare results from one laboratory with the other more 
than a magnitude of the value. 
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occurring  external and internal factors.  Amongst the external factors, which determine the severity of 

exposure, are: 

 the moisture content and its distribution in the material at the start of freezing 

 the rate of cooling, the lowest temperature attained 

 the duration of the freezing period.   

Amongst the internal factors, which define material response to the environment, are: 

 wetting capability of the material (rate of water absorption), 

 pore-water redistribution capacity (water permeability, overall interconnected pore volume, 

pore-size distribution),  

 material strength (stress/strain relations and more specifically the micro-modulus of rupture, 

ability to stop a crack propagation)  

 material stiffness and accommodation for local expansion (fraction of disconnected porosity, 

air entrapment in water)  

 thermal characteristics (as they affect the actual freezing rate) 

 surface drying characteristics (as they affect the actual moisture content at the surface) 

This large number of factors that interact during the freeze-thaw process has caused that several 

simplified models, often associated with names of workers advancing one or other aspect of the 

phenomena, are considered as “independent” freezing theories. 

In engineering literature, the damage mechanisms are often presented as entirely different models. 

Damage that occurs during one-step freezing is assumed to be different from that accumulating over 

many freeze-thaw cycles.  Damage caused by the osmotic forces is often considered as an argument 

against the model of damage caused by the hydraulic water pressure. The assumption that cell walls 

are damaged when water flows towards ice crystals is sometime considered as contradiction because 

water may flow to the material surface while in the cycling tests water content increases because 

water flow from the surfaces to the core of material. 

Our understanding of freezing damage started from the seminal experiment of Sanford (1961) shown 

in Figure 8 and 9. Figure 8 shows ice extrusion from masonry block at constant thermal gradient 

where zero degree C was established in the zone of 1 mm thick layer at the material surface. This 

experiment showed the flow of water to the freezing zone.  

 

. 

 

 

 

 

 

 

 

Figure 8: Ice is extruded from masonry block when freezing zone is in the 1 mm thick surface layer 

and constant temperature gradient is maintained. 
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Figure 9: (a) Unidirectional fixed freezing zone method was established in 1961 and (b) its application 

demonstrated that damage occurs only where freezing temperature coincides with moisture above the 

critical moisture content (see later text) 

Figure 9a shows the cooling the coil with brine (W) placed on the calcium silicate brick (S) that is 

partly immersed in the cold water (C). The thermocouple (T) measures the surface temperature on 

the interface between water and air. With fixed temperature of cooling brine called here (W) the 

freezing zone is established near water surface and damage is observed (Figure 9b) only in the 

region of the coincidence between adequate temperature and moisture content. Neither moisture 

content alone (lower part of the brick) nor the freezing temperature without adequate moisture content 

(upper part of the brick) would cause the damage.  

Figures 8 and 9 show complexity of the freeze-thaw processes. They involve a multi-phase system 

(water/ ice/ air mixture) and the combination of thermal, hygric and mechanical stresses. While the 

cumulative freeze-thaw process is used to accumulate enough moisture inside the material layer, the 

freeze-thaw damage may also be achieved within one-step freezing process providing that the 

moisture is high enough. For this to happen, the moisture content at the beginning of the freezing 

process must be sufficiently high. So, one can evaluate material durability using the “one cycle 

approach” to determine moisture content at which the damage occurs. 

Presence of freezing damage when the material reaches a “critical degree of saturation” has been 

documented in many works (Warris, 1964; Leusden, 1964; Fagerlund, 1973).  One possible approach 

to develop a simplified evaluation would be to compare the actual temperature and moisture fields 

with the critical conditions e.g., critical freezing depression and degree of saturation with regard to 

freezing. 

To enhance the understanding of freeze-thaw processes one must first review the energy and mobility 
of pore-water as they relate to phase-change-originated stresses. 

4.2.2. The degree of effective saturation  

During the freeze-thaw analysis, one normally uses a degree of saturation instead of moisture 

content.  Fagerlund (1973, 1974) used extensively one step freezing to quantify the freeze-thaw 
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damage and postulated that the damage takes place when material has achieved a critical value of 

the “effective” saturation degree, Se,  

  Se = wf /(wf +wa)        (3) 

Where wf is the freezable water content and wa is the air content (air entrapped in the pore water). 

Bomberg (1974) introduced a concept of degree of “capillary” saturation in contrast to the “degree of 

saturation” as the difference is in terms of energy of pore water as well as the air entrapped within the 

pore water. The maximum value of moisture content attainable under capillary flow conditions 

corresponds to a thermodynamic equilibrium between pore water and the atmospheric pressure. The 

capillary saturation defines the “maximum” level of moisture content, wmax, when the average 

macroscopic difference between the thermodynamic potential of pore-water and that of free water 

table is equal zero. At this stage the pore-water must include certain amount of air bubbles, 

At the capillary saturation or higher moisture content the volume taken by moisture is a sum of 

freezable water content and air (wf +wa)  At this stage the definitions introduced by Fagerlund for 

analysis of freeze-thaw and by Bomberg for analysis of the capillary water flows are identical. One 

may define the degree of capillary saturation, Se, as: 

 Se = w / wcap           (4) 

Where w is moisture content, wcap is the maximum moisture content attainable under capillary flow 

conditions. Since the mass of air entrapped in the liquid phase is negligible in comparison to the mass 

of water, SA = 1 defines a critical point in moisture analysis and implies that the whole pore volume is 

used by water/air mixture and that the average capillary potential of the pore-water is zero. 

To prove the practical use of this assumption, Bomberg, (1974) also ascribed SA = 1 to all drying runs 

started at moisture content high enough to contain entrapped air bubbles. Then, using flow 

characteristics measured during drying of clay-bricks he was able to predict the rate of wetting of the 

tested clay-bricks under intermediate rain conditions.  The practical success of application of this 

assumption implied that one part of hysteresis could be explained by air entrapment while the other 

part relates to the capillary suction. 

Good understanding of this simple statement is necessary for analysis of freeze-thaw phenomena, 
where, in addition to the pressure of air compressed by the pore-water, also gas, solid, osmotic, 
overburden-envelope, and capillary-pressure together modify the energy of pore-water. If non-
freezable water is only a small fraction of the moisture content, equation (4) provides a good 
approximation of equation (3).   

4.2.3 Energy status of moisture contained within the porous material 

Figure 10 already discussed in the section 2.2 (from Bomberg 1974) shows the moisture content of 

aerated concrete in relation to the pore-water potential. The latter is described by two different 

physical characteristics: the relative humidity and the capillary suction. If pore-air is connected to the 

atmospheric air, than the pore- water depression is described by an equation (5), which is a simplified 

version of Laplace equation valid for a cylindrical capillary with a radius riw:  

  pa - pw = 2 aw / riw        (5) 

where: pw is the pore-water pressure ; pa is the air pressure and iw is the surface tension on air-water 

interface.  (For comparison, the surface tension of air-water interface is 72.75 dyn/cm and surface 

tension of ice-air interface is equal to 107.2 dyn/cm). The pressure difference described by equation 
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(5) is called capillary suction and denoted pc. If a capillary force is the only factor acting on pore-water, 

and the latter is in a dynamic equilibrium with pore-air, then equation (6) holds: 

  pc =   Rv T ln          (6) 

where: pc is the capillary suction, Pa;   is the relative humidity of pore-air,  is the density of pore 

water, kg/m3, (which for freezable water is equal to the density of free water), Rv is the gas constant 

for water vapor, J/kg K, and T is the absolute temperature, K. 

 

Figure 19 in section 2.2.8 of this book showed moisture retention curves for aerated concrete 

(Bomberg, 1974). The wetting loop ends with maximum moisture content of 340 kg/m3 or (34 % vol).  

According to our definition, the degree of effective saturation becomes 1.0 at 340 kg/m3.  The drying 

curve was started at higher moisture content, when all pores were filled with water and air was 

evacuated.  This maximum moisture content was achieved at 670 kg/m3 i.e., almost at the double of 

the maximum moisture content obtained by “capillary” saturation.  The energy – water content relation 

is different for Se greater than 1.0.  It appears that the additional energy used to obtain moisture 

content above the Se = 1.0 is dissipated when reaching the Se = 1.0.  Then, changing the energy 

level, moisture content does not change until hysteretic differences has been formed and the extreme 

“drying” loop is established. 

When comparing densities of the material and that of the solid phase the total porosity is about 78%.  

When introducing water under air pressure oscillating between high vacuum and one atmosphere the 

maximum moisture content of 67 % vol. was obtained, i.e., much closer to a full saturation. Yet, 

despite using additional driving forces (additional energy input) the full saturation has not been 

achieved  

At the top end of the Moisture Retention Curves water adsorbed to the material surface is under very 

high tension (about 2,200 atmospheres for first monolayer) reducing freezing point of pore-water to 

about –22oC3 and arriving at the triple point (ice I, liquid, ice III).  The second characteristic point of 

the water retention curve is reached at the capillary suction of 2.5 x104 Pa.  The moisture content at 

this point is about 30 % vol.  This moisture content can be reached by the capillary action (water 

intake process) without contribution any other mechanisms. Observe that nearly the same moisture 

content is reached during extreme drying (de-sorption) loop of the moisture retention curve at suction 

close to 1x105 Pa (i.e. where the average suction is equal to the atmospheric pressure).  

Partial dissolution of air in the water increased the maximum water content obtained by water 

immersion to about 34 % vol. It may be argued that any moisture content between 30 and 34% vol. 

can be achieved by the capillary intake process when using pure water but changing the rate of water 

entry into the material (i.e., modifying the wetting angle, see Bomberg 1971, 1972). 

To increase it further additional energy is needed by using vacuum, boiling or other means of air 
removal. 

A significant fraction of water within porous material will not freeze (Powers and Helmuth,1953) at 

least until -40 oC. Presence of salts may also have a significant effect on mass of water under 

equilibrium conditions)4. Presence of salts increases the suction level for the same mass of pore-

                                                             
3 Table 118 p.119 W.E. Forsythe, Smithsonian Physical Tables, Smithsonian Institution, 1954 
4
 Presence of salts during the fabrication of concrete specimens was shown either to affect the material 

structure (Mielenz et al 1958) or its air content (Blaine and Arni, 1971).  When salts were added to water 



 
 

202 
 

water. If the water adsorbed to the pores does not freeze, the “actual” radius of the pore that is 

affecting the freezing temperature depression is smaller than the geometrical radius. 

The total suction involves different components of suction: capillary, osmotic, freezing pressure, 

overburden or matrix. Therefore we need to use “normalized” variables such as the degree of 

capillary saturation, or suction (which by definition is normalized to the pressure at free water table.   

A term “moisture retention curves” is used in this book instead of “water retention curves” used in soil 

science.  Moisture includes both the liquid and vapor phase.  This approach denotes lumped 

potentials and multi-phase transports.  

4.2.4 Relation between freezing depression and pore size distribution 

Discussed Figure showed that one can deal with the extreme wetting and drying curves in a precise 

and reproducible manner.  Since the pore-size is related to the energy of pore-water, one may also 

expect good correlation between the pore-size distribution and the freezing depression or other 

factors affecting the fraction of non-freezable water (see Litvan, 1972; Fagerlund, 1973).   

 

 Figure 10: Example of a calorimeter experiment, a temperature-time curve for sand-lime  
 brick (from Fagerlund, 1973).  

Figure 10, shows a calorimetric experiment where temperature of the calorimeter was slowly 

increased from –25oC (using a constant rate of heating) and the specimen temperature is plotted 

against time elapse. Two symbols are used for the moisture content, we denoting total mass of water 

contained in the specimen and wfmax after subtracting the “non-freezable” mass of water. If we 

                                                                                                                                                                                                                
introduced into a fine pore structure of a natural stone, the main effect observed was the weight changes 
introduced by the presence of salts (Hudec, private communication). 
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disregard, for time being, an argument how to determine the “non-freezable” water, we may observe 

that increased moisture content prolongs the flat portion of the time-temperature relation.  Note that 

this flat portion (a plateau on temperature time curve) normally occurs in the range between –2 oC and 

0 oC, which corresponds to the macro-pores (r = 10-6 m) and air-voids (r = 10-4 m).  The micro-pores, 

a region with pore diameter between 10-7mm and 10-9m, for which validity of Thompson’s5 law has 

been established, characterize the transition from the curve of the dry material to the extended 

plateau. The next step in the analysis is to transform the temperature-time curve, such as one shown 

in Figure 10, into the temperature-energy curve.  Since the heating rate within the calorimeter is 

known, this is an easy transformation. 

4.2.5. Phase transition relationships during freezing in porous materials  

Freezing in a bulk phase occurs when kinetic energy is lowered to the extent required by the crystal 

lattice of the forming solid. While the kinetic energy of water is reduced with its temperature, so is the 

freezing temperature, when external forces reduce the suction (free energy of the pore-water.) This 

reduction is also expected to follow the capillary condensation theory (Thompson’s law).  Examining 

phase transition phenomena Litvan and McIntosh (1963) found that phase transitions are not as sharp 

as expected. Furthermore, they found that temperature at the beginning of the transition was well 

correlated with the adsorbed amount for some, but not for other adsorbents.   

Incidentally, many workers observed that a continual and slow cooling resulted in no visible freezing 

transition until reaching temperatures in the range of –22 oC to -24 oC (Envesun et al 1964; Litvan, 

1988). Conversely, the melting process followed in strict accordance to the capillary depression 

theory. Envesun et al (1964) postulated that there is a characteristic size that makes a difference 

between the growth of a crystal or its melt down in the super-cooled solution. 

The fact that the fraction of ‘freezable” water is always determined during melting experiments 

(Kubelka, 1932, Iwakami, 1959) and that freezing may actually occur much below the predicted 

temperature, renders the quantification of the fraction of “freezable” water somewhat impractical.  In 

the simplified / macroscopic approach that we are using here, no correction is made for changes in 

the non-freezable water content in relation to varying pore-water salinity. 

The suction equivalent of the freezing depression is, probably, a single most important variable in the 

freeze-thaw process.  Williams (1968) stated that small crystals in their own melt have pressure 

higher than that of the melt (because of surface tension and their large surface to volume 

relationship). The difference between pressure of ice crystal, pi, and that of water, pw, is represented:  

  pi - pw = 2 iw / riw           (7) 

where rw, is the radius of ice water interface (ice crystal is assumed spherical) and iw is the surface 

tension on ice-water interface.  Williams (1968) uses the value of 30.5 dyn/cm proposed by 

Hesstvedt, 1964).  For the series of interconnected pores and capillaries, Williams (1968) relate the 

freezing depression to the capillary radius as follows: 

  T/ T = V/L (pi - pw)         (8) 

where; V is the specific volume of water and L is the latent heat of fusion.  

                                                             
5
As Mr. Thompson became Lord Kelvin, both names are used for the equation defining capillary depression of 

saturated vapour pressure. 
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Equation (6) indicates that, whenever possible, the freezing process starts on the material surface 

with ice crystals growing entirely within liquid phase i.e., along the material surface. Otherwise, the 

growth of ice crystals is initiated in the large pores and voids near the surface. Anderson and 

Hoekstra (1965) observed that even if nucleation occurred at the clay surface, the ice growth remain 

largely separated from the clay surface by a film of unfrozen, saturated water containing 

exchangeable ions, hydrated oxides and electrolyte present in the system.   

Osmotic forces acting on pore-water must be given detailed consideration. Their presence explains 

one of the apparent contradictions of the engineering literature. Materials with a majority of fine pores 

are amongst those most susceptible to freezing damage, yet water in those fine pores does not freeze 

in normal range of freezing temperatures.  An explanation given by Hudec, (1980?) is in the salinity of 

pore-water.  These small pores are filled by condensation process. Cations of de-icing salts will 

increase the thickness of adsorbed water as a function of the cation size/charge ratio, filling the larger 

pores. So in effect there is a difference in osmotic potential between the smaller and the larger pores.  

This difference is increased by partial crystallization of ice in the large pores.  

During thawing, water in larger pores now being depleted from cations, flows towards the Na+ rich 

smaller pores.  A large concentration of de-icing salts or use of large ions such as phosphate and 

acetate (calcium magnesium acetate) reduces the intensity of this action.  The most severe damages 

occur at relatively low concentrations 2 – 5 percent range (Litvan, 1980). In words of Hudec6: “an 

apparent contradiction exists: deicing salts reduce the amount of freezing, yet cause more damage”. 

Since heat is generated during the fusion of ice, there is a need to remove the thermal energy. This 

makes pore-water freezing a rate dependant process.  There is evidence, from testing concrete 

freeze-thaw resistance, that slow and rapid freezing result in different energy pictures.  Powers (1955) 

discusses cooling the same specimens with the rate of at 5K per hour, which resulted in super-cooling 

of about 5oC, and cooling rate about 65 K per hour that gave super-cooling of less than 2 oC. 

As previously noted, the super-cooling of pore-water occurs often, and goes until a spontaneous 

nucleation of ice occurs anywhere in the pore-water system.  (Cations attached to charged surfaces 

of pore-walls are assumed to form one of the favorite nucleation sites).  What happens after 

nucleation has been initiated can be explained in terms used by the soil science. 

Williams (1968) postulated that the pressure on ice is generally equal to that of the total confining 

pressure7. Equation (5) indicates that water will be drawn to the ice crystal (ice lenses in soil science) 

which will grow until one of the following happens: 

 a capillary water supply to the ice is exhausted8 

 an increased radius of the ice lens caused the reduction of the freezing depression to reach  

    an equilibrium with the pore water 

 the growth of the ice crystal was prevented by the confining pressure (envelope pressure) 

Indeed the experience form the soil science confirms these cases by showing the presence of 

subsequent layers with ice lenses and the frozen, unsaturated soil. For each type of soil an 

overburden pressure limit that corresponds to zero growth of the ice lenses can be precisely 

determined (Williams, 1968). 

                                                             
6
 Private communication 

7
 A small difference caused by the curvature of ice interfaces is discussed by Williams (1968, pp. 97-98) 

8
 Observations of frost heaved soil showed that the removal of water to the lenses results in alternate layers of 

frozen soil and ice in lenses (Williams, 1968). 
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The major difference between soils and porous materials is their cohesive strength. The stiffness of 

the matrix keeps “fixed” dimensions of pores and capillaries, though of many different sizes. If an ice 

crystal is initiated in a pore number 1, and the adjacent larger pore, number 2, is filled with super-

cooled water, an instantaneous nucleation of an ice crystal will take place in the pore 2. According to 

equation (6) the ice crystal in the pore 2 will grow, drawing water from the environment which includes 

ice crystal in the pore 1 with a smaller diameter and therefore a higher water tension.  

There is no fundamental difference in the process of water redistribution during freezing, whether the 

medium is that of a soil or a rigid porous material. The difference is in the character of the damage. 

The damage process in soils was simple, thawing of the ice-lenses created settlement of the soil 

surface. The damage mechanism in the solid porous material is quite different. To address this 

damage mechanism, one must realize that only a part of the total pore volume participate in the water 

redistribution process (this part which is utilized in water permeability measurements) it is not water 

alone but the water-ice-air (WIA) mixture which undergoes redistribution processes during freeze-

thaw cycling. 

4.2.6. The role of air entrapment in the densified water field 

There are two critical aspects associated with the presence of pore-air in the pore water phase.  One 

is effect of pore-air on the moisture retention curves.  Having different quantity of air entrapped in the 

pore-water may not change mobility of pore-water (flow characteristics) but significantly change the 

relation between pore-water energy and moisture content of the material.  If an air bubble is 

completely encapsulated in a continuous water phase, the air pressure is equal to that of the 

surrounding water.  Luszczynski (1960) postulated that pore water – air mixture can be treated as if 

pore-water density was variable.  This can only be done if air entrapment is treated as an implicit 

variable that does not change the definition of pore-water but modifies its relation to energy i.e., 

moves the point of equilibrium along the moisture retention curve.  

Exceptionally, however, flow of liquid water within the capillary pore system may be modified by the 

presence of pore-air if the flow rate is rapid enough.  As previously mentioned the capillary saturated 

flow and unsaturated water flow are the names used to characterize the miscible displacement of 

pore water while the hydraulic saturated flow is a predominantly immiscible displacement of water.  

Wilson and Luthin (1963) performed infiltration experiments in which air pressure ahead of water 

infiltration front was controlled. The 50% reduction of the cumulative infiltration rate was observed 

when air pressure was increased from 5 kPa to 10 kPa. The interaction between air pressure and 

water flow rate must be addressed when measuring Wmax.  One could postulate that deviation from 

105 Pa shown in Figure 10 for experimental determination of this property is related to the rate of 

moisture movement used in the experimental technique.  

Secondly, the presence of pore-air changes a compressibility of pore-water/air mixture.  The phase 

change (freezing) involves a change in volume of water. Though this aspect of the damage 

mechanism is much less important than postulated in older engineering models, it has some 

significance when capillary moisture flow approaches the end of the miscible displacement region 

(see Figure 11).   

4.2.7. The significance of the freezing rate  

When ice crystals are starting to form the system is not in the thermodynamic equilibrium.  To regain 

the equilibrium either ice crystals must either grow or cause ice crystal nucleation in a larger pore 
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since water there was super-cooled. The original, smaller ice-crystal may even be reduced in the 

subsequent de-sorption process (Litvan, 1980).   

Using the soil science terminology, one may consider the strength of the material as the limiting 

overburden pressure. This pressure is applied when the local freezing achieved a critical stage, at 

which the ice crystal growth has consumed all locally available pore-space. Normally, the material 

strength is higher than pressure difference created by the ice crystal and the space limitation stops 

the growth. This, however, is where similarity between rigid, porous materials and soils ends. 

The rate of freezing has paramount effect on the character of freezing process in rigid porous 

materials. In one extreme of a slow process, a number of transports occur simultaneously. The 

melting of ice crystals and liquid transport to larger pores take place while air dissolves in pore-water, 

diffuses to air-bubbles with lower pressure and fills the space created by the removal of water needed 

to grow the large ice crystals. This situation may be typical for soils or very small laboratory 

specimens of solid materials.  In the other extreme of a rapid cooling rate, the freezing is so fast that a 

mixture of ice crystals and water exists in pores with various sizes; there is a large volume of super-

cooled water and large amount of entrapped air that remains in “wrong” pores.  If more time were 

allowed for water redistribution, the small pores would be filled with non-freezable water, the air would 

move to the mid-size pores and some ice-crystals would be grown to their maximum size 

corresponding to the freezing depression imposed on the system. So, the rapid freezing rate implies 

local pressure variations that may be acting between adjacent pores. It implies the increased 

probability of the structural micro-damage pattern (break of pore walls of capillaries). 

The second concern relates to a coincidence of a slow cooling rate field (five-day freezing period) and 

a rapid (a few-hour period) freeze-thaw oscillation on the surface, e.g., caused by solar heating or 

daily variation of temperatures. The reversal of thermal gradient in the material layer adjacent to the 

surface introduces means to increase moisture saturation in a local material volume. This volume is 

also a border between the long-term freezing and short-term freeze-thaw phenomena.   

4.2.8 Freeze-thaw environment 

Vanderhors and Janssen (1990) reviewed several works and concluded that there was a degree of 

consensus. High cooling rates (2 to 6 oK per hour) result in significant decrease of the critical spacing 

factor, i.e., reduced durability of the material with the same moisture content. Several workers found 

that rates about 1 K per hour better represents typical exposure conditions.  (This cooling rate is 10 

times lower than the rate applied with ASTM C 666 test method). Even the ASTM C671 (that uses a 

moderate cooling rate of 3 K per hour) exceeds the rates that could reasonably be expected in 

practice.  

On the other hand, when moisture content in the test specimen was lower than the critical saturation 

during freezing, the slow cooling rate could result in the increase of moisture content. One must 

remember the dual effect of freeze-thaw cycling - not only the moisture content at the freezing start 

but also moisture gained during the cycle (either overall or local gain) will affect the probability of the 

damage. 

Hooton et al (1992) examined frost damage in older hydraulic structures finding that inclined 

downstream surfaces, away from direct exposure to water but subject to many freezing cycles were in 

much worse conditions that those exposed to water.  This observation led them to develop a one-

sided freeze-thaw test. 
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Another factor affecting the freeze–thaw process is presence of salts and particularly the deicing 

chemicals. Their effect is two-fold, by changing the moisture content / capillary pressure relations, as 

discussed in section 2.2, and by increasing the osmotic pressure gradient between small pores and 

those where an ice crystal are formed. 

Many of the laboratory tests are performed immersing a specimen in a freeze-thaw chamber. This 

does not simulate field conditions because of the multidirectional heat and mass transfer and its effect 

on changes in moisture distribution.  So, not only the capillary and osmotic pressure component in the 

laboratory test do not duplicate the field conditions but also the mechanism of moisture redistribution 

during laboratory tests such as ASTM C666 is different from the one expected in practice.  Hooton et 

al (1992) highlighted that frost damage in hydraulic concrete structures occurred mostly on the side 

exposed to air and postulated one-sided freeze-thaw as more appropriate than the traditional 

concrete testing. 

4.3 MATERIAL CHARACTERISTICS THAT RELATE TO FREEZE-THAW 

PHENONENA 

Hundreds of papers were written on the freeze-thaw durability and scaling of concrete.  Rather than 

trying to summarize them we shall highlight some of the trends and important findings of concrete 

research to enhance our understanding of testing methodology. 

Since modern concrete technology was developed through continual improvements and comparative 

testing, it appears that a typical assessment of freeze-thaw durability involves both the environmental 

effects and material properties interlocked.  Blaine and Arni (1971) state”  

One day soaking in water at 40 oF is not sufficient to saturate the specimens as is shown below by 

the saturation ratios. Thus all the specimens showed weight gain in the first few cycles of freezing 

and thawing as the process of freezing in water forced water into unfilled pores of the concrete.  

Weight loss (material loss) is measured at the time of 40 percent reduction of the dynamic modulus.  

The number of cycles to reach this reduction level of the dynamic modulus is used to determine a so 

called the durability factor.  Typical test includes 300 cycles. 

Typical comparative freeze-thaw test is performed on cylinders or 100 x100 x 300 mm or 75 x 75 x 

225 mm prisms for 100, 200 or 300 cycles (see Arni, 1966).  These numbers of cycles are deemed to 

be too severe (Hooton et al. 1992) and often 50 cycles is used as a practical criterion (Vuorinen, 

1969).  In these tests, either a change in the ultrasonic pulse velocity or in the specimen length 

(dilation during freezing) is considered as reliable indicator of the freeze-thaw damage. 

Powers (1955) proposed using the freezing dilation to establish the length of the soaking period as 

the indicator of immunity from freezing damage.   
 

4.3.1. Dilation9 process during freezing  

Vouorinen (1969) continued the improvement of this testing approach.  He introduced a dilation factor 

based on comparison between the length changes between 20 and 0 oC and 0 and – 20 oC.  The 

difference between them divided by the latter is the dilation factor.  (The freezing and thawing was 

performed in a rubber bag). 

                                                             
9 Powers (1955) defined this term as volume change associated with freezing of water. 
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The volume of air-filled pores was compared to the water-filled pores (more specifically to the total of 

freezable water content) and degree of saturation during freezing.  All these parameters, which 

defined environmental conditions and material response during the freezing process, were compared 

with the durability factor after 50 freeze-thaw cycles.  There was a good agreement; correlation 

coefficient had a value of 0.986. 

Vuorinnen (1969) highlights the difficulty in estimating the amount of freezable-water as a factor 

preventing use of the degree of saturation and points out that porosity parameter in conjunction with 

the dilation factor can be used as a suitable measure for rating a potential frost resistance for 

concrete products. 

A few interesting observations from this work are:  

 A slow freezing and thawing in water was found to be a severe exposure condition 

 Drying at 105 oC reduced the initial dynamic modulus of elasticity of non-air entrained concrete 

about 10 to 15 percent while it had only a slightly noticeable effect in air-entrained concrete 

(several other work indicate the same).  It was believed to be related to microscopic shrinkage 

cracking in the concrete.  

 Weight loss has a poor correlation to the freeze-thaw durability estimate. 

This work has effectively shown that the correlation between air-filled pore-space and dilation factor 

may be used to define onset of the freeze-thaw damage.   

4.3.2. Pore structure, permeability and other methods related to durability  

The dilation factor as defined by Vuorinen (1969) represents an overall, comparative measure, which 

includes a degree of material characterization with regards to possibility of moisture redistribution.  

Therefore, the slow freezing and thawing in water was found to be more severe than the rapid one.  

In this way, the need for measuring the “spacing factor” is eliminated.  Since the limit of the spacing 

factor have been determined for the conventional concrete (having a typical permeability and typical 

distribution of the air bubbles) it had limited use.  Marchand et al (1990) on the basis of research by 

Pigeon et al (1985, 1986) concluded that “when concrete freezes in water, a length change value in 

excess of 0.2 mm generally indicates the onset of significant micro-cracking.  The value indicating the 

onset of cracking varies of course with the paste content of the mix and with the nature of the cement 

and the aggregate.  In the roller compacted concrete (RCC), even though concrete mixtures 

contained the prescribed amount of the air-entraining agent, difficulties with uniform distribution of the 

air bubbles made this criterion questionable.  Small amount of micro-cracking was assumed to be the 

effect of the paste being less homogenous than in the conventional concrete.  Marchand et al (1990) 

highlighted that even if compaction voids have helped to protect concrete from internal micro-

cracking, their presence was not sufficient to protect concrete from deterioration due to salt scaling.   

Permeability measurements has always been considered a good way to gain insight into pore 

structure and its changes in relation to differences in curing or drying procedures, use of admixtures 

(Young, 1988).  The relation between permeability and durability of concrete has been studied by 

many workers (e.g., Schonlin and Hildorf, 1988, Whiting, 1988; Bisaillon and Malhorta; 1988).  Roy et 

al (1992) proposes using a pulsed permeability measurement to characterize pore-size distribution of 

the concrete.  Two reservoirs with higher pressure of fluid were used.  By introducing a step change 

at the beginning of the test, the flow, characterized by lumped compressibility, and defined by a model 

of percolation-permeability can be measured.   
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4.3.3 Discussion 

A review by Velden (1982) also addressed the physics of moisture flow, highlighting the difficulty 

encountered in experimental evaluation. One of the figures in the quoted paper showed a period 

needed to reach full saturation of a ceramic body (thickness of 10 mm) after the “spontaneous 

absorption” (see maximum moisture content as defined here in Equation 2).  This period varied 

between 2 and 4 years for different pore systems (the material constant was related to the nature of 

the material porosity).  Kuenzel (1968) also showed a process of water intake into a clay brick 

covered with a plaster in which moisture content after 3.5 years was not much higher than that we call 

capillary saturation and Velden (1982) called the “spontaneous absorption” 

These two examples highlight that a presence of other components of moisture potential (thermally 

driven moisture redistribution, electro-osmotic forces, freezing depression etc) are necessary to make 

the local moisture content pass the level of the capillary saturation. Our understanding of heat and 

mass flows during freezing has been much improved over the years.  This and rapidly developing 

capability of heat and mass flows modeling warrant a careful review of the concepts postulated by 

Powers (1955) and further developed by Vourinen (1969) and Fagerlund (1973, 1974).  

The concept of critical degree of effective saturation with regard to freezing is another version of the 

approach symbolized by the concept of critical moisture content. This version, does not require 

separating moisture between freezable and non-freezable fractions. Nevertheless, determination of 

dilation factor requires uniform moisture content in the specimen.  Using the same specimen 

geometry as for testing the freeze-thaw resistance of the material, may not be necessary if conditions 

defining the critical stage of freezing are separated from the actual test. 

One should, therefore, consider an experimental program to determine the maximum moisture 

content in which an extreme low cooling / thawing rate does not increase moisture content of the clay-

brick specimen (Wmax) and perform one freeze-thaw cycle with the recommended rapid cooling rate to 

check if an internal cracking is introduced to the specimen.  

This experimental program should consider both the dilation factor and residual dynamic modulus of 

elasticity. Using another moisture potential in addition to the capillary one, one should increase the 

moisture content of the specimen with W above the (Wmax) and perform one freeze-thaw cycle again. 

The increase of moisture content should be continued until the limiting performance index (damage 

criterion) is achieved. At this stage, one can express the conditions at failure in terms of degree of 

capillary saturation and p (suction differential) from equilibrium at the capillary moisture content. 

These are the limiting values, which can be used for predictive modeling of HAM to estimate the 

probability of frost damage.  

4.3.4 Conclusions 

While computer models and understanding of freeze-thaw damage processes has existed for almost 

40 years, at that time the lack of hourly weather data and hygrothermal material properties prevented 

us from using an integrated testing and modeling approach. Today, a rapid progress in acceptance of 

the hygrothermal modeling and concerted international work on development of weather data and 

material characteristics permits us to re-visit the issues. 

Today we also recognize that the hygrothermal calculations must include three components: degree 

of capillary saturation (moisture content related to capillary suction), thermally driven moisture 

transport (water vapor) and effects of the freezing depression and salinity. Realizing the interaction 
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between thermal, salts, and capillary effects and the variation of climate conditions at different 

locations at the building facades, we cannot envisage a reliable durability prediction that does not 

include some form of hygrothermal modeling.  

4.4  APPLICATION OF ONE-STEP FREEZE-THAW TEST METHOD  

ASTM manual on moisture control in buildings presents an application of limit states design to 

assessment of durability and freeze-thaw of masonry in particular.  The following Figures (taken from 

the manual) show the stage when freeze-thaw cycling of clay bricks causes damage. The damage is 

characterized by a dramatic reduction in the residual dynamic modulus. These Figures show, that 

identical results are obtained with different numbers of freeze-thaw cycles as with one step cycle 

(non-cycling simulation). Thus, the critical moisture content (or critical degree of saturation) is 

independent of the test method.  This observation implies that the critical moisture content can be 

used as the performance criterion for this type of material. 

. Figure 11 Residual dynamic Young’s modulus in freeze-thaw testing of a well-burnt  

clay brick with density 1800 kg/m3 versus degree of moisture saturation (Fagerlund,1973) 

 

Figure 12: Residual dynamic Young’s modulus in freeze-thaw testing of an under-burnt clay 
brick with density 1690 kg/m3 versus degree of moisture saturation (Fagerlund, 1973) 
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Figures 11 and 12 showed results obtained with a non-destructive technique, typically used for 
concrete specimen, and correlated with modulus of elasticity. Figure 13 shows use of another 
technique, more universal and also suitable for assessing freeze-thaw resistance of brittle materials. 

Figure 14 shows residual freezing expansion for two types of historic bricks and three types of 
modern extruded bricks. One may observe that in contrast to the hand-made bricks, there is a more 
or less clear zero point of residual freezing expansion between 60 and 70 percent of residual 
saturation and one can also use the measurements of residual freezing expansion as a criterion for 
establishing critical moisture content. 
 

Figure 13: Length change results from thermo-mechanical analysis.  Dashed line shows time-
temperature curve, solid line shows length change-temperature changes (Litwan, 1980). 

 

 
 
 Figure 14: Residual freezing expansion for different types of clay bricks 
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Figure 15: Freeze-thaw damage requires actual MC exceeding the critical MC and negative    

  temperature  
 
 
Effectively, having determined critical moisture content with regard to freeze-thaw one may use 
hygrothermal model to calculate coincidence of freezing (negative) temperatures with actual moisture 
content in the material being higher than the critical moisture content and those points indicate high 
probability of damage. 
 
A combination of the unidirectional, one-sided freeze-thaw testing chamber and cycling test is also 
used to tests wallets (sections of masonry walls).  
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Figure 16: Set-up to test masonry units for freeze-thaw resistance 
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One such test method is described in the European Standard EN772 part 22 (Methods of test for 

masonry Units) and shown in Figure 167. The tested wall unit is damp-cured for 7 days, than air cured 

for 34 days and soaked in water for 7 days and placed in front of the unit to start the test. The -15 oC 

is reached in one hour, initial freeze last 6 hours followed by 20 minutes to achieve thawing and 2 

minutes of spraying water with temperature of 25 oC on the surface, followed by the next freeze period 

that is 120 minutes in duration. In this test method the physics of moisture transfer is correct and the 

moisture gain during the freeze-thaw cycling could be either measured or calculated so this represent 

a good compromise between the traditional thinking and application of discontinuity principle to 

establish freeze thaw risk. 

4.5 MASONRY DURABILITY – AN ARCHITECT PERSPECTIVE 

The previous section dealt with mathematical models and analytical assessment of durability of the 

masonry, yet mathematical modeling is still an exception in the durability evaluation process; most of 

the assessment is based on the conceptual modeling. This section will therefore review some of the 

considerations where building physics knowledge supports the know-how of practitioners in achieving 

durable masonry systems. 

The primary function of the building envelope is to provide shelter from the outdoor environment and 

to enclose a comfortable indoor space. To do this, the envelope needs structural integrity and 

durability, particularly if it is to resist moisture damage. Of all environmental conditions, excessive 

moisture poses the biggest threat to integrity and durability, accounting for most of the damage in 

building envelopes. Many construction materials contain moisture, most notably, masonry or concrete. 

These materials demonstrate excellent performance characteristics as long as the moisture does not 

compromise the structural or physical integrity. However, excessive moisture jeopardizes both the 

material and its functionality.  

When does the moisture content become “excessive?” How do climate, operating conditions, and 

adjacent materials affect the wetting and drying of the materials? In designing for environmental 

control, professionals integrate two very different conceptual processes. One involves specific testing 

and analysis; the other encompasses broad qualitative assessments based on experience, judgment, 

and knowledge of what makes a building envelope function under a given set of conditions. With other 

words there is a sense of how a particular building envelope would function in that environment.  

In this respect, there is a growing disparity between the selection of traditional materials for typical 

buildings and rapidly changing characteristics of new materials. In the absence of data on their field 

performance, the moisture-related data on new materials and components must be developed 

through laboratory testing. But what tests should be used to produce this information? There being, at 

the present time, no established design process relating to moisture control, and we need to follow 

the same process as discussed in the limits states approach but without the stringent criteria. 

4.5.1 Rain penetration through masonry  

A popular myth in discussing rain penetration through masonry is that it is caused by the poor 
workmanship. In older UK study, 32% of the observed water penetration  was  around windows, 25% 
through parapets, 7% through projecting string courses inadequately flashed i.e., 64% of the total may 
be related to design issues. In 16 % penetration was through cracked, dense renderings (7 % though 
joints in dense block-work10, and only 16 % of direct penetration took place through walls  

                                                             
10 Private communication from BRS- Scottish Laboratory, 1959. 
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Nevander (1970), Figure 17, studied effects of workmanship and selection of materials on water 
leakage through a brick veneer. 

 Figure 17: Water leakage through brick veneer walls (Nevander,1970, see text) 

 

Workmanship, good (braa) and poor (daalig) and type of bricks (19 or 78 holes) make some 

differences but small in comparison to one factor, namely compatibility between hygric characteristics 

of bricks and mortar. No leakage over 3 hour period was obtained with pre-watered brick indicating 

that the good bond between mortar and bricks is more important than workmanship.  

Ritchie (1962) compared water penetration through walls made by a combination of selected mortars 

and brick types:   

 Lime mortars (1: 2 1/2 and 1: 3), lime-cement 1: 1: 4 ½ (sand 4 or 5) 

 Bricks had moderate (14- 24 g/(min 30 sq. in.) or high suction 66-110 g/(min 30 sq. in) and he  

 drew the following conclusions: 

 Moderate suction extruded brick gave the best overall results 

 Weakest walls in transverse strength had highest resistance to water penetration 

 Typical time to water penetration with lime-cement mortar was 2 to 5 hours 

Those works support the work of Jonell and Moller (1951) who concluded that 

 If bricks immersed on the flat side to 3 mm depth take more than  30 gram of water during 1-

minute, they must be previously wet (as uniform as possible) 

 All joints must be completely filled  

 Cement rich, in-situ prepared mortar with air entertainment in an appropriate mortar mixer. 

Mortars 1: 1: 6 or 1: 1/2: 4 ½ by volume are recommended 

To reduce leakage of the existing walls, Nevander (1968)11 used brick powder, ground to 

approximately cement fineness. He used the concentration of 275 g per 1 kg of water and stirred by 

introduction of compressed air.  For hard burned bricks no pretreatment was necessary, porous bricks 

were wetted prior to application of the spray.  About 20 l/(m2 h) of the spray was used. Air tightness 

was improved by factor of 2 to 3 and time to water leakage through the wall by factor of 5 to 10. 

                                                             
11 Presentation to CIB W-11 meeting in Holzkirchen, 1968 
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4.5.2 Compatibility of mortar and masonry units  

When brick is placed in contact with the mortar, an instantaneous bond is established, which decides 

upon the future bond strength. The suction force of the micro-pores is about 100 larger than suction 

from the larger pores. Both the driving force for moisture and the flow resistance increase with the 

larger fraction of the small pores. The flow resistance, however, depends on all the pores and in 

particular on the pore size distribution. Therefore, the presence of cracks and voids may have a large 

effect on material with large fraction of micro-pores.  

To characterize the instantaneous bond capability we use 1 -minute water suction of bricks. To 

describe the actual bond conditions Nevander12 used also 6- hour suction. The amount of water in the 

mortar must be adjusted to the suction level of bricks. Too much water means weaker mortar and 

effectively large shrinkage. Too little water means insufficient instantaneous bond and slow hydration 

of cement. 

When mortar has a low suction or uses too much of cement causing large shrinkage, the top of the 

mortar and bottom of the brick may lose bond and create a crack. Some admixtures (e.g. PVDC) 

prepared as an emulsion and carried to the contact plane with the clay brick, when moisture content 

was reduced below a critical level, could coalescent reducing transport of water out of the mortar. This 

not only improved bond between the mortar and brick but also improved hydration of the cement in 

the mortar. 

The following parameters were observed to affect the mortar bond: 

 Moisture properties of the brick 

 Amount of the admixtures 

 Amount of moisture in the brick and mortar during bricklaying 

 Geometry of the mortar joint 

 Climatic conditions during the mortar curing 

The mortar used throughout history may have varied both in proportions and in materials used, but 

the strength was consistently low, in the Type "K" range. The most common mortar from the turn of 

the century to the end of the 1940's was Type "O", with Type "N" appearing more frequently towards 

the end of that era. Type "N" is now the most commonly used. Type "S" was rarely used prior to the 

1970's, but is now specified more frequently, even for brick veneer and non-bearing blockwork, where 

it is inappropriate due to its rigidity. It appears that the rising need for control joints in masonry to 

offset cracking is caused by increasing amounts of Portland cement in mortar. To decide upon mortar 

selection we need values for drying shrinkage, brick growth, thermal and moisture expansion 

coefficient s for locally available masonry units (that are seldom available).   

The designer must choose a suitable mortar, but the attributes of mortars for specific purposes are 

not given.  The codes and standards (CSA A179M, Mortar and Grout for Unit Masonry, sets out the 

proportions for mortars, see Table A1 in Appendix "A") do not show any requirements other than 

compressive strength for load bearing masonry.  Ideally, mortar should possess the following 

characteristics:  

1. The mortar must be workable to ensure complete joint filling without separating or "tearing". 

2. It should be sufficiently strong to carry imposed loads.  

3. It should completely and permanently bond into the surface of the unit. 

                                                             
12 Course of lectures at Lund University, In Swedish, 1970. 
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4. It should in itself be durable and have the capability to fill small cracks and fissures by 

chemical reconstitution.  

5. It should have minimal cyclic volume changes after being incorporated into the wall.  

6. It should have the ability to resist stress without excessive rigidity.  

7. It should possess high water retention capabilities to resist rapid moisture loss to the units.  

Obviously, mortar cannot possess all of these qualities an choices must be made. Generally, "M" and 

"S" rate low in most of these attributes with the exception of the second, the requirement for strength 

to carry imposed loads.  

Type "M" Mortar - Should only be used where extremely high compressive strength is required and 

where the unit strength is at least 35 MPa. Type "M" mortar should only be used with low absorption 

bricks or pre-wetted masonry units. Concrete masonry (never to be wetted before installing), is not 

suitable for use with this mortar. Type "M" is best suited for masonry below grade, or for use with very 

hard, dense stone.   Frequent control joints are required.  

Type "S" Mortar - A heavy duty, load bearing mortar.   It is not suited for brick veneer or nonbearing 

and lightly loaded blockwork. Requires control joints spaced at 15m in clay brick veneer, 6 m for 

hollow blocks but not more than 4 m in low pressure cured, light weight brick and solid block,  

 

Type *'N** Mortar - Recommended for load bearing work, with light weight block, and conforming to 

Clause 5.3.2 of CAN3-S304-M84 Prism Tests. Where used with lightweight, non-moisture controlled 

concrete unit, the control joint spacing should be 5 m, with well cured dry normal weight block space 

at 18 m. For clay masonry on masonry foundations and wall heights over 2 m, control joint spacing 

may be 25m, and for clay masonry supported on steel and wall heights under 2m, space at 18m.  

Type "0" Mortar, is recommended for brick and block veneer, nonbearing block-work, interior block 

walls and partitions. Control joint spacing for clay masonry less than 2m high and bearing on steel, 

25m. Clay masonry over 2m should not require control joints.  For lightweight brick, and block veneer 

(well-cured) space at 12m; if cure is not assured, 7 to 10m.  

Type *'K" Mortar - May not be appropriate today.  This mortar is ideal for re-pointing and repairs on 

old masonry buildings.  

Why current masonry need control joints and shows cracking while this never happened to historic 

masonry.  There are a few reasons:  

(1) From a thick and solid masonry we went into the rain screen veneer 

(2) From the traditional lime/ sand (1:3) we moved to the unyielding Portland cement mortars.   

(3) Providing an air space ventilated to outside, exposes masonry to variation in temperature and 

moisture without any effect of thermal mass or physical restraints of the massive wall.   

In historic masonry, each individual "masonry unit" was surrounded by a “control joint” in form of 

mortar with elastic properties sufficient to offset the volume changes in the unit (Morstead and 

Morstead, 1988) who recommend using type “O” lime cement mortar (1:2:9) with slacked quick lime 

or type “N” or “S” hydrated lime. The history supports their claim. The Chrysler Building in NY, a steel 

frame with masonry infill and cladding used 1:3:7 (cement /lime/sand).  A high chimney in Montana 

built in 1918 used ratio 1:2:5 and required only a minor repair in 1952.  Lime rich mortars cure much 

slower than cement rich mortars – concrete columns may have shrunk a lot before the full strength is 

developed (e.g. in a year). Furthermore, lime has self-healing capability that cements do not have. 
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Table 1: Mortar properties by volume  

Mortar        Parts by Volume  

Type     Portland          Hydrated Lime     Aggregate*  

.    Cement             or Lime Putty  

 

M                     1       1/4    31/2 

S                1   ½   41/2 
N      1   1   6  
O                    1   2    9  
K                                      1   3   12  or 
K     0   1   3  
  
Summarizing the discussion in sections 4.5.1 and 4.5.2 it is evident that the designer will select lime-
rich mortar and pre-wet clay bricks id their one minute suction exceeds 0.15 g/cm2 i.e. 30 g on 30 sq 
in surface. This is all right if we are talking about brick veneer that has a drained air gap behind it. Yet 
is it sufficient if there is a massive masonry wall (e.g. light weight blocks) without drainable air cavity? 

Experience has shown that in wet climates using light weight masonry without additional protection is 
often not sufficient. In such a situation we need to use plaster (terms “rendering” and “stucco” are 
often used as equivalent to the plaster). 

4.5.3 Protecting masonry with 3-coat rendering13 

Masonry units (clay bricks). Traditionally ceramic materials mean solid or multi-slotted materials 

made out of clays, oxide-based minerals (silicates) and even pure oxides, though the latter are used 

for special engineered materials. Calcium silicate bricks use active lime and silica-rich sand.   Material 

is autoclaved i.e., bricks are steam-cured under high pressure. 

Solid, perforated and hollow bricks in Europe have typical size 215 x 103 x 65 mm and in Canada 203 

x 96 x 56 tolerance + 2 mm. Typically the materials used are: 

Calcium silicate, low density, solid clay bricks. with density of 1700 kg/m3 and strength  7 -  50 MPa 

medium density, perforated clay bricks, with density 1925 kg/m3 and strength starting from 18 MPa  

high density solid clay bricks, with density of 2250 kg/m3 and strength up to 140 MPa 

The strength of the wall is typically  30 to 35% of strength of the masonry units. 

Typically, composition of raw materials and conditions of firing decide upon their physical properties. 

Conditions of firing have a decisive effect on properties of cly-brick. Typically, clay-based ceramics 

are: 

 Hard and brittle 

 Lack creep and plastic deformations 

 Resistive against heat and chemical and biological attack (except for strong acids) 

 Dimensionally stable at temperature and moisture changes 

 Non-conductors for electricity 

Typical values for important physical properties: 

 Poisson ratio for clay-brick is 0.3 

                                                             
13 Portland cement plaster (PCP) may be the most popular term but it takes away stress from using a lime rich mortar with 
significant fraction of fly ash or slag. 
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 Moisture movement: clay bricks expand when coming out of kiln 0.02% i.e., 2 mm on 10 m 

wall (we recommend to store bricks for 14 days). Calcium silicate bricks shrinks 0.025% to 

0.035% therefore mortar is usually weaker than for clay bricks. 

 Specific heat for ceramic products varies from 750 to 900 J/(kg K) 

Salmang and Scholze (1968) presented a general equation: 

 = o {1 – A.p/ [1+(A-1)p]}        (9) 

where:  is the strength of the material 

o is the strength of the solid matrix of the material 

A is a material constant and 

p is the volume fraction of pores 

Wagner and Niesel (1989) tested water intake curves associated with range of density and obtained 

the best fit  as follows: 

 Qm = a (1 -- exp (-b t 0.5))       (10) 

where Qm is the moisture flux per unit of time "t" (expressed in seconds) and "a" and "b" are 

coefficients in the equation (10). The differences between the standard and high burnt clay bricks 

were 3 to 5-folded.  One may observe that the slope of curves (dQm/dt0.5), is expressed as follows: 

  dQm/dt0.5 = a b exp (-b t 0.5))       (11) 

and the product (a b) is called water absorption coefficient A = 0.2 kg/(m2 s0.5)  

Other moisture related properties of bricks: 

 Maximum saturation (total porosity) water absorption by 5 h boiling and cooling in water or test 

of water absorption under vacuum.  

 Saturation index, the ratio of the moisture content in 24 hours immersion to the maximum 

saturation obtained in 5 hours of boiling. 

Efflorescence can be caused by: 

1) presence of water soluble salts in the clay 

2) salts created by reaction with the ambient air 

3) salts created by reaction of gas emitted during firing (e.g. sulphates) 

4) salts from the mortar 

5) salts created by reaction between clay-brick and mortar 

6) salts from soil or other materials that were in contact with clay-bricks during storage 

The intensity of the efflorescence is affected by intensity of rain, porosity and capillary properties of 

the clay-brick. Typical efflorescence is caused by sulfates: Na2SO4 and K2SO4.  Magnesium, 

potassium and sodium sulfate are more soluble than calcium.  To reduce presence of sulfates one 

may use higher firing temperature, add some admixtures that react with sulfates.  One can test the 

propensity of the clay-brick to build efflorescence. 

Litvan (1975) placed the limit of “durable” brick samples as those with having surface area less than 

1.1 m2/g, This coincides well with Scandinavian research in early 1970’s that led to specific 

requirements on pore-size distribution and mean pore size of a minimum 1 micron that in turn implies 

the firing temperature of 1050 oC . Note that the temperature gradient between 30 and 80 oC is typical 

for industrial kilns, bringing the required kiln temperature to 1100 – 1150 oC. 
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Three coat plaster (renderings, stucco) 

The traditional design of 3-coat stucco requires that each layer starting from the first (scratch) coat 

has lower stiffness (to avoid warping) and increasing the WV permeance to accelerate drying. 

Traditionally this was achieved with changes in porosity introduced by increased amount of sand. As 

we will see in later text, the same effect can be obtained with use of admixtures, almost independent 

of its density and main materials composition.  

In a typical application of the 3-coat plaster, the thickness of the scratch coat varies from 9 to 12 mm 

(3/8” to ½’) while the second coat (brown coat) is about 9 mm (3/8” in).  In a fire-rated assembly 

thickness of base coat must be a minimum 20 mm (3/4”) or 23 mm (7/8”) if acrylic finish coat is used. 
 

Table 2. Typical composition of Portland cement plaster – 3 coat system 
 

Coat Volume 
cement* 

Lime  
add-
on 

Volume 
sand 

Min 
thickness 

Min. moist 
cure  

Min interval 
between 

coats 

Scratch 1 ** 4 9 mm 48 hours 48 hours 

Brown 1 ** 5 9 mm 48 hours 7 days 

Finish**    3 or 6 mm    

 
Table  3: Typical composition of Portland cement-lime plaster – 3 coat system 
 

Coat Volume 
cement* 

Vol. 
lime  

Volume 
sand 

Min 
thickness 

Min. moist 
cure  

Min interval 
between 

coats 

First 1 1 3 (3 ½) 9 mm 48 hours 48 hours 

Second 1 1 4 (4 ½) 9 mm 48 hours 7 days 

Finish**    3 or 6 mm    

 
NOTES: 
* It is customary to mix ½ masonry and ½ regular Portland cement (either type I or type II).  Since the 
strength development of masonry cement is lower than the Portland cement, using 1 part masonry 
cement and 1 part Portland cement (total 2) for the same volume of sand as shown in Table 1 give 
fast compressive  
**3 mm layer requires polymeric (e.g., acrylic) cement or  6 mm of lime-cement plaster. 

Different proprietary mixes come in bags to which standard sand is added on the building site, less to 

the scratch coat (the bonding coat) and more to the brown coat (the 2nd coat). Those plasters are 

typically covered with an acrylic plaster delivered to the building site in pales rather than bags or a 

very thin layer of a finishing mix on which a special paint is applied. While names are different the 

basic application technique is the same, the reinforcing mesh (traditionally metal but now also plastic 

meshes are used) placed in the middle of the first layer (Note: it is important that it is fully embedded 

in the first layer and often the best workmanship involves a separate application of the material on the 

mesh, i.e., the base coat is applied in two layers). The next important issue is that the brown coat or 

the second material application typically after at least 2 days of curing of the layer one involves more 

sand that the first layer. Finally, the selection of the finishing coat requires consideration of drying 

ability in relation to the climate and design of the wall assembly.   

Masonry substrate for the stucco is better than the wood-based products, because of: 

 crystals of the stucco enter into the pores of the substrate, 
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 chemical reactions with the substrate (Note the brick must be fresh and well burnt) 

 mortar offset in the brickwork provides “mechanical” adhesion 

Shrinkage of Portland cement based mortars is about 1 mm/m and minimum 2 mm/m with the lime 

masonry.  A minimum period of 2 months is recommended to let the masonry dry out.  Typically 10 to 

15 mm of the joint is not filled with mortar to permit the stucco having the mechanical adhesion.  If 

wider joint was used the stucco drying would not be uniform. 

Metal-lath reinforcement shall always be used with substrates that do not provide satisfactory bond or 

that require providing the crack-bridging ability of the stucco e.g., wood-based substrate.   

Sand in the plaster, cannot have more than: 

 8% of particles smaller than 0.05 mm 

 1% of sulfates (when recalculated to S03)  

 a trace of organic pollution, but none if color is used 

 20% grains larger than 2 mm 

Aggregate in the plaster must have  

 moisture saturation less than 10% weight, and  

 the compressive strength of min. 400 kg/cm2 

 grain size 2 mm for fine finish, 3 mm for middle and 8 mm for coarse texture 

Lime (without sulfates or chlorides) is completely slacked, the lime must be without any grains. The 

use of the hydrated lime is preferred. 

Sequence of stucco layers is always from the strongest (scratch coat) to the weakest (finish coat). 

Unless stucco is placed on the solid masonry, this sequence is necessary to prevent warping of the 

stucco.  This sequence also ensures an adequate increase of the vapor diffusion capability towards 

the exterior surface.  

Shrinkage of the stucco measured between day 1 and day 28 varies between 0.3 to 0.5% and to 

some extent depends on the substrate.  Stucco made with lime or weak lime-cement mortars normally 

does not have large shrinkage cracks.  Yet, it is not easy to establish bond when using a cement-rich 

mortar.  In such a case, wetting of the masonry substrate is often needed. 

Water absorption. Typically, scratch and brown coats have 4 – 5 % water absorption in 6 hours and 

11 to 13% water absorption in 2 days exposure (total porosity 22 – 31 %). Bruckmayer14 showed that 

lime mortar has drying rate similar to that of the clay brick, while the cement mortar dries at the rate 

similar to that of the concrete (i.e., about 10 times slower).  Kruger (1925) showed that lime-cement 

with coarse sand dries faster that with fine sand, though both are significantly slower than the clay 

brick alone.  

Thermal expansion coefficients are:  
 lime stucco 8 to 9 x10-6 
 Portland cement stucco 8 to 11 x10-6 
 Masonry with clay-brick 5 x10-6 
 Wood 6 x10-6 
 Concrete 10 to 14 x10-6 
 Steel 12 x10-6 
 Sandstone 13 to 18 x10-6 

                                                             
14 Notes from lectures at Institute in Vienna, obtained from from L. E. Nevander 
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This means significant thermal stress between the masonry and stucco. 

Use of stucco on is a popular practice in the warm and predominantly dry regions of the North 

America namely West. Conversely, in the East (mostly cooler and often humid) the traditional stucco 

systems have been replaced by brick veneer or vinyl siding. Why is stucco not treated equally in the 

dry and humid climates of North America?  From the building physics point of view, the traditional (3- 

coat, 2-coat or 1-coat applied in two layers) stucco may offer several advantages and should not be 

written off. Traditional 3-coat stucco, with the metal lath used for mechanical reinforcement, may 

provide much better cracking resistance than typical thin lamina of synthetic stucco applied on 

thermal insulation. Note that the most effective traditional reinforcement (expanded metal lath) has an 

elastic limit that is 60% greater than commercial steel and provides reinforcement with force 

distribution in all directions.  

There are many excellent papers on field evaluations related to the performance of stucco. Ribar and 

Scanlon (1984) wrote perhaps one of the best reviews on stucco deficiencies, not only dealing with 

performance of Portland cement plaster but also providing advice on how to avoid deficiencies. 

Scandinavian publications e.g., NBRI (1980) dealing with adhesion failures of plaster on concrete; 

Svendsen (1954 and 1962) reporting damage of renderings in Norway , NBRI (1961, translated into 

English), Saretok (1957) provided a literature review on rendering (in Swedish) and Kvande and 

Waldum (2002) provided an update that gives a very detailed picture of the field performance of 

stucco. 

Tibbets (1954) reviewed research on stucco cracking that occurred between 1911 and 1952 which 

complemented the NBS (1951) review on lime-stucco failures. This list of publications from cold 

climate countries demonstrates that stucco systems have been developed primarily on the basis of 

tradition.  The 15th edition of the 1894 Kidder-Parker handbook (1954) stated: 

"The general function of metal lath is to serve as a plaster base, but in addition it reinforces the 

plaster, distributes stresses and precludes the possibilities of cracking…It tends to eliminate 

streaking and staining when condensation of moisture occurs….Its superiority from a fire 

protection point of view depends in large measure on its ability to hold the softened and claimed 

plasters and mortars in place by mechanical bond." 

Thus a question can be posed, what happened to the traditional stucco on masonry that lasted for 

centuries and why modern stucco placed on wood or steel frame housing has, in some regions, 

experienced an unsatisfactory performance, often during the first decade of service15?  One can also 

wonder why, in spite of hundreds of years of stucco usage all over the world, methodology to evaluate 

cracking of stucco does not exist? To address this issue we will start with a historical review.  

Traditional16 3-coat stucco consists of a scratch, brown and finish coat. The binder consists of 

Portland cement and hydrated lime. The base and scratch coat thickness is approximately 9 mm and 

the finish coat varies from 3 to 6 mm with granular materials to in the exterior paint layer. Massive 

masonry walls were replaced by wood or steel frame resulting in much lower stiffness of the substrate 

and later even more elastic exterior insulation in the exterior insulation and finish systems. This 

change has increased requirements for stucco strength and in material composition it introduced a 

shift towards cement-based stucco products. To counteract the propensity for increased shrinkage of 

                                                             
15 See Energy Design Update, "Report form Minnesota",  EDU vol.26, No5, May 2006 
16

 Actually, the old stucco (in the Roman Empire period) was based on natural cement, what we call "traditional" 
in this paper would relate to materials from the 19

th
 and the beginning of the 20

th
 century. 
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cement based mix, some polymeric admixtures have been used. Yet to retain elasticity the thickness 

must be kept to the minimum (e.g. less than 3 mm) and so we denote this type of synthetic stucco as 

EIFS lamina. 

The mechanical properties of stucco are influenced by the ratio of cement to lime. The cement-lime 

mortar types M, S, N, O and K represent a decrease in cement and increase in lime, a decrease in 

compressive strength, but more importantly, an increase in ductility. Table 1 provides a summary of 

the volume proportions and typical 28-day compressive strength. Morstead and Morstead (1988) 

highlight the development of cracking in non-load bearing brick veneer with the increase in 

compressive strength requirements for mortars:  

“Type "N" is now the most commonly used. Type "S" was rarely used prior to the 1970's, but now 

it is specified more frequently for brick veneer and non-load bearing block-work. This is not 

appropriate because of the inherent rigidity of this mortar structure. It appears that to offset 

cracking one must increase the frequency of control joints in masonry and that this happens in 

direct relation with the increased fraction of Portland cement in mortar.  

Table 4, quoted from the same paper, shows compressive strength gains from the 28th day to that at 

one year were averaged from tests conducted at five laboratories that were located in temperate to 

severe weather zones. 

 Table 4: Typical proportions of mortar types M, N, S, O, K and compressive strength increase 

from 28 days to one year after mixing. 

 

Mortar 

Type 

Volume 

Cement 

Volume 

Lime 

Volume 

Aggregate 

Typical 28 Day 

strength, MPa 

Percent 

Increase 

M 1 0 3 23 28 

S 2 1 9 20 36 

N 1 1 6 17 60 

O 1 2 9 10 95 

K 1 3 12 5 252 

Significantly, type K, a high-lime mortar shows a dramatic increase in compressive strength (in excess 

of 200%) between 28 days and one year. The type N mortar shows less of an increase in strength 

(60%). The hardening mechanisms of cement and lime are different (Thomson et al., 2004).  Cement 

hardens quickly by a hydration reaction of the calcium silicate and calcium aluminate to calcium silica 

hydrate. Lime hardens slowly by a reaction of calcium hydroxide with dissolved CO2 (carbonic acid) to 

form calcium carbonate.  

                       CaOH +  CO2 (aq) → CaCO3 + ½H2 ↑ 

It is not the absolute strength development (as mortars M and S will be stronger than O) but the time 

when the strength is developed that may be of significance. Cracking in mortar or stucco is an 

inevitable phenomenon that is certain to occur. The issue is - what kind of cracking? While macro-

cracks may lead to moisture damage of the stucco, the presence of micro-cracks does not 
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significantly affect stucco performance providing that the later strength growth and pore size prevents 

their growth to macro size. 

 Characterization of hygrothermal performance of stucco  

Four physical characteristics are used to quantify hygrothermal behavior of stucco under variable 

wetting and drying conditions: 

 Water absorption coefficient or A-coefficient, relates the cumulative water flow and the 

square root of time as measured during a free water intake process.  The test is performed 

with specimens whose lower boundary is in contact with a free water surface (typically the 

specimen is immersed 3 mm and water intake is expressed in kg/(m2s1/2).   

 Water vapor permeance (WVP) is measured by the dry cup method (with conditions 

corresponding to 50 %RH and near 0% RH on the opposite sides of the specimen) or the 

wet cup17 test (with conditions corresponding to 100% RH and 50 % RH on the opposite 

sides). These tests, specified by ASTM or ISO, define the water vapor diffusion through dry 

or porous material. Results are reported in perms or ng/m2 ·s ·Pa in North America, but in 

Europe either as mi-values or Z-values”. The latter represent ratio of the material’s 

resistance to water vapor diffusion to an air layer at the same temperature and pressure 

conditions. (The equivalent thickness of an air layer with the same resistance to water vapor 

diffusion.) 

 Capillary moisture content describes the maximum moisture content that can be reached in 

a material under a free water intake test. This value is often compared with the total porosity 

because it indicates the fraction of entrapped air. 

 Total open porosity (vacuum saturation) describes moisture content that can be reached in a 

material subjected to water saturation under vacuum (or boiling water in the case of clay 

bricks), that is, when air is removed from the material and water entry into the material 

matrix is not blocked by entrapped air.  

The environmental significance of the water absorption coefficient (A-coefficient) relates to the rate 

that rain can enter an exterior stucco surface. On the other hand, the rate of vapor diffusion from the 

center of the material to its surface is governed by the water vapor permeability. The significance of 

two last concepts is not obvious. They define the fraction of porosity that can be used to store 

moisture, or the rain buffering capacity of the cladding material. 

Kruger and Eriksson showed that lime-cement mortar containing coarse sand permits water to move 

much faster than the same lime-cement mix containing finer sand particles. Figure 19, taken from this 

paper, shows cumulative water intake plotted as a function of square root of time measured with 

similar composites. The lime-based stucco transports water faster than cement-based 
stucco. Curves 1 and 2 exhibits a change in the water absorption rate, which is associated with 

the effect of the second stucco layer. This is particularly significant for curve 2 where lime-based 

stucco is placed against the cement-based stucco (rendering) layer. 
 

                                                             

17 In the dry cup test water vapor diffusion is the dominant transport mechanism while in the other cup 

tests there is always an unknown combination of vapor and liquid transport mechanisms.  
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Figure 18: Cumulative water flow, gw, to clay brick through stucco, plotted against time. Curve 1 

represents lime stucco (Ao = 0.07 kg/m2s1/2), curve 2 is lime on a cement-splattered surface, and 

curve 3 is a cement stucco (Ao = 0.01 kg/m2s1/2). Kruger and Eriksson (1925, see Bomberg, 1974) 

The change in the slope indicates that both layers affect the hygric performance of the stucco. In 

other words, this Figure shows that the stucco can be designed so that the interior layer may control 

ingress of moisture to the substrate even when the outer layer is very permeable.  

Today’s material technology (Ohama,1967; Marie-Victoire and. Bromblet,1999; Thomson et al., 2004; 

Veiga et al., 2004) permits stucco mixes with the water absorption coefficient of the material being 

almost independent of material porosity. Yet, before discussing the design of multilayered system 

such as modern stucco, we will examine variations in wetting and drying properties of a few traditional 

stucco material formulations.   

Figures 20 and 21 presents both traditional and modern stucco tested at Syracuse University  in a 

laboratory chamber with a controlled environment of 24 + 1 oC, relative humidity of 50 + 2% RH and a 

circulating air velocity of less than 0.3 m/s. The reference material (code A) represents a strong lime-

cement mix 1:1:4.5 (scratch coat), and  B has with significantly reduced lime content to 1:0.25:4.5. 

Three other studied mixes included fly ash and other proprietary admixtures.  

 

 Figure 19: Initial water absorption process on stucco mixes B and C. 
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Drying rate vs drying time for all stucco mixes
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The reference, coded A showed the water absorption coefficient Ao = 0.047 kg/m2s1/2. Mix B, (with 

lowered lime content) has much lower water absorption coefficient namely Ao = 0.026 kg/m2s1/2.  This 

reinforces an observation of Kruger and Eriksson (1925) reproduced in Figure 19, that cement-based 

mortars are much less absorptive than cement-lime or lime mortars.  The highest rate of water 

absorption was measured for proprietary mix D, namely Ao = 0.096 kg/m2·s1/2. Thus, the modified 

stucco had double the rate of water intake compared with the reference. 

 

 

 

 

 

   

 

 

 

Figure 20:: Drying rate for all stucco mixes. (Same scale is used for comparison) 

Figure 21 shows drying rates of stucco specimens B through D. While there is a general trend that 

specimens with a higher water absorption display a faster drying rate, the differences in drying rate re 

not as obvious as found for the absorption results. 

In quest to find replacement for cement in stucco, Cerny et al. (2004) examined lime plasters with 

pozzolanic admixtures Metakaolin (P1), ground brick (P2) and enamel glass (P3) and zinc stearate to 

reduce the water absorption coefficient of the mix. An additional characteristic they measured was the 

hygric expansion coefficient.  

 Table 5: Hygric properties of basic plasters without hydrophobic admixtures 

 

Material 

WV 

diffusion 

resistance 

Water absorption 

coeff., kg/m2s1/2 

Liquid 

diffusivity, 

m2/s 

Hygric expansion  

coef., 10-5 [% wt] 

Lime plaster S 15 0.241 6.9E-7 3.3 

Lime- pozzolana P1 18 0.108 7.6E-8 6.1 

Lime- pozzolana P2 8.3 0.183 3.6E-7 7.2 

Lime- pozzolana P3 9.4 0.161 3.7E-7 7.6 

 

Table 6: Hygric properties of basic plasters with 0.4% zinc stearate admixture 

 

         Material 

WV diffusion 

resistance [-] 

Water absorption 

coeff., kg/m2s1/2 

Liquid diffusivity, 

m2/s 

Hygric exp. 

x 10-5 [% wt] 

Lime- pozzolana P1 15.6 0.039 1.2E-8 4.7 

Lime- pozzolana P2 13.9 0.015 1.1E-8 1.4 

Lime- pozzolana P3 12 0.012 0.9E-8 1.1 
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Tables 5 and 6 show that a hydrophobic admixture reduced water absorption coefficient but its effect 

on other properties varied. Water vapor transport was increased in P1 mix while it was reduced in the 

other two cases (P2 and P3). The water cement ratio was reduced which resulted in reduced moisture 

expansion.  

Variability of hygric performance of stucco products 

Figure 21 shows Ao-coefficient measured on 20 – 25 mm thick stucco taken from the field.  

 

Figure 21: Water absorption coefficient measured on a field sample of acrylic-modified stucco  

They showed a variation in Ao from 0.0006 to 0.04 kg/m2·s1/2. The upper level of Ao agrees well with 

laboratory results shown in Figure 2. Yet, the lower level of Ao-coefficient measured on these 

specimens (Figure 4) gave a value of Ao = 0.00092 kg/m2·s1/2 . 

The WV Permeance measured at 85% RH varied between 4 to 17 ng/m2s (0.08 perm and 0.3 perm).  

Figure 22: Water uptake in kg versus time in sec ^1/2 for  stucco sampled at Pacific coast (from Dr. 

Achilles Karagiozis) 

 

Effectively, hygric properties of stucco samples selected in the field revealed a large variability. The 

Ao-coefficient varied from 0.0006 to 0.16 kg/m2·s1/2. The maximum level of Ao agrees with the 

characteristics of traditional lime-cement stucco (or currently manufactured European climatic 

stuccos). The minimum level corresponds to acrylic modified stucco manufactured in North America.  
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It appears that the main objective for the 3-coat stucco in North America is to protect stucco from rain 

entry. Does the very low water absorption coefficient of the stucco surface reduce water ingress into 

the wall? The answer is: NO. In real construction water enters though cracks and termination (e.g. 

termination at the window frames) not through the plane surface of the stucco. Yet, drying of the wall 

takes place through the plane of the stucco. This implies that reduction of wetting and drying 

capability (as these two physical phenomena are inter-correlated) is counterproductive. With the 

modern stucco that has drying rate 10 times lower than the climatic stucco or historic stucco, have 

reduced the moisture tolerance of the old wall systems.  

We have not changed the wetting conditions and exterior walls can become as wet as all the walls 50 

years ago; nevertheless in NA we have reduced the drying ability by factor of between 10 and 100 

times. The stucco will become wet and stay wet over prolonged periods of time.  In winter, in cold 

climate, the reversal of thermal gradient because of sun radiation will move the moisture from stucco 

to the adjacent layer of OSB. (Remember that OSB has large moisture capacity and small 

permeability). Add to that combination of factors new polymer-based WRB (plastic wraps applied with 

only one layer18) with much higher WV transmission than old asphalt impregnated Kraft paper and 

you obtain conditions promoting rotting of OSB in mixed climate (low land of British Columbia or North 

Carolina) or even cold climates with high degree of solar radiations (Prairies in Alberta or Minnesota). 

Closing remarks on stucco 

Using a "water resistive" finishing layer in stucco may be needed to provide water vapor barrier for hot 

and humid climates but detrimental to durability of walls in mixed and cold climates. A correct 

hygrothermal design for stucco mixes is the first step needed to ensure durable performance of 

stucco-clad walls. While water vapor permeance in hot and humid climates must be less that 60 

ng/(m2sPa) (1 perm) for mixed and cold climates it must be more that 600 ng(m2sPa) (more than 10 

perms and typically about 15 perm). 

4.5.4. Closing remarks on durability: cracking 

On its front page, the ASTM manual on moisture in buildings shown interaction between mechanical 

and environmental loads and lists moisture originated damage mechanisms such as corrosion, mold 

and rot etc. The authors decided in this book to focus on only one of those mechanisms namely freze-

thaw damage for masonry. We have discussed the mathematical and conceptual modeling with use 

of protective layer of stucco. Yet stucco, in slightly modified form is applied in exterior insulation 

systems (called in Europe exterior thermal insulation composite systems) or even DEFS (directly 

applied finishing systems) where thermal insulation is placed between exterior sheathing board 

(exterior gypsum, magnesium oxide, OSB etc) covered with stucco or EIFS lamina and the back-up 

wall (frame wall or masonry). Those systems will be discussed in volume 2 of the book. 

In the closure of discussion on durability we will have a broader look on the risk of cracking. Cracking 

is the result of the overstressing of materials when free movement is restrained. Internal stress arises 

because the reaction of the restraint converts the movement to counteracting force. Cracking takes 

place normal to the line of the counteracting force. Movement can be expansion or contraction, 

                                                             
18

 Some of the polymeric wraps have WV Permeance of 80 to 100 perms. We are against using a single layer of 

WRB. We recommend use two layers of WRB, either the same or different materials. It is the contact plane 
between them that modulates the rate of moisture transport and makes a large difference in moisture 
management of the wall. 
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uniform or not, rotation (one end restrained) or settlement. Deformation may take place in form of 

sagging or hogging (direction opposite to sagging), stretching or sharing and rotation.  

Influencing factors can be: 

1. Different material response to moisture and temperature because of the differences in their 

properties (modulus of elasticity, thermal expansion coefficient, moisture absorption, etc.)  

2. Different restraint: inherent (corners), built-in (during construction) 

3. Gradients: Differential movements between surface and interior of the material due to 

 heating, cooling or drying 

4. Different response to environmental conditions:  

 high thermal capacity slower response to temperature changes 

 location of the layer in relation to the thermal insulation (gradient of temperature) 

 color of the exposed layer (light one reflect heat more than dark one) 

 stress relaxation or stress concentration  (the weakness part of the construction) 
Typical locations of stress concentration depend on several factors:  

 loading (horizontal structural elements) 
 Physical changes (tree roots, freezing) 
 Stiffness or dimension changes (junction of low and high wall) 
 Changes in direction (roof and walls junction) 
 Changes in area (openings) 
 Changes in exposure (shaded areas) 
 Changes in construction / materials (masonry with concrete column) 
 Changes in adhesion / restraint  
 Chemical composition (expansion mortar due sulfate attack) 

 
The summary of different types of cracking is listed in Tables 8a and 8b. 
 
  Table 8a: Different types of cracking, their cause and example 
 

 

Cause Effect Duration Example
(1) External loads

Dead & Live load Deflection Continous or 

intermitant

Slabs, beams

Creep Contraction & deflection Long term Reinforced 

concrete

Wind load Deflection Intermitant Cladding

(2) Vibrations Loosening of fixings Intermitant Glazing, sheet 

sidding

(3) Chemical changes

Corrision Expansion-permanent Continous Ions

Sulfate attack Expansion-permanent Continous Protland cement 

products

Carbonation Contraction-permanent Continous Porous portland 

cement product

Akali Silica reaction Expansion-irreversible Over many years Concrete with 

Akali

Moisture expansion of 

ceramics

Expansion-permanent Over many years Fired clay bricks
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Excessive cracking can cause serious structural weakening, creating path for water ingress or air 
infiltration, heat loss, reduction in sound insulation and additional maintenance cost.  Table 8a shows 
that the damage processes can have mechanical, or chemical origin. Table 8b shows that restrain to 
movement, physical changes or ecen movements in soils that affect foundations can cause Mateial 
cracking. 
 

 Table 8b: Different types of cracking, their cause and example 
 

 

Acknowledgement 

 
The authors express deep gratitude to Dr. David Allen for discussion on the limit states method 
 
 REFERENCES: 

Allen D and M. Bomberg, 1997, “Limits state method in design of building envelopes for durability”, 7th 

Canadian Building Science and Technology Conference, March 20-21, 1997 Toronto 

Arnott M. R. and G. G. Litvan, 1988, Quality control test for clay brick based on air permeability, Amer. Ceram. 

Soc. Bull.,  V 67, [8] pp. 1412 – 1417 

Bomberg, M. Allen D., 1996, “Use of generalized limits state method in design of building envelopes for 

durability”, J. Building Physics , Vol. 20, July, 1996, pp.18-39 

Grunewald J, M. Steiger, R. Kriegel und Rosa-Maria Espinosa, 2002, Implementierung eines Modells für den 

Salztransport in kapillarporösen Baustoffen im Simulationsprogramm Delphin4, 11th „Bauklimatik“ Conference, 

Dreden  

Klugt, van der L. J. A. R., 1997, “Frost testing by uni-directional freezing”, British Ceramic Transactions and 

Journal, Vol. 87 (1), Jan-Feb p. 8-12 

Vanderhorst N.M, and D. J. Janssen, 1990, “The freezing-and-thawing environment: what is severe”, ACI 122-

11, pp. 181-200 

The “next generation” freeze-thaw standards 

Dutch standard NEN 2872 Testing of stony materials: Determination of frost resistance - single sided freezing in 
a fresh water environment. 1989.  

Cause Effect Duration Example
(4) Restraint of internal movements

Temperature changes

Expansion & Contraction

Seasonal All

Moisture content 

changes

Irreversible expansion Relatively short 

term

Brick, mortar, 

porous material

(5) Physical changes

Ice or salt formation Expansion Intermitant Porous stones

Loss of volatailes Loss of plasticity Depending on 

materils

Sealant & 

plastics

Crypto-effloresence Expansion, internal 

damage

Related to the 

weather

Bricks, tiles & 

stones

(6) Movements in soils Settlement Various with 

seasons & loading 

Silts & clay



 
 

230 
 

Produits céramiques pour parements de murs et de sols. Gélivité - cycles de gel-dégel. Norme belge NBN B27-
009 (1996). Insitut belge de normalisation.  

MS.A.3 Uni-directional freeze-thaw test for masonry units and wallettes. Materials & Structures, Vol 31, Oct 
1998. pp 513-519 [RILEM draft recommendation based on Dutch freeze-thaw test]  

MS.B.1 Freeze/thaw test of masonry panels. Materials & Structures. Vol 31, Jan-Feb 1998. pp 16-19 [RILEM 
draft recommendation based on British test]  

772 Part 22 (Methods of test for masonry units - Part 22: Determination of freeze/thaw resistance of clay 
masonry units). Draft standard 1999 
 

HISTORIC SOURCES OF KNOWLEDGE 

Arni H. T., 1966, resistance to weathering, ASTM STP 169 – A pp. 261-274 

ASTM C 457 – 90, “Standard test method for microscopical determination of parameters of the air-void system 

in hardened concrete”, ASTM book 04.02 

Anderson D. M. and P. Hoekstra, 1965, “Migration and crystallization of interlamellar water during freezing and 

thawing of Wyoming bentonite”, CRREL, Research report 192, pp.1-17 

Arnott M.R and A.H.P. Maurenbrecher. An alternative test for determining the frost resistance of bricks. 

Technical note, The Masonry Society Journal,  Vol 9, No 1, August 1990. p 105  

Bigl S. R. and S. A. Shoop, 1994, Soil moisture prediction during freeze and thaw using a coupled heat and 

moisture flow model”, CRREL Report 94-11, pp. 1-17 

Bisaillon A and V. M. Malhorta, 1988, Permeability of concrete using a uniaxial water-flow method, ACI, SP 108, 

pp.1-225 

Blaine R. L. and H. T. Arni, 1971, Interrelation between cement and concrete properties, part 5, NBS, Bldg. Sci. 

Series 35, pp. 1- 129 

Bomberg M.,1974, “Moisture flow trough porous building materials”, Rep. 52, Lund Inst. of Technology 

Carlsson T., 1989, “BM-method for testing freeze-thaw of clay bricks” (in Swedish),  Lund University, LUTVDG / 

TVBH-7116  

Enustun B.V., H.S. Senturk and K. Koksal, 1964, Freezing-melting behaviour of capillary water in porous materials, 

paper 2-13, RILEM/CIB Moisture Congress 

Fagerlund, G., 1973, Significane of the critical degrees of saturation at freezing of porous and brittle materials, 

Rep 34 and 40 (in Swedish and English) Div. of Building Technology, Lund Inst. of Technology  

Fagerlund, G. 1974 Non-freezable water contents of porous materials, Rep 42  Div. of Building Technology, 

Lund Inst. of Technology  

Cordon W. A., 1966, Freezing and thawing of concrete, mech. and control”, ACI, Mono. 3, p 99 

Hooton R. D., J. A. Sato and P. K. Mukherjee, 1992, A new method for assessing frost damage in nonb-air 

entrained hydraulic structures, ACI SP 131, pp.339- 355 

Iwakami,Y.,1959, The melting point depression of water in sorbed state, J. Chem. Soc. Japan, Pure Chem Sec. 

89 (10), 1094 Technical translation 1010 by the NRC Canada, 1962 

Jackson F. H., 1955, Long-term study of cement performance in concrete: Chapter 9.  Correlation of results of 

lab. Test with field performance, PCA R/D Lab. Bull. 60, pp. 159 – 192 



 
 

231 
 

Kaskel B.S., 1996, Uni-directional freezing & thawing durability tests for brick masonry panels. ASTM Special 

Technical Publication 1246. 1996. pp 149-159.  

Klieger P. and J. A. Hanson, 1961, Freezing and thawing tests of lightweight aggregate concrete, PCA R/D Lab. 

Bull. 12, pp. 779 – 796 

Klugt, van der L. J. A. R., 1988, “Testing the frost resistance of clay products – the Dutch view”, RILEM 

committee on mortar durability. 

Klugt, L. J. A. R. van der, 1988,  Frost testing by uni-directional freezing, British Ceramic Transactions and 

Journal, , Vol. 87 (1), Jan-Feb p. 8-12  see also Klugt, L. J. A. R. van der, 1989,  Frost testing by uni-directional 

freezing / Frostpruefverfahren mit einseitiger Befrostung, Ziegelindustrie International 2/89 (1989), pp. 92-98  

Kubelka, P., 1932, The melting point in very narrow capillaries, Z. Elektrochem., 38 (8a); 611-614, Technical 

translation 1005 by NRC Canada, 1962 

Kuenzel H., 1968, Zur trockungswirkung von Enftfeuchtungrorhren in Grundmauern, Gesundheights-Ingenieur 

Nr. 5, 89, p.138-141 and 175-178 

Litvan G. and R. McIntosh. 1963, Phase transition of water and xenon in porous glass, Can. J. Chem. Vol 41, 

p3095 

Litvan G.G., 1975, Testing the frost susceptibility of bricks, ASTM STP 589, pp. 123-132 

Litvan G.G., 1976, Frost action in cement in the presence of de-icers, DBR/NRC, Ottawa, On, Canada 

Litvan G.G., 1978, Adsorption systems at temperatures below the freezing point of the adsorptive, Advances in 

colloid and interface chemistry, pp. 253-302 

Litvan G.G., 1980, Freeze-thaw durability of porous building materials, ASTM STP 691, pp. 455-463 

Litvan G.G., 1988, The mechanism of frost action in concrete – theory and practical implications, Workshop on 

low temperature effects on concrete, Sept 5-8 Sapporo Japan, IRC/NRCC paper 1595, pp. 115-134 

Leusden, 1964; Verglichende Untersuchungen verschiedener Frostprufverfahren, Die Ziegelindusti, Heft 5, p. 

127-133 nand 167-171 

Luszczynski 1960, see De Wiest R.J.M. 1969, Fundamental principles of water flow through porous media, 

Academic Press p.1-51  

Malhorta V. M., 1988, Mechanical properties and freezing and thawing durability of concrete incorporating a 

ground granulated blast-furnace slag, CANMET report 86-10E, pp. 1-46 

Marchand J., M. Pigeon, H. L. Isabelle and J. Boisvcert, 1990, Freze-thaw durability of deicer salt scaling 

resistance of roller compacted concrete pavements”, ACI 122-13, pp. 217- 236 

Maurenbrecher A.H.P. and S. E. Chidac, 1995, “Temperature measurements on brick veneer”, 7
th
 Can. Masonry 

Symposium, Vol1. pp. 238-251 

Mather, B., 1962, Effect of duration of moist curing on the relative durability of concrete in freezing and thawing, 

US Army Waterways Exp. St., Misc. paper 6, pp.6-53 

Mather B., 1965, “Laboratory freezing and thawing tests of concrete”, U.S. Army Eng. Waterways Exp. St., Misc. 

paper 6-716, pp.1-13 



 
 

232 
 

Milenz R.C., V. E. Volkodoff, J. E. Backstrom, H. L. Flack, and R. W. Burrows, 1958, Origin, evolution and 

effects of the air void system in concrete, Journal ICI, Vol 30, No 1. Pp. 95-122; No. 2., pp. 261-272; No. 3., pp. 

359-376; No.4., pp. 507-517; 

McBurney J.W., 1940, Strength, absorption, and resistance to laboratory freezing and thawing of building bricks 

produced in the US, US GPO, rep. BMS 60, pp. 1 -56 

Penner E., 1961, Alternate freezing and thawing not a requirement for frost heaving in soils, DBR/NRC, Ottawa, 

ON, Canada 

Permeability of concrete, ACI, SP 108, pp.1-225 

Peake F and R W Ford, 1992. The development of a European freezing test for clay bricks. Masonry 

International. Vol 6, No 2. Sep 1992. p 47-50.  

Pietrzyk K, K. Kurkinen and C.-E. Hagentoft, 2004, Application of limit state functions for reliability analysis of  

moisture performance in buildings, J of Building Physics,  

Powers T.C and R.A. Helmuth, 1953, Theory of volume changes in hardened Portland-cement paste during 

freezing, Highway Res. Board Proc. 32
nd

 Ann. Mtg Washington, pp. 285-297 

Powers T. C.,1955, Basic considerations pertaining to freezing-and-thawing tests, PCA R/D Lab. Bull.58, p 1-24 

Powers T. C., 1956, resistance to weathering: freezing-and-thawing, PCA R/D Lab. Bull. 64, pp 182-187 

Powers T. C., 1966, The mechanism of frost action in concrete, (Stanton Walker Lecture, 1965) cement Lime 

and Gravel , 41, 5, pp. 143-148 and 6 pp.181-185 

Rezansoff T. and D. Stott, 19??, “Freeze-thaw durability of concrete coated with linseed oil”, ACI 122, pp.61-80 

Roy D. M., D. Shi, B. Scheetz and P. W. Brown, 1992, Concrete microstructure and its relationships to pore 

structure, permeability and general durability, ACI 131, paper 6, pp. 139- 152 

Ritchie T. and J. I. Davidson, 1968, Moisture content and freeze-thaw cycles of masonry materials, 

DBR/NRC Ottawa, On, Canada 

Stupart A. W., 1989, “A survey of lit. relating to frost damage in bricks”, Masonry Int. Vol. 3 (2) p. 42-50 

Thomson M.L., G.T. Suter, and L. Fontaine, 199?, “Freeze-thaw durability of mortars in historic masonry: test 

methodologies”,  

Velden J.H. van der, 1983, “Weathering and frost testing of structural ceramics, Ziegelindustrie Int., 1, pp ,17-26 

Verbeck G, and P. Klieger, 1958, Calorimeter –strain apparatus for study of freezing and thawing concrete, 

Highway Res. Board, Washington D.C., Bull. 176, pp. 9 -22 

Vuorinen J., 1969, On the behavior of hardened concrete during freezing, Publ. 145, VTT, Finland 

Warris B., 1964, The influence of air entraining on frost resistance of concrete. Part B Hypothesis and freezing 

experiments, Stockholm 1965, Sw. Cement and Concr. Res. Inst., Proc. No 36, pp. 1- 130 

Williams P.J., 1968, Properties and behavior of freezing soils, Publ.72, Norwegian Geotechnical Institute and 

Res. Paper 359 of the DBR:NRC Canada 

Whiting D., 1988, Permeability of selected concretes, ACI, SP 108, pp.195-222 



 
 

233 
 

Woods H., 1956, Observations on the resistance of concrete to freezing-and-thawing, PCA R/D Lab. Bull. 67, pp 

345-349 

Young J. F. 1988, A review of the pore structure of cement paste and concrete and its influence on permeability, 

ACI, SP 108, pp.1-19 


