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Abstract. Frost damage is one of the most important degradation phenomena of brick facades. 

Evaluating the risk of frost damage in advance is of utmost importance considering the difficulty of 

repairing frost damage without replacing the materials, which may not be an option for protected 

heritage facades. Various performance criteria and methods have been developed over the past decades 

to assess the risk of frost damage. However, these methods are derived from frost tests under extreme 

conditions, such as high saturation levels and very low freezing temperatures, and do not represent 

realistic conditions for mild climates. In 2019, Feng et al. tested four different bricks under milder 

conditions to understand the relationship of frost damage with freezing temperature and saturation 

degree. The research in this paper combines the results of Feng's study with hygrothermal simulations, 

which prove to be a valuable tool for assessing the risk of deterioration of facades of masonry buildings. 

In this paper, the frost decay assessment methods like the Fc-index, GC-factor and counting the critical 
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freeze-thaw cycles are examined, discussed and finally dismissed. Finally, a more representative frost 

decay risk assessment method is proposed. 

Keywords: Frost damage, hygrothermal simulations, freeze-thaw, HAM, facade degradation, risk 

assessment 

1. Introduction  

Frost damage is known to be one of the main causes of deterioration in masonry facades in a 

moderate climate. A major cause of increased risk of frost damage is a change in the 

hygrothermal behaviour of the wall. This can be triggered by a changing climate as addressed 

in literature [1, 2, 3] or by modifying the existing facade. In particular, if the facade has to be 

retrofitted internally to improve the energy efficiency of a building of high heritage 

significance, this will drastically change the hygrothermal behaviour through lower drying 

potential and lower temperatures. Frost damage in a porous medium is the result of ice crystal 

growth generating a pressure on the internal surface of the pore. When this crystal pressure is 

higher than the tensile strength of the material, damage occurs [4]. 

In literature, it can be found that frost resistance of a brick strongly depends on its porosity, 

tensile strength and pore size distribution [1]. Moreover, Maage et al. developed a correlation 

between pore characteristics and frost resistance [5]. Of course, it is not only the material 

properties that pose a risk in frost damage, but also the wall construction and boundary and 

climatic conditions, which are extremely relevant regarding frost damage. Therefore, Heat-, 

Air- and Moisture simulations are found to be valuable tools to assess the hygrothermal 

behaviour of actual wall structures and to gain insights about deterioration risks, because they 
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can simulate the actual behaviour of the building fabric in relation to dynamic boundary 

conditions. HAM-tools, like WUFI and Delphin, are often used to evaluate moisture-related 

risks. 

Using data from these tools, different approaches are found in literature to assess the risk of 

frost damage. Very often in practice, the number of normal freeze-thaw cycles (FTC) is 

quantified by counting the number of times the temperature drops below the 0°C threshold . 

However, this does not take into account the freezing-point depression phenomenon: at 

temperatures below 0°C, water freezes in larger pores first. Water requires lower temperatures 

to freeze in smaller pores in order to lead to damage, due to an increase in capillary pressure as 

the pores become smaller. Besides building sciences, valuable research is conducted on the 

cause of damage due to ice growth in the research fields of geomorphology, physics and 

material sciences. Geomorphology studies argue that frost damage is not a consequence of the 

9% volume expansion of ice to which it is usually attributed. However, frost damage is usually 

a consequence of cryosuction, which is the flow of fluid into a frozen area of ice crystals that 

fuels ice growth [6, 7]. This flux is significant and ongoing when ice formation takes place. 

Further, Wettlaufer et al. [8] discusses that the net force on the pore walls is not due to capillarity 

itself, but caused by the intermolecular forces that produce interfacially premelted films. 

Freezing temperatures do not necessarily induce damage in a porous material, the combination 

of moisture content and the degree of saturation are the important factors that affect the actual 

damage risk [9]. This is supported by research of Fagerlund et al. who developed the critical 

degree of saturation method to assess freeze-thaw resistance of concrete [10]. The critical degree 

of saturation (Scrit) is used as a threshold moisture level to prevent frost weathering. Next, Prick 
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et al. [11] examined the Scrit of ten limestones from France and reported that this was between 

0.58 and 1.0. Mensinga et al. [12] reported that the Scrit for three Canadian bricks varied between 

0.25 and 0.87. Therefore, the method of counting critical freeze-thaw cycles (FTCcrit) was 

developed: one FTCcrit is counted when the ice mass volume over the pore volume surpasses a 

certain value. Often the threshold of 25% is adopted as a conservative approach as this is the 

lowest Scrit reported in literature. This 25% criterion should be better for comparative studies 

rather than the often assumed 91% criterion taking into account a 9% ice expansion due to 

freezing [6, 13]. A lower threshold value leads to a higher number of cycles, and reduces the 

risk that very small changes in hygrothermal behaviour are misinterpreted. A slight increase in 

moisture content during one event may lead to an additional FTC: this is significant if the 

number of FTC rises from 2 to 3, but insignificant when it rises from 20 to 21. However, how 

many FTCcrit result in actual frost damage is unclear. 

Furthermore, one major concern arises from the fact that typical freeze-thaw tests on bricks, 

subjecting samples conditioned to a certain moisture content to alternating freeze-thaw cycles, 

make use of very high moisture contents and very low freezing temperatures. Specifically, the 

Belgian standard NBN B 27-009 requires to fully saturate the specimen under vacuum pressure 

followed by 20 frost cycles to -15°C [14]. Therefore, the test can be regarded as a pass/fail 

criterion: if a brick shows no damage after such extreme conditions, it will most likely perform 

well under milder conditions. If it fails, it can be considered as unsafe. Whether these tests are 

representative for realistic frost conditions in a masonry facade, is of course questionable. Most 

test standards related to freeze-thaw evaluation were developed for certification of new 

products, and similarly impose conservative (severe) test conditions. They don’t necessarily 
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perform well as a response-based criterion, since damage could also occur under less extreme 

conditions. As a reaction, Feng et al. performed freeze-thaw tests on bricks under milder and 

realistic moisture contents and freezing temperatures [15]. 

Using the results of hygrothermal simulations in combination with the experimental results of 

Feng et al, different frost decay assessment methods are evaluated in this paper and future 

approaches are proposed, with the aim of making improvements in freeze-thaw damage 

assessments under realistic conditions. 

2. Materials and methods 

The next part of this paper is divided in 4 sections. First, the needed pore physics theory is 

explained to understand frost damage in porous media. The second section will look closer at 

the different methods available in literature and applied methodologies to assess frost damage. 

The simulation set-up is explained in section 2.3, and the final part describes the assessment 

method of the simulation results.  

2.1 Pore physics theory  

The section below describes the equations for coupled moisture and heat transport for a freezing 

porous medium with a certain temperature T [K]. It is assumed that Kelvin’s equation (Eq. 1), 

which describes the capillary pressure pc [Pa] as a function of the relative humidity ϕ, is still 

valid as liquid water, ice and vapour coexist in the porous medium under freezing conditions. 

Next to that it is assumed that each phase is in equilibrium with each other. More precisely, pc 

is the difference between the air pressure and the liquid pressure along their common interface, 

which can be expressed as shown in Equation 1. 
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 𝑝𝑐 (𝜑) = −𝜌𝑙 ∗ 𝑅𝑣 ∗ 𝑇 ∗ ln𝜑 
Eq. 1 

 

With 𝜌𝑙: density of water [kg/m³], 𝑅𝑣: gas constant vapour [J/kgK] 

Eq. 2 describes the Young-Laplace equation, which describes the capillary pressure 𝑝𝑐 in an unfrozen 

state with the pore radius r. This shows the correlation between the pore size distribution of a 

material and its moisture retention curve (MRC) resulting in smaller pores having a higher 

capillary pressure than larger pores. 

 
𝑝𝑐 = 

2 ∗ 𝛾𝑣𝑙 ∗ cos 𝛼

𝑟
 Eq. 2 

 

With 𝛼: contact angle [°] and 𝛾𝑣𝑙: surface energy of vapour-liquid interface [Jm-2] 

The reason that both liquid water and ice coexist in a freezing porous medium is due to the freezing 

point depression, meaning the freezing temperatures of a liquid in a porous medium are 

dependent on the pore size, therefore water freezes in smaller pores at temperatures below 0°C. 

Because the ice formation removes pore water from the system, a gradual ice formation occurs. 

Therefore, the pore radius of liquid-filled pores 𝑟 decreases, hence diminishing the temperature 

at which freezing can take place and the pore water pressure. Eq. 3 shows the relation between 

the pore radius and freezing point depression [16]: 

 
ln

𝑇

273.15 
=
−2 ∗ 𝑣𝑙 ∗ 𝛾𝑖𝑙

∆ℎ𝑖𝑐𝑒
∗
1

𝑟
 Eq. 3 

 

With 𝑣𝑙: specific volume liquid [m³/mole], 𝛾𝑖𝑙: ice-liquid interfacial energy [Jm-2], ∆ℎ𝑖𝑐𝑒: Average 

molar heat of melting ice [J/mole] 
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As discussed in the context of freezing of concrete [17], in the pore a solid-liquid 

thermodynamic equilibrium is required. This equilibrium between the crystal pressure 𝑝𝑐𝑟𝑦𝑠 

and the liquid pressure 𝑝𝑙 is described in Eq. 4 

 𝑝𝑐𝑟𝑦𝑠 − 𝑝𝑙 = ∆𝑆𝑓𝑣(𝑇0 − 𝑇) 
Eq. 4 

 

With ∆S𝑓𝑣: the entropy of fusion per unit volume of crystal [J/Km³] equals to 1,2 J/cm³K [18], 𝑇0: 

freezing reference temperature (=273.15 K) 

If we want to show the equilibrium of the solid-liquid interface in relation to the pore radius, 

we can derive Eq.5 from the former equations (i.e. Eq. 3 and Eq. 4), assuming that the contact 

angle between the ice and the liquid is zero. 

 
𝑝𝑐𝑟𝑦𝑠 − 𝑝𝑙 =

2 ∗ 𝛾𝑖𝑙
𝑟

 Eq. 5 

 

With 𝛾𝑖𝑙: Ice-liquid interfacial energy [Jm-2] 

When it freezes, the larger pores freeze first and only when the temperature drops the smaller 

pores will start to freeze, assuming that the porous media is non-deformable and there is no salt 

present [9].  

Combining the previous equations give the Gibbs-Thomson law (Eq.6) which shows the pore 

radius of the smallest pore that freezes at a temperature T [9]. 

 
𝑟 =  

2 ∗ 𝛾𝑖𝑙
∆𝑆𝑓𝑣 ∗ (𝑇0 − T)

 
Eq. 6 
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Pore radius r is the radius of the smallest pore that freezes at temperature T in the porous 

medium (the water in all pores smaller than r remains liquid). All pores with a radius bigger or 

equal to r freeze at temperature T. The ice-liquid interfacial energy 𝛾𝑖𝑙 [Jm-2] is equal to 0.29 

Jm-2 [19]. 

Fig. 1 conceptually depicts the ice formation in a porous medium. Starting from the established 

principles of phase behaviour as described above, we can simply state that when curved phase 

boundaries occur, there is a pressure difference proportional to the relevant surface energy. 

Since the surface energy of a vapour-liquid interface is about twice the energy of an ice-liquid 

interface and the liquid pressure is uniform, an ice-liquid interface can be in equilibrium in 

pores with a diameter of approximately twice the diameter of pores needed for a vapour-liquid 

interface equilibrium. This considers vapour pressure in pores staying close to atmospheric 

pressure (patm) due to buffering effects. Consequently, with some vapour present, there is little 

opportunity for overburden to be supported by ice so pcrys is also expected to remain close to 

patm. Therefore, it is possible to calculate the percentage of frozen pores in the whole pore 

system using the Moisture Retention Curve (MRC), illustrated by Figure 1. The smaller pores 

are filled with liquid first (blue zone), but potential freezing of the pores starts from the larger 

pores to the smaller ones due to freezing point depression (red zone). Naturally, it is only 

possible to freeze the pores if there is liquid inside. Therefore, only in the overlapping zone 

(purple zone) it is possible to have pores filled with ice, because only in this pore size fraction 

is liquid available in the pores to freeze. This could be described as the ice-volume fraction, 

which is the volume fraction of the pore space filled with ice. 
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Figure 1: Moisture retention curve and pore size distribution showing in which pores ice can be 

formed, resulting in the ice-volume fraction. 
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2.2 Methods frost assessment 

Different frost assessment methods are discussed in this section. The first ones, the Fc-index 

and GC-factor, only consider material sensitivity to frost, thus being solely material-based. The 

other three assessment methods also include  the exposure to a certain climate, thus being 

exposure-based. When evaluating the output of hygrothermal simulations of a wall set up, the 

performance criteria methods are calculated for the depth of 5 mm from the exterior surface, 

shown in literature as the critical depth for frost damage [20, 13], although this has been 

questioned recently by Prignon et al. who claim a 10 mm depth might be more critical [21]. 

Since this discussion is out of scope for this paper, the 5mm critical depth approach is assumed. 

 2.2.1 Material sensitivity: Fc & GC 

Two different ways commonly used in Belgium [22, 23] to determine the frost sensitivity of a 

brick are solely based on material characteristics: the Fc-index (calculated frost resistance 

number)[-] from Maage et al. [5] and the GC-factor (Gélivité basée sur Capillarité - in French, 

translated to English: frost based on capillarity) [-]. 

The Fc-index is a well-known index to determine whether a material is frost-resistant or frost-

sensitive and is shown in Eq. 7. 

 
𝐹𝑐 =

0.0032

𝑃𝑉
+ 2.4 ∗ 𝑃3 = 0.0032 ∗

𝜌𝑏𝑢𝑙𝑘
𝜑

+ 2.4 ∗ 𝑃3 Eq. 7 

 

With PV: pore volume per unit mass (m³/kg), P3: pore volume fraction for pores diameter larger than 3 

µm (%) 
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If  Fc > 70 the brick is considered frost resistant, if Fc< 55 it is classified as frost sensitive, 

intermediate values translate to an uncertain transition zone. Maage’s research is based on lab 

tests on 13 different types of bricks, 9 from Norway and 4 from USA. A number of methods 

were applied to correlate pore size distribution characteristics with observed frost decay. It was 

found that materials having a greater number of large pores, are more resistant to frost damage.   

Another material-based approach which is commonly used in Belgium is the GC factor (Eq.8), 

for which no information about the pore size distribution is needed. 

 
𝐺𝐶 = −14.53 − 0.309 ∗ (100 ∗ √60 ∗

𝐴𝑐𝑎𝑝
𝑤𝑠𝑎𝑡

) + 0.203 ∗ (100 ∗
𝑤𝑐𝑎𝑝
𝑤𝑠𝑎𝑡

) Eq. 8 

 

With Acap: capillary absorption coefficient [kg/m²s0.5], wsat: saturated moisture content [kg/m³] and wcap: 

capillary moisture content [kg/m³] 

The GC factor was found based on a correlation between frost resistance of materials and 

capillary absorption. Based on the GC-value, the level of frost resistance is assigned as 

described in Dusar et al. [24]. This method was developed for different ceramic materials,  the 

equation above is the one specific for bricks. Values lower than -3.93 are reported to be very 

frost resistant, -1.50 implies frost resistant, +1.59 medium frost resistant, +2.00 barely frost 

resistant and values higher than +2.57 are deemed not frost resistant.  

 2.2.2 Exposure based: Critical freeze thaw cycles 

An exposure-based criterion widely applied in research is counting the critical number of 

freeze-thaw cycles (FTCcrit), based on the research of Mensinga et al. [12] The critical degree 

of moisture saturation (Scrit) is assessed for freeze-thaw damage using the frost dilatometry 
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method. In that study, the brick samples were saturated to different saturation degrees and 

underwent six cycles of freezing and thawing from -15°C to 20°C. Scrit is defined as the lowest 

saturation level for which the expansion exceeded 100 microstrain. The study was performed 

for three Canadian masonry bricks; one modern, and two historic bricks. The critical degree of 

saturation varied between 87% for the modern one and between 25% and 30% for the two 

historic bricks. In scientific literature analysing freeze-thaw damage, when the number of 

critical freeze-thaw cycles is counted, the 25% criterion is typically applied  (FTCcrit
0.25).  

 2.2.3 Exposure based: Ice-volume fraction 

As mentioned in section 2.1, applying pore physics makes it possible to calculate the ice-volume 

fraction during exposure. This is the percentage of pores filled with ice over the total open pore 

structure. Observing the most extreme conditions during a FTC can provide relevant insights 

in understanding freeze-thaw damage. With this method, every time the material is exposed to 

a FTC, the highest ice-volume fraction is calculated. Note that this is not an existing exposure 

based criterion. Nevertheless, it could provide relevant insights since it combines information 

on both moisture, temperature and material characteristics. 

 2.2.4 Exposure based: Ω-factor 

Calculating the Ω-factor for evaluating the deterioration of bricks due to frost damage is a 

method used in the study of Chi Feng et al. [15, 25]. The study was based on the argument that 

standard freeze-thaw tests are not representative as these are done for very low freezing 

temperatures and very high saturation degrees; as these were designed as conservative pass/fail 

test for new materials instead of response assessment. In many climates, these conditions are 
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not likely to occur throughout the expected service life. The study performed FTC for 4 different 

bricks; A, B, C and D, for different freezing temperatures and saturation degrees, as reported in 

Table 1. Brick A is stated to be a frost-resistant brick, while B is frost-sensitive. Bricks C and 

D were produced for the project with different firing temperatures, of 925 and 970°C 

respectively. 

After 5 and 10 frost cycles the frost damage was evaluated using ultrasonic testing. The test 

applies an ultrasonic pulse from one transduces to the other recording by t0 and t [s] as the time 

needed for the pulse to travel across the sample. By doing so, the Young’s moduli E [Pa] of the 

samples were obtained and the relative change of the dynamic elasticity modulus, or Ω-factor, 

was derived following Eq. 9 [25].  

 
𝛺 = 1 −

𝐸

𝐸0
= 1 − (

𝑡0
𝑡
)
2

 Eq. 9 

 

With E and E0: elasticity moduli [Pa] before and after freeze-thaw cycling, t and t0: time t [s] 

This method was applied for both 5 and 10 freeze-thaw cycles resulting in Ω5 cycles and Ω10 cycles. 

A major advantage of the Ω-factor is that it has a clear threshold value for frost damage 

described in EN 12371:2010 [26]. If the relative change of the dynamic elasticity modulus 

Brick type T= -2°C -4°C -6°C -8°C -14°C -20°C 

S= 0.10 - - - - - A,B,C,D 

0.25 B B B B B A,B,C,D 

0.40 B B B B B A,B,C,D 

0.55 A,B,C,D A,B,C,D A,B,C,D A,B,C,D A,B,C,D A,B,C,D 

0.70~0.75 A,B,C,D A,B,C,D A,B,C,D A,B,C,D A,B,C,D A,B,C,D 

0.85 A,B,C,D A,B,C,D A,B,C,D A,B,C,D A,B,C,D A,B,C,D 

1.0 A,B,C,D A,B,C,D A,B,C,D A,B,C,D A,B,C,D A,B,C,D 

Table 1. Test conditions for the different brick types. With S: saturation degree [-] (Feng C. et al. 2019) 
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surpasses 30% (Ω-factor>0.3), the brick has already one or several cracks larger than 0.1 mm 

width or detachment of fragments larger than 30mm² per fragment. Therefore, a Ω-factor of 0.3 

is often adopted in practice as threshold value. 

In this paper, this threshold is used within a response –based method. For each freeze-thaw 

event, the most extreme combination of freezing temperature and corresponding saturation 

degree is recorded as a single value. Subsequently, the Ω-factor is assigned for each level of 

frost occurrence derived from the results of Feng et al. [15] shown in Eq. 10. 

 

𝛺 =

{
 
 

 
 

𝛺5 𝑐𝑦𝑐𝑙𝑒𝑠

5
∗ 𝑥, 𝑥 ≤ 5 𝑐𝑦𝑐𝑙𝑒𝑠

𝛺5𝑐𝑦𝑐𝑙𝑒𝑠 +
𝛺10 𝑐𝑦𝑐𝑙𝑒𝑠

10
∗ (𝑥 − 5), 𝑥 > 5 𝑐𝑦𝑐𝑙𝑒𝑠

𝛺10 𝑐𝑦𝑐𝑙𝑒𝑠, 𝑥 > 10 𝑐𝑦𝑐𝑙𝑒𝑠  

 
Eq. 10 

 

With x: number of FTC for the combination of saturation degree and freezing temperature 

compartmentalised as in Table 1 

In literature it is often explicitly or implicitly assumed that an increase in the number of cycles 

leads to more frost damage. However, other research shows the exponential reduction of the 

impact of the number of frost cycles on the frost damage quantified with Ω [15, 27, 28]. This is 

confirmed in the research of Feng et al. (2019):  the damage increase from Ω5 cycles to Ω10 cycles 

can be considered insignificant. Therefore, as only Ω-factors for 5 and 10 cycles are available, 

the number of cycles is split into an impact lower than 5 cycles and more than 5 cycles with the 

Ω10 cycles as a maximum value, to take into account the diminishing value of Ω for a higher 

number of cycles.  
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2.3 Simulation set-up 

To quantify the response-based methods for frost assessment as discussed in section 2.2, the 

results of hygrothermal simulations are applied. In the next section, the set-up of these 

simulations is explained. HAM-simulations provide the opportunity to gain insights into the 

hygrothermal and dynamic behaviour of a wall and its materials in a realistic setting with 

changing boundary conditions without expensive and time-consuming experimental work. 

Therefore, different solid wall configurations were simulated, while varying geometry, material 

properties and boundary conditions based on Calle et al. [13]. The different parameter 

combinations can be found in Table 2. Every combination of parameters was simulated (full 

factorial, i.e. 41472 simulations) in the software Delphin 6.1. The reader can, next to the 

information provided in the paragraph below, refer to the manual of the Delphin software to 

find more information about the set-up of a Delphin model [29]. The set-up was done using 1D 

simulations to limit the computational expense. Because of the use of the 1D simulations the 

impact of mortar joints and other non-1D wall properties such as heterogeneous material 

characteristics, deficiencies, or wooden beam heads embedded in a wall were not taken into 

consideration. Please refer to [30] for a more detailed discussion on the differences between 1D 

and 2D modelling. For the comparative assessment of freeze-thaw criteria for brick material 

focusing on the interaction between boundary conditions and material properties, the 1D 

approximation does not introduce a systematic bias. 
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 2.3.1 Material data 

 When applying the Ω-factor method with results from hygrothermal simulations, bricks A, B, 

C and D from the study of Feng et al. [15] need to be linked to a representative material from 

the material database of Delphin, as the bricks A, B, C and D are not fully characterised to 

enable direct implementation in hygrothermal modelling. The bricks from the experimental 

study of Feng et al. and the existing bricks from the Delphin material database were first put 

together into one dataset and then clustered based on their physical properties known (wsat, wcap 

and Acap) [31]. The clustering method applied here is the Ward method, reported to be the most 

robust clustering method [32]. The results are depicted in Figure 2. 

Parameter Variations Description 

Climate 4 Historical climate (1972-2005), Climate projections 

RCP 2.6,  RCP 4.5 and RCP 8.5 (2066-2099) 

Orientation 8 N, N-E, E, S-E, S, S-W, W and N-W 

Wall thickness 3 150 mm, 300 mm and 450 mm 

Brick 4 ZH, ZG, ZB and ZK 

Insulation type 3 None, vapour open and capillary active insulation 

Insulation thickness 3 50 mm, 100 mm and 150 mm 

Rain exposure coefficient 4 0.5, 1.0, 1.5 and 2 [-] 

Shortwave exposure coefficient 3 0.4, 0.6 and 0.8 [-] 

Table 2. Parameter variation for the hygrothermal simulations 

 

Figure 2. Clustering results using the Ward method 
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Furthermore, two different interior insulation systems were modelled: a vapour-open system 

with a vapour control layer (VCL) of sd=2.3m and a capillary active system represented by 

calcium silicate without a vapour barrier. 

 2.3.2 Climate 

The climate data consists out of 30-year climate data from the ALARO-0 Regional Climate 

Model [33], [34] for the grid point of Brussels, Belgium. To take the impact of climate change 

into account, three different representative concentration pathways (RCP’s) were considered as 

described by Vandemeulebroucke, et al. (2023) [35], namely RCP 2.6, RCP 4.5 and RCP 8.5. 

The RCP index equals the radiative forcing [W/m²]. These RCP scenarios can be considered as 

a strong mitigation scenario, a moderate one and a very high emission scenario respectively. 

The historical climate data period refers to 1976-2005, whereas the climate projections cover 

the period 2066-2099.  

 2.3.3 Boundary conditions 

Heat and water vapour transfer coefficients at the exterior surface depend on wind velocity, for 

which EN ISO 6946 was consulted [36]. The hourly Wind-Driven Rain (WDR) intensity is 

derived following EN ISO 15927-3 [37]. Furthermore, the shortwave absorption coefficient of 

the building surface is varied between 0.4, 0.6 and 0.8 taking into account the colour of different 

facade finishes. The values for the albedo of the ground surface and the longwave emission 

coefficient of the building are fixed at respectively 0.2 and 0.9. Four different rain exposure 

coefficients were adopted as evident from Table 1, to integrate the effect of different 

surroundings, wall factors, runoff, malfunctioning gutters and roof overhangs, namely 0.5, 1, 
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1.5 and 2 [38], [39]. Because the wall orientation is one of the most influential parameters 

regarding freeze-thaw damage [40], 8 different orientations were included. 

2.4 Methodology analysis 

As the Ω-factor provides a clear and measurable decay index, it is assumed that the Ω-factor is 

the most realistic and reliable reference. Furthermore, the different combinations of freezing 

temperatures and saturation degrees are more representative for the temperate maritime 

climates considered in this study. Moreover, this method benefits from having a clear threshold 

value for damage when Ω>0.3. Accordingly, a comparison will be made between this Ω-factor 

method and the other methods to identify which approaches are most representative to assess 

the risk of frost damage. 

3. Results and discussion 

This section comprises three parts. First, the assessment of freeze-thaw damage criteria is 

discussed for a single combination of parameters to demonstrate the workflow and 

interpretation of results in section 3.1. Secondly, the entire dataset of 41.472 simulations is 

examined to evaluate whether the conclusions from the single configuration are valid for all 

configurations in section 3.2. Finally, the paper examines ways to improve overall freeze-thaw 

damage prediction with the results of this study in section 3.3. 
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3.1 Reference case 

 

Figure 3. Wall configuration reference case 

Figure 3 provides an overview of the reference case which will be discussed in this section. In 

Table 3. the reader can find a 1-year average for the reference case of the different FTC based 

on the hourly output of the simulations, their representative values and how an overall Ω-factor 

was derived for this case. It is clear that a high number of FTC does not necessarily correspond 

to a high Ω-factor, since for this case only the FTC to -8.2°C with a saturation of 0.2 entails an 

Ω-factor above zero as a result. This also illustrates that a certain FTC does not have to happen 

often to result in long-lasting damage. 
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Table 4 on the other hand, summarises the results for the different methods of frost assessment 

for this reference case. The different results all provide a different appreciation of the frost 

damage risk. The low GC-factor found here indicates the material is expected to be frost 

resistant. The same conclusion is valid for the Fc-index (note that the higher this factor, the 

more frost resistant the material is). Looking at the low number of FTCcrit
0.25, it can be concluded 

that a low risk of frost damage is expected. However, if the Ω-factor is taken into consideration, 

severe frost damage is expected in 10 years (this example shows the average 1 year results). 

This high Ω-factor is the result of a cycle with a very low freezing temperature and a relatively 

high saturation as evident from Table 3. 

Under the assumption that Ω-factor is most reliable because it is based on experimental results 

and takes into account different freezing temperatures and moisture contents, it can be stated 

that not all performance criteria entail a trustworthy result. On the one hand, this is because the 

FTC- category Number of FTC Representative 

temperature 

Corresponding 

saturation 

Ω-factor 

< -2°C 19.6 -2.20°C 0.14 0.00 

< -4°C 7.6 -4.21°C 0.15 0.00 

< -6°C 3 -6.19°C 0.14 0.00 

< -8°C 1.8 -8.20°C 0.20 0.049 

    Ω: 0.049 

Table 3. Reference case of FTC and corresponding values for 1 year-average, facilitating a comparative 

analysis 

Frost assessment method Value Implication 

Fc-index 161.1 Frost resistant 

GC-value -1.5 Frost resistant 

FTCcrit
0.25 1.8 Low number of critical frost cycles 

Maximum ice-volume fraction 11.6 % Unknown 

Ω 0.049 Severe frost damage in 10 years 

Table 4. Reference case results different frost assessment methods for 1 year average 
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Fc-index and GC-factor do not take into account the actual response of materials enduring 

realistic climate conditions. On the other hand, the method of counting FTCcrit
0.25 is based on 

experimental results under very extreme conditions and does not consider cycles to milder 

freezing temperatures and lower saturation degrees, which are far more realistic to occur outside 

laboratory conditions in temperate maritime climates. 

3.2 Whole dataset 

In this part, we investigate whether the conclusions derived from a single case are also valid for 

the whole dataset. First, the performance of the material sensitivity methods represented by the 

Fc-index and GC-factor is evaluated. Secondly, the conditions during a FTC are discussed. 

Lastly, the FTCcrit
0.25 method is questioned when compared with the results of the Ω-factor. 
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 3.2.1 Ω versus Fc and GC 

Figure 4 shows the Ω-factor  plotted against the Fc-index and the GC-factor. A decreasing trend 

would be expected when looking at the Fc-index and the corresponding Ω-factor because the 

higher the Fc-index, the more frost resistant the material should be. Nevertheless, looking at the 

whole dataset, the two indices do not agree. Likewise, an increasing trend should appear for the 

GC-value, since the lower this factor the more frost resistance the material is expected to be. 

However, the opposite trend shows when plotted in correlation with the Ω-factor. It can be 

concluded that the Fc- and the GC-factor are not representative risk assessment methods under 

realistic conditions. Using the Fc-index and the GC-factor as reliable frost decay risk assessment 

factors is hereby rejected. 

 3.2.2 Ω  and FTC conditions 

First, the impact of different parameters during freeze-thaw events on the Ω-factor is studied. 

The spearman rank correlation (Rho) between saturation, freezing temperature and ice-volume 

fraction when a FTC occurs is illustrated in Figure 5. For comparison, also the number of 

 

Figure 4. Fc-value and GC value plotted in relation to the Ω-factor in 10 years. The dotted lines 

connect the 97.72nd and 99.87th percentile. 
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FTCcrit
0.25 is shown. The higher the Rho-factor is, the more strongly the Ω-factor  is correlated 

with the examined variables. 

Instinctively, an equally high correlation is expected between the Ω-factor withthe freezing 

temperature and saturation degree because the Ω-factor results from the combination of the two. 

However, in Figure 5 it becomes clear that the saturation degree is far more significant than the 

freezing temperature. This proves that looking at temperature only is by no means sufficient to 

assess frost damage. Next to that, the ice-volume fraction during the FTC has the highest 

correlation with the Ω-factor, which proves the ice-volume fraction to be of great value since 

this combines information on both moisture, temperature as material characteristics. 

Furthermore, it is striking to find that the number of FTCcrit
0.25 is correlated negatively with the 

Ω-factor. This is counterintuitive, and clearly undermines the idea that the more critical freeze-

thaw cycles occur, the more damage is expected. Research showed that the impact of the 

number of FTC on degradation exponentially decreases as discussed in section 3.2.d.However, 

finding a negative correlation does require a more in depth elaboration, which is reported in the 

following part of the paper. 

 

Figure 5: Spearman rank correlation with the rho-value for the impact of different conditions 

during a FTC. 

Jo
urn

al 
Pre-

pro
of



K. Janssens, C. Feng, V. Marincioni and N. Van Den Bossche 

 

24 

 

 

 3.2.3 Ω versus 𝑭𝑻𝑪𝒄𝒓𝒊𝒕
𝟎.𝟐𝟓 

 In the single case analysis reported in section 3.1 it already came to front that the FTCcrit
0.25 

method yields misleading results compared to the Ω-factor.  In Figure 6, the Spearman rank 

correlation is depicted showing the impact of the wall variables on the number of FTCcrit
0.25 (left) 

and the Ω-factor (right). It can be seen that the overall trends (positive/negative) remain the 

same despite differences in magnitude. Only for the influence of the brick type an opposite 

impact is observed. Due to the material-dependency of the results, the brick type that performs 

worst at the FTCcrit
0.25criterium and the Ω method is not the same one. 

A rationale of why the FTCcrit
0.25 method has different outcomes than the Ω-factor method could 

be that the criterion of 25% is not the right Scrit for the simulated bricks. This reasoning is 

supported by the results from the original research of Mensinga et al. and Prick et al. [11, 12], 

that found Scrit for different bricks ranging from 25% to 87%. It could be possible that a better 

correlation between both is found when each brick is evaluated using the actual  value for Scrit 

(information which is not available) . To examine this hypothesis the number of FTCcrit
𝑋  was 

 

Figure 6. Spearman rank correlation with the rho-value for the impact of the different parameters 

on the  number of FTCcrit
0.25 and the Ω-factor. Jo
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quantified for a variety of Scrit going from 5% to 90% with a 5% interval. In Figure 7, the 

different FTCcrit
𝑋  are shown in correlation with the Ω-factor for each brick . 

 

Figure 7: Spearman rank correlation with the rho-value for the impact of the number of  FTCcrit
𝑋  for 

different Scrit for the different bricks. Red: highest correlation. 
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The results show that for different bricks, a different Scrit entails the best correlation with the 

Ω-factor. It is clear that not one critical saturation degree proves to be superior over others 

considering all bricks. Moreover, if you could measure the Scrit for each brick, which is not a 

simple measure, the influence of this criterion is very material sensitive and result only for some 

bricks in a valuable correlation. It can be concluded that the FTCcrit
𝑋  method is unreliable and 

very material dependent to assess frost decay risk.  

 As was demonstrated clearly in Figure 5, the number FTCcrit
0.25 is negatively correlated with the 

Ω-factor. The reason becomes clear in Figure 8, in which the number of FTC’s for different 

freezing temperatures is plotted in relation to the mean corresponding saturation degree. Each 

red dot depicts one FTC. In blue, the trend is plotted with the confidence level in grey. FTC’s 

to -8°C are not depicted, since this event happened too infrequent to draw a clear trend. It 

highlights that under real climatic conditions, simulated for the historical climate and three 

climate projections, enduring a large number of FTC’s results that the majority of these FTC’s 

occur at a low saturation degree. The saturation degree during a FTC is of high significance for 

the Ω-factor. Therefore, FTC’s with lower saturation do not entail as much damage as FTC’s 

with a higher saturation. As a result, this analysis demonstrates that counting the number of 

FTCcrit
0.25 to assess damage is an unreliable metric to asses frost damage risk.  
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Given the distinct differences between the various performance criteria, the impact of different 

wall characteristics on freeze-thaw damage could radically shift. Therefore the next section 

examines a topic often discussed in literature: the critical orientation for frost damage and its 

expected future climate behaviour. Figure 9 comprises 4 graphs with detailed results for the 

different freeze-thaw criteria.  

A south-west orientation is generally asssumed to be the critical orientation for frost damage in 

Belgium being the most critical orientation for wind driven rain. However, plotting the critical 

orientation for the Ω-factor, the west orientation comes to front. Furthermore, the mean Ω-

factor entails frost damage will increase for future projections. The same trend can be seen for 

the ice-volume fraction and the saturation during a FTC. These results contradict previous 

findings based on the number of FTCcrit
0.25 stating frost damage is likely to decrease in the future 

 

Figure 8: Scatterplot of the number of FTCcrit
0.25 and their corresponding saturation degree.  
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climate [41]. This proves again, how important it is to study and keep reviewing frost 

performance criteria. 

 
Figure 9. Orientation plot of the mean value of the number of FTCcrit

0.25, Ω-factor, the maximum ice-volume 

fraction during a FTC and the saturation during a FTC for the historical climate and the climate 

projections. 
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3.3 Towards a more representative method 

Having established that both the material sensitivity methods as well as the FTCcrit
0.25 method are 

unreliable to assess frost damage risks, the following section provide a rationale for freeze-thaw 

assessment in future studies.  

Finally, from this research, we would like to provide a framework to correctly assess the risk 

on frost damage for brick facades. Since not the same amount of resources and time are 

available for every study, the approach is divided into three options using the Superior, 

Advanced and Minimum requirement approach (SAMiRA) [42]. 

Superior: Fully characterize the hygrothermal material properties of the material at hand. Next, 

perform experimental frost tests of for different combinations of freezing temperatures and 

saturation degrees. After each cycle, measure the Ω-factor (and compare with visual 

observation of damage). Subsequently, run hygrothermal simulations with the characterised 

material properties and climate data to calculate the Ω-factor accordingly to assess the expected 

frost damage. (Material characterisation, experimental data and simulations) 

Advanced: Material characterisation tests are deemed not available. Choose the best fitting 

material out of the material database of the simulation program to represent the bricks used in 

the experimental frost tests for different freezing temperatures and saturation degrees.  

Afterwards, run simulations with the correct climate data to calculate the Ω-factor accordingly 

to assess the expected frost damage. (Experimental data and simulations) 
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Minimum: The minimum requirement is only simulation based. Monitor the freezing 

temperature, saturation and ice-volume fraction whenever a FTC occurs. Use the classification 

charts in Figure 10. to select the Ω-factor for the frost cycles with the highest intensity.   

The method applied in this research paper is an example of the Advanced method, since the 

materials of the experimental tests were not completely characterized, thus a representative 

material was chosen from the Delphin material database.  

Since the experimental data of the original lab tests of Feng et al. [15] are not available, the 

classification tree in Figure 10 is developed. It combines the main conditions affecting the Ω-

factor during a FTC: the freezing temperature (Temp), saturation degree (Saturation) and the 

ice-volume fraction (Ice-vol). The latter is important to include since this factor also contains 

information about the material characteristics and response. For instance, after simulations you 

encounter a FTC with 0.26 saturation going to -6°C with a ice-volume fraction of 0.13, than 

you count Ω=0.028 for that FTC. To obtain the total Ω-factor, you add the Ω for each cycle.  

A classification tree provides more information than a Spearman rank correlation, because it is 

not a linear correlation model. At each step, the correlation is recalculated with all the 

parameters. The higher a parameter appears in the tree, the more significant it is. Noteworthy, 

as seen in Figure 10, very low freezing temperatures are often associated with moderate Ω-

factors. This is because during a frost cycle with low freezing temperatures, saturation is lower 

since precipitation comes in the form of snow instead of rain, which is less absorbed by the 

materials. 
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Figure 10. Classification tree of the expected Ω-factor during a FTC, with Ice-vol (ice-volume fraction), Temp 

(lowest freezing temperature during FTC) and Saturation (corresponding saturation degree) 
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The method is developed for brick material with a full saturation range (from 0 to 1) and a 

freezing temperature range from -20°C to 0°C. Please note, that the decision tree in Figure 10 

is only applicable for a moderate climate, since it is specifically representative for the location 

of Brussels in Belgium. 

4. Conclusions 

This paper investigates different frost assessment methods. The different performance criteria 

were compared to the Ω-factor, derived from laboratory tests done by Feng et al. [15]. 

Hygrothermal simulations were performed to quantify the exposure-based methods. The 

following conclusions were drawn: 

Firstly the material-sensitive criteria,  the Fc-index and GC-factor, do not provide a trustworthy 

approach to determine whether a brick is frost sensitive or not. This is because the indexes only 

consider a limited number of material characteristics that do not sufficiently represent the 

material’s pore structure and the related frost risk.  

Secondly, counting the critical freeze-thaw cycles method based on Mensinga et al. (2010) [12] 

is also found not to be a reliable method for assessing frost decay. Even though  the method 

entails similar trends with the boundary conditions compared to the Ω-factor, counting the 

number of FTCcrit
0.25 even has a negative correlation with the Ω-factor. Furthermore, changing 

Scrit for this frost assessment method does not entail any significant improvement because the 

results are very material dependent (and Scrit is not a parameter that is available or can easily be 

measured). A reason for the negative correlation between the number of FTCcrit
0.25 and the Ω-

factor is related to the typical nature of  real climate conditions. A high(er) number of freeze-
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thaw cycles corresponds with lower saturation degrees during the FTC. Since the intensity of a 

frost cycle is more significant for damage than the number of cycles, it is more important to 

look into the conditions of the most extreme frost cycles than the number of low-threshold 

FTC’s. 

Finally,  a workflow is presented to correctly assess frost decay risk. The Superior, Advanced 

and Minimum requirement approach (SAMiRA) is applied [42]. 

Superior: Fully characterize the hygrothermal material properties of the material at hand. Next, 

perform experimental frost tests for different combinations of freezing temperatures and 

saturation degrees. After each cycle, measure the Ω-factor). Subsequently, run hygrothermal 

simulations with the characterised material properties and climate data to calculate the Ω-factor 

accordingly to assess the expected frost damage.  

Advanced: Material characterisation tests are not available. Select a representative material 

from the material database to represent the bricks used in the experimental frost tests for 

different freezing temperatures and saturation degrees.  Afterwards, run simulations with the 

correct climate data to calculate the Ω-factor accordingly to assess the expected frost damage. 

Minimum: The minimum requirement is only simulation based. Monitor the freezing 

temperature, saturation and ice-pore-percentage whenever a FTC occurs. Use the classification 

charts in Figure 10. to select the Ω-factor for the frost cycles with the highest intensity.   

Finally, this paper illustrates the importance of selecting the appropriate methods when 

assessing freeze-thaw risks and showcases how different criteria diverge. Especially in climate 

change impact research, the choice of performance criterion can radically change the conclusion 
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on whether climate change will exacerbate or reduce a risk. Future research should study the 

Superior method for different wall set-ups to improve our understanding of frost damage and 

assess whether it is possible to find a threshold for the ice-volume fraction in a material to 

predict frost decay.   

Nomenclature 

Parameter Description Unit 
Acap Capillary absorption coefficient kg/m²s0.5 

E Elasticity moduli Pa 

Fc-index Calculated frost resistance number - 

FTC Freeze-thaw cycle  - 

FTC𝑐𝑟𝑖𝑡
𝑋  Critical freeze-thaw cycle for a critical degree of moisture saturation 

X 

- 

GC-factor Gélivité basée sur Capillarité factor - 

HAM Heat-, Air- and Moisture / 

MRC Moisture retention curve / 

patm Atmospheric pressure Pa 

pc Capillary pressure Pa 

pcrys Crystal pressure Pa 

pl Liquid pressure Pa 

PV Pore volume per unit mass m³/kg 

P3 Pore volume fraction for pores diameter larger than 3 µm % 

r Pore radius of the smallest pore that freezes at temperature T µm 

RCP Representative concentration pathway / 

𝑅𝑣 Gas constant vapour J/kgK 

Scrit Critical degree of moisture saturation - 

SAMiRA Superior, Advanced and Minimum requirement approach / 

T Temperature K 

t Time s 

VCL Vapour control layer / 

𝑣𝑙 Specific volume liquid m³/mole 

wcap Capillary moisture content kg/m³ 

wsat Saturated moisture content kg/m³ 

WDR Wind driven rain / 

𝛼 Contact angle  ° 

Δℎ𝑖𝑐𝑒 Average molar heat of melting ice J/mole 

ΔS𝑓𝑣 Entropy of fusion per unit volume of crystal J/Km³ 

𝛾𝑣𝑙  Vapour-liquid interfacial energy Jm-2 

𝛾𝑖𝑙  Ice-liquid interfacial energy  Jm-2 

𝜑 Relative humidity - 

𝜌𝑙 Density of water kg/m³ 

Ω-factor Relative change of the dynamic elasticity modulus - 
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Highlights: 

• Assess frost risk with response-based methods, not material sensitivity methods 

• Hygrothermal simulations provide relevant insights on frost damage understanding 

• Various frost assessment methods yield diverse climate response outcomes 

• More freeze-thaw cycles do not necessarily result in higher frost damage 

• Offering a time-resource dependent framework for accurate frost damage assessment 
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