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A B S T R A C T

Assessing moisture-induced degradation risks across façades typically relies on Computational Fluid Dynamics 
(CFD) to resolve wind-driven rain (WDR) distribution and spatially varying microclimate conditions. This paper 
presents an alternative engineering-based methodology combining semi-empirical WDR models with detailed 
solar irradiation analysis to derive spatially varying boundary conditions for hygrothermal simulations. Freeze- 
thaw performance indicators are then used to estimate degradation risks, enabling spatial mapping of façade 
vulnerability.

The methodology is demonstrated on a brick façade in Gothenburg, Sweden, where degradation had been 
previously documented across 104 façade sections. Two WDR models—ISO 15927-3:2009 and Straube-Burnett 
(SB)—were applied over a 31-year simulation period. The ISO model at a 75% relative humidity (RH) 
threshold—used as the criterion for counting freeze-thaw cycles—showed the strongest agreement with observed 
degradation patterns (PCC = 0.6). The SB model required a higher RH threshold (90%) to achieve moderate 
agreement (PCC = 0.32). These differences highlight how RH thresholds act as compensating parameters for 
differences in modeled moisture load rather than direct indicators of critical saturation. Similar correlation levels 
were obtained with a second brick type, using 85% RH thresholds for both models, indicating that façade 
microclimate, rather than material properties, dominates the spatial distribution of degradation.

The results show that the proposed methodology can reproduce key spatial patterns of degradation risk 
without CFD, although the absolute risk quantification remains limited. The methodology offers designers, 
consultants, and building owners a cost‑efficient basis for prioritizing inspections, maintenance planning, and 
retrofit strategies by identifying the most microclimate-vulnerable façade sections.

1. Introduction

Today, many renovation decisions are taken only after degradation 
occurs. In Sweden, for example, approximately 70% of renovation ac
tions are initiated after a component has exceeded its service life [1]. 
Although this reactive approach is straightforward, it is economically 
suboptimal compared with proactive renovation strategies. Farahani 
et al. [2] estimate that, in the Swedish context, optimizing the timing of 
interventions relative to component condition states can reduce reno
vation costs by up to 15%.

Proactive renovation planning requires deterioration models that 
describe how a component’s condition evolves over time. A common 
modelling approach is to use the power-law function [3], where dete
rioration is expressed as a time-dependent function with empirically 
derived parameters that implicitly account for material properties, 

environmental exposure, and usage conditions. For building façades, 
however, renovation planning is often based on visual inspections, using 
predefined rating scales [4–6] or performance metrics such as severity of 
degradation [7] or overall degradation level [8]. These observations can 
be used to estimate future deterioration through Markov chain models 
for rating scales [9,10], or fuzzy and multiple regression approached for 
performance-based indicators [11,12] supporting more efficient main
tenance scheduling.

A common limitation to these approaches is that they overlook the 
actual moisture performance of the façade. Moisture exposure can in
crease heat losses [13,14] and accelerate material deterioration [15]. 
Consequently, façades—or sections of them—may require renovation 
earlier than expected, leading to unnecessary maintenance costs.
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1.1. Limitations and applicability of hygrothermal performance indicators

Technical standards are typically used to minimize the risk of 
moisture-induced deterioration. In Sweden, this is supported by ByggaF 
[16], a qualitative moisture-risk assessment framework that provides 
procedures and checklists for a building’s production and operation 
stages. Complementing these qualitative methods are hygrothermal 
performance indicators, which quantify moisture risk directly from 
hygrothermal simulation outputs. Such indicators, formulated as 
dose-response functions, are primarily applied during the design stage to 
evaluate risks related to biological growth [17] and freeze-thaw (F-T) 
damage [18]. Despite their widespread use, localized F-T degradation is 
still frequently observed across façades.

A key limitation is that hygrothermal modeling alone cannot predict 
onset of degradation: it can only provide relative risk between design 
alternatives. However, F-T performance indicators (e.g., the number of 
moist F-T cycles) have been shown to correlate with damage progression 
in both bricks [19–21] and mortar [22,23]. They may therefore serve as 
practical proxies for more advanced but rarely used coupled 
hygrothermal-mechanical models [24], offering a simpler means of 
estimating both the onset and progression of deterioration.

Transferring laboratory-based correlations to real façades is chal
lenging. Technical standards for frost-resistance tests (e.g., EN 
12371:2010, EN 772-18:2011, SIS-CEN/TS 772-22:2008) prescribe 
uniform exposure conditions—fixed freezing/thawing durations and 
complete specimen saturation—that do not reflect the heterogeneous 
moisture conditions on actual façades. Mensinga [25,26] attributes 
discrepancies between laboratory predictions and in‑situ performance 
to inadequate moisture control and omnidirectional frost exposure, 
which can cause some bricks to outperform expectations in real appli
cation. Consequently, the number of moist F-T cycles required for 
damage initiation on real façades remains uncertain. This uncertainty 
extends to other F-T indicators such as the modified winter index [27] 
and the F-T damage risk index [28].

Where and to what extent degradation occurs on a façade is governed 
by the interplay between local microclimate and material properties. For 
brick façades, microclimate—driven by façade orientation, exposure 
and surrounding obstructions—controls the spatial variation in wetting 
and drying, while material variability influences moisture absorption 
behavior, hygrothermal response, and critical moisture saturation. 
Ideally, both factors should be represented through models distributed 
across the façade, enabling observed localized degradation to be linked 
to hygrothermal performance indicators. This study examines how 
microclimate variations influence the occurrence and spatial distribu
tion of façade degradation.

1.2. Modeling spatial variations of façades microclimate

In practice, hygrothermal assessments commonly assign one set of 
boundary conditions to the entire façade, accounting for microclimate 
only through façade orientation. However, several methods and tools 
exist to capture differences in solar irradiation, longwave sky-radiation 
cooling, and wind-driven rain (WDR) across façades.

Radiation-related microclimate effects are relatively straightforward 
to model using radiosity or ray-tracing algorithms combined with 
different diffuse sky models [29]. Tools such as Ladybug [30], De 
Luminae [31], and INDALUX [32] provide detailed radiation analyses 
while accounting for shading from surrounding obstructions.

Estimating WDR is considerably more challenging due to the 
complexity of multiphase flow between wind and raindrops. Semi- 
empirical models (most notably ISO 15927-3:2009 and ASHRAE 160P, 
based on the Straube-Burnett (SB) model [33]) are limited to a small 
number of façade configurations and only superficially consider sur
roundings. The SB model ignores obstructions entirely, while the ISO 
model includes only a single scaling factor to represent sheltering; both 
also neglect small structural elements such as roof overhangs and 

windowsills. Charisi and Thiis [34–36] combined the ISO standard with 
ray-tracing analysis to account for the sheltering effects of façades ge
ometry, validating predicted WDR against measurements from thermal 
sensors and thermal imagery [36,37], as well as Computational Fluid 
Dynamics (CFD) simulation [35]. Beyond semi-empirical models, CFD 
have been validated for WDR predictions [38–41], and applied to 
obstructed urban façades [39,42]. Kubilay et al. [43] further integrated 
CFD with radiation modeling to derive spatially varying façade tem
peratures and relative humidities, providing a basis for defining 
boundary conditions for numerical hygrothermal simulations.

Despite their accuracy, CFD simulations remain rarely used in 
practice due to their complexity with the high level of expertise 
required, and substantial computational demands. These constraints 
limit their usability when investigating the microclimate factors that 
drive localized degradation or when linking microclimate to hygro
thermal performance indicators. Consequently, there is a need for reli
able, accessible methods that can represent microclimate variations 
across façades without relying on CFD modelling.

1.3. Aim and scope

This paper examines whether commonly available engineering tools 
can estimate microclimate variations that drive F-T degradation on brick 
façades, thereby providing a practical alternative to CFD‑based micro
climate modelling. Building on the limitations of existing deterioration 
models and hygrothermal performance indicators, the study explores 
whether microclimate‑aware boundary conditions, derived from 
semi‑empirical WDR models and detailed radiation analysis, can 
reconstruct the spatial distribution of degradation observed on real 
façades.

Section 2 reviews observational studies of hygrothermally induced 
deterioration, highlighting the need for simulation approaches that ac
count for spatial microclimate variability. Section 3 describes the pro
posed three-phase framework, outlining the available tools and methods 
and defining the requirements for each phase. The framework includes: 
1) microclimate modeling, combining semi-empirical wind-driven rain 
estimation with solar and longwave radiation analysis; 2) hygrothermal 
modeling, using 1D simulations to quantify the moisture and tempera
ture response in each façade section; and 3) post-processing where 
freeze–thaw performance indicators are applied to estimate degradation 
risks in each section.

Section 4 applies the framework to a brick façade in Gothenburg, 
Sweden, where degradation has previously been documented across 104 
sections. Two WDR models (ISO 15927-3:2009 and the Straube-Burnett 
(SB) model), Ladybug-derived estimates of solar irradiation and sky- 
view factors, and longwave radiative balance equations, are used to 
generate 31 years of microclimate-dependent boundary conditions for 
hygrothermal simulations in WUFI 2D-4. Section 5 evaluates the 
methodology by comparing the modelled risk patterns with the observed 
degradation distribution. Sections 6 and 7 discuss the findings, limita
tions, and implications, and present the conclusion.

2. Field studies on hygrothermal degradation

Understanding the long-term performance of façade materials under 
realistic exposure conditions is critical for predicting durability and 
ensuring structural integrity. This literature review targets studies 
investigating moisture-induced degradation in actual building enve
lopes, focusing on whether they integrate field observations with 
hygrothermal modeling or measurement techniques. Of particular in
terest is research that not only documents localized façade deterioration 
but also explains it through combined experimental and simulation- 
based approaches. This review thereby positions the present method
ology within the broader context of the current research.

Most experimental field studies have focused on internally insulated 
brick buildings, evaluating risks of mold growth and wood decay risks at 

J. Mandinec et al.                                                                                                                                                                                                                               Building and Environment 302 (2026) 114848 

2 



moisture-sensitive locations such as wall-insulation interfaces and 
embedded beam ends. Studies conducted without hygrothermal 
modeling [44–48] monitored interstitial conditions for 1-4 years, 
relying on visual inspections, spore measurements or mold growth 
models to evaluate moisture safety—reporting no significant degrada
tion overall. However, Jensen et al. [47,48] demonstrated that the 
alkalinity of adhesive mortar influences mold development. Notably, 
these two studies were performed on purpose-built test walls with fully 
characterized material properties. In contrast, the remaining studies did 
not specify brick material properties, limiting the transferability of their 
findings.

Other studies combined field measurements with hygrothermal 
modeling, using calibrated simulations to predict long-term mold 
development in internally insulated brick walls. Work conducted in 
Denmark [49–51], Estonia [52] and Belgium [53] monitored interstitial 
temperature and humidity conditions for 9 months to 2.5 years. Material 
characterization varies significantly across these studies, from unspeci
fied properties to fully laboratory-tested datasets, with some relying on 
database values [49,52]. Overall, the results point to elevated hygro
thermal risks in internally insulated brick walls. However, the predicted 
mold development is highly sensitive to local boundary conditions, 
underscoring the importance of site-specific moisture loads and micro
climate exposure.

Similar approaches have been used to examine how external insu
lation influences hygrothermal performance. McNally et al. [54] cali
brated hygrothermal models against year-long measurements of 
brick-veneer wall assemblies and applied the calibrated models to 
assess mold sensitivity at different locations in Canada using ASHRAE 
Standard 160. Hietikko et al. [55] monitored timber-framed walls with 
brick veneer in Finland and found that thicker insulation layers 
increased the risk of mold development.

Degradation mechanisms beyond mold growth and wood decay are 
less frequently addressed in field studies. Odgaard et al. [56] combined 
hygrothermal monitoring with visual frost-damage inspections on 
insulated and uninsulated masonry spandrels in Copenhagen, Denmark, 
reporting no detectable deterioration after 2 year and 8 months. 
Johansson and Wahlgren [57] documented pronounced efflorescence 
and salt crystallization on interior masonry surfaces in Gothenburg, 
Sweden, during chamber-based exposure tests. De Andrade et al. [58] 
correlated twelve condition-assessment data points—each representing 
an entire clad façade in Brasília, Brazil—with 1D hygrothermal simu
lations, identifying total solar radiation, thermally induced stress, and 
wetting-drying cycles as the key drivers of degradation.

Some studies analyzed moisture-induced façade degradation without 
directly measuring or modeling hygrothermal conditions, instead 
correlating observed damage with WDR exposure. Lindman et al. [59] 
analyzed inspection records from Finnish concrete façades—including 
232 cases with brick tiles—identifying WDR as the most influential 
factor in delayed ettringite formation and F-T damage Similarly, Pakkala 
et al. [60] demonstrated a significant correlation between WDR expo
sure and F-T damage across 472 concrete façade buildings in Finland, 
including a case study mapping WDR distribution across a single façade 
using ISO 15927-3 and comparing it with observed damage. Building on 
this, Pakkala et al. [61] also made a multilinear regression model to 
predict façade degradation on a general scale based on location and 
orientation. Wu et al. [62] evaluated 2,100 damage records across 
various façade types in Sweden, highlighting rain infiltration as the 
primary cause. Although neither study focuses specifically on brick 
masonry, both underscore WDR as a key driver of façade deterioration. 
Kyllingstad et al. [63] demonstrated good agreement between 
CFD-derived WDR mapping and observed frost damage through image 
analysis. Similarly, Wang and Wang [64] used calibrated CFD modeling 
to investigate deterioration patterns on a heritage building in Shenyang, 
China, finding that simulated ice formation within a wooden column is 
expected to cause future cracking and surface peeling.

Regarding F-T degradation—the primary focus of this study—only a 

single field study has combined long-term hygrothermal monitoring 
with simulation. Ueno et al. [65] correlated 12 years of sensor data from 
two brick wall assemblies in Boston with 1D hygrothermal models, 
assessing F-T risk by comparing modeled moisture contents 2 mm and 5 
mm below the façade surface with the critical degree of moisture satu
ration, Scrit. The study references a consultant's report for material 
properties on the brick samples but provides limited details beyond Scrit. 
More commonly, F-T degradation is investigated in laboratory settings, 
either using individual material specimens [20,21,66–68], composite 
assemblies [19], or through the development of mechanistic ice-content 
models [28].

A consolidated overview of the studies described above is presented 
in Table 1.

In summary, the review shows that on-site investigations of 
moisture-related shortcomings and degradation have primarily focused 
on assessing mold-growth risks associated with adding internal insu
lation to existing buildings. These studies typically combine hygro
thermal simulations with field measurements to estimate the expected 
performance of proposed insulation systems. Other degradation mech
anisms, including F-T processes, have received less attention in field 
study investigations of façade assemblies. Only isolated efforts have 
attempted broader assessments: one study compared CFD-derived WDR 
exposure with observed façade degradation, while another correlated 
degradation across entire façades with 1D hygrothermal simulations. 
Freeze-thaw damage is otherwise almost exclusively examined in labo
ratory settings.

Notably, no study was found that a) quantifies freeze-thaw degra
dation across whole facades in the field, and b) models long-term heat 
and moisture transport within the façades assemblies to explain the 
localized nature of deterioration. This gap underscores the need for a 
methodology capable of linking long-term, full façade hygrothermal 
modeling to observed patterns of degradation. The methodology intro
duced in this paper aims to address this need by leveraging commonly 
available engineering tools to perform full-façade hygrothermal simu
lations that can be directly compared with field-observed damage.

3. Overall methodology

The proposed methodological framework structures the assessment 
of façade-level degradation risk into three sequential phases: 

1) Microclimate modeling: In the first phase, the façade is divided into 
discrete sections within a 3D representation of the surrounding built 
environment. For the center point of each section, boundary condi
tions including solar irradiation, sky longwave radiation, and wind- 
driven rain (WDR), are determined using irradiation analysis tools 
and semi-empirical WDR models.

2) Hygrothermal modeling: In the second phase, the boundary con
ditions derived for each façade section are to a corresponding set of 
hygrothermal simulations. This results in a series of parallel models 
that describe the localized heat and moisture responses across the 
façade.

3) Post-processing: In the final phase, the hygrothermal responses are 
evaluated using selected performance indicators. The results are then 
spatially mapped to visualize the distribution and severity of 
degradation across the entire façade surface.

The framework does not prescribe any specific tool or method, 
making it adaptable to available resources and project context. The 
specific tools employed in this study are introduced in Section 4. Each 
phase consists of multiple steps, as illustrated in Fig. 1.

3.1. Microclimate modelling

Practitioners modeling microclimates without CFD face challenges in 
defining WDR, as obtaining measured WDR data across entire façades is 
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Table 1 
Summary of field studies on hygrothermal performance and moisture-induced degradation.

Study type Reference Location / Climate Brick Material properties Monitoring Hygrothermal Modeling Spatial scope Degradation / assessment

Internally insulated systems – mold/decay risk
Without modeling Toman et al. [44] Prague, CZ Unspecified 4 years None Multiple heights, 2 orient. No condensation observed
​ Morelli & Møller 

[45]
Folehaven, DK Unspecified 2 years None Multiple points, different orient. No degradation

​ Harrestrup & 
Svendsen [46]

Copenhagen, DK Unspecified 1 year None Beam ends, 2 orient. No degradation

​ Jensen et al. [47,
48]

Denmark (coastal) Known 2.5 years None Interface, 24 test walls Mold growth observed

With modeling Hansen et al. [49] Copenhagen & 
Haderslev, DK

Approx. from database 2.5 years Calibrated, 10-yr sim. Beam ends + interface No degradation + mould growth 
index

​ Pagoni et al. [50] Copenhagen, DK Lab-tested 20 months Calibrated Single point, 2 orient. No degradation observed
​ Jensen et al. [51] Lyngby, DK Lab-tested 2-4 years Calibrated + future 

climate scenarios
Wall to ceiling connection, four 
insulation systems, 7 points

Increased relative humidity in 
critical locations

​ Klõšeiko et al. [52] Estonia Database + adjusted based 
on lab tests

Chamber test 9 months Calibrated Interstitial points No degradation

​ Dang et al. [53] Leuven, BE Known (Vandersanden ® 
Robusta brick)

1 year Calibrated + future 
climate scenarios

Multiple points in three test 
assemblies

No degradation observed

Externally insulated systems – mold risk
​ McNally et al. [54] Ottawa, CA Experimentally 

determined
1 year Calibrated Single assembly No degradation observed

​ Hietikko et al. [55] Tampere, FI Based on manufacturers 
and literature

1 year None 4 wall types No degradation observed

Other degradation mechanisms (field)
Frost + mold 

inspection
Odgaard et al. [56] Copenhagen, DK Unspecified 2 yr 8 mo None 2 brick spandrels, 4 points No observed degradation

Salt crystallization Johansson & 
Wahlgren [57]

Gothenburg, SE Unspecified 1 yr 8 mo None Single wall, 10 points Observed salt crystallization in 
brick mortar

Facade-scale 
correlation

De Andrade et al. 
[58]

Brasília, BR Not listed None, using preexisting 
degradation data

1D model,  
3 years

12 facades (1 pt each) Correlates degradation to 
hygrothermal modeling outcomes

Wind-driven rain (WDR) based analysis
​ Lindman et al. [59] Finland N/A, Database analysis (232 records 

of brick tile cladding)
None Statistical Concrete façade degradation data,  

Brick cladding => concrete more 
susceptible to damage

​ Pakkala et al. [60,
61]

Finland N/A Database (472 records) None Statistical / single building Correlates WDR with frost damage

​ Wu et al. [62] Sweden N/A Database (2100 records) None Statistical Degradation of brick facades not 
specifically quantified

​ Kyllingstad et al. 
[63]

Norway N/A Photo analysis CFD (WDR) Single building Correlates WDR with frost damage 
via picture analysis

​ Wang & Wang [64] Shenyang, CN N/A T, RH, wind CFD + ice sim. Single building No degradation was quantified
Freeze-thaw (field þ modeling)
​ Ueno et al. [65] Boston, USA Scrit only; other 

characteristics not listed
12 years 1D (2–5 mm depth) 2 assemblies, 2 orient. No degradation was quantified
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labor-intensive and rarely feasible. The approach adopted here com
bines detailed irradiation analysis with semi-empirical WDR models, 
balancing computational efficiency with sufficient physical representa
tion of microclimatic loads.

The framework requires: 1) a three-dimensional model of the façade 
and its surrounding built environment, verified against technical 
drawings; 2) building documentation; and 3) hourly climate data, which 
may represent measured or projected conditions.

Tools like Ladybug [30] and De Luminae [31] can perform irradia
tion analysis and calculate sky-view factors (gatm [-]) across meshed 
façade sections. Such software typically combines the effects of direct 

and diffuse solar radiation, but disregards solar radiation reflected by 
the surroundings. This may be integrated into solar analysis outputs 
using the following expression: 

Is = Is,modeled + gterr × Is,refl = Is,dir + gatm × Is,diff + gterr × Is,refl (1) 

Is,refl = ρs,terr ×
(
Is,dir, h + Is,diff

)
(2) 

Where Is,modeled [W/m2] is the modeled output from the solar irra
diation analysis comprising the incidence of direct Is,dir [W/m2] and 
diffuse Is,diff [W/m2] solar irradiation on a façade section, gterr [-] is the 
terrestrial view factor calculated as 1 – gatm, Is,refl [W/m2] is the solar 

Fig. 1. Overview of the phases in the proposed methodological framework for assessing the moisture-induced degradation risk across a façade. Background colors 
distinguish its phases: blue for 1) Microclimate Modeling, defining façade sections and localized boundary conditions; green for 2) Hygrothermal Modeling, 
quantifying section‑specific heat and moisture responses; and red for 3) Post-processing, where performance indicators are evaluated and degradation risks are 
mapped across the façade.
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radiation reflected by the surrounding, ρs,terr [-] is the short-wave 
reflectivity of the ground. Is,dir,h [W/m2] is the direct horizontal solar 
radiation. Longwave radiation for each façade section can be estimated 
through a radiative balance equation: 

Il = gatm × Il,atm + gterr ×
(
Il,terr + Il,refl

)
(3) 

Where Il,atm [W/m2] is the atmospheric counter-radiation obtained 
from climate data, gatm [-] is the sky-view factor obtained from irradia
tion analysis, Ground-reflected radiation Il,refl [W/m2] and terrestrial 
counter-radiation Il,terr [W/m2] can be calculated using following 
equations: 

Il,refl = ρl,terr × Il,atm (4) 

Il,terr = ϵl,terr × σ × T4
surr (5) 

Where ρl,terr [-] is the long-wave reflectivity of the ground, ϵl,terr [-] is 
the long-wave emissivity of the ground, σ [W/m2K4] is the Stephan- 
Boltzmann constant and Tsurr [K] is the temperature of the surround
ing surfaces. For simplicity one can assume the surrounding surfaces to 
behave as opaque grey bodies with the air temperature.

Any semi-empirical approach for WDR quantification, including ISO 
15927-3:2009 or Straube-Burnett (SB) model, can be leveraged to map 
WDR across meshed façade sections, with model selection depending on 
their respective limitations. The ISO standard accounts for terrain type, 
topography and distance to the nearest obstruction but it provides only a 
coarse distinction of WDR across six façade geometries. The SB model 
offers detailed mappings for three façade geometries, allowing for fine 
differentiation of incoming WDR, while simplifying other exposure 
factors.

3.2. Hygrothermal modelling

The boundary conditions for each façade section are applied in a 
corresponding set of hygrothermal models. Any hygrothermal simula
tion model validated according to EN 15026:2023 is acceptable, pro
vided it accounts for the latent heat of fusion to capture a gradual change 
in the phases of water—necessary for accurate F-T modeling.

Since façade sections are modeled independently, one-dimensional 
approaches are both logical and computationally efficient. A grid 
sensitivity test should be performed following EN 15026:2003, which 
recommends comparing results from normal and refined 
grids—typically with finer discretization near boundaries. The differ
ences between grid variants shall be within acceptable tolerances (< 1K 
for temperatures and < 5% for relative humidities); if exceeded further 
refinement is needed. It is also recommended to verify that moisture 
from rain does not remain located in grid cells near the surface, as this 
indicates inadequate meshing.

Material parameters such as thermal conductivity, porosity, and 
sorption isotherms govern the hygrothermal response and can be 
determined through laboratory testing. While this yields the most ac
curate material data, it often necessitates destructive sampling which 
may not be possible. Therefore, material parameters may be approxi
mated using databases or available literature.

3.3. Post-processing

The risk of physical degradation in cold climate façades is often 
linked to freezing and thawing. Performance indicators for F-T risks 
generally fall into two categories: 1) indicators that estimate the pres
ence of ice indirectly, and 2) indicators that quantify ice volume directly.

Indicators based on direct ice volume rely on the critical degree of 
saturation (Scrit), a threshold above which bricks dilate upon freezing, as 
defined by Fagerlund [69] and later investigated by Mensinga [26]. The 
most widely used indicator is the number of F-T cycles, counting in
stances when material temperature falls below freezing while moisture 

content exceeds Scrit. The freezing temperature may be set at 0◦C or 
lower, depending on pore structure and freezing point depression. DIN 
4108-3 (2018), for example, specifies -5◦C. Kočí [70] describes addi
tional indicators including the Modified Winter Index (rate of exceeding 
critical conditions), the Number of Indicative F-T Cycles (cycles lasting 
at least 2 hours), Time-of-Frost (annual time exceeding critical levels), 
and Amount-of-Frozen-Water (total annual ice content).

Indicators based on direct estimation of ice volume use explicitly 
modeled ice formation as the basis for risk estimates. The hygrothermal 
software DELPHIN includes such an indicator, counting F-T cycles ac
cording to user-defined thresholds for the rate of ice formation by vol
ume. The Freeze-Thaw Damage Risk (FTDR) index, developed by Zhou 
[28], avoids integer cycle counting by accumulating the difference be
tween the maximum and minimum ice content saturation degree in each 
complete or incomplete F-T cycle, neglecting variations below a 
threshold value of 0.05.

4. Methodology implementation / case study

The Flatås area, located in Gothenburg, Sweden, is a residential 
neighborhood developed in a consistent architectural style during the 
1960s. It consists of mid-rise, multi-family buildings with both venti
lated and unventilated brick façades, many of which have not been 
renovated and show clear signs of degradation due to freezing and 
thawing. These characteristics make the area a valuable case study for 
assessing and comparing the proposed framework. A previous study 
assessed degradation patterns on 16 façades using drone imagery and 
computer vision [71], from which the most damaged façade is selected 
for the purpose to showcase the proposed methodology. Fig. 2 presents a 
photograph of the case study façade and a heatmap spalling prevalence 
across it, generated by dividing the brickwork into 104 sections, each 
analyzed using a pre-trained YOLOv4 algorithm to estimate degradation 
ratio—the fraction of the damaged to total bricks per section—verified 
through manual inspection. Observations were conducted in spring of 
2024. For later comparison with modeled risk estimates, the degrada
tion ratio of each section (varying between 0 and 0.9) was normalized by 
the maximum observed value across the façade, yielding values between 
0 and 1.

According to documentation from 1965, the façade is 13.5 m wide 
and 11.5 m high, with 0.7 m roof overhang. The wall consists of a 
rendered lightweight concrete wall up to 2.8 m above the ground, top
ped by an outer layer of yellow brickwork spanning the remaining 
height. The spalling distribution forms a clear pattern: a strip of elevated 
degradation spans the façade width (rows 2 and 3); low to no degra
dation appears beneath the roof overhang (rows 0 and 1) and near the 
bottom right corner; and the brickwork is generally more damaged on 
the left side. The highest degradation ratios are concentrated near the 
right corner within row 3, peaking at column 12.

This pattern likely stems from the surrounding building’s influence 
on the façade’s microclimate. The façade faces south with a 6◦ westward 
tilt, sheltered from south and east by a building 14.5 m away, while 
another 35 m to the west leaves a gap towards the southwest, obstructed 
only by grown trees. The study site is located in a suburban area with flat 
surrounding terrain. These site characteristics informed the selection of 
input parameters for the semi-empirical WDR models, as described in 
Section 4.1.

4.1. Generating local boundary conditions

Hourly weather data for Gothenburg, Sweden, covering 1991 to 
2021, were obtained from a validated climate dataset generated under 
the A1B emission scenario. The dataset is based on a regional climate 
model RCA3, driven by the global climate model ECHAM5 and provided 
by the Swedish Meteorological and Hydrological Institute (SMHI) [72]. 
Modeled climate data were preferred over measured data for their 
accessibility and completeness. Fig. 3 summarizes the climate conditions 
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as monthly means and standard deviations over the 31-year period. 
Table 2 shows the means and ranges of all climate variables over the 
same period.

A three-dimensional model of the neighborhood was obtained from 
the Digital Twin City Centre (DTCC) model [73]. Façade dimensions 
were verified against technical documentation and supplemented with 
field measurements where available. Roof geometries, including over
hangs, were added to ensure accurate shading representation. Irradia
tion analysis using the Ladybug tool divided the façade into 104 sections 
corresponding to the degradation data. Modeled irradiation was com
plemented by solar radiation reflected by the surrounding estimates 
using Eqs. (1) and (2), assuming the short-wave reflectivity of the 
ground equal to 0.2. Obtained sky-view factors were used to calculate 
incident longwave radiation at the center of each section, using Eqs. 
(3-5) and assuming longwave reflectivity and emissivity of surrounding 
equal of 0.1 and 0.9, respectively.

WDR exposure was quantified using both ISO 15927-3:2009 and the 
SB model. For the ISO model, the wall factor was set to 0.4 for all façade 
sections, corresponding to the “three-storey wall with eaves” in Table 4
of the standard. Although the case study façade has four above-ground 
storeys, the standard does not provide a more appropriate case for 

determining the wall factors. The site's suburban setting and flat sur
rounding terrain correspond to a Category III roughness classification 
and a topography coefficient of 1. An obstruction coefficient 0.3 was 
estimated based on the sheltering building located 14.5 m to the south. 
For the SB model, none of the provided RAF coefficient mappings 
matched the case study façade; therefore, the “tall building” scenario 
was selected, as the façade height exceeds 10 m. Table 3 summarizes the 
scaling factors applied in both models to generate 31-year hourly WDR 
boundary conditions for all façade sections.

The hourly WDR intensities from both models were each combined 
with the modeled solar irradiation and longwave radiation, both 
modeled by Eqs. (1-5), using custom made Python script, generating two 
sets of microclimate boundary conditions for each of the 104 façade 
sections. The datasets were supplemented by hourly air temperature, 
relative humidity, wind direction and wind speed, with wind speed 
corrected by height using the roughness coefficient (ISO model) or the 
power law function (SB model). WDR, solar irradiation, and longwave 
radiation were passed to WUFI as directly measured variables, ensuring 
that these microclimate-derived inputs are used without further pre
processing by the program.

Fig. 2. Summary of the case study façade. Top left: photograph of the façade. Top right: view of the surrounding context. Bottom left: close-up detail of a façade 
section. Bottom right: heatmap obtained by computer vision assessment, illustrating the division of the façade, with degradation ratios indicated for each [71]. The 
axes represent section indices (column and row numbers).
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4.2. Material selection and hygrothermal modeling set-up

According to the technical documentation, the façade consists of a 
108 mm outer layer of yellow extruded bricks and 200 mm of aerated 
concrete. As material properties are unspecified, two brick types are 
analyzed to assess how different outer layer properties influence the 
spatial distribution of subsurface degradation risk. The first set-up uses 
WUFI’s “Solid Brick, extruded” as the outer layer—believed to be the 
closest match to the façade brick—and “Aerated Concrete (Density: 600 
kg/m³)” as the inner layer. The second set-up uses “Solid Brick ZO” as the 
outer layer, selected for its markedly different hygrothermal parameters. 
Table 4 summarizes the material data, complemented by Fig. 4 showing 

Fig. 3. Climate conditions for Gothenburg, Sweden (1991–2021) using the A1B scenario: (a) monthly air temperature (b) monthly relative humidity, (c) wind rose 
during rainy hours, (d) monthly precipitation, (e) shortwave radiation. Shaded areas indicate ±1 standard deviation.

Table 2 
Summary of used climate conditions for Gothenburg, Sweden (1991–2021) 
using the A1B scenario.

Parameter Mean Range

Air temperature 6.7◦C -23.4 to 25.1◦C
Relative humidity 85.3% 27.4 to 100.0 %
Annual Precipitation 1071 mm/year 655 to 1356 mm/year
Wind speed 2.9 m/s 0.0 to 11.4 m/s
Solar radiation 105.8 W/m2 0.0 to 863.2 W/m2

Table 3 
Summary of scaling factors for WDR models employed.

ISO standard model SB model

Rwdr =
2
9

⋅CR⋅CT⋅O⋅W⋅U10⋅R0.88
h ⋅cosθ Rwdr = DRF⋅RAF⋅U(z)⋅Rh⋅cos θ

​ Values Ref. in ISO ​ Values Ref.
CR - roughness coefficient ​ ​ U(z) – power law function

CR(z) = KR⋅ln
(

z
z0

)

for z ≥ zmin 

CR(z) = CR(zmin) for z ≥ zmin

KR = 0.22 
zmin = 8m Table 1 (Cat. III) U(z) = (z/10)β

β - Power law coefficient 0.22 [74]
DRF - Driving Rain Factor VT Based on [75,76]

CT - topography coefficient 1 ​ DRF = 1/VT

O - Obstruction coefficient 0.4 Table 3 (15 m) RAF - Rain Admittance Factor 0.4-1.02 [77] Table 4 - "Tall Building "
W - Wall factor 0.4 Table 4
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the moisture sorption isotherms of the three materials.
The façade’s hygrothermal response is modeled in WUFI 2D-4 using 

a one-dimensional model representation for each façade section. Initial 
conditions assume outdoor temperature and relative humidity corre
sponding to January 1991 monthly means (T = 1.75◦C, RH = 89%) for 
the outer layer, with T = 15◦C for the inner layer. The outer surface heat 
transfer coefficient is wind-dependent, while 8 W/m2K is assumed for 
the inner surface. Moisture from wind-driven rain were applied at the 
exterior surface only, with a Rain Water Absorption factor of 0.7. Air 
exchange rates and internal moisture sources were not considered. In
door boundary conditions follow the “Medium Moisture Load” defined 
in EN 15026.

A grid sensitivity test compared WUFI’s automatic meshing options 
(coarse, medium, fine) and five additional manually defined meshes 
derived from the fine mesh, with grid cells increased by 10 per iteration. 
Moisture content and relative humidity at 5 mm depth were monitored, 
using the finest mesh as reference. Three-year simulation using bound
ary conditions for a randomly selected façade section confirmed that the 
wetting front propagates throughout the entire brick layer, indicating no 
numerically induced resistances from mesh discretization or hydraulic 
resistance averaging [79]. Table 5 summarizes the results, including the 
mean absolute error (MAE) and the maximum moisture content and RH 
error during the last winter season, measured against the finest mesh.

As observed, MAE is low across all examined meshes, though 
maximum RH and moisture content differences vary notably between 
options. For instance, mesh “Fine” exhibited a 3.3% maximum RH de
viation from the finest mesh, whereas mesh “Fine3” showed only a 0.7%, 
corresponding to 18.1 and 4.1 kg/m3 of moisture content, respectively. 
“Fine3” is therefore adopted for the case study. Fig. 5 shows a schematic 
cross-section of the modeled wall with its “Fine3” mesh discretization.

4.3. Performance indicators

Two performance indicators quantify F-T degradation risk across the 
104 façade sections: the number of F-T cycle, and the FTDR index. The 
first material set-up— extruded bricks—is analyzed using both 

indicators. Given uncertainty surrounding Scrit, the F-T cycle analysis is 
performed iteratively, incrementing the RH threshold by 5% 20%, 
reducing to 1% after 95% RH threshold. In this paper, a freeze-thaw 
cycle is counted when RH exceeds the threshold and temperature 
simultaneously drops below 0◦C, evaluated at a depth of 5 mm beneath 
the outer surface. This depth was selected to capture the hygrothermal 
conditions close to the exterior surface, where the spalling damage 
manifests on the façade. A freezing threshold of 0◦C is adopted as a 
conservative assumption, consistent with the engineering focus of the 
proposed methodology.

The FTDR index requires ice content by volume rather than an RH 
threshold. As it is not directly provided in WUFI’s result files, WUFI 
internally approximates ice content during freezing using the freezing 
limit potential [80], expressed as: 

wice(T,wtot)= max (0,wtot − w
(
φf(T)

)
(6) 

φf(T) = 1 + 0.01 × T (7) 

where T (◦C) is temperature, wtot (kg/m3) is total moisture content, w 
(ϕf) (kg/m3) is equilibrium water content, φf (-) is equilibrium RH po
tential and wice (kg/m3) is ice content. This differs from more rigorous 
approaches in DELPHIN and [28], which compute ice content directly; 
FTDR results obtained using WUFI should therefore be interpreted 
accordingly.

Both indicators estimate cumulative degradation risk across all 
façade sections over 31-year period. Risk estimates are mapped onto the 
façade sections and compared with the observed degradation using 
Pearsons’s correlation coefficient (PCC).

5. Results

The results are presented in two main parts. Section 5.1 reports 
detailed outcomes for the material case with Solid brick, extruded as the 
outer layer, including hygrothermal performance time series, spatial 
mapping of F–T cycles and FTDR indices, and their comparison with 
observed degradation. Section 5.2 presents a reduced analysis for the 

Table 4 
Summary of material data used in the case study [78].

Bulk 
density

Porosity Spec. Heat 
Capacity

Thermal 
conductivity

Water Vapor Diffusion Resistance 
factor

Free water 
saturation

​ kg/m3 m3/m3 J/kgK W/mK - kg/m3

Solid Brick, extruded 1650 0.41 850 0.6 9.5 370
Solid Brick ZO 1873 0.29 823 0.91 45 126
Aerated concrete (Density: 600 kg/ 

m3)
600 0.72 850 0.14 8.3 470

Fig. 4. Moisture sorption isotherms for materials used [78].
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case with Solid Brick ZO as the outer layer, focusing on the F-T cycle 
mappings and sensitivity to material assumptions.

5.1. Results for Solid brick, extruded as an outer layer

5.1.1. Hygrothermal performance of representative sections
To illustrate differences in hygrothermal performance across the 

façade, results for two out of 104 differently located points are pre
sented. Point A is situated at the top left corner of the façade, near the 
roof overhang, while Point B is in its middle of the façade, unobstructed 
by architectural elements. Fig. 6 shows the location of the two points 
and highlights their microclimate exposure.

Despite the roof overhang, Point A represents the most exposed 
façade section both in terms of WDR (SB model; RAF = 1.02) and the 
average incoming solar irradiation during wintertime (90 kW/m2). 
Nevertheless, its sky-view factor is among the lowest on the façade 
(22%). Point B exhibits a close to average sky-view factor (37%) and the 
average solar irradiation (65 kW/m2). In the context of the SB model, 
Point B can be regarded as the opposite extreme to Point A with one of 
the lowest WDR exposures (RAF = 0.4). It should be noted that both 
points are identical in terms of their Wall factors as defined by the ISO 
standard.

Fig. 7 shows the hygrothermal performance of the two points for the 
two WDR models at 5 mm behind the façade surface, from January to 
March of 1995. The simulation was initialized in 1991 and ran contin
uously. The year 1995 was selected as representative because its winter 
mean temperature is closest to the 31-year average, and the four-year 
initialization period ensured that built-in moisture effects had 
dissipated.

As illustrated, both points follow similar temperature patterns, with 

Point A being generally warmer. This is attributed to the roof overhang, 
which shelters Point A from night sky cooling while allowing direct solar 
radiation during winter months. Moisture content also influences the 
temperature fluctuations: higher moisture leads to higher thermal con
ductivity and heat capacity, reducing temperature rise, while greater 
moisture availability dampens temperature drops during freezing 
through latent heat release. Consequently, temperature fluctuations are 
more pronounced in the ISO model results, where points are signifi
cantly drier than their SB counterparts, affecting F-T cycle counts. 
During the examined period, Point A underwent 25 and 33 cycles, while 
Point B underwent 15 and 33 cycles for the SB and ISO models, 
respectively. Minimum temperatures were recorded near the end of the 
period, with the SB model exhibiting -7.9 and -12.1◦C and the ISO 
models -14.0 and -14.9◦C for Points A and B, respectively.

Regarding relative humidity, the SB model resulted in significant 
wetting at both points, exceeding the hygroscopic region of the moisture 
sorption isotherm. Moisture contents ranged from saturation in Point A 
(370 kg/m3) to substantially lower moisture levels in Point B (28.5 kg/ 
m3), with minimal RH variation. The lowest values were 99.1% (Point 
A) and 94.1% (Point B). Conversely, the ISO model produced lower 
moisture contents, allowing greater RH variation. During the first two 
weeks, RH at both points fluctuated around 96.5%, after which levels 
diverged, with Point B consistently showing higher saturation. Mini
mum RH was 72.7% at Point B and 50.4% at Point A. For further 
illustration of hygrothermal performance, Fig. 8 shows the moisture flux 
and cumulative moisture balance at Points A and B for the period 1-8 
January 1995, computed over the full brick layer depth and counted 
from the start of the year.

Table 5 
Summary of the grid sensitivity test showing the number of elements used for each material layer and the corresponding expansion factors. The performance of each 
mesh is measured using MAE and the absolute maximum RH error derived from the final winter season of the three-year period under investigation. The meshes are 
compared against the fines mesh “Fine6”.

Number of elements Expansion Factor MAE [%] Maximum difference

Brick layer left side Brick layer right side AEC left side AEC right side RH [%] Wc [kg/m3]

Coarse 19 15 20 21 0.9090-1.1001 0.078 6.5 37.0
Medium 28 24 30 30 0.9081-1.1012 0.048 3.1 16.9
Fine 38 30 41 41 0.9530-1.0493 0.042 3.3 18.1
Fine2 50 50 51 51 0.9530-1.0493 0.030 1.4 14.1
Fine3 60 60 60 60 0.9530-1.0493 0.006 0.7 4.1
Fine4 70 70 70 70 0.9530-1.0493 0.003 0.4 5.0
Fine5 80 80 80 80 0.9530-1.0493 0.001 0.2 5.0
Fine6 90 90 90 90 0.9530-1.0493 - - -

Fig. 5. (a) Schematic cross-section of the wall. (b) 1D model discretization using “Fine3” mesh.
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5.1.2. Freeze-thaw cycle analysis

5.1.2.1. Results based on the ISO model. Fig. 9 shows the outcomes of the 
F-T cycle analysis for the ISO case, mapping the number of cycles across 
the façade and for 6 different RH thresholds.

As illustrated, the number and distribution of F-T cycles vary with 
RH thresholds, with higher thresholds resulting in fewer cycles. For 
thresholds from 70% to 80% (heatmaps on the top), the highest cycle 
counts appear on the left edge (column 0), decreasing progressively to 
the right. A strip spanning the façade width (rows 1-4) maintains high 
cycle counts, becoming more pronounced at RH 80% as sections near the 
roof overhang (row 0) are less exposed to sky cooling. The bottom right 
corner exhibits the lowest cycle count.

Increasing the threshold further reduces both the frequency and 
distribution of F-T cycles (heatmaps in the middle of Fig. 9). Here, the 
least exposed sections are directly below the roof overhang (row 0). The 
effect of the roof overhang is especially notable at RH 85% and 90% as 
the remaining area of the façade is significantly more exposed, with the 
bottom left corner exhibiting the highest cycle counts. At RH 95%, cycle 
counts decrease across the façade, with the bottom right corner 
becoming the area of highest risk and the roof overhang effect becoming 
less. For RH thresholds above 95%, no F-T cycles occur across the 
façade.

5.1.2.2. Results based on the SB model. Fig. 10 shows the threshold- 
sensitive mapping of F-T cycles across the façade using the SB model.

As illustrated, the resulting mappings are evidently influenced by the 
oval-shaped distribution of the rain admittance factor (RAF in Fig. 6). At 

the 70% RH threshold, the shape clearly protrudes, with the highest risk 
degradation at the center, and areas of lowest risk at the bottom right 
corner. As the RH threshold increases, this pattern gradually diminishes 
as the area of the highest risk moves towards the top left corner, dis
solving completely at RH 90% and 95%. At these thresholds, the highest 
risk of degradation is located on the left edge (column 0), diminishing 
towards the right. This reduction is more pronounced in rows 5-7 with 
the least exposed area at the bottom right corner. Sections in rows 0-4 
remain exposed to higher number of F-T cycles from left to right, 
resembling the strip described in the ISO model. Unlike the ISO case, no 
evident effect of the roof overhang is observed on the F-T exposure of the 
adjacent sections. Increasing the RH threshold past 95% resurface and 
further pronounce the oval-shaped RAF mapping; however, the center of 
the façade becomes the area with the fewest F-T cycles.

5.1.2.3. Comparison between ISO and SB WDR models. Fig. 11 summa
rizes the outcomes of the critical relative humidity threshold analysis for 
WDR models (minimums, maximums, average, standard deviation F-T 
cycles in each case). This summary includes a comparison between the 
simulated patterns and the observed degradation pattern on the façade 
as shown in Fig. 2 using PCC. The results are provided for thresholds 
from 50% to 95% in 5% increments, followed by 1% increments up to a 
99% threshold.

The ISO model exhibits more F-T cycles in lower thresholds despite 
lower incoming rain intensity. At the 50% RH threshold, the façade- 
averaged exposure was 1660 cycles, ranging from 1375 to 1915. The SB 
model resulted in milder exposure, averaging 1200 cycles and ranging 
from 850 and 1422. This dynamic shifts at higher thresholds. While both 
cases exhibit fewer cycles with each increment, the drop is significantly 

Fig. 6. Points of interest on the façade and their microclimate exposure: (top left) location of points, (top right) RAF coefficient from the SB model, (bottom left) 
mean of solar irradiation during wintertime, (bottom right) sky view factor.
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more pronounced in the ISO case, with averages converging at 1162 and 
1167 at the 80% threshold for the ISO and SB models, respectively. At 
the 96% RH threshold, the ISO model averages 80 cycles (ranging from 
17 to 138), significantly fewer than the SB model, which averages 1075 
cycles (ranging from 859 and 1283). Beyond 96%, ISO cycle counts 
continue to drop steadily, averaging values 11, 2, 1 at 97%, 98% and 
99%, while SB model averages remain high at 1011, 895 and 800 cycles, 
respectively.

PCC in neither case exceeded a value of 0.75, which would indicate 
strong correlation of the risk mappings to the observed degradation 
(Fig. 2). Nevertheless, the ISO model with fixed rain intensities across 
the façade performed notably better, particularly at lower thresholds, 
peaking at the 75% RH threshold with a PCC of 0.60, after which the 
correlation gradually decreases. At RH thresholds above 96%, the ISO 
model produced near-zero F-T cycles across all façade sections, resulting 
in negligible spatial variance and an undefined PCC, which therefore 
excluded from the analysis. The SB model correlations remain low (PCC 
= 0.16) at the lower end of the RH threshold spectrum before increasing 
gradually from 70% RH, peaking at 90% with PCC of 0.32, indicating a 
weak correlation. To exemplify the accuracy of the best performing 
models, Fig. 12 provides a visual insight into how well the modeled risk 
aligns with real-world deterioration pattern.

Rescaling the F-T risk colormap so each case covers only its own 
cycle range significantly pronounces the modeled patterns. Both cases 
exhibit similarities and differences relative to each other and to the 
observed degradation. Notably, the SB model follows the same pattern 
as the ISO model but lacks the area of lower degradation risk beneath the 
roof overhang—also observable on the actual façade. Furthermore, both 
cases replicate the strip of degradation spanning the façade width (rows 
2-4), the increased risk of degradation near the left edge of the façade 
and the area of low risk near the bottom right corner.

Nevertheless, the scatter plots in Fig. 12 imply that both models 
generally overestimate degradation risks. In both cases, the maximum 
risk is situated on the left edge (column 0), while the highest degrada
tion observed is located on the opposite side (column 12), with risk 
estimates decreasing progressively to the right—also observable in the 
degradation mapping, particularly in rows 4-7. However, the rate of 
decreases diverges, particularly in the ISO model, where the risk shifts 
are more punctual. Additionally, rows 2-3 diverge with elevated 
degradation concentrated near the edges and lower damage at the 
center. While these discrepancies may not strongly affect pattern simi
larity, they contribute to the general risk overestimation across the 
façade.

The spatial analysis above only indicates where the degradation is 
more likely, not the absolute risk levels. Both cases in Fig. 12 show over 
800 F-T cycles in their least strained areas over the 31 years, yet parts of 
the actual façade (i.e., beneath the roof overhang) remain undamaged, 
suggesting absolute cycle counts are overestimated. The analysis is 
therefore deepened using a dose-response function (FTDR index) to gain 
insights into the ice formation within the façade.

5.1.3. FTDR index analysis
The application of the FTDR index to the simulation results yields a 

distinctive interpretation of risks across the façade sections. By zooming 
into the representative year of 1995 and utilizing the two points (Point A 
and Point B from Fig. 6) to illustrate estimated ice formation and the 
cumulation of the FTDR index, it can be determined that there is no ice 
formation in the ISO model. Fig. 13 illustrates the saturation degree of 
ice content and the corresponding FTDR index for the SB case.

As illustrated in the two-week period of January 1995, the formation 
of ice is more frequent and severe in Point A. Point A exhibited 11 
complete and 4 incomplete cycles, an average saturation degree of ice 

Fig. 7. Hygrothermal performance 5 mm behind the outer surface in Point A and B over the first two months of 1995. Graphs on the left show the SB case. On the 
right, the ISO case. The top graphs show temperatures, the middle moisture content and the bottom relative humidity.
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content of 0.15 and a maximum of 0.49, accumulating 3.67 FTDR points 
during the period. Point B underwent 10 complete F-T cycles with an 
average saturation degree of ice content of 0.03 and a maximum of 0.11, 
accumulating 0.63 FTDR points. Compounded over the full 31-year 
simulation, these differences produce significant spatial variation in 
risk estimation, with the SB model’s FTDR index ranging from 30 to 430 
points across façade sections and averaging 240 (standard deviation =
140 points). The risk estimates for the ISO model are significantly lower, 
varying between 0 to 1.58 points across all façade sections. Fig. 14
compares the modeled FTDR-based risk spatially against the observed 
deterioration pattern.

As illustrated, neither risk mapping corresponds to the observed 
degradation pattern on the façade. Instead, they correspond to the 
outcomes of the critical F-T cycles analysis (Fig. 9 and Fig. 10) when 
assuming very high RH thresholds, i.e., 99% for the SB model and 95% 
for the ISO model. The SB model thus reflects its oval-shaped mapping of 
the RAF coefficient, as defined in Fig. 6, with the area of low risk at the 
center and high-risk areas near the edges. The ISO model, on the other 
hand, results in areas with either no or minimal FTDR index beneath the 
roof overhang and near the top left corner of the façade. From this 
location risk progressively increases towards the bottom right corner. 
Expectedly, comparing predicted FTDR index for individual façade 
sections with their corresponding level of degradation results in 
numerous over and underestimations, achieving weak correlations. SB 

model showed weak positive correlation with PCC = 0.14. Contrast
ingly, the ISO model shows weak negative relationship with PCC =
-0.12.

5.2. Results for solid brick ZO as an outer layer (sensitivity case)

To test the sensitivity of the full façade hygrothermal assessment to 
the material properties, the critical F-T cycles analysis is repeated with 
the Solid Brick ZO type as the outer layer instead of the Solid brick, 
extruded. Among the fourteen RH threshold scenarios, the heatmaps 
derived from both SB and ISO models demonstrated the strongest cor
relation with observed degradation at the 85% threshold (0.31 and 0.61, 
respectively). The corresponding heatmaps are presented in Fig. 15. 
These heatmaps are directly compared with those derived using Solid 
brick, extruded as the outer layer. The latter were previously identified in 
Fig. 11 as the most representative of observed façade degradation and 
are using 90% and 75% RH thresholds for the SB and ISO models, 
respectively.

Despite having very different material properties, both brick types 
essentially resulted in very similar risk distributions across the façade, 
albeit with threshold-dependent shifts. ISO model-based results are 
nearly indistinguishable from each other as the scatter plot suggests with 
PCC value of 0.997. The SB heatmaps show minor differences, particu
larly in the middle area of the façade where the use of Solid Brick ZO 

Fig. 8. Moisture flux (a, b) and cumulative moisture balance (c, d) in the outer brick layer (108 mm) at Point A (a, c) and Point B (b, d), comparing the SB and ISO 
driving rain calculation models for the simulation period 1-8 January 1995. Moisture flux is computed as the hourly change in total moisture content integrated over 
the full depth of the brick layer (kg/m²/h), and cumulative balance is referenced to the start of the period. Positive values indicate net moisture uptake (wetting), 
negative values indicate drying.

J. Mandinec et al.                                                                                                                                                                                                                               Building and Environment 302 (2026) 114848 

13 



resulted in higher number of F-T cycles. Structurally, however, the 
heatmaps follow the same pattern as the PCC value of 0.978, suggesting 
that it is the façade microclimate, rather than material properties, that 
dominates the spatial distribution of risk and degradation. The 
remaining heat maps, which are derived from using the ZO brick type as 
the outer layer and exhibit similar spatial patterns to those derived 
earlier, though with threshold-dependent shifts, are given in Appendix 
A.

6. Discussion

While the proposed methodology offers a practical approach to 
model hygrothermal degradation risks across entire façades, its case 
study accuracy showed to be reasonable yet limited when compared to 
the observed degradation.

6.1. Limitations of microclimate modeling

The inaccuracies in risk mappings stem primarily from microclimate 
modeling, as sensitivity testing of material properties showed. Altering 
the outer brick layer properties shifted the critical RH thresholds but left 
the spatial distribution of risk largely unchanged. This indicates that 
local microclimate, rather than material properties, drives the degra
dation pattern.

The main uncertainty lies in the semi-empirical WDR models. Solar 
irradiation and long-wave radiation were modeled using 3D tool ac
counting for surrounding buildings and roof overhang. The WDR 
models, however, incorporate only some microclimate aspects (e.g., 
wind-dependent wind speed), but oversimplify or omit others entirely, 
significantly affecting the risk mapping.

The SB model provides Rain Admittance Factor (RAF) mapping, 

allowing a fine distinction of incoming rain across the façade. Never
theless, all three available RAF mappings assume open field conditions, 
ignoring obstructions and leaving WDR unscaled for suburban envi
ronment. This overemphasizes WDR relative to radiation variables, with 
RAF pattern dominating the final risk mappings. This is evident in the 
risk-mitigating effect of the roof overhang, which is not captured in the 
RAF mapping. Despite these limitations, the SB model’s risk predictions 
remain credible with engineering-based interpretation: either manually 
adjusting the predicted risk in roof-adjacent sections (when using F-T 
cycles) or shifting the entire risk mapping downward to assign lower risk 
to these areas (when using the FTDR index).

Unlike the SB model, the ISO model does finely differentiate WDR 
across façades surfaces. Its Wall factor—the ISO counterpart to RAF 
mappings—is defined broadly for limited façade configurations. In this 
case study, a single value (0.4) applies to the entire façade. Additionally, 
the obstruction factor scales down WDR based on the distance to the 
nearest object (also 0.4). These reductions in WDR allow solar and long- 
wave radiation to exert greater influence on the risk mapping, resulting 
in predicted risk of degradation that more closely resembles the 
observed distribution.

An additional source of uncertainty concerns the climate dataset, 
which was generated under the A1B emissions scenario for the historical 
period 1991–2021. For this reason, the modeled dataset may deviate 
from locally measured conditions, providing further uncertainty in ob
tained risk mappings. Nevertheless, a continuous 31-year hourly 
sequence is preferable to repeatedly using a single design year, as it 
captures interannual climate variability, avoiding the bias introduced by 
selecting a representative year.

Fig. 9. Maps of F-T cycles frequency across the façade using different relative humidity thresholds and the ISO model.
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Fig. 10. Maps of freeze-thaw cycles frequency across the façade using different relative humidity thresholds and the SB model.

Fig. 11. Threshold analysis summary of freezing and thawing cycles aggregated from all façade sections. The error graph on top illustrates the average number of 
cycles for each threshold along with the corresponding standard deviation and minimum-maximum range. The bottom graph evaluates the similarity between the 
modelled risk mapping and the observed degradation distribution using the Pearson Correlation Coefficient (PCC)) for the ISO and SB models, respectively.
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Fig. 12. Comparison of modeled F-T risk across the façade with observed deterioration patterns. The top-right heatmap shows the distribution of observed 
degradation. Heatmaps on the left show the mapping of the risk across the façade for the SB model (in the middle) and the ISO model (at the bottom). Scatterplots on 
the right compare the modeled risk with observed degradation across individual façade sections. For consistency, all values were normalized using min-max scaling 
(range: 0 and 1).

Fig. 13. Comparison of freezing-thawing behavior 5 mm behind the outer surface at points A and B during weeks 3-4 of representative 1995 using the SB model. Top: 
ice formation indicated by saturation degree of ice content (wi). Bottom: cumulative sum of Freeze–thaw damage risk (FTDR) index.
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6.2. Limitations of performance indicators

Regardless of the WDR model used, risk estimates based on F-T cycles 
and the FTDR index have their own limitations, introducing further 
uncertainties into the resulting risk distributions over the façade.

Temperature conditions used to identify freezing and thawing 
represent the first limitation, assuming 0◦C as a threshold when freezing 
occurs. In practice, water in porous materials may start freezing at lower 
temperatures due to freezing point depression. An alternate threshold 
such as -5◦C could significantly decrease cycles counted in the analysis. 
This uncertainty, however, warrants further investigation.

Counting F-T cycles in bricks also relies on the critical degree of 
saturation (Scrit). Exceeding this threshold during a F-T event is linked to 
the physical distortion of bricks, allowing cycles to be counted in the 
analysis. Nevertheless, the Scrit of the outer brickwork is unknown as 
well as the other material characteristics. These were supplemented 
using WUFI’s material database, which does not, however, contain any 
information on the Scrit.

To address this limitation, the case study used available degradation 
data to identify which RH thresholds produce risk mappings closest to 
the observed degradation pattern, assuming the optimal threshold 

corresponds to Scrit. At certain thresholds, predicted risk distributions 
began to resemble the observed degradation, suggesting the critical 
degree of saturation for the brick used. This finding was consistent 
across both materials tested (Solid brick, extruded; Solid Brick ZO). 
However, comparing SB and ISO models revealed a caveat: the most 
accurate risk mappings required different thresholds—90% for SB and 
75% for ISO model (extruded bricks)

This discrepancy reflects methodological differences in moisture 
loads representation. The SB model produces higher WDR exposure, and 
consistently wetter outer layers, so F-T risk only emerges near satura
tion, hence the higher RH threshold. The ISO model produces a drier 
façade, requiring a lower RH threshold to reproduce the observed 
degradation pattern. Consequently, the RH threshold becomes a 
compensating parameter balancing differences in assumed moisture 
loads, rather than a direct measure of material properties. While both 
models can be calibrated to match observed degradation, the inferred 
Scrit is model-dependent and must be interpreted with caution.

Another insight comes from undamaged areas of the façade. These 
should correspond to low-risk areas in the modeling, yet both WDR 
models predicted over 800 F-T cycles above the RH threshold in all 
façade sections. This underscores that, in this context, F-T cycles should 

Fig. 14. Comparison of modeled FTDR-based risk across the façade with observed deterioration patterns. The top-right heatmap shows the distribution of observed 
degradation. Heatmaps on the left show the mapping of the FTDR index across the façade for the SB model (in the middle) and the ISO model (at the bottom). 
Scatterplots on the right compare the modeled risk with observed degradation across individual façade sections. For consistency, all values were normalized using 
min-max scaling (range: 0 and 1).
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be interpreted relatively: the methodology cannot yet link absolute cycle 
counts to the observed degradation, which would be necessary to infer 
degradation onset and progression.

Degradation risks were also analyzed using the FTDR index, which 
quantifies the risk based on ice content rather than cycle counts. How
ever, the FTDR mappings corresponded to F-T cycle mappings at high 
RH thresholds (99% and 95% for SB and ISO, respectively), which is 
higher than the best-fit thresholds from cycle analysis (90% and 75%). 
This suggests the FTDR index underestimates risk across the façade. 
Consequently, while FTDR mappings correctly identify areas with little 
to no risk of degradation, they do not reflect the observed spatial 
degradation pattern. This may be due to uncertainties in WUFI’s ice 
content approximation, as noted in Section 4.3.

7. Conclusion

This paper developed a methodology for assessing moisture-induced 
degradation risks across entire façades by combining existing engi
neering approaches for modelling the microclimate load on building 
façades with increased spatial resolution. The methodology was exem
plified on a yellow brick façade with known degradation pattern, pre
viously quantified across 104 façade sections using drone imagery and 
computer vision.

The accuracy of the F-T mappings varied across RH thresholds and 
WDR models. Increasing the threshold resulted in fewer cycles counted 
in the analysis, which impacted the distribution of risk across the façade. 
The ISO model with the 75% RH threshold achieved the best agreement 
with observed degradation (PCC = 0.6). A closer scrutiny of the dis
crepancies, primarily a misplacement of the highest-risk area on the 
façade, suggested limitations in the validation data. Specifically, the 
data considered only the number of spalled bricks in each façade section 
but not spalling severity. The most severely damaged bricks are located 
where the methodology predicted the highest risk, suggesting poten
tially higher accuracy than the PCC indicates. The SB model resulted in 
less accurate mappings (best PCC = 0.32 at 96% RH threshold), 

primarily due to not accounting for the roof overhang.
The discrepancy between optimal RH thresholds used in the WDR 

cases challenges assumption that the RH threshold equals the critical 
degree of moisture saturation Scrit. This was confirmed when repeating 
the analysis with different outer brick layer specifications (Solid Brick 
ZO), where similar risk maps were achieved using 85 % and 90% RH 
thresholds for the ISO and the SB models, respectively. Future work 
should focus on obtaining more precise material parameters.
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