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Preserving the cultural significance of historic buildings while improving their energy efficiency
may seem contradictory. For instance, to maintain the original fagade of historic buildings it is not
possible to add thermal insulation to the exterior walls. Alternative measures such as applying
insulation to the wall interior need to be considered. However, such measures are considered one
of the most difficult retrofit solutions for historic buildings. Research suggests that introducing
internal insulation in historic masonry walls amidst varying climate conditions poses potential
challenges in controlling moisture and maintaining the integrity of the masonry structure. It is
therefore crucial to conduct a comprehensive assessment of the possible risks linked to moisture-
related issues such as freeze-thaw (FT) damage to masonry walls. This study provides recom-
mendations for enhancing the energy efficiency of older historic buildings without compromising
their cultural significance and long-term durability by examining methods for internal insulation.
The hygrothermal behavior of historical masonry walls was investigated before and after retro-
fitting in response to historical and future climates. Ottawa was selected as the study location to
conduct the analysis. The investigation included various factors such as the local climate con-
ditions, building height/size, as well as brick and insulation material properties. Hygrothermal
simulations over a 31-year period were performed to predict the risk of FT damage. This study
provides a decision-making procedure for retrofit projects of historic masonry buildings requiring
internal insulation and suggests solutions in situations where caution is required.

Nomenclature

SPF: Spray Polyurethane Foam

ORG: Original state of the wall assembly (without
insulation)

WDR: Wind-Driven Rain

Fe: Rain exposure factor

MW: Mineral Wool

FT: Freeze-Thaw

FTC: Freeze-Thaw Cycle

H: Historical climate period
(1986-2016)

Fd: Rain deposition factor

CaSi: Calcium Silicate
Scrit: Critical Degree of Saturation

F: Future climate period (2062-2092)

IVR: Ice Volume Ratio (the ratio of ice volume to pore
volume)

* Corresponding author.

E-mail addresses: sahar.sahyoun@concordia.ca (S. Sahyoun), hua.ge@concordia.ca (H. Ge), michael.lacasse@nrc-cnrc.ge.ca (M.A. Lacasse).

https://doi.org/10.1016/j.jobe.2025.111900

Received 10 October 2024; Received in revised form 30 December 2024; Accepted 22 January 2025

Available online 27 January 2025
2352-7102/© 2025 The Authors.

Published by Elsevier Ltd.
(http://creativecommons.org/licenses/by/4.0/).

This is an open access article under the CC BY license


mailto:sahar.sahyoun@concordia.ca
mailto:hua.ge@concordia.ca
mailto:michael.lacasse@nrc-cnrc.gc.ca
www.sciencedirect.com/science/journal/23527102
https://www.elsevier.com/locate/jobe
https://doi.org/10.1016/j.jobe.2025.111900
https://doi.org/10.1016/j.jobe.2025.111900
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jobe.2025.111900&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Sahyoun et al. Journal of Building Engineering 102 (2025) 111900

1. Introduction

Historic masonry buildings are integral parts of Canada’s architectural heritage, showcasing the craftsmanship and cultural identity
of the country’s past. However, these buildings are now facing the challenge of climate change, which brings about extreme weather
events, including freeze-thaw cycles as may be expected to occur in a cold climate. As a consequence, such buildings are faced with
having to resist the effects of freeze-thaw cycles on historic masonry; this is a complex and significant issue that requires careful
analysis. The repetitive process of water infiltrating the masonry and thereafter, freezing and thawing can lead to detrimental effects
on the masonry structure, such as spalling, cracking, and deterioration of the masonry materials. Beyond the immediate physical
damage, freeze-thaw cycles can also have long-term impacts not only on the structural integrity but also on the aesthetic value of
historic masonry buildings [1,2].

In cold climates, frost damage is considered a significant threat to the durability of masonry buildings, particularly for porous
materials such as stone and brick masonry. Damage occurs due to multiple freeze-thaw cycles within the material, facilitated by the
freezing and thawing processes [3,4]. However, it is important to note that damage does not solely result from freezing temperatures.
As highlighted by Fagerlund [5], the onset of damage in porous materials is also influenced by the degree of moisture saturation of the
masonry being exceeded, together with freezing conditions. Damage can occur if the moisture content in a masonry material exceeds
its critical degree of saturation (Scit), which is defined as the moisture content at which frost damage can occur. The value of S varies
with respect to the different types of masonry and can be determined experimentally [6]. Straube et al. [7] measured the range of
values for Sc: of three brick materials from Canada: A modern extruded clay brick from a Canadian producer “Canada Brick,” a
historical brick sourced from Upper Canada College “UCC”, and historical brick collected from a residence in the historic district of
Montreal “Old Montreal.” Values of 0.25, 0.30 and 0.87 were obtained for UCC, Old Montreal and Canada Brick, respectively.
Fagerlund [8] found a hypothetical value for critical saturation of 66 %, whereas Williams and Richman [9] obtained an average range
in Seri¢ values of 70%-80 % for the specimens they tested on a load-bearing clay brick masonry construction in a historic Toronto
residence. Van Straaten’s data, derived for existing North American brick masonry units, showed values of critical saturation varying
between 30 % and 90 % [10]. Aldabibi et al. [11,12] examined values for S in five types of brick masonry materials obtained from
vendors located in Montreal, Canada; including three types of new bricks and two types of reclaimed old bricks, and found a range
between 30 % and 75 %, with average values for exterior brick masonry falling between 45 % and 55 %. Based on these findings, it can
therefore be suggested that the range of values for S.; can be between 25 % and 90 %.

It ought to be also considered that historic buildings are typically comprised of large multi-wythe masonry walls (building structure
and envelope), and they contain little to no wall insulation. Due to their lack of ability to adequately control heat loss, heritage
buildings fall short of meeting occupant comfort standards and energy requirements as prescribed in current building codes. With
reference to this category of buildings, the benefits obtained through the use of internal insulation systems, that do not spoil the
aesthetic appearance and historic rendering of the building are of importance and this has been reflected in national and regional
standards and guidelines. It has been shown that adding insulation can dramatically improve the energy performance and occupant
comfort of a heritage building [13-19]. However, in respect to heritage buildings, interior insulation is the primary solution, although
the implementation of such solutions comes with distinct challenges and potential risks. It should be noted that the use of this approach
may, during wintertime, reduce, or indeed, remove the source of heat to masonry units, causing them to become colder, potentially
wetter, and thus making them more susceptible to freeze-thaw damage, and perhaps, other moisture-related issues. Several studies
have examined the impact of internal insulation on masonry walls in different climates, showing both potential benefits and risks.
These include reduced heat loss but also increased risk of moisture-induced problems, especially in high-moisture environments. A
comparative study by Straube and Schumacher [6] on two interior retrofit options (50 mm extruded polystyrene insulation (XPS) and
90 mm batt insulation) concluded that both insulation systems were safe for the five Canadian cities considered, with no significant
changes to the Freeze Thaw (FT) indices recorded. Wilkinson et al. [20] evaluated the effect of applying closed-cell spray foam
insulation at a school building in Toronto through measurements and HAM modeling. Results indicated that the moisture content of
the brick and mortar increased after retrofit, but it did not reach levels favorable for FT damage. Also, a few studies indicated that using
capillary-active insulation materials can help manage moisture and limit condensation in cold climate buildings [21], such as those in
Eastern Europe [22-24] and Central Europe [25]. Another study by Scheffler [26] introduced a new internal insulation technology
using lightweight autoclaved aerated concrete. The study demonstrated that the moisture content inside the masonry increased but
remained below critical levels. Koci et al. [27] compared three types of capillary-active thermal insulation materials and found that
they did not cause any accumulation of moisture within the wall located in the Czech Republic. Additionally, Bottino-Leone et al. [28]
concluded that vegetal and mineral-based insulation systems are appropriate for interior retrofits in heritage residential buildings in
Bamberg, Germany.

Nevertheless, applying insulation systems to the interior of brick walls of heritage buildings can affect the hygrothermal behavior of
the masonry, thereby influencing moisture movement and storage within the masonry structure. This change in moisture dynamics has
the potential to significantly alter how masonry responds to freeze-thaw cycles (FTC) over time, possibly exacerbating the risk of
deterioration and thereby, over the long term, compromising the structural integrity of the masonry structure [7,29-32]. Vereecken
and Roels [33] compared capillary-active and traditional vapour-tight interior insulation systems and found that while capillary-active
systems performed better, they were more sensitive to various climate parameters such as wind-driven rain (WDR) load, orientation,
and wall thickness. Williams and Richman [9] studied the long-term risk of internally insulating the wall assemblies of a historic solid
brick masonry house in Toronto, using closed-cell polyurethane spray foam insulation. Results showed an increase in the number of
FTC, especially when exposed to solar radiation. Odgaard et al. [34] evaluated the performance of a historic masonry wall with
diffusion open insulation under normal moisture load and low WDR impact in Copenhagen, finding that relative humidity increased
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post-retrofitting without significant damage. However, they suggested that worsening outdoor conditions could potentially increase
the risk of moisture-induced damage. More studies indicated an increased risk of moisture-related problems and potential damage
post-retrofitting [35-37], emphasizing the need for cautious consideration when implementing internal insulation in historic masonry
buildings. As such, the selection of insulation materials for internal applications in historic masonry should be approached with
caution, as certain modern insulating materials may not be compatible with the unique properties of brick masonry walls of historic
structures. An improper choice of insulation materials may lead to accelerated deterioration and irreversible damage to the masonry
walls.

Several studies indicate varying impacts of climate change on freeze-thaw damage risk under future climates, with some showing a
decrease in risk while others suggest an increase. Van Aarle et al. [38] found that the risk of freeze-thaw damage might decrease under
the anticipated future climate in the Netherlands, as the increase in air temperature could offset the impact of more severe rainfall
events. Similarly, Grossi et al. [39] concluded that the risk of frost damage on masonry walls in monumental buildings would
tremendously decrease under future climate across Europe. And the study done by Vandemeulebroucke et al. [40] revealed that global
warming and the urban heat island have a positive impact on reducing freeze-thaw damage risk to historical masonry in Ghent,
compared to surrounding rural areas. However, other researchers have presented contrasting findings, with Nijland et al. [41] arguing
that the expected decrease in the number of freeze-thaw cycles may be small, and that materials potentially being wetter at the onset of
frost could lead to an increased susceptibility to freeze-thaw damage. Sehizadeh and Ge’s analysis on the impact of future climate in
Montreal on the durability of retrofitted masonry wall assemblies revealed an increased frost damage risk to bricks by 2020 and 2050,
though this risk seemed to decrease by 2080 [42]. Zhou et al. [43] investigated the impact of climate change on FT damage for
internally insulated masonry walls in Zurich and Davos, Switzerland. Their findings showed that the risk of FT damage is expected to
decrease in Zurich due to a decrease in freeze-thaw cycles caused by an increase in air temperature in the cold period. Conversely, the
risk is expected to increase in Davos due to higher temperatures and precipitation during cold periods. Vandemeulebroucke et al. [44]
investigated the impact of climate change on freeze-thaw damage risk at 10 locations across Europe and the Mediterranean, with
varied parameter conditions. The effects were found to be non-uniform, leading to both a decrease and an increase in FT damage risk
for different locations and parameter combinations.

Moreover, a review of publications on the conservation, rehabilitation, and restoration of historic buildings in North America has
been completed, with specific consideration given to historic buildings of masonry construction [45]. However, there were a very
limited number of comprehensive studies that have been published that are pertinent to the Canadian context, and that address im-
provements in the thermal performance of masonry structures with the use of interior insulation and the expected durability of these
retrofitted structures. Also, very limited research has been carried out regarding the effect of climate change on historic building
structures. Given the limited number of scientific publications, it is clear that there is a lack of research focused on a systematic
investigation of strategies for the retrofit of heritage masonry buildings. Hence there is a need for developing design guidelines to
improve the thermal performance of building envelopes of historical masonry buildings without compromising their long-term
durability within the Canadian context.

For the development of robust guidelines, both hygrothermal simulations and field measurements are required to answer the
following questions (this study focuses on hygrothermal simulations):

e What would be the best strategies for retrofitting the masonry walls of heritage buildings with interior insulation that are
appropriate for the intended indoor environment, outdoor climatic conditions, and masonry wall systems incorporating different
materials?

o What type of insulation system ought to be used?

o What is the safe/optimal insulation thickness?

How should the masonry walls of heritage buildings retrofitted with interior insulation perform under projected future climate
loads, assuming that these heritage buildings are to last another century?

In light of these considerations, in this study, recommendations are to be provided for enhancing the energy efficiency of older
masonry buildings of heritage significance, while maintaining their moisture safety by examining methods using internal insulation.
The primary aim was to explore the feasibility of insulating masonry walls of historical structures internally, without affecting their
long-term durability, or their cultural significance. To achieve this goal, this study is focused on investigating the hygrothermal
behavior of masonry walls of historic buildings before and after retrofitting using internal insulation, in response to both historical and
future climate loads. The investigation includes various factors such as local climate conditions, building height, as well as brick and
insulation material properties.

Hygrothermal simulations for a 31-year period were performed to predict the risk of freeze-thaw damage to the masonry structures.
The risk of freeze-thaw damage was evaluated by determining the number of freeze-thaw cycles using the FTCd indicator, as provided
from the output of the DELPHIN simulation model. Solid masonry construction was widely used in the Ottawa region a hundred years
ago. This method was commonly employed in the construction of numerous heritage buildings [46]. Therefore, Ottawa was selected as
the study location to conduct a comprehensive analysis of the potential effects of climate change on the freeze-thaw damage of
internally insulated brick masonry walls of older historic buildings. The simulations included hourly climatic parameters for both
historical and future climate periods, allowing for a thorough evaluation of the effects of climate change on the risk to freeze-thaw
damage in this Canadian location.
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2. Methodology
2.1. Overview of the simulation tool — DELPHIN

In this study, simulations were performed using DELPHIN 5, v5.9.4, a hygrothermal simulation tool developed at Dresden Tech-

nical University [47]. DELPHIN is developed to model coupled transport processes of heat, air, and moisture in porous building
materials, employing the following governing equations to model coupled heat and moisture transfer (Equation (1) and (2)) [48,49]:

apw+v sV vV W

Fra 7V[jdiff+]w,w+] ] (D)
ou o w ) .
Friake v [qmd +h, (]diff + ]CW> +hyj¥ +hgj?| + Zu 2)

where u is the energy density (J/m®), p the mass density (kg/m°>), q the energy/enthalpy flux (W/m?), j the mass flux(kg/m?/s) and it the
energy source density (W/m®%). The superscripts w, v, a and d indicate liquid water, water vapour, humid air and the dry air components
respectively. The subscripts describe the mode of transport through diffusion (diff) or convection (conv) and h,, h, and hy are the
specific enthalpies (J/kg) of the individual components considered. In contrast with liquid and dry air mass, the specific enthalpy of
vapour consists of a sensible and latent part:

hy=c, (T - Tref) + Hevap 3
hy=cy (T—Trs) )]
hd:Cd (TfTref) ®)

in which the corresponding levels of heat capacity are ¢, = 1840 J/kg/K, c,, = 4180 J/kg/K and cq = 1006 J/kg/K, Heyqp = 2445 kJ/kg
is the evaporation heat and T is the thermodynamic temperature (K).

DELPHIN uses material properties dependent on volumetric moisture content and temperature, incorporating either the complete
sorption isotherm or the water retention function to characterize material wetting and drying behavior. Boundary conditions such as
wind-driven rain, solar radiation, and cavity airflow are modeled with input data files, enabling realistic simulations under dynamic
environmental conditions.

The software has additional capabilities for modeling airflow [50,51], pollutant transport [52], and salt transport [49] in both 1-D
and 2-D configurations. In addition to the capabilities of handling wind-driven rain and solar radiation, DELPHIN calculates the
formation of ice by assuming the instantaneous equilibrium between the three phases (vapour, liquid, and ice), and by applying a
freezing point depression whilst assuming that the pore space fills from the smallest to the largest pore and that ice crystalizes outside
of the liquid phase [53,54]. The use of this model permits investigating whether the moisture content is sufficiently high to fill pores
where water could freeze.

Maintained by the Institute for Building Climatology at TU Dresden, DELPHIN has been extensively validated using the HAMSTAD
Benchmarks [53,54], which assess its accuracy in simulating heat and moisture transfer under standardized conditions. Validation of
DELPHIN against field measurements was reported in the literature, examining water uptake, redistribution, and drying rates in
wood-frame walls under real-world conditions [55-57]. DELPHIN has also been widely applied in the literature to assess the potential
freeze-thaw damage risk on brick masonry structures [40,57-63]. These studies highlight DELPHIN’s ability to capture key hygro-
thermal processes, supporting its use for relative comparisons of freeze-thaw damage scenarios in this study.

2.2. Weather data

To perform hygrothermal simulations of building envelopes over the long term and monitor the effects of climate change on brick
masonry structures, it is necessary to use future climate load projections. Ottawa was chosen for this study due to its significant stock of
historic masonry buildings and its classification in Climate Zone 6 [64], in which cities like Montreal and Toronto are also located. The
freeze-thaw risks in Ottawa’s climate are similar to those experienced in other regions with comparable climates. Ottawa has a humid
continental climate, with cold winters where temperatures typically range from —10 °C to —15 °C, occasionally dropping below
—20 °C. The city receives an average of 1000 mm of precipitation annually, this includes rain, snow, and sleet [65]. Frequent
freeze-thaw cycles occur, as daytime temperatures often rise above freezing, while nighttime temperatures fall below, causing water in
masonry materials to freeze and thaw. This makes Ottawa an ideal and representative location for assessing freeze-thaw damage in
heritage masonry buildings in Canada. Weather data for Ottawa were provided by the National Research Council of Canada [66]. The
dataset was generated by dynamically downscaling future projections from the CanESM2 global climate model and thereafter this
dataset underwent bias correction, wherein the climate model outputs were adjusted to compensate for their systematic inaccuracies,
aiming to enhance their alignment with real-world observations. The dataset comprised 15 realizations with variations to their initial
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conditions, each of which included a continuous hourly time series’ of climate parameters for a baseline time-period spanning from
1986 to 2016 and as well, future time-periods of 31 years, when a global warming of 3.5 °C is expected to be reached in the future [67].
In this paper, the RCP8.5 scenario was considered (assumed to occur between 2062 and 2092), for which the temperature is expected
to increase by 3.5 °C. The impact of all 15 realizations was not investigated in this paper; only realization R4 was used, as it was shown
in a previous study [68] as the worst-case scenario for the occurrence of FT action on masonry structures.

2.3. Wall assemblies

Simulations were performed for a reference wall in its original state (ORG) and internally insulated retrofit wall assemblies using
three different internal insulation systems: Spray Polyurethane Foam (SPF); Mineral Wool (MW) with a vapour barrier, and Calcium
Silicate (CaSi) adhered to the masonry wall with 4 mm of mortar. The reference wall (ORG) consists of 300 mm brick masonry units, 5
mm mortar joints and 15 mm gypsum plaster. For each insulation system, three thicknesses of insulation were considered: 50 mm, 100
mm and 200 mm (Fig. 1). According to the National Energy Code of Canada for Buildings [64], the recommended minimum thermal
resistance for exterior walls is 4.16 (m2 K/W). Not all insulation types and thicknesses will result in achieving the required R-value for
retrofit wall assemblies. Nevertheless, this study is focused on evaluating how enhancing the thermal resistance in walls affects the
potential vulnerability of FT damage. As an interior finishing layer, a 12 mm gypsum board was used; only the capillary active CaSi was
rendered with a 10 mm layer of plaster. Also, for the retrofitted walls, empty steel studs were installed onto the insulation material,
given that the empty stud space is considered an ideal location for the distribution of services and allows for the easy application of a
drywall finish [69].

The brick material was modeled for different configurations: a) full brick (20 cm) followed by mortar joints, thereafter half a brick
(10 cm); b) three half-bricks (10 cm each) with mortar joints in between, and ¢) Two full bricks (20 cm each) with mortar joints in
between. Two historic brick materials were selected from the DELPHIN materials database; these included: Old Building Brick Per-
siusspeicher (referred to as Brick A), and Old Brick Dresden (referred to as Brick B). These two brick materials have been found to have
similar properties to the exterior reclaimed bricks “ERUL” and “ERUH” found in Canada, as measured by Aldabibi [11]. These brick
materials are considered typical and have average FT-resistant properties, measured experimentally by Aldabibi [11], with a critical
degree of saturation (Seit) of 55 % and 45 %, respectively, for Brick A and Brick B. As for the mortar, a historical mortar was selected
from the DELPHIN material database. All material properties are listed in Table 1 and the total thermal resistance of the wall as-
semblies based on the insulation types and thicknesses is presented in Table 2. The total thermal resistance of the assemblies was
calculated using the method outlined in the ASHRAE Handbook — Fundamentals (SI) [70].

2.4. Wall orientation

The orientation of masonry walls can significantly affect the exposure of the masonry wall to environmental loads, including wind-
driven rain and solar radiation, thereby influencing the potential for moisture accumulation and freeze-thaw damage. Hence it is of
particular importance for building preservation practitioners when implementing insulation retrofit solutions to consider the effect of
wall orientation on the risk of freeze-thaw damage to masonry walls.

By integrating the understanding of wall orientation into preservation plans, practitioners can tailor insulation solutions and
mitigation strategies to address the specific hygrothermal loads posed by different orientations, ultimately safeguarding the long-term
integrity of historic masonry in the face of evolving climate conditions. As such, this study was carried out for eight different orien-
tations: North, North-East (NE), East, South-East (SE), South, South-West (SW), West and North-West (NW).

2.5. Boundary conditions

2.5.1. Indoor boundary conditions

This study assumes constant indoor temperature and relative humidity (RH) conditions of 21 °C and 50 % throughout the year for
all simulations to represent the worst scenario of winter indoor moisture loads in retrofitted office and institutional heritage buildings
equipped with HVAC systems. This assumption provides a standardized baseline for analyzing freeze-thaw damage influenced pri-
marily by external environmental factors. Given that the effect of air leakage is not modeled in this study, indoor conditions have a
limited effect on the overall moisture behavior of the wall assembly. The indoor vapour diffusion and the heat conduction coefficient
were set as 1.52 x 1078 s/m and 8 W/m’K [71], respectively.

2.5.2. Outdoor boundary conditions

Outdoor boundary conditions included heat conduction, vapour diffusion, wind-driven rain, shortwave and longwave radiation. To
compute the transfer coefficient, the boundary layer method was selected in DELPHIN. The required long-wave emission coefficient of
the building surface was set to 0.9. The outdoor convective heat exchange coefficient (h.e) and convective vapour diffusion coefficient
(Bv) were calculated using Equations (6) and (7) [71] as given below. The value of (fy) was computed using the convective heat
exchange coefficient (h.) and the Lewis relation.

1 The full dataset can be accessed from: 10.17605/0SF.I0/UPFXJ.
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Fig. 1. Geometry of typical brick masonry wall assemblies: reference wall (ORG) (top left), and internally insulated wall (top right). The brick
material was modeled for different configurations: a) full brick (20 cm) followed by mortar joints, then half a brick (10 cm), b) three half-bricks (10
cm each) with mortar joints in between, and ¢) Two full bricks (20 cm each) with mortar joints in between. The mortar joint’s thickness is 5 mm.

Table 1
Material properties of the historic brick masonry and insulation materials (DELPHIN 5.9.5 material database).
Type Density (kg/ Specific heat (J/ Thermal conductivity Open porosity A (kg/ p (=) Kl (s) Serit
m?) kg.K) (W/mK) (m®/m®) m?.s%) (%)
Brick A 2015 775 0.24 0.8683 0.0457 139.5 4.92 x 55 %
10°°
Brick B 1972 794 0.30 0.659 0.258 12.03 2.81 x 45 %
107°
Mortar (historic) 1568 488 0.5815 0.4083 0.175 11.37  9.65 x -
107°
Closed cell (SPF) 45 1500 0.029 0.92 0.0001 104
Calcium Silicate 225 1129 0.063 0.913 0.726 4.23
(CaSi)
Mineral Wool (MW) 67 840 0.04 0.92 - 1 -
+ VB*
A: Water absorption coefficient; p: Vapour resistance factor; Kl: liquid water conductivity; *VB: Vapour Barrier.
Table 2
The total thermal resistance of the wall assemblies based on the insulation types and thicknesses.
Insulation material Insulation thickness Total R-value of the wall (m%K/W)
No insulation 0 mm 0.50
SPF 50 mm 2.50
100 mm 4.20
200 mm 7.65
MW 50 mm 2.00
100 mm 3.25
200 mm 5.75
CaSi 50 mm 1.60
100 mm 2.40
200 mm 4.00
he=4+4ev (6)
B,=244010% 42440105 ey %)

where,

v — the wind speed, (m/s).

The reflection coefficient of the surrounding ground (albedo) was 0.2 and the absorptance coefficient for the brick cladding surface
was considered to have a value of 0.6.
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2.5.3. Wind-driven rain

The WDR was calculated according to the ASHRAE 160 method [72] for different building heights under different exposure cat-
egories and roof types (different deposition factors). In this paper, a low-rise (<< 10m) and a medium-rise building (>10m and <<
20m) were assumed under sheltered, medium, and severe exposures, having respectively exposure factors (Fe) = 0.7, 1.0 and 1.4
(Table 3). Different rain deposition factors (Fd) were also assumed for walls below a: steep-slope roof, for which Fd = 0.35; low-slope
roof, Fd = 0.5 and; Fd = 1.0, for walls subject to rain runoff (Table 4).

2.6. Initial conditions

Initial temperature and relative humidity conditions were selected as constants and set to 21°C and 50 %, respectively.

2.7. Performance indicators for assessing freeze-thaw damage risk

The risk of freeze-thaw damage was computed using the number of critical freeze-thaw cycles obtained from DELPHIN (FTCd). In
this paper, one FT cycle was counted when the ice volume rate (IVR) was lower than the minimum values of 0.55 and 0.45 (corre-
sponding to the value for S.,j; of the bricks as chosen in this paper). The ice volume rate or IVR is the ratio of the ice volume to the pore
volume. According to the literature, even a few freeze-thaw cycles can trigger significant degradation of a brick masonry wall. Straube
etal. [73] and Ueno et al. [30,31] observed a degradation in samples, examined after 6 cycles, whereas in numerous other instances FT
damage has been shown to occur after 20 to 30 cycles. Van Aarle et al. [38] proposed that damage occurs once the brick is subjected to
25-35 cycles of freezing and thawing. Thus, in reference to [74], the relation between the number of freeze-thaw cycles and the actual
damage is presented in Table 5.

2.8. Simulation scenarios

Simulations were performed under historical and future climatic conditions, using the hygrothermal simulation program DELPHIN
5, v5.9.4. No sources of either air leakage or rain leakage were assumed. Simulations were carried out for a one-dimensional cross-
section of the reference wall (ORG) and the retrofit walls under historical and future projected climate loads, over a consecutive period
of 31 years for each time period. Only one climate projection was examined (i.e., Run #4), as previous findings have indicated that Run
#4 represents the most severe scenario for the occurrence of FT damage [68]. Given, as well, that the number of freeze-thaw cycles is
cumulative, the results at the end of the simulation period were evaluated.

A fine variable discretization, with a minimum element width of 0.5 mm and a stretch factor of 125 was used to set up the meshing
of the brick masonry materials. For the mortar joints, an equidistant mesh size of 0.5 mm was used in the simulations. This fine
resolution ensures accurate modeling of the hygrothermal behavior of the mortar and its interaction with the adjacent brick elements.
The point of investigation was placed at a depth of 5 mm from the exterior brick surface. The input parameters for the hygrothermal
simulations are listed in Table 6, below.

3. Results and discussion

The risk of the occurrence of freeze-thaw damage to brick masonry walls is influenced by several factors that need to be carefully
considered during construction and before any retrofit project. These factors include the material properties of the brick masonry, the
presence of moisture, the rate of water absorption, the type of insulation used, and the environmental conditions to which the wall is
exposed. Understanding how these factors interact and affect the resilience of masonry walls is essential for designing and building
structures that can withstand freeze-thaw cycles without sustaining significant damage.

This section presents results on the impact of different insulation materials, the impact of different brick types of brick masonry and
brick unit thicknesses, as well as the effect of wall orientation and exposure factors on the FT damage response of historic masonry wall
assemblies before and after retrofit. By examining these factors through a parametric analysis, one can gain valuable insights into the
specific parameters that play a significant role in minimizing the risk of freeze-thaw damage in brick masonry walls.

3.1. Impact of different insulation materials

In general, the projected risk of FT damage will most likely decrease in the future if no insulation is added to masonry walls having
Brick A, with the exception of walls facing West — where the risk of FT damage is expected to slightly increase in the future (i.e.,

Table 3
WDR exposure factor (FE) adapted from Ref. [72].
Building height (m) Type of exposure category
Severe Medium Sheltered
<10 1.4 1.0 0.7
>10 and <20 1.4 1.2 1.0
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Table 4
WDR deposition factor (FD) adapted from Ref. [72].
Deposition factors (Fp) Roof type
0.35 Walls below a steep-slope roof
0.5 Walls below a low-slope roof
1.0 Walls subject to rain runoff
Table 5

Risk for mechanical damage of the masonry wall based on the number of freeze-
thaw events — adapted from Ref. [74].

Number of freeze-thaw cycles Mechanical damage risk
0 No damage

1-5 Damage possible

6-35 Damage likely

>35 Observable damage

Table 6
Input parameters for hygrothermal simulations.
Input Parameter Variation  Description
Location 1 Ottawa
Time period 2 Historical (1986-2016)
Future (2062-2092)
Wall orientation 8 North (N), North-East (NE), East (E), South-East (SE), South (S), South-West (SW), West (W) and North-West (NW)
Rain deposition 3 0.35, 0.5 and 1.0
factor
Rain exposure 3 0.7,1.0 and 1.4
factor
Brick types 3 Brick A (Scrit = 0.55), Brick B (Scrit = 0.45), and Brick C (Scrit = 0.8)
Brick thickness 3 300 mm: One full brick (200 mm) followed by mortar joints, then half a brick (100 mm) | 300 mm: Three half-bricks (100 mm
each) with mortar joints in between | 400 mm: Two full bricks (200 mm each) with mortar joints in between.
Internal insulation 3 Spray Foam Polyurethane (SPF), Mineral Wool (MW), and Calcium Silicate (CaSi)
type
Insulation 3 50, 100 and 200 mm
thicknesses

increase of 3FTCs) (Fig. 2). However, adding even a small layer (i.e., <50 mm) of insulation will increase the risk of FT damage for most
facade orientations. Comparing the impact of insulation systems used to internally retrofit historical masonry walls, it was observed
that the risk of FT damage is highest when applying SPF insulation and is lowest when using CaSi. It is clearly shown in Fig. 2, that
uninsulated walls facing East will receive a total number of 20 freeze-thaw cycles in the future. The difference between this uninsulated
wall (ORG_F) and when SPF insulation is added can vary between 60 and 77 FTCs depending on the insulation thickness applied. This
difference is reduced when MW and CaSi insulations are applied to the retrofit and vary between 45 and 68 FTCs and 35 to 55 FTCs,
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Fig. 2. The Impact of different insulation types and thicknesses on the number of freeze-thaw cycles (FTCs) obtained on brick masonry walls (Brick
A) facing a) East, and b) West orientations in the future (2062-2092). ORG (refer to the wall assembly in its original state, without any insulation),
SPF, MW and CaSi (refer to the insulated wall with spray foam, mineral wool and calcium silicate insulation, respectively).
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respectively. Similar trends are predicted for most wall orientations, however, each with a different magnitude. For example, a West-
facing wall would still experience an increased risk of FT damage when interior insulation is applied, but the difference is much less
significant: An increase of 9-12 FTCs, 5 to 10 FTCs, and 5 to 8 FTCs is expected for walls insulated with SPF, MW, and CaSi,
respectively.

It is also important to note that the impact of both insulation type and thickness on the risk of FT damage to retrofit walls is more
significant on those walls facing North, North-East, and East as compared to wall orientations of South-West, West and North-West,
where the difference between retrofit strategies is minimal. It was also observed that insulating the latter facades will have little to
almost no impact on the FT damage response of walls in the future. Fig. 3 shows that the difference between non-insulated and
internally insulated walls was found between 4 and 15 FTCs on West facing orientations. Whereas it is anticipated that the remaining
orientations will receive a much higher number of FTCs, particularly those facing East and North-East, where the minimum expected
FTCs are 30 for insulated walls using 50 mm of CaSi, and a maximum of 77 FTCs for walls insulated using 200 mm of SPF.

Similar trends were observed for wall assemblies made of Brick B when comparing uninsulated to insulated walls. However, the
impact of adding insulation was more pronounced for Brick B than for Brick A, due to differences in material properties such as the
critical degree of saturation and moisture transport characteristics.

The effect of orientation on freeze-thaw (FT) damage risk was consistent across walls constructed with both Brick A and Brick B.
Walls facing North-East and East exhibited a significantly higher risk of FT damage compared to other orientations, highlighting the
influence of exposure to prevailing climatic conditions. These findings underscore the need to carefully consider both insulation
strategies and wall orientation when retrofitting historic masonry walls to mitigate the risk of FT damage.

3.2. Impact of different brick types

It is clear that masonry walls with Brick B will experience a higher number of freeze-thaw cycles than walls built with Brick A —both
pre- (Fig. 4) and post-retrofit (Fig. 5) — and under both historical and future time periods. When walls are conserved in their original
state (before any insulation is added), the risk of FT damage will most likely decrease for walls with Brick A under a changing climate.
However, it is expected that walls with Brick B will experience an increased risk of freeze-thaw damage. It is also evident and common
that both brick types will endure an increased amount of FT damage on their Northern and Eastern facades. Moreover, the difference of
FTCs between these two walls of different orientations was less significant for walls facing West, North-West and North during the
historical time period. This difference increases significantly in the future (Fig. 4).

When walls are internally insulated, the FT damage response of walls with either Brick A or Brick B increases in the future
regardless of the type of insulation used. Fig. 5 illustrates the difference in values of FTCs between retrofitted walls and walls in their
original state in the future. This difference is calculated by subtracting the total number of FTCs obtained when walls are internally
insulated from the total number of FTCs obtained before a retrofit (#FTCsinsulated walls - #FTCSorg). This allows to understand the
alteration of the initial state of masonry walls if internal insulation is applied. Results for both types of masonry walls show an
increased potential for the occurrence of FT damage in the future; however, the damage differs in magnitude. It is evident that masonry
walls of Brick B will have a much more severe level of FT severity damage. For example, it is estimated that adding 100 mm of SPF
insulation will increase the number of FTCs on East facing walls by a maximum of 75 FTCs for walls of Brick A, and 220 FTCs for walls
of Brick B. Although walls of Brick B will receive a greater number of FTCs; however, this number represents double the number of
FTCs if walls are not insulated, as compared to five times the total number of FTCs for walls of Brick A. Moreover, walls with either
brick type will experience a substantial risk of FT damage on their Northern and Eastern facades as compared to the walls facing the
West orientation. South-facing walls with Brick B will most likely have a high risk of FT damage. The type of insulation that induces the
greatest amount of damage is SPF, followed by MW and finally CaSi, for which CaSi insulation has a much lower severity in FT damage
when combined with walls having Brick B, as compared to the other two insulation systems (Fig. 5).

NW SPF50
«==SPF100
=SPF200

MWS50

East MW 100

= MW200
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sW SE ==Casi200
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Fig. 3. The difference in freeze-thaw cycles (FTCs) number between non-insulated walls and different internally insulation strategies on brick
masonry walls (Brick A) facing 8 different orientations in the future (2062-2092).
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3.3. Impact of brick masonry thickness

In this study, the impact of brick masonry thickness was investigated through the use of hygrothermal modeling to assess the
response of historic masonry wall assemblies before and after retrofit. In Fig. 6, the total number of FTCs obtained for insulated and
uninsulated walls with 100 mm incorporating SPF insulation is illustrated, showing both types of walls with different brick masonry
assemblies of varying geometry and thicknesses: i) One full brick (20 cm) followed by a mortar joint, then half a brick (10 cm) (in red);
ii) Three half-bricks (10 cm each), with mortar joints between bricks (in green), and; iii) Two full bricks (20 cm each) with mortar joints
between bricks (in blue). Results show that under both historical and future climates, the brick masonry assemblies of varying ge-
ometry thicknesses did not have a major influence on the number of FTCs obtained for insulated walls facing different orientations.
However, the difference was more significant for uninsulated walls facing North and East, where a 40 mm thick masonry wall resulted
in a higher number of freeze-thaw cycles than the two other scenarios (i.e., see wall types (i) & (ii) above). This could be explained
given that thicker walls lead to prolonged moisture drying times due to delayed moisture dissipation within the structure of the wall,
causing the moisture to accumulate at the exterior brick surface. The fact that no major differences were observed among different
brick thicknesses when internal insulation is applied brings to attention the crucial role internal insulation can play in managing
moisture distribution within historic masonry walls. As such, if the addition of interior insulation is being considered for the retrofit of
brick masonry walls, it is of particular importance to select an insulation material that not only provides the necessary thermal benefits
but also helps regulate moisture levels within the masonry walls.

The thickness of mortar joints in masonry walls could influence freeze-thaw (FT) damage risk due to differences in thermal and
moisture properties between mortar and bricks. Varying mortar thickness may affect moisture accumulation, redistribution, and
thermal resistance, especially when internal insulation is added, as insulation alters the wall’s temperature gradient and drying po-
tential. Future research could explore the role of mortar thickness to better understand its interaction with insulation and its impact on
FT risk, providing valuable insights for retrofitting historic masonry walls.

3.4. Impact of different wall orientations and exposure factors

In Fig. 7, the total number of FTCs for masonry walls with Brick A is presented in their original state (ORG), and as obtained in the
future following 31 years of continuous simulation. The walls face eight different directions and are subject to different wind-driven
rain exposure and deposition factors. For ORG walls (before any insulation is added), it was obvious that at high exposure conditions (i.
e., Fe = 1.4) and elevated rain deposition factors (i.e., Fd = 1.0), freeze-thaw damage will most likely occur on all walls facing any of
the eight orientations. More observable damage is predicted on the North and NE-facing walls. Whereas at lower exposure conditions
(i.e., Fe = 0.7 and Fd = 0.35), no damage is expected on walls facing South and SE, and only possible damage is anticipated for all the
remaining orientations. Results obtained at factor values between the high and low extremes (i.e., when Fe = 1.0 and Fd = 0.5),
showed that no FT damage will occur on walls facing SE, possible FT damage might occur on walls facing South and SW, whereas for all
remaining orientations, FT damage is likely to occur. These results indicate that even without any retrofit measures, some of the
historical masonry walls (i.e., those using brick having an “average” value for S.i¢) in their original state are at risk of FT damage in the
future.

Furthermore, the impact of different interior insulation systems and insulation thickness was assessed for different wall orientations
and subjected to different exposure and rain deposition factors. This allows for comparing the wall response to their initial conditions,
and understanding whether the choice of a particular interior insulation is feasible for given scenarios, without damaging the existing
structure. Based on this information, solutions to mitigate the potential FT damage for high-risk situations can then be determined.

It was perhaps evident from a review of Figs. 7 and 8, that adding interior insulation will increase the risk of FT damage. It was also
apparent that for situations of high rain deposition and exposure, all walls will most likely be subjected to damage likely or observable
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Fig. 7. The total number of FTCs for ORG walls (Brick A) obtained in the future (F) at different orientations and under different exposure (Fe) and
rain deposition (Fd) factors.
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and c) CaSi at different orientations and under different exposure and rain deposition factors.

damage, regardless of the type, and level of insulation added. For all internally insulated walls, 100 mm of SPF will most likely lead to
observable FT damage for high levels of exposure (i.e., Fe = 1.4 and Fd = 1.0). The risk is expected to be less for South, SW, West and
NW facing walls retrofit with 100 mm of MW and CaSi insulation. Furthermore, under low exposure levels (i.e., Fe = 0.7 and Fd =
0.35), MW and CaSi were found safe to be applied on walls facing SE and South, whereas possible damage is expected for the remaining
wall orientations.

A summary of the predicted mechanical FT damage for pre- and post-retrofit masonry walls under different rain deposition and
exposure factors in the future is provided in Table 7. This includes the combination of the different types of insulation materials and
their respective thicknesses, WDR exposure levels and the orientation of walls. It is clear that the more severe the exposure level, the
higher the risk of FT damage. Also, although MW and CaSi are better insulation choice options for internally retrofit projects than SPF,
they could possibly cause damage to some types of buildings under medium and high WDR exposure.

Moreover, Figs. 7 and 8 and Table 7 provide information on the occurrence of FT damage in the future at the end of 31 years.
However, it was necessary to understand the time and duration over which FT damage is instigated. In Fig. 9, the trendline for the
number of freeze-thaw cycles number obtained in the future (2062-2092) is provided for brick walls in their original state (ORG) and
when internally insulated. In this figure, walls are assumed facing North and are subject to different rain deposition and exposure
factors. The threshold value of 5 FTCs indicates the onset of likely damage (LD), and the threshold for the onset of observable damage
(OD) is given as 35 FTCs. In general, results indicate that under low rain deposition and exposure factors (Fig. 9-a and -b) possible FT
damage (PD) is expected to occur starting in year 5, and year 25 for insulated and uninsulated walls, respectively. Likely FT damage
(LD) is also expected to occur; starting at year 12 when 100 mm and 200 mm of SPF are applied and at year 20 for the remaining
insulated walls (when Fd = 0.35 and Fe = 0.7). However, an LD will most likely start earlier (at year 8) for all insulated walls when Fd
=0.35and Fe = 1.0, and as well, when Fd = 0.5 and Fe = 0.7. Moreover, the higher the rain deposition and exposure factors, the earlier
the damage is predicted to occur. For instance, a possible occurrence of FT damage (PD) could start as early as year one, followed by a
likely FT damage (LD) starting in years 4-5 for both insulated and non-insulated walls. It is also anticipated that observable damage
will most likely occur between years 14 and 20 for insulated walls, as compared to year 29 for uninsulated walls (Fig. 9-f).

It was also noticed that the type of insulation and the insulation thickness have no significant impact on the possible and likely start
times for FT damage. For instance, all internally insulated walls could be subjected to a possible FT damage or a likely FT damage at
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Table 7
Summary of the predicted mechanical FT damage for pre- and post-retrofit masonry walls under different rain deposition and
exposure factors in the future.

wanl Fd=035; Fd=035; Fd=05;
wan |Vl Fd=035; Fe=10 & Fe=14 & Fe=14 & Fd=10; Fd=10;
Type ¢ Fe=10.7 Fd=10.5; Fd=10.5; Fd=1.0; Fe=1.0 Fe=14
) Fe=0.7 Fe=1.0 Fe=0.7
North PD LD LD LD D
NE PD LD LD LD LD
East PD PD LD LD LD LD
orG |_SE ND ND ND PD LD LD
South ND ND ND PD LD LD
SW PD PD PD LD LD LD
West PD LD LD LD LD LD
NW PD LD LD LD LD LD
North LD LD
NE LD LD
East PD LD
ND (50-100mm) PD (50-100mm)
SPF SE PD (200mm) IAD LD (200mm) (LD
ND (50-100mm)
South | P ommy PD LD LD
SW PD PD LD LD LD
West PD LD LD LD LD
NW PD LD LD LD LD
North LD LD LD
NE LD LD
East PD LD LD
ND (50mm)
SE NI PD (100-200mm) LHD ILID
MW ND (50mm)
South ND D) PD LD LD
SW PD PD LD LD LD
West PD LD LD LD LD
NW PD LD LD LD )
North LD ID LD
NE LD LD LD
East PD LD LD
ND (50-100mm)
SE ND E PD LD LD
ND (50-100mm)
Casi | South ND ELY o PD LD LD LD
SW PD PD LD LD LD LD
West PD LD LD LD LD
NW PD LD LD LD LD

ND: No Damage (0 FTC); PD: Possible Damage (1 — 5 FTCs); LD: Likely Damage (6 — 35 FTCs); and OD: Observable Damage (> 35 FTCs).
Colors indicate the severity of the mechanical FT damage; where green is used for an (ND) scenario, a lighter gradient of orange is used for
(PD) and (LD) scenarios, and the darker orange for (OD) situations.

around the same time (i.e., possible damage is predicted as early as the first year and a likely damage could occur anytime between 3
and 8 years in the future). However, the effect from the use of insulation was more significant at that time of an observable FT damage
event. For example, observable FT damage is predicted to occur between years 22-24, 25 to 30, and 27 to 30 when SPF, MW and CaSi
insulations are used, respectively (Fig. 9-d). This difference becomes even greater with increased levels of exposure (Fig. 9-e and Fig. 9-
f).

In addition, an overall analysis of the findings indicated that the influence of insulation type and insulation thickness is minimal at
low exposure levels. It becomes more significant at high levels of exposure (i.e., higher levels of Fd > 0.5 and Fe > 0.7), as expected,
due to an increased amount of WDR making the walls more wet, and therefore, resulting in longer drying times as compared to that
which occurs for low exposure scenarios.

A consistent pattern of FTCs was also noted across various thicknesses of insulation. However, with greater insulation thickness, an
earlier occurrence of FT damage was observed. This aligns with expectations, given that thicker insulation results in an exterior surface
of the brick wall having reduced temperatures, leading to protracted moisture drying times due to a delayed distribution of moisture
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Fig. 9. Freeze-thaw cycle numbers obtained in the future (2062-2092) for brick walls in their original state (ORG) and when internally insulated.
Walls are facing North and are subject to different rain deposition and exposure factors.

throughout the wall.

3.5. Discussion and potential solutions

The results of this study, obtained through DELPHIN simulations, provide significant insights into the impact of interior insulation

on freeze-thaw (FT) damage risk in historic masonry buildings. This section discusses the key findings in detail and offers potential
solutions to mitigate FT damage risks.

Impact of insulation on freeze-thaw damage: Based on the findings presented in previous sections, it is evident that the addition of
internal insulation influences the risk of FT damage in historic masonry walls. A summary of the predicted mechanical FT damage
and the applicability of interior insulation under the different parameters is presented in Table 8. It is shown that while there are
cases where insulation is safe to apply, the study emphasizes that greater caution is needed in other scenarios. The predicted
mechanical FT damage risk associated with insulation depends on several factors, including the insulation material and the
moisture dynamics of the masonry. In particular, SPF insulation was found to increase the number of freeze-thaw cycles (FTCs),
which correspond to a higher risk of FT damage. On the other hand, Mineral Wool (MW) and Calcium Silicate (CaSi) insulation
systems resulted in fewer FTCs, indicating that these materials help manage moisture more effectively, reducing freeze-thaw
damage risk. It is important to note that these results are based on an average brick type (i.e., average frost-resistant proper-
ties), and therefore, it is not recommended that these buildings be internally insulated if exposed to high levels of WDR (i.e., when
walls are not sheltered, and walls are subject to rain runoff).

Influence of brick type on FT damage: The simulations also revealed a critical role for the temperature fluctuation, the moisture
load, and the frost resistance of the brick masonry material, which directly affects the FT damage risk. While it is almost impossible
to modify the climatic conditions to which historic buildings are exposed, one should think about other alternatives to mitigate the
effect of climate change while preserving these buildings for future generations. One way to reduce severe exposure to WDR is the
installation of overhangs or physical elements to protect the building envelopes at risk of FT damage. However, this option may not
be feasible and may be prohibited given the need to preserve cultural and architectural elements of the building. Therefore, one
potential solution could be the improvement of the brick masonry units and their replacement with more frost-resistant bricks.
Since no brick materials having high frost-resistant properties have been tested yet, the Old Building Brick Persiusspeicher (Brick A)
was used but modified with respect to their critical degree of saturation (from Scjy = 55 % to St = 80 %). Simulations were then
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Table 8
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The predicted mechanical FT damage and the applicability of interior insulation.

Internal insulation is
applicable

Internal insulation must be applied with
attention and care

Internal insulation is not recommended

Freeze-thaw damage

No visible damage (ND)

Possible or likely damage (PD and LD)

Visible damage/Observable damage (OD)

Wall orientation

Fd =
0.35 &
Fe =0.7

Exposure to rain and
typology of
existing walls (Fd
and Fe)

Fd =
0.35 &
Fe =1.0
Fd=0.5
& Fe =
0.7

Fd =
0.35 &
Fe=14
Fd = 0.5
& Fe =
1.0

Fd = 0.5
& Fe =
1.4
Fd=1.0
& Fe =
0.7
Fd=1.0
& Fe =
1.0
Fd=1.0
& Fe =
1.4

- All walls facing South
and SE.

- Walls insulated with
MW and CaSi facing
South and SE.

- Walls facing West, SW and NW: PD after
17 years.

Walls facing North, NE and East: PD could
occur in 5 years and LD is expected earlier
when 200 mm of SPF insulation is used.
Walls with SPF insulation facing South
and SE: PD starting after 12 years.

- Walls facing West and NW:

PD occurs between 7 and 16 years, and LD
might occur after 20 years on average.

- Walls facing North, NE and East: PD and
LD occurring as early as the 5th and the
8th year.

Most walls except NE and East: PD starting

between 1 and 12 years, and LD occurring
between 7 and 20 years.

Walls facing North, NE and East: PD and
LD occurring as early as the 4th and the
8th year.

- Walls facing South, SE, SW, West and NW:
PD starting at 3-5 years, and LD starting
between 6 and 15 years.

Walls facing North, NE and East: PD
occurring as early as the first year and LD

between 3 and 7 years in the future.
All walls facing South, SW, West and NW:
PD starting at 3 years, followed by LD.

- Walls facing South, SW, West and NW

- Walls with SPF and MW facing NE: OD
occurring between the 24th and the 29th
year in the future.

- All walls facing North, NE and East are at
risk of OD, starting as early as 14 years in
the future when SPF is applied.

- Walls facing North, NE, East and SE are
at risk of OD starting at 12 years in the
future.

All walls will possibly experience OD in the

future:

- Uninsulated walls facing North and NE
will experience OD in 25 years in the
future.

- Walls facing North, NE, East and SE: OD
starting at 10 years.

performed for different wall orientations and under high WDR exposure levels using different types and thicknesses of insulation.
Fig. 10 compares the predicted freeze-thaw cycles (FTCs) for an average brick (Scrit = 55 %) and a frost-resistant brick (Scrit = 80
%) under future climate conditions in Ottawa. Results clearly showed that the critical degree of saturation of the brick has a major
influence on its response to FT damage. For instance, using a better brick material with enhanced quality (Scrit = 80 %) resulted in
an FTC number of zero; regardless of the insulation system used, the wall orientation, or the amount of WDR to which the historic
masonry structures were exposed. As such, it is safe to suggest the replacement of brick masonry units (mainly those under high
exposure of WDR), should the budget allow.

Based on the findings of this study, the following solutions are recommended for addressing freeze-thaw damage in historic ma-

sonry buildings:

e Insulation applications should be considered for walls with high moisture exposure, such as East-facing walls, which are partic-
ularly vulnerable to FT damage. In these cases, CaSi and MW insulations should be prioritized over SPF, as they perform better in
moisture regulation and FT damage reduction.

e Low St bricks should be replaced, if the budget allows, to ensure greater resistance to FT damage.

Finally, Fig. 11 illustrates a preliminary decision-making guideline for selecting appropriate insulation solutions for retrofit pro-
jects. The procedure includes situations where: i) insulation is safe to be applied on the interior wythe of historic brick walls; ii) internal
insulation could be applied with caution, and iii) internal insulation is not recommended. It also provides guidance on how to assess
insulation materials, brick quality, wall orientation, and climate considerations to ensure both thermal performance and structural
durability and includes solutions to situations where interior insulation is regarded as critical. This procedure serves as a valuable
guideline for architects, engineers, and heritage conservationists involved in retrofitting historic masonry buildings.
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Fig. 10. A comparison of values for freeze-thaw cycling (FTCs) between an average brick (Serir = 55 %) and frost-resistant brick (Scir = 80 %) under
future climate loads of Ottawa. Walls are assumed to be facing East and subjected to high exposure levels.

Is there a risk to damage from FT cycling of historic brick masonry walls if insulated internally?/
Is it safe to internally insulgte historic masonry walls?

Lo
with special caution
Walls facing South and SE of:

All walls, whether low-rise or + Walls facing South and SE of
mid-rise, with severe exposure buildings with severe

and roof runoff exposure and roof runoff.

« Especially walls facing North,

» Low-rise sheltered buildings
with a steep-sloped roof =&

.

Any insulation type and
thickness is safe.

Low-rise buildings with
medium exposure and a
steep-sloped roof & MW and
Casi of any thickness is safe.
Mid-rise sheltered buildings
with a steep-sloped roof 2

NE and East.

Walls facing West, SW and
NW regardless of the building
typology and rain exposure
factors.

Walls facing North, NE and
East of sheltered low-rise and
mid-rise buildings with steep-

Internal insulation can be applied with caution for a certain number of years
with no risk, then brick needs to be maintained.

The application of MW and CaSi is safer than SPF; especially for walls under
extreme exposure (runoff roof)

In situations where brick walls are at high risk of FT damage, brick units needs
to be replaced with a more FT resistive brick (i.e., brick with S, = 80%).

MW and CasSi of any
thickness is safe.

Low-rise sheltered buildings
with low-sloped roof & MW
and CasSi of any thickness is
safe.

sloped roofs

Fig. 11. Preliminary decision-making procedure for internal insulation retrofit projects for historic brick masonry walls.

4. Conclusions

This study aimed to develop a preliminary decision guideline to improve the energy performance of historic masonry buildings
through internal insulation measures, while preserving their long-term durability, with respect to the risk of damage from freeze-thaw
cycling, and their cultural significance. The investigation focused on the hygrothermal response of masonry walls in a historic building
located in Ottawa, Canada, both before and after retrofit under changing climatic conditions. The study considered several parameters,
including climatic conditions, building height/size and the material properties of brick masonry and insulation types and thickness.
The main findings of this study are summarized as follows:

e Impact of interior insulation: Adding insulation to historic brick masonry walls can significantly impact their durability. Higher
thermal resistance in insulation materials increases the risk of freeze-thaw (FT) damage. Some insulation materials, such as mineral
wool (MW) and calcium silicate (CaSi) resulted in fewer FT cycles compared to spray polyurethane foam (SPF).

o Brick selection: The quality of the existing brick units, particularly their frost resistance, plays a critical role in the wall’s response to
freeze-thaw cycles. The hygric properties of existing bricks are key for hygrothermal analysis, and insulation strategies should be
tailored to the quality of bricks. Frost-resistant bricks having a higher critical saturation degree (Brick A) are less likely to suffer
from FT damage, while bricks with a lower frost resistance (Brick B) face a higher risk.

e Wall orientation: The orientation towards which wall assemblies face has a significant impact on the amount of WDR impinging on
these structures and the solar radiation received, and therefore, integrating the understanding of wall orientation into preservation
plans can inform the selection of suitable insulation materials to effectively manage moisture movement and minimize the risk of
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freeze-thaw damage. In general, North, North-East and East-facing walls are at higher risk of FT damage, whereas walls facing
South, South-East and West are more protected.

e Exposure levels: Wall exposure to WDR, affected by the building typology and surroundings, alters the response of both insulated
and uninsulated masonry walls. In general, in sheltered conditions, interior insulation can be safely applied; however, under high
WDR exposure, caution in applying interior insulation is required.

Based on these findings, an initial decision-making procedure for insulating retrofit projects is proposed to guide practitioners in
selecting appropriate insulation systems for historic masonry buildings. The framework includes the following key components:

Material Selection: Recommends selecting insulation materials based on the hygric properties of both the masonry and insulation,
while ensuring compatibility with existing bricks to prevent moisture retention that could compromise structural integrity. It
highlights the need for moisture-regulating materials such as CaSi and MW, which minimize freeze-thaw damage compared to SPF.
Climate Considerations: Provides guidelines on insulation thickness and type tailored to climate zone-specific freeze-thaw cycles
and wind-driven rain exposure, considering both current and future climate scenarios.

Wall Orientation and Exposure Levels: Advises caution when insulating walls facing North, East, and North-East due to higher
moisture accumulation, while recommending insulation or exclusion for walls with high WDR exposure.

Risk Assessment and Retrofit Strategy: Includes a guideline that allows practitioners to evaluate the potential freeze-thaw damage
risk based on the specific combination of insulation, brick quality, and wall orientation. This helps determine when insulation
should be excluded entirely or when additional measures, such as the replacement of existing bricks with more frost-resistant
materials, should be considered.

Long-term preservation: Advises on the maintenance of brick units after a certain time and the selection of frost-resistant bricks if
exposed to severe environmental conditions.

Another factor that should be part of the decision-making and preservation plan for brick masonry structures — and that has not
been covered in this study - is the crucial role that mortar joints play in maintaining the rigidity and durability of masonry structures.
Future work should include a proactive preservation and maintenance strategy for mortar joints, to ensure the continued integrity and
longevity of historic brick masonry walls. Regular inspections and maintenance activities such as repointing mortar joints, repairing
damaged bricks, and addressing any signs of deterioration are vital activities to undertake that would help prevent and mitigate the
impact of environmental factors, including freeze-thaw cycles.

Moreover, while the study is based on Ottawa’s climate, its findings are relevant to other cities within the same climate zone, which
includes regions with similar cold climates and freeze-thaw conditions, such as Montreal, Toronto, and Quebec City. The comparison of
Ottawa’s results with Montreal’s data (not presented in this manuscript) shows similar damage trends for both cities, although the
absolute values for freeze-thaw cycles tend to be lower in Montreal than in Ottawa, further supporting the broader applicability of our
conclusions to other cities in this climate zone. The observed trends, such as the increased risk of FT damage with the addition of
insulation and the vulnerability of North, North-East, and East-facing walls due to limited solar radiation and higher exposure to WDR,
are governed by the fundamental freeze-thaw mechanism. However, the specific magnitude of FT risk may vary depending on local
climatic factors, such as the number of freeze-thaw cycles, wind-driven rain exposure, and temperature fluctuations. The methodology
developed in this study can be adapted to other Canadian regions that experience similar freeze-thaw events and cold winters. The
general trends observed in Ottawa suggest that findings from this study can inform heritage preservation efforts in various cold cli-
mates across Canada. The approach used in this research could be expanded to other cities to further validate and refine the findings for
a wider geographical scope.
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