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Field observations of spatial 
surface temperature variations on 
masonry walls using infrared 
thermography

Alfonso Prosperi, Paul A. Korswagen*, Michele Longo and 
Jan G. Rots

Department of Materials, Mechanics, Management and Design (3MD), Faculty of Civil Engineering and 
Geosciences, Delft University of Technology, Delft, Netherlands

Temperature variations in masonry façades can induce expansion and contraction 
movements. When these movements are restrained, cracking and material 
degradation may occur, especially in older buildings lacking movement or 
expansion joints. Such temperature variations arise from factors as solar 
radiation, shading, material color, reflectivity, and environmental conditions. 
This study investigates the magnitude and spatial distribution of surface 
temperature variations (ΔT) on exterior masonry wall surfaces using outdoor 
infrared (IR) thermography. A better understanding of the magnitude and 
distribution of ΔT is essential for accurate damage assessment and for 
improving the attributability of observed damage to temperature effects rather 
than to other causes. Field data were collected in Delft, the Netherlands. Thermal 
images were captured with an IR camera to identify temperature differences 
across various points on exterior wall surfaces under direct solar radiation and 
varying shading conditions. The acquired imagery was analyzed using 
temperature histograms and profiles to quantify thermal gradients over the 
surface area of the façades. Results revealed significant spatial temperature 
variations, with measured ΔT values reaching up to 13 °C between the 
warmest and coolest zones on individual façades. Even where façades showed 
no pronounced surface gradients, temperature differences of up to 6 °C occurred 
between different, contiguous exterior walls of the same building. The study 
demonstrates that outdoor thermography, combined with targeted image 
processing, effectively identifies thermal gradients on masonry façades. These 
gradients reflect uneven thermal responses under real environmental conditions, 
which can accelerate moisture-related damage, cracking, and material fatigue. 
The findings emphasize the need to account for surface temperature 
heterogeneity in damage assessment of existing structures.

KEYWORDS

building diagnostics, infrared thermography, masonry façades, surface temperature 

gradients, thermal heterogeneity

1 Introduction

When materials undergo thermal changes, they tend to expand or contract (Thagunna, 
2014). If these movements are constrained in buildings, stresses can develop within the walls, 
potentially leading to damage (see, for instance, Figure 1) (Rots, 1994; BRE, 1995; O’Connor 
and Droz, 1996; Van Zijl and Verhoef, 2001; Brick Industry Association, 2006; Dilrukshi and 
Dias, 2008; Gohnert, 2012; Almherigh, 2014; Gonçalves et al., 2015; Chitte and Sonawane, 
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2018; Miranda Dias et al., 2021; Latifi et al., 2023; Niedostatkiewicz 
and Majewski, 2024). While modern buildings are typically designed 
with movement and expansion joints to accommodate minor 
structural movements and prevent damage, either due to 
temperature variations or ground settlements (Farmer and Gerns, 
2010; Mrozek et al., 2017; Kapusta and Szojda, 2021), older buildings 
often lack these features in their design. Therefore, the existing old 
unreinforced masonry structures, characterized by low tensile 
strength and a quasi-brittle behavior, can be particularly 
susceptible to both seasonal and daily movements due to 
temperature fluctuations (Farmer and Gerns, 2010; Prosperi 
et al., 2025b).

Masonry façades, which are directly exposed to different weather 
conditions, can experience significant temperature fluctuations, 
whereas sheltered components such as floors and foundations 
undergo much less thermal deformation (Holland, 2023). 
Temperature variations are not only observed through the cross- 
section of the walls (from the interior to the exterior of the building), 
but also over their surface. Temperature gradients over exterior 
walls’ surfaces can result from the direct exposition to solar radiation 
(see, for instance, Figure 2), further influenced by shading effects, 
wall orientation, and heat transfer to the roof or foundation. 
Exposure to solar radiation and temperature fluctuations causes 
the external walls to deform differently from internal ones, inducing 
cracks in the connecting walls (Kleinfeld, 2004; Almherigh, 2014; 
Thagunna, 2014; Chauhan et al., 2020; Niedostatkiewicz and 
Majewski, 2024). In buildings with cavity walls that are filled 

with insulation, heat dissipation is reduced, causing the outer leaf 
of the wall to reach significantly higher temperatures than it would 
in a non-insulated cavity wall (Holland, 2023).

Due to temperature variations, cracking can occur, typically in 
the form of narrow vertical or horizontal cracks with relatively 
uniform width (Smith and Edgell, 2009; Dilrukshi and Dias, 2010; 
Yan et al., 2015; Miranda Dias et al., 2021; Holland, 2023). These 
cracks may open and close periodically, a phenomenon known as 
“breathing cracks” (Masciotta et al., 2016; Prosperi, 2025; Prosperi 
et al., 2025c), or deteriorate progressively over time (Ottoni and 
Blasi, 2015; Masciotta et al., 2016; Bauer et al., 2018; Chitte and 
Sonawane, 2018; Grandić et al., 2019; Miranda Dias et al., 2021; 
Sansara, 2023; Niedostatkiewicz and Majewski, 2024). After being 
repaired, cracks may reappear due to subsequent temperature 
variations (Sansara, 2023), as shown in Figure 1c. Even small 
cracks are undesirable in masonry buildings, not just for 
aesthetic reasons, but also because they can compromise the 
structure’s watertightness, potentially causing further damage 
(Selvarajah and Johnston, 1995; Gaggero et al., 2024). Cycles of 
temperature variations can also affect protective layers like plaster 
coatings, increasing their susceptible to rain and snow penetration. 
Furthermore, ongoing climate change, with its rising temperatures 
and increasingly extreme weather events, can heighten the risk of 
damage, accelerating the aging process and material deterioration 
(Brimblecombe and Grossi, 2007; Roberts, 2008; Huijbregts et al., 
2012; van Aarle et al., 2015; Lacasse et al., 2020; Athauda et al., 2023; 
Duan et al., 2025).

FIGURE 1 
Examples of cracks that can be attributed to temperature effects: (a,c) cracks at the connection between façades and transversal walls; (c) damage 
that has been visibly repaired but reappeared over time; (b) vertical crack at the connection between two buildings: the crack mainly follows the vertical 
joint between the two structures, although some bricks also appear damaged. (a,b) are photographed by the Authors. (c) Courtesy of Instituut 
Mijnbouwschade Groningen (IMG).
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Accurately identifying the causes and severity of damage is a 
crucial task not only to assess the condition of the buildings before 
implementing appropriate repair or strengthening measures but also 
for preventing further damage (De Vent, 2011; Latifi et al., 2023). 
Nevertheless, attributing damage becomes particularly challenging 
when cracking, especially if minor, may result from various causes, 
such as thermal effects, ground settlement, or vibrations (Holland, 
2023). Although previous research has examined the effects of 
various sources of light damage, no study has quantitatively 
assessed the severity of damage resulting from the magnitude of 
temperature variations across façade surfaces. Gaining a deeper 
understanding of thermal variations over the façades of existing 
old buildings is essential for accurately evaluating structural 
behavior, guiding diagnostic surveys and maintenance strategies, 
and preventing further damage. This research seeks to address this 
critical gap in current knowledge.

In parallel, architectural research has explored computational 
and parametric design strategies aimed at generating 
environmentally adaptive building forms based on simulated 
thermal performance (e.g., Maksoud et al., 2023); however, such 
studies are design-oriented and differ fundamentally from empirical 
diagnostics of existing masonry façades, which form the focus of the 
present work.

Previous studies have primarily focused on how environmental 
variables affect building energy performance, with comparatively 
less attention given to their impact on the mechanical behavior of 
structures. For instance, research has frequently examined 
temperature differences between the interior and exterior of walls 
in the context of energy efficiency, heat flow, and moisture damage 
(Balaras and Argiriou, 2002; Yang et al., 2012; Marino et al., 2017; 
Chouidira et al., 2022; Barbero-Barrera et al., 2024). Additional 
studies focusing on structural behavior have explored how 

hygrothermal effects or restrained shrinkage of construction 
materials influence the structural response (Rots, 1994; Van Zijl 
et al., 2004; Beran, 2012; Ramirez et al., 2023; Pellegrini et al., 2024; 
Ramirez et al., 2024; Xia et al., 2025). In contrast, less attention has 
been given to temperature variations over the surface of exterior 
walls, such as differences between the top and bottom of a façade, or 
across its horizontal span. In (Yang et al., 2012), a predictive model 
was employed to assess the distribution of surface temperatures. The 
findings highlight solar radiation as the dominant factor influencing 
the thermal behavior of the façade. The model effectively captures 
shading and sunlit areas across different days and solar positions, 
demonstrating how temperature can vary significantly along 
external walls’ surfaces. Similarly, other studies have examined 
how variations in solar radiation, driven by changes in daily 
hours, solar position, and shading, affect façade surface 
temperatures (Beran, 2012; Na et al., 2016; Chouidira et al., 2022; 
Barbero-Barrera et al., 2024). Temperature gradients over exterior 
wall surfaces have been assessed using IR outdoor thermographic 
techniques in (Na et al., 2016; Vollmer and Möllmann, 2018; 
Barbero-Barrera et al., 2024). In (Barbero-Barrera et al., 2024), 
the analysis revealed temperature differences of up to 7.4 °C 
between sunlit areas and those under solar protection during 
summer conditions, and up to 1.2 °C in winter across exterior 
wall surfaces. In (Na et al., 2016), the results indicate that both the 
magnitude and gradient of temperatures across the exterior walls of 
the surveyed structure varied throughout the day. In (Vollmer and 
Möllmann, 2018), a temperature difference of 17 K is observed in a 
house wall, comparing the location fully exposed to solar radiation 
and the one in shadow. The shadows lead to transient effects of solar 
load heating and cooling of the wall (Vollmer and Möllmann, 2018). 
Another noteworthy observation is that in (Na et al., 2016; Vollmer 
and Möllmann, 2018; Barbero-Barrera et al., 2024), outdoor IR 

FIGURE 2 
Photographs of an exterior wall of a residential building in Delft, taken on the 4th of September (a), 8th of September (b), and 1st of October (c) 2025. 
The comparison highlights variations in exposure to sunlight depending on the weather conditions and the sun’s position.
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thermography was employed to measure temperature variations 
over the areas of the walls’ surfaces, an application that differs from 
their more traditional use in detecting heat loss or moisture 
infiltration (Vollmer and Möllmann, 2018; Richter and Fouad, 
2021; Elizalde, 2025). This observation, along with the previously 
identified knowledge gaps, motivated the use of outdoor IR 
thermography in the present study to measure temperature 
variations across exterior wall surfaces.

This study contributes field-based quantitative evidence on the 
magnitude and spatial distribution of possible façade surface 
temperature differences (ΔT) on existing masonry buildings. This 
paper begins by introducing the methodology, available tools, 
datasets, and the study area in Section 2. The results of the 
analyses are shown in Section 3 and discussed in Section 4. 
Finally, Section 5 gathers the main findings.

2 Materials and methods

2.1 Methodology

The adopted methodology is composed of three steps, 
schematically illustrated in Figure 3, and detailed in the following:

• In Step 1, thermal imagery was acquired in the selected study 
area. Weather data are used in the calibration of the infrared 
camera used for the acquisitions. The data collection focuses 
on exterior masonry walls of existing old buildings.

• In Step 2, the collected data is processed using a MATLAB 
algorithm, developed for this application. The algorithm 

regulates the visibility and interpretability of subtle thermal 
variations across the masonry surfaces, enabling the systematic 
collection of information.

• In Step 3, the thermographic images are processed and 
analysed in detail. From the processed output, two types of 
information are collected:
◌ Temperature histograms: provide insight into the magnitude 

of temperature differences over the analyzed 
façades surfaces.

◌ Temperature profiles (or gradients): enable exploration of 
how temperature evolves along the height or length of 
the walls.

The analysis primarily focuses on evaluating temperature 
differences between specific points on the exterior walls, while 
absolute temperature values are of secondary importance.

2.2 Available buildings and weather data in 
the study area

The analyses entail observations of masonry buildings that were 
conducted in Delft, South Holland, Netherlands, on 4 September 
2025 (Figure 4). In Delft, buildings span from pre-1700 
constructions to modern developments (Kadaster, 2018; Peters et 
al., 2022). The city centre predominantly features low-rise houses, 
typically two to three stories high, built in continuous rows and 
finished with clay brick masonry veneers (Prosperi, 2025). The 
application is presented with reference to these buildings.

Insight into the weather conditions can be obtained from the 
data provided by the Royal Netherlands Meteorological Institute 

FIGURE 3 
Flowchart of the adopted methodology.
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(KNMI), which is freely accessible at www.knmi.nl. The closest 
meteorological station is located in Rotterdam (Station 344), as 
shown in Figure 4a. The nearest KNMI station (Rotterdam, Station 
344) was used following standard practice; these data serve only for 
camera calibration, while the analysis focuses on relative 
temperature differences (ΔT), which are insensitive to small 
spatial variations in meteorological inputs.

The data collection excursion (“Step 1” in Figure 3) took 
place from approximately 1:00 p.m. to 2:30 p.m. local time. The 
field excursion was carried out during the hottest time of the day 
(approximately 22 °C–23 °C) and under the highest solar 
radiation (as shown in Figures 4b,c). Wind speed during the 
survey was approximately 7–8 m/s, slightly above the regional 
average of 5–6 m/s (Yemer, 2010). The atmospheric humidity 
was estimated to be around 50% (Figure 4e). These 
insights are used as input for the infrared device in the 
following analysis.

2.3 Outdoor infrared thermography

Thermography is a non-destructive, non-contact, and non- 
invasive technique that measures the intensity of infrared 
radiation emitted by a surface or object to determine its 
temperature (Vollmer and Möllmann, 2018; Richter and Fouad, 
2021; Kim et al., 2023; Elizalde, 2025). IR thermography is often 

employed for monitoring and analyzing the thermal behavior of 
structures (Plesu et al., 2012; Kim et al., 2023; Elizalde, 2025).

In this study, in situ IR imagery was acquired (“Step 1” in 
Figure 3) using the FLIR E96 thermal camera, which features a 
resolution of 640 × 480 pixels with 1.2 megapixels, using a 42°, 
10 mm lens. The device was configured to operate within a 
temperature range of −20 °C to +120 °C, with an internal 
tolerance deviation of ±2% (Flir Systems, 2024).

The IR camera calculates and displays temperature as a function 
of the emitted infrared radiation, which depends on the emissivity 
and the environmental conditions (Barreira and de Freitas, 2007). 
The emissivity describes a material’s capacity to emit infrared 
radiation (Richter and Fouad, 2021; Elizalde, 2025). Emissivity is 
expressed as a value between 0 and 1.0, where 0 represents a body 
that emits no infrared radiation and reflects all surrounding 

FIGURE 4 
Weather conditions in the study area on 4 September 2025, based on freely accessible data from KNMI (www.knmi.nl). The infrared thermographic 
survey was conducted between 1:00 p.m. and 2:30 p.m. (a) Map of the Netherlands and KNMI weather stations. (b-e) Hourly temperature, solar radiation, 
wind, and relative humidity, respectively, for the 4th of September 2025.

TABLE 1 An overview of the parameters used with the thermal camera FLIR 
E96 during the field excursion.

Object distance 3.0 m

Atmospheric temperature 20 °C

Relative humidity 50%

Reflected temperature 22 °C

Emissivity 0.95
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radiation, and 1.0 represents a perfect emitter radiating the 
maximum infrared energy for its temperature. In civil 
engineering thermography, the emissivity of brick masonry is 
typically estimated between 0.90 and 0.95. For this application, 
the emissivity is set to 0.95 (Table 1). For objects with high 
emissivity, small changes in the selected emissivity value result in 
only minimal differences in the measured surface temperature 
(Usamentiaga et al., 2014).

During the acquisition, the adopted thermal camera also 
compensates for the effect of different radiation sources based on 
the parameters listed in Table 1 (Flir Systems, 2019). In detail, the 
object distance is used to compensate for the radiation absorbed by 
the atmosphere between the target surface and the camera, as well as 
for the thermal radiation emitted by the atmosphere itself. The 
selected object distance is set at 3 m, although the influence of this 
parameter is expected to be negligible, as it is typically only 
significant for distances greater than 20 m (Chew, 1998). The 
relative humidity represents the moisture content of the 
surrounding air, and the camera manufacturer recommends 
using a default value of 50% when specific data are not available 
(Flir Systems, 2019), consistent with the one measured during the 
field excursion (Figure 4e). The atmospheric temperature, 
representing the air between the camera and the target, was 
determined based on meteorological data collected during the 
field excursion (Figure 4). The apparent reflected temperature 
compensates for the portion of environmental radiation reflected 
by the object, although this effect is generally less relevant for 
surfaces with high emissivity (Usamentiaga et al., 2014). To 
reduce the number of variables and focus on the surface 
temperature, all image acquisitions were performed using 
consistent settings. In general, emissivity is expected to be the 
most influential parameter for this application. Object distance, 
atmospheric temperature, and relative humidity become significant 
mainly for targets located far from the camera, while reflected 
temperature is more relevant for objects with low emissivity (Flir 
Systems, 2017). As previously mentioned, this study primarily 
focuses on evaluating temperature differences between specific 
points on the exterior walls. Therefore, absolute temperature 
values, which may be influenced by the chosen imaging 
parameters, are considered of secondary importance. The 
underlying hypothesis is that the selected camera parameters 
affect the absolute temperature values to a greater extent than the 
temperature differences (ΔT) between points. This hypothesis will 
be discussed in the following, as the camera parameters can be 
adjusted retrospectively through the camera interface. As the targets 
are static façade surfaces and acquisition times are short, handheld 
operation does not affect spatial temperature distributions or ΔT 
measurements.

While thermographic images are typically displayed using 
pseudocolor scales, where cooler temperatures are shown in 
shades of blue and warmer temperatures in shades of red (Playà- 
Montmany and Tattersall, 2021; Elizalde, 2025), in this study, a 
“White hot” color palette was applied to all images, with a fixed 
temperature scale ranging from 0 °C to 40 °C. The selected color 
palette allowed the thermal images to be treated as grayscale images, 
where each pixel corresponds to a single numerical brightness value 
ranging from 0 (black) to 255 (white). In contrast, using a multicolor 
palette would have required three values per pixel (red, green, and 

blue components), complicating post-processing and increasing 
computational load without necessarily improving the precision 
of temperature analysis.

The camera settings were adjusted to minimize overlay 
information on the thermal images, thereby maximizing the 
investigated area in the pictures. The camera was manually 
operated by a technician during the data collection process, 
without a tripod, to allow for quick movement between locations.

2.4 Postprocessing of the thermal images

Thermal images were post-processed using a MATLAB-based 
script to enable more detailed analysis beyond the camera’s raw 
output (“Step 2” in Figure 3). The program automatically identified 
the maximum and minimum surface temperatures in each image 
and thus allowed a flexible adjustment of the color palette and 
temperature range displayed. These features enhanced the visibility 
and interpretability of subtle thermal variations over the masonry 
surfaces but did not alter nor process the data stored in the image, 
where temperature values are simply stored as an RGB-triplet. 
Moreover, the program allowed the selection of specific areas of 
the images, facilitating focused analysis of localized wall sections and 
enabling precise quantification of temperature variations over 
specified lines.

From the processed images, temperature histograms and 
temperature profiles along the height and surfaces of the 
investigated walls were obtained in Step 3 of the adopted 
methodology (Figure 3).

3 Results

3.1 Examples of thermal images

Figure 5 provides two examples of buildings for which thermal 
images were acquired during the field excursions. The figure 
demonstrates how the original thermal images obtained using the 
camera protocol described in Section 2, with a temperature scale 
ranging from 0 °C to 40 °C, are post-processed with a custom 
temperature range from 20 °C to 35 °C, selected to regulate the 
visibility of temperature measurements, and a custom color palette. 
Similar comparisons between the original raw thermal images and 
the post-processed ones were carried out preliminarily to test the 
reliability of the algorithm and the overall procedure.

From the examples in Figure 5, well-known effects that can 
distort temperature readings are evident. For instance, metallic 
surfaces or windows may produce inaccurate readings due to 
their significantly different emissivity characteristics. In such 
cases, the thermal camera may capture reflected infrared 
radiation from the environment, such as the sky, rather than the 
true temperature of the surface (Vollmer and Möllmann, 2018). 
Areas of different materials that are dark in color and have a rough 
texture reflect less light, causing their temperature to increase more 
quickly (Chitte and Sonawane, 2018). However, this study does not 
investigate the temperature gradients on these materials and thus the 
difficulty in capturing their surface temperature with infrared 
thermography is not relevant. The focus lays on the masonry bits 
of brick façades whose temperature can be reliably observed.
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Both buildings appear to have areas at the bottom of the façades 
hotter than the ones at the top. It is possible to observe that both 
buildings are located in front of water canals (Figures 5a,b). 
Therefore, the infrared radiation reflected from the body of water 
or from the street may have influenced the readings. For this reason, 
these images were excluded from the subsequent analysis, and 
different buildings were selected instead.

Moreover, Dutch masonry buildings are characterized by the 
presence of large daylight openings in their facades (Messali et al., 
2018; Arslan et al., 2021; Prosperi, 2025; Prosperi et al., 2025a). This 
aspect represents a limitation for the analysis, as the available 
masonry area for evaluating temperature differences may be 
restricted in buildings like the one shown in Figure 5. For this 
reason, in the following histograms of temperature differences are 
shown for a case without large openings, whereas temperature 
profiles are presented for all the other cases.

3.2 Temperature histograms and 
temperature profiles

Figure 6 shows a building with a tall (approximately 8 m in 
height) transversal wall with only one small opening. Thermal 
images were acquired from three distinct viewpoints (Figure 6a), 
with a time interval of approximately 30–60 s between successive 
acquisitions. During the acquisitions, the façade was initially 
exposed to direct sunlight (Observation Point 1, Figure 6b), then 
partially shaded, likely due to cloud cover (Observation Point 2, 
Figure 6c), and subsequently illuminated again by direct sunlight 

(Observation Point 3, Figure 6d). The corresponding thermal 
images are shown in Figures 7–9. In all three figures, the 
considered temperature range has been limited to values between 
20 °C and 35 °C, whereas temperature histograms (Figures 7c, 8c, 9c) 
reveal the temperature ranges only over the surface of the considered 
wall. All three histograms resemble lognormal distributions of the 
temperature values. The lognormal shape of the histograms 
indicates that most of the wall’s surface exhibits higher 
temperatures, while a smaller portion of the wall shows lower 
temperatures, as reflected by the left-hand tail. Indeed, the 
approximately lognormal temperature distributions indicate 
localized thermal extremes rather than uniform gradients, 
highlighting the heterogeneous thermal response of 
masonry façades.

Figure 7c shows that from the bottom left to the top right of the 
wall, a temperature difference (ΔT) of approximately 13 °C is 
observed, ranging from around 21 °C to 34 °C. Even excluding 
the influence shaded area at the bottom of the façade close to the 
ground, thus the values of the lower tail of the histogram, a 
temperature gradient of about 9 °C is detected, with values 
ranging from approximately 25 °C to 34 °C. Another important 
observation is the abrupt temperature variation at the corner of the 
two orthogonal façades (Figure 7a), a location often prone to 
cracking (see Figure 1).

The histogram shown in Figure 8c shows a temperature range 
ΔT of approximately 7 °C, spanning from around 24 °C to 31 °C. 
From this viewpoint, the shaded area at the bottom of the façade is 
not included in the image; consequently, lower temperature values 

FIGURE 5 
Two examples (a,b) of thermal images of two buildings acquired in Delft on 4 September 2025. The figure illustrates the difference between the 
photographs (top), the original thermal images obtained using the camera protocol described in Section 2 (middle), and the post-processed results 
produced by the MATLAB algorithm (bottom), which allow flexible adjustment of the color palette and temperature range.
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are absent from the histogram. The slightly lower maximum 
temperatures (~32 °C) compared to the previous viewpoint 
(~34 °C in Figure 7c) may be attributed to reduced direct 
solar exposure and the different observation point. In 
Figure 7c, the higher temperature values could be partially 
influenced by solar radiation reflected from the wall surface 
(Vollmer and Möllmann, 2018). Additionally, although only a 
few seconds elapsed between the two acquisitions, a slight 
cooling of the wall cannot be excluded. As reported by 
(Vollmer and Möllmann, 2018), temperature differences of a 
few degrees can occur within just a few minutes after solar 
irradiation ceases, depending on material properties and 
environmental conditions.

The results for the third viewpoint are shown in Figure 9, again 
under direct sunlight. The image, acquired from a closer distance to 
the wall, covers approximately half of its length and only a portion of 
its height (Figure 6d). Once again, a ΔT of about 9 °C is observed, 
from approximately 25 °C to 34 °C.

Despite the differences in absolute temperature values between 
the three images, they exhibit a consistent spatial distribution and 
similar magnitudes of temperature differences (ΔT), which are 
central to this analysis. These observations indicate that, although 
absolute temperature measurements are well-known to be 
influenced by external factors (Vollmer and Möllmann, 2018; 
Richter and Fouad, 2021; Kim et al., 2023; Elizalde, 2025) (direct 
solar radiation, in this case) and thus not fully reliable, the 
methodology employed in this study, and similarly in prior 

research (Barbero-Barrera et al., 2024), remains valid for 
analyzing temperature differences and spatial patterns.

Vertical (along the wall height) and horizontal (along the wall 
length) temperature profiles are shown for two different cases in 
Figures 10, 11. In Figure 10, a temperature difference along the 
horizontal profile of about 4 °C can be observed between areas in 
shadow and under direct sunlight. Moreover, a difference of about 
5 °C–6 °C can be observed between the left portion of the front 
façade and the transversal wall.

In contrast, in Figure 11, the temperature profiles do not reveal 
any particular temperature difference along the lines. Nevertheless, 
also in this case, a temperature difference of approximately 5 °C–6 °C 
can be observed between the two walls. These differences may stem 
not only from tree shading or proximity to other structures, but also 
from the sun’s path around the building.

4 Discussion

4.1 Comparison with prior studies

The literature survey revealed a notable gap in studies 
specifically addressing temperature variations over exterior wall 
surfaces. Existing research has predominantly focused on the 
influence of solar radiation and sun position on building energy 
performance, with limited attention to the structural implications of 
these thermal effects. Although it is well established in engineering 

FIGURE 6 
Building in Hillenlaan (Delft), including three points of observation. The corresponding thermal images are analyzed in Figures 7–9. Timestamps (local 
time): (a) 1:26:28 p.m., (b) 1:27:26 p.m., and (c) 1:28:18 p.m. (a) Isometric view of the selecting building (illustration). (b) Observation point 1. (c) Observation 
point 2. (d) Observation point 3.
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FIGURE 7 
Analyses of the thermal image from observation point 1 in Figure 6. Temperature values progressively increase from the lower-left corner of the wall 
toward its right side. (a) Processed thermal image. (b) Selected area. (c) Temperature histogram (°C) of the selected area.

FIGURE 8 
Analyses of the thermal image from observation point 2 in Figure 6. Temperature values exhibit a similar pattern to those shown in Figure 7. (a) 
Processed thermal image. (b) Selected area. (c) Temperature histogram (°C) of the selected area.
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practice that temperature fluctuations can induce cracking damage, 
hence the use of expansion and movement joints in the design of 
new buildings, the severity and extent of such damage have not been 
systematically quantified. Moreover, the magnitude of daily and/or 
seasonal temperature differences on the surface of external walls has 
not been assessed.

As discussed in the previous sections, specific insights can be 
drawn from a limited number of studies employing thermographic 
analysis to assess temperature gradients over wall surfaces. Although 
these studies did not aim to characterize the resulting structural 

damage, they observed that different portions of a wall can 
experience temperature differentials ranging from 7 °C to 17 °C, 
depending on sun orientation, time of day, and shading conditions 
(Na et al., 2016; Vollmer and Möllmann, 2018; Barbero-Barrera 
et al., 2024). Nevertheless, these studies do not provide sufficient 
information to characterize the spatial distribution of temperature 
variations over wall surfaces. In this study, ΔT values of up to about 
10 °C are observed from the outing, which are well within the ranges 
reported in the aforementioned studies; precise values are indeed 
dependent on specific environmental conditions and the surface 

FIGURE 9 
Analyses of the thermal image from observation point 3 in Figure 6. Temperature values exhibit a similar pattern to those shown in Figures 7, 8. (a) 
Processed thermal image. (b) Temperature histogram (°C).

FIGURE 10 
Horizontal and vertical temperature profiles along the surface of the façades of an existing masonry building in Scheepmakerij, Delft. (a) Processed 
thermal image. (b) Vertical temperature profiles. (c) Horizontal temperature profiles.
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finish and color of the masonry. Moreover, temperature differences 
of 5 °C–6 °C are observed between perpendicular façades when one is 
in the shadow and another under direct solar irradiation. In this 
light, the values observed are consistent with literature yet provide 
further information regarding the spatial variability of surface 
temperatures of external masonry walls.

4.2 Limitations and recommendations

In this study, outdoor thermography is used to acquire 
measurements of temperature values over external wall surfaces. 
The differences between the maximum and minimum temperature, 
and their spatial distribution, are discussed, providing insight into 
the potential ΔT on external masonry wall surfaces of existing 
old buildings.

The accuracy and reliability of the results depend on the quality 
of the measurements, which should ideally be carried out by a skilled 
and experienced operator to ensure dependable outcomes (Hart, 
1991; Richter and Fouad, 2021). Furthermore, as noted in the 
previous sections, the IR camera automatically compensates for 
emissivity, object distance, ambient temperature, relative humidity, 
and apparent object temperature, provided these values are given as 
inputs. In this study, all image acquisitions were performed using 
consistent parameters (reported in Table 1), chosen based on the 
weather conditions during the field excursions. The underlying 
assumption is that such parameters may have a significantly 
greater impact on the absolute temperature values, but less on 
their differences and spatial distribution, which are the key 
objectives of this study.

To test this hypothesis, a comparison is carried out with two 
images of the same building with different camera parameters 
(Figure 12). The infrared camera employed allows for a 

posteriori reprocessing of the original images by adjusting the 
input parameters. Specifically, the results previously presented in 
Figure 7 (and reproduced in Figures 12a1–c1) were reprocessed 
using arbitrarily selected extreme values of the input parameters to 
evaluate their influence (Figures 12a2–c2). The histogram in 
Figure 12c2 shows that, with the modified parameters, the 
temperature distribution shifts to lower values and slightly 
broadens, with a peak around 27 °C–29 °C, compared to the 
previous peak of 31 °C–33 °C. Nevertheless, the distributions 
represented in both histograms exhibit a consistent shape.

Overall, the ΔT values in the two images appear consistent. In 
Figure 12c1, ΔT is 13 °C, ranging from 21 °C to 34 °C, while in 
Figure 12c2, ΔT is 15 °C, ranging from 16 °C to 31 °C. The spatial 
distribution is also in good agreement, with lower temperatures 
observed at the bottom left of the wall and higher temperatures at the 
top right. When discussing the differences, it should be noted that 
the values in Figures 12a2–c2 represent extreme cases resulting from 
very extreme input parameters, used specifically for the sensitivity 
analysis. Overall, the parameters listed in Table 1 are considered a 
reasonable choice for the field excursions. Hence, were these 
parameters slightly different than assumed during the 
thermographic excursions, their influence on the temperature 
differentials registered on the brick masonry façades would be 
negligible. This includes minor differences in brick material and 
weathered (aged) condition.

The thermographic images and results presented here a limited 
to a single excursion conducted in early September of 2025. While 
earlier excursions were performed to develop the methods presented 
herein, the consistent study was carried out on a single day. This 
excusion was sufficient to establish that temperature gradients 
appear on masonry walls due to solar irradiation; moreover, 
possible magnitude of these differentials were also registered. 

FIGURE 11 
Horizontal and vertical temperature profiles along the surface of the façades of an existing masonry building in Delft city center. (a) Processed 
thermal image. (b) Vertical temperature profiles. (c) Horizontal temperature profiles.
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With a single excursion, is not possible to conclude whether these 
measurements are representative of typical conditions. Yet, such an 
observation is not necessary to claim that temperature gradients are 
a potential hazard to brick structures. Indeed, the findings 
demonstrate the existence and plausible magnitude of spatial ΔT 
under real outdoor conditions, rather than providing a 
climatological characterization of frequency or seasonal extremes.

Based on the findings of this study, several recommendations for 
future research are proposed:

1. More extensive thermographic analyses should be conducted 
across diverse building types, orientations, and environmental 
conditions to enhance understanding of spatial 
temperature gradients.

2. Methods should be developed to accurately map the spatial 
distribution of temperature variations on wall surfaces, 
employing high-resolution imaging and advanced data 
processing techniques.

3. Controlled experiments on masonry wall specimens are 
recommended to directly measure temperature gradients 
and validate observational findings.

4. Further research examining the impact of such temperature 
gradients on cracking and other forms of masonry damage is 
required to establish clear relationships between thermal 
variations and structural damage, either employing tests in 
controlled conditions or computational simulations, as for 
instance the preliminary analyses in Longo et al. (2025).

5. Based on environmental conditions and shading, methods 
should be developed to predict temperature gradients across 
exterior walls, with the aim of linking these gradients to 
potential damage or material degradation.

4.3 Potential implications of this research

The results of this study indicate that the exterior walls of older 
masonry buildings are exposed to temperature variations across 
their surfaces. This observation has several important implications. 
From a hygrothermal perspective, certain areas of the walls may 
experience sharp temperature increases or decreases. This process 
can have an impact on the heat loss and energy consumption of the 
building. Mechanically, such variations can induce localized stresses, 

FIGURE 12 
Comparison between thermal image captured using the IR camera settings listed in Table 1 ((a1–c1), as previously shown in Figure 7), and the same 
image with the modified parameters (a2–c2).
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potentially contributing to wall deterioration and cracking damage. 
The formation of cracks, even minor ones, can compromise the 
wall’s water tightness or impermeability (Gaggero et al., 2024), 
allowing increased rainwater penetration, which might lead to 
further damage. Furthermore, even small, purely aesthetic cracks 
can negatively affect the occupants’ sense of safety (Rots, 1994).

Figure 13 schematically illustrates how a masonry wall, restrained 
at its base by the foundation but unrestrained at the top and sides, 
would deform under different temperature variations. Although the 
figure is a simplified sketch, it shows that under a symmetric 
temperature change, the wall experiences expansion in the mid-to- 
upper region during uniform heating, and contraction during uniform 
cooling (Figures 13a,c). These regions are likely to be the initial 
locations of damage in an almost symmetric veneer, particularly 
around weaker areas such as window corners (Farmer and Gerns, 
2010; Holland, 2023). When the temperature distribution is non- 
uniform, the locations of potential damage shift (Figures 13b,d). These 
patterns may influence where damage first appears, which could affect 
diagnostic surveys and maintenance strategies.

Even when no temperature differences were observed across the 
surface of a single wall, variations were still detected between the wall 
and its connected perpendicular walls (Figures 10, 11). This could 
trigger both in-plane and out-of-plane deformations of the 
building’s exterior.

Preliminary numerical models with thermo-mechanical coupling 
suggest that at a temperature differential of 10 °C (between the coolest 
and warmest point in a façade), visible cracks of 0.1 mm in width may 
appear. Moreover, when a stark contrast in temperature arises between 
orthogonal façades, vertical cracks are expected near the corners when 
these walls are well connected (see Figure 1c); numerical models 
estimate that visible cracks appear with only 5 °C difference 
between the walls. These complex calculations, however, are beyond 
this study and require substantial, additional investigation; they are 
provided here only as a frame of reference.

Depending on the orientation and location of the buildings, 
some exterior walls may be more exposed to environmental actions 
combined with temperature-related cracking. Such cracking can 
contribute to the gradual deterioration of the wall’s structural 

FIGURE 13 
Schematic examples illustrating the expansion and contraction of a masonry façade with restrained movement at its base but unrestrained at the top 
and sides, in response to uniform temperature changes, either an increase (a) or a decrease (c), and bidirectional temperature changes, either an increase 
(b) or a decrease (d).
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performance, making it more vulnerable to additional sources of 
damage over time (Gonçalves et al., 2015).

Overall, the empirical insights provided by this study are 
expected to serve as a basis for further analyses investigating the 
impact of such temperature variations.

5 Conclusion

This study investigated the spatial distribution of temperature 
variations (ΔT) over the surfaces of exterior masonry walls using 
outdoor IR thermography and post-processing techniques. The 
findings contribute to a better understanding of the magnitude of 
temperature differences and their spatial distribution, which may 
lead to structural damage in existing old buildings.

Based on the results of the analysis, it has been observed that:

• Temperature values over external façades are not always 
uniform and may present variations vertically (in the 
direction of the wall height) and/or horizontally (along the 
wall length).

• Maximum temperature differences (ΔT) between different 
points on the surface of typical masonry walls of residential 
buildings were measured up to 10 °C–13 °C.

• Temperature differences of 5 °C–6 °C are observed between the 
front (street) façade and perpendicular transversal walls; 
vertical profiles confirmed similar inter-wall differences.

• The distributions of the temperature values measured over 
exterior walls resemble lognormal distributions, indicating 
that extreme values are localized.

• Existing literature lacks a systematic quantification of thermal- 
induced structural damage; this study contributes by mapping 
spatial temperature variations.

• The methodology employed is proposed for the assessment of 
temperature differences over external wall surfaces and their 
spatial patterns, supporting its use in structural diagnostics.
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