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Research paper

Modelling masonry façade cracking induced by non-uniform temperature 
gradients with soil-structure interaction

Paul A. Korswagen * , Michele Longo , Alfonso Prosperi
Department of Materials, Mechanics, Management and Design, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628CN, Delft, 
The Netherlands
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A B S T R A C T

Temperature effects are frequently cited as the cause of light cracking in masonry façades, yet most modelling 
studies idealise thermal loading as uniform steps and represent restraint as fully fixed, assumptions that tend to 
exaggerate damage. This work evaluates whether realistic, non-uniform temperature gradients, like those pro
duced by shading and insolation, together with soil–structure interaction as the dominant restraint mechanism, 
can generate cracking patterns consistent with field observations. A coupled thermo-mechanical FEM model with 
a homogenised masonry continuum and tensile softening is employed; the façade–foundation–soil system is 
modelled explicitly, and damage is quantified using a crack-based index Ψ. A parametric campaign (1200 sim
ulations) spans two façade typologies (clay masonry on unreinforced masonry foundations; calcium-silicate on 
reinforced concrete strips), three layered soils, 33 geometries, and multiple vertical and two-dimensional 
gradient shapes. The results indicate that gradient shape is decisive: widely distributed vertical gradients 
trigger visible damage (Ψ≥1) at roughly half the temperature differential required by more localised gradients, 
with visible damage becoming likely around ΔT≈20 ◦C (warming) and ≈25 ◦C (cooling) for the most adverse 
shapes. Restraint stiffness governs severity: stiffer sandy profiles increase tensile stresses and cracking, whereas 
softer profiles accommodate thermal movement; relative to uniform, fully restrained models, crack initiation is 
delayed by ~15–20 ◦C and cracking is less distributed. Geometric discontinuities also dominate sensitivity: 
larger/more openings and low vertical-masonry ratios promote earlier localisation, while overall length/height is 
secondary. Fragility-like curves provide thresholds useful for assessment and mitigation.

1. Introduction

When most materials experience a change in temperature, they 
expand or contract [1–3,35]. If this deformation is hindered, internal 
stresses develop [4,5]; when stress-relieving measures such as expansion 
joints [6,7,14] are absent, temperature changes may lead to damage 
[8–10]. Small cracks at building corners, ceiling–wall connections, or 
around openings are frequently attributed to temperature variations 
[11–13,51], though these may also reflect settlements, curing shrinkage, 
or household vibrations [37,48,52]. Correctly identifying the cause is 
important for assessing the likelihood of further damage, proposing 
effective repairs, and, where relevant, determining which damages 
should be indemnified.

1.1. Damage potential due to temperature variations

Older buildings, constructed without stress-relieving measures, are 
particularly vulnerable. Masonry façades, exposed to sun and weather, 
experience relatively large temperature variations compared to shel
tered elements like floors or foundations [15,16]. In Fig. 1, a historical 
masonry façade in the Netherlands is replicated with a numerical model 
where the foundation expands horizontally, leading to strains and 
stresses in the masonry.

1.2. Overview of mechanical and thermo-coupled modelling of 
temperature

Modelling the influence of temperature on masonry is a recurring 
topic [54], yet most studies focus on thermal stress development, de
formations, or hygrothermal performance [19,20] without explicitly 
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simulating crack formation [17,18], though this is often done for con
crete [40,43]. Barbero-Barrera et al. [21] examined façade surface 
temperature modification due to shading, Ferreira et al. [22] modelled 
coupled thermo-hygro-mechanical behaviour, Resende et al. [9] simu
lated environmental temperature cycles, and Girardi et al. [1] addressed 
temperature-induced stresses in heritage arches; none of these capture 
the crack initiation and propagation that govern visible damage.

The subset of literature addressing cracking under thermal loading is 
comparatively small. Dilrukshi & Dias [11] showed that restraint stiff
ness and distribution strongly influence crack location and severity. 
Bejarano-Urrego et al. [25] found that gradual temperature fields pro
duce more localised damage than abrupt uniform heating. Prakash et al. 
[26] demonstrated that early-age shrinkage can amplify thermal 
cracking with stiff supports. Dilrukshi & Dias [8] provided experimental 
evidence that soil–foundation stiffness plays a critical role: dense sands 
increased crack severity while soft clays allowed thermal accommoda
tion. More generally, Lagier et al. [15] showed that full-restraint as
sumptions overestimate stresses, Briffaut et al. [29] quantified the effect 
of restraint stiffness on crack formation in concrete, and Van Zijl et al. 
[30] contributed constitutive modelling capabilities (tensile softening, 
fracture energy, anisotropic damage) in DIANA for coupled thermal
–mechanical masonry analysis. These works collectively demonstrate 
that realistic restraints (including soil–structure interaction), 
non-uniform temperature profiles, and appropriate material models are 
necessary for accurate prediction of temperature-induced cracking.

Nevertheless, existing methods share two conservative assumptions: 
a uniform temperature distribution is applied and restraints are assumed 
infinitely stiff. A more gradual temperature change and more flexible 
supports will both produce lower stresses. The stiffness of floors can be 
reasonably approximated, but foundations are trickier.

The spatial distribution of temperature over façade surfaces is a 
decisive factor in thermally induced stress development, yet structural 
models often simplify it to uniform or idealised linear gradients. 
Empirical thermographic surveys [36,38,23,45,46,56,58] provide 
detailed evidence of façade temperature variability: González-Aguilera 
et al. [31] developed photogrammetry-assisted thermography for 
high-resolution façade temperature mapping; Tejedor et al. [32] refined 
quantitative thermography for repeatable monitoring; Lerma et al. [33] 
revealed stable daily and seasonal gradient patterns tied to orientation 
and shading; and Tavukçuoğlu et al. [34] demonstrated that thermal 
patterns correlate with damage-prone zones. From a modelling stand
point, Barbero-Barrera et al. [21] showed localised hot spots from 
shading devices, Resende et al. [13] highlighted persistent vertical and 
horizontal differentials under diurnal cycles, Ferreira et al. [22] pre
dicted gradient development under different climatic conditions, and 
Bison et al. [38] captured complex heat gain/loss patterns. Van Zijl et al. 
[16] demonstrated that non-uniform, empirically derived temperature 
loads yield markedly different stress distributions compared to uniform 

fields, while Sazonova et al. [40] and Ferreira et al. [22] offered insights 
into which gradients are most structurally significant. These works un
derscore that accurate reproduction of in-situ temperature shapes is a 
prerequisite for realistic damage modelling.

1.3. Importance of accurate modelling of temperature gradients

A reliable approach to evaluate the damaging effects of temperature 
gradients on masonry façades serves several purposes: determining 
whether gradients alone can generate visible damage, establishing 
which historical designs are most sensitive, guiding the (re)location of 
dilation joints during retrofitting, assessing repair measures such as self- 
healing mortars [42], supporting forensic damage assessments, and 
determining the probable initial condition of a structure before subse
quent damaging actions such as settlements or vibrations.

In this paper, we examine the effects of temperature on façades 
restrained only by the soil underneath the foundations, without the 
conservative assumptions of uniform loading or infinite restraint. 
Temperature gradients over façades arise from solar radiation, shading, 
wall orientation, and heat flux towards roof or foundations; gradients 
with small absolute differentials are not uncommon. Fig. 2 provides an 
example where shading and cooling at the bottom of a wall generate a 20 
◦C differential across the load-bearing wall. While a large contrast is also 
observed against the perpendicular façade, this paper focuses on gra
dients within single façades as this topic has yet to be sufficiently 
explored.

1.4. Novelties and overview of paper

The novelties of this work are: 1) we explore the effects of temper
ature gradients within masonry façades; 2) we employ realistic, non- 
conservative restraints; 3) we quantify crack-based damage via the 
parameter Ψ; 4) we vary gradient profiles, material properties, and 
façade geometries to parametrically explore their influence; and 5) 
based on these variations we estimate the probability of visible damage 
due to temperature differentials.

This paper starts with an overview of the modelling method focused 
on predicting cracks in masonry façades when exposed to temperature 
changes. To explore parameter sensitivities, multiple façade geometries, 
supporting soils, and temperature gradients are included. Results are 
presented in Section 3, where damage patterns from positive and 
negative temperature changes are also contrasted. In Section 4, results 
are interpreted and discussed while limitations are examined. Finally, 
conclusions are highlighted in the last section.

2. Modelling approach

In this section, we first establish cracking because of temperature- 

Fig. 1. Example of a recognised historical masonry façade in the Netherlands, left. Right, a 2D model of the front façade subjected to a horizontal strain at the base 
and showing its exaggerated deformed shape with a contour colouring of vertical displacements. This façade inspires a few of the façade geometries studied in 
this work.
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induced stress. Then, we explore cracking in masonry and how it can be 
modelled within a Finite-Element-Method (FEM) strategy and establish 
the material model for the masonry façades. Next, we look at the support 
and restrain provided by the soil [41,44,39] and assemble the façade 
model upon which to evaluate the effect of the temperature gradients. 
Note that we focus on temperature gradients or differentials which could 
be explored in ◦Celsius or Kelvin interchangeably.

2.1. Thermo-mechanical basis and damage measure

The relationship between temperature and induced stress on the 
masonry can be captured by combining two known physical equations in 
the case where the extension of the object is fully restrained: 

ε =
ΔL
L

= α⋅ΔT (1) 

σ = E⋅ε = E⋅α⋅ΔT (2) 

where α is the thermal expansion constant, ΔT is the change in tem
perature, L is the length of the object, E is the Young’s Modulus of the 

material, and ε and σ are the strain and stress, respectively. If a masonry 
wall serving as a fence were built and anchored to a building on each 
end, a ΔT of 15 ◦C would result in a stress higher than the horizontal 
tensile strength of most fired-clay brick masonry (ft h = 0.3 MPa, E = 4 
GPa [57]) which would cause the masonry to crack (with α=7.610

–6). At 
that stage, the horizontal stresses would be unloaded, and the defor
mation would concentrate in a vertical crack of 1 mm in width (for a 
fence of L = 10 m). These equations are for the one-dimensional problem 
but may be expanded to the two-dimensional situation for the 
finite-element approach; see next.

The cracking behaviour of masonry façades is more complex, though 
cracks are a common expression of damage in masonry; see Fig. 3. The 
wider the crack, the more severe the damage may be categorised. Cracks 
on façades do not always correspond to structural damage but will still 
compromise the watertightness of the structure and its aesthetics, 
potentially affecting the perception of safety of its users [61]. When 
several cracks are present, determining the damage severity is more 
cumbersome; in this study, the damage parameter Ψ is used. The 
parameter summarises crack-based damage in masonry by considering 
the number of cracks (n), and the cracks’ width (ci) and length (Li) as per 

Fig. 2. Temperature on a façade from a thermographic image. The photograph shows a different temperature between neighbouring walls and a stark temperature 
decrease where the façade is in the shadow. Own images, see also [69].

Fig. 3. Photographs of cracks in bare masonry walls. (a)Small crack narrower than 0.5 mm; (b)crack approximately 2 mm wide; (c)crack narrower than 2 mm; and 
(d)wider than 5 mm. Adapted from SBR [60].
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Eq. (3): 

Ψ = 2⋅n0.15⋅c0.3
w withcw =

∑n
i=1 c2

i ⋅Li
∑n

i=1 ci⋅Li
(3) 

A value of Ψ=1 corresponds to the lower threshold of visible damage 
with cracks of up to 0.1 mm in width; damage at Ψ<1 is not perceivable. 
Ψ=2 is linked to cracks about 1 mm in width, which are easily detected 
but also easily repaired. Ψ=3 can be linked to the end of light damage, 
with cracks around 5 mm wide; larger values of Ψ will require invasive 
interventions for repair and may also necessitate structural repairs.

Cracking in masonry has been investigated in several studies 
[48–50]. Several experiments, focusing on the initiation and propaga
tion of cracks on masonry walls, have contributed to calibrating nu
merical, computational models. Fig. 4 shows a full-scale masonry wall 
surveyed with Digital Image Correlation and subjected to an in-plane 
horizontal drift leading to small, automatically-detected cracks.

2.2. FE model of masonry and thermo-mechanical coupling

Cracks in masonry can be replicated, and later predicted, using (3D) 
FEM models. In this study, the response of masonry façades to temper
ature effects is modelled. The façade-scale cracking behaviour is simu
lated using a continuum material approach. In this approach, the 
masonry composite is homogenised over regular finite elements as 
depicted in Fig. 1. In this way, the method captures the masonry’s 
response under both compression and tension through a defined stress- 
strain relationship, as illustrated in Fig. 5. In tension, once the tensile 
strength is exceeded, the material undergoes rapid softening until it 
reaches zero residual strength, effectively representing a fully developed 
crack. Specifically, quadratic solid elements (CHX60) are employed, 
utilising the Total Strain Rotating Crack Model (TSRCM, [53,62,59]) to 
represent the homogenised, smeared constitutive behaviour of masonry. 
The adopted material properties are characteristic of older, fired-clay 
brick (CL) façades commonly found in the Netherlands [57]. The ma
sonry is assigned a density of 1900 kg/m³, a Young’s modulus of 5 GPa 
for CL and 4 GPa for CS, and a Poisson’s ratio of 0.25 for its elastic range. 
For tensile behaviour, a strength of 0.1 MPa is used along with a fracture 
energy of 8.1 N/m using an exponential softening curve, combined with 
the Govindjee [47] crack-band-width criterion. Similarly, the compres
sive strength is set at 8.5 MPa and 7 MPa, for CL and CS respectively, 
with an associated fracture energy of 18.4 kN/m based on parabolic 
softening; see Fig. 5. The façade elements are meshed at 200 × 200 mm. 
The thermal expansion parameters are 7.6µ for CL, 8.1µ for CS, and 10µ 
for concrete.

The Total Strain model includes temperature coupling by decom
posing the total strain into the temperature and mechanical components, 
see Eq. (4). The temperature component is simply the temperature 
change multiplied by the coefficient of thermal expansion as per Eq. (1). 
In this way, the constitutive model stops being strictly a “total strain” 
model, though temperature effects can thus be easily included [71]. 

ϵtot = ϵΔT + ϵmec (4) 

2.3. Restraint modelling and soil–structure interaction

Having established the material model for the masonry of the fa
çades, their support and restrain must be defined, too. First, over- 
restraining the façades is undesired since temperature-induced stresses 
only arise in reacting to hindered deformations. For this reason, the 
restraints provided by floors or roof elements are not considered. Be
sides, for older structures, these are constructed out of timber which 
provides limited stiffness and thus restrain. Similarly, foundations are 
explicitly included in the models instead of being represented with line 
elements or boundary interfaces. In this manner, they are also affected 
by the temperature surface gradient and are deformed, stressed, and 
cracked accordingly.

The restrain to the temperature-induced expansion/contraction is 
provided by two aspects in the models. First, due to the gradients 
themselves, portions of the façades would be subjected to a different 
temperature and thus would expand or contract to different degrees. I.e. 
for an increase of temperature, the portions subjected to the larger in
crease would be restricted by the cooler portions which would them
selves be forced to expand by the warming parts; cracks would likely 
appear in these cooler areas subjected to tension.

Second, buildings are, of course, supported by foundations resting 
and embedded in the soil. The soil itself, unaffected by the temperature 
gradient, will provide some restraint to the façades. In fact, the stiffer the 
soil, the more restraint it will enforce. This is illustrated in Fig. 6, where 
three situations are compared. When the building is stiffer than the soil, 
as it usually the case for undamaged buildings, the soil surrounding the 
buildings adapts to its movements; however, if the soil is relatively stiff 
or the building is flexible, perhaps due to existing cracks, the building 
and soil will deform similarly. Hence, stiff sandy soils, historically well 
suited for strip (masonry) foundations found in older façades, would 
work against the temperature-induced deformations, while softer soils 
would allow such deformations without inducing stresses.

Consequently, the modelling strategy employed herein includes 
variations of the layered soil to quantitatively verify their distinct 

Fig. 4. Cracking from experiment on a full-scale masonry wall surveyed with Digital Image Correlation. Overlaid displacement contour (left), black and white 
speckle pattern (centre), and automatic crack detection with Ψ=2.3 (right). Note that left and right images do not belong to the same specimen.

Fig. 5. Stress-strain relationships for compressive and tensile behaviour, 
respectively, for the constitutive material model employed: the Total-Strain 
Rotating Crack Model [71].
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restraining effect on the façades. The model is thus built up as presented 
in Fig. 7 (and later Fig. 10). The masonry façade, with unreinforced 
masonry foundations and interlocked transversal masonry walls, is 
placed atop a layered soil block, of which three variations are analysed: 
a fully sandy profile (labelled Soil #6 in reference to a study with 
representative Dutch soil profiles [64]), a clay-peat-sandy profile (Soil 
#9) and a clayey-sandy profile (Soil #0) with a stiffness value (at the 
foundation) in between that of the other two profiles. The illustrated 
façade corresponds to that of the historic building introduced in Fig. 1. 

Its foundation is embedded in the soil block, and a no-tension Cou
lomb-friction interface is placed between these: it allows separation 
under normal tension but transfers shear forces through friction, with 
stiffness and strength parameters adopted from the calibrated settlement 
models of the same façade typologies reported in [65]. As noted in [65], 
such an interface restricts crack propagation perpendicular to the con
tact and limits sliding at the foundation base through its shear stiffness 
and strength. In the present study, however, the restraint is governed 
primarily by the explicitly modelled non-linear soil block rather than by 

Fig. 6. Soil-building interaction in the context of stiffness differences. K stands for the stiffness of the building or of the soil. In this example, a horizontal deformed is 
enforced at the bottom of the soil column.

Fig. 7. Left, three soil profiles, Soil #9, #0, and #6, with approximate Young’s moduli (E50: reference triaxial secant stiffness). Centre, exploded façade model for 
fired-clay masonry with idealised, unreinforced masonry foundation embedded in the soil block.
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the interface alone which only plays a minor role with its no-tension 
option; the sensitivity of the interface properties has was varied and 
found to be unimportant due to the presence of the non-linear soil. The 
model is symmetric at the centre of the building on a plane parallel to the 
façade. The dimensions of the soil block (45 × 15 × 12.5 m, LxHxW) 
were chosen such that the presence of the building did not affect the 
outer soil elements of the block.

Furthermore, the soil in the models is considered non-linearly via the 
“small strains hardening soil” constitutive model. This model presents a 
higher stiffness for small strains [72] which is particularly important 
with temperature deformations, for which strains are typically low, and 
when the soil-structure interaction may actively hinder the 
temperature-induced deformations, thus causing stresses on the façades. 
Indeed, in this situation, is better to err with slightly higher Young’s 
moduli, as the stiffer soil will provide a higher restraint. The 
small-strains soil model requires multiple parameters, which are varied 
in depth and are presented in Tables 1–3 for the various soil profiles. The 
tables show that the initial stiffness of the soil is higher (E0), providing 
constraint against the temperature-induced strains. The upper soil layers 
are meshed starting at 400 to 750 mm while the lower layers are 1250 
mm, all with quadratic elements.

2.4. Thermal loading: gradient families and application

The temperature gradients applied to the buildings comprised 
essentially two variations: a gradient purely in the vertical direction, for 
which the temperature of the façade changed with its vertical coordinate 
Z; and, a two-dimensional gradient, changing both in the plane of the 
façade (X) and in Z. The gradients studied considered both positive 
(increasing temperature) and negative (decreasing temperature) pro
files. Three gradient shapes were assigned to the profiles: a linear shape 
(Shape 2), a parabolic shape with the highest gradients at the bottom of 
the façade (Shape 1), and a parabolic shape with the largest gradients at 
the top of the façade (Shape 3). The temperature gradients are shown in 
Fig. 8 including the parabolic function. Note that the gradient shape 
function includes the foundation of the building and that the normalised 
temperature shapes range from 0.05 to 1.00 over the façade which 
translates to a maximum differential of 1.00 in respect to the soil block. 
The temperature differential is amplified by up to 40 times, corre
sponding thus to a maximum differential of up to 40 ◦C. The upper 
bound of 40 ◦C for the applied temperature differential does not repre
sent an expected or target scenario; rather, it defines the range of the 
incremental analysis. Each model is loaded in small steps from 0 to 40 
◦C, and damage is recorded at every increment, analogous to a force
–displacement pushover analysis in which the imposed displacement far 
exceeds the expected failure point. The analysis is deliberately extended 
to a high differential so that the full evolution of damage (from crack 
initiation through visible cracking) can be captured without prescribing 
a priori the critical threshold. As the results later show (Figs. 13 and 17), 
visible damage (Ψ ≥ 1) typically develops between 15 and 25 ◦C, well 
within the analysed range; the 40 ◦C ceiling simply ensures that no 
relevant behaviour is truncated. The thermal load is analysed after a 
gravity and overburdened phase have been resolved. The temperature is 
constant through the thickness of the wall and follows strictly the tensor 
value of the applied field.

2.5. Reference models and parametric campaign

To evaluate the models, two additional models without the soil block 
were analysed. These are presented in Fig. 9 and comprise a model 
where a uniform temperature differential is applied to only the foun
dation or only the façade. These models, more akin to those more 
commonly found in literature [1,2,8,30], serve to validate and compare 
the modelling strategy adopted. Moreover, they help to quantify the 
effect of including soil-structure interaction and applying gradual tem
perature gradients when analysing temperature effects on façades.

Several variations were included in the modelling campaign. Besides 
the soil profiles and temperature shapes described, the building material 
was varied. In addition to the fired-clay façade with unreinforced ma
sonry foundation, a set of calcium-silicate brick masonry façades on 
reinforced concrete strip foundations was studied (see Fig. 10). These 
constitute the two façade general typologies studied. Further, façade 
geometries were varied to include more or fewer openings, larger 
openings, varying length/height ratios and gable shapes. In total, 33 
geometries are shown in Fig. 11, and their properties are gathered in the 
supplementary material. Besides the opening ratio, a vertical masonry 
ratio is included. This represents the minimum ratio of masonry present 
on any vertical line in the façade.

With these variations, a large number of permutations were gener
ated: comprising the 3 soil profiles, 4 temperature shapes, 2 warming or 
cooling temperatures, 33 façade geometries, and 3 material sets corre
sponding to a weak, standard, and strong set of material properties for 
each façade, where strength and stiffness are reduced/increased by 50 % 
in respect to the standard set. These 1200 model results, with each 
model incrementally loaded from 0 to 40 ◦C in small steps, give a wide 
picture of the relationship between temperature effects and crack-based 
damage to masonry façades. The results are analysed in terms of specific 
damage patterns and pooled together to observe trends or the effects of 
particular parameters. Moreover, the large number of results allow ob
servations about the probability of damage.

3. Results

It is not feasible to present in this publication the deformation and 
damage patterns of all 33 façades investigated. Instead, in Fig. 12, a 
menagerie of cracking examples is collected for different façades sub
jected to distinct gradient shapes. On the first row, a cooling profile is 
applied: the top right corner of façade 1A cools the most; accordingly, it 
also contracts the most. This corresponds to gradient Shape 1 in 2D (see 
Fig. 8). While several finite-elements at the corners of the windows 
exceed their tensile strength, a visible crack appears only on top of the 
door opening, on the left side of the façade - not where the highest 
temperature difference was applied. Similarly, the second row presents 
the opposite situation, where the top right corner warms up the most. In 
this case, the main crack appears at the top centre of the façade. This is 
because the expansion of the masonry at top of the façade, restricted by 
the bottom of the façade, causes bending where tensile stresses appear at 
the top.

The next three rows in Fig. 12 consider façade 2B, a long façade with 
large openings. All three cases are of cooling though with different 2D 
gradient shapes: with most of the gradient occurring towards the bottom 

Table 1 
Derived values for input corresponding to the clay soil profile (#9) for the small-strains hardening soil model. Values in MPa where required. For variable names, see 
[72].

# Depth [m] Type E50 Eoed Eur E0 pref POP c φ[◦] ψ[◦] K0 γ0.7

1 0.0 -3.0 Clay 2 2 10 72 0.1 0.01 0.005 23 0 0.62 1E-04
2 -3.0 -5.3 Sand 24 24 96 216 0 35 5 0.43
3 -5.3 -11.3 Loam 12 12 48 108 0 30 0 0.50
4 -11.3 -28.5 Clay 19 19 77 288 0.001 28 0 0.54
5 -28.5 -30.7 Sand 180 180 720 1620 0 40 10 0.36
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(Shape 1), the top (Shape 2), or linearly distributed (Shape 3). The 
cracking patterns are similar, consisting of aligned vertical cracks at the 
corners of windows splitting the façade in half. The first shape causes 

more distributed cracking but is otherwise similar to the other shapes. In 
terms of damage intensity, all three cases reach a Ψ value of 2.5; while 
Shape 1 produces slightly narrower cracks, the larger number of cracks 

Table 2 
Derived values for input corresponding to the sand soil profile (#6) for the small-strains hardening soil model.

# Depth [m] Type E50 Eoed Eur E0 pref POP c φ[◦] ψ[◦] K0 γ0.7

1 0.0 -1.1 Sand 36 36 144 324 0.1 0.01 0 40 10 0.36 1E-04
2 -1.1 -2.5 24 24 96 216 35 5 0.43
3 -2.5 -7.0 36 36 144 324 40 10 0.36
4 -7.0 -11.5 90 90 360 810 40 10 0.36
5 -11.5 -16.8 18 18 72 162 35 5 0.43
6 -16.8 -21.9 210 210 840 1890 40 10 0.36

Table 3 
Derived values for input corresponding to the sand soil profile (#0) for the small-strains hardening soil model.

# Depth [m] Type E50 Eoed Eur E0 pref POP c φ[◦] ψ[◦] K0 γ0.7

1 0.0 -6.0 Clay 12 12 48 180 0.1 0.01 0 25 0 0.58 1E-04
2 -6.0 -15.0 Sand 42 42 168 378 40 10 0.36

Fig. 8. Temperature profiles or gradient shapes on a façade. Three functions are applied vertically or horizontally to produce four distinct gradient shapes.

Fig. 9. Model Types. Left, façade model without soil where a temperature differential is applied only at the foundation; middle, ditto but the differential is applied 
only to the façade. Right, full model with soil, foundation, and façade with gradual temperature differentials (gradient shapes).
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means that damage is evaluated with the same Ψ value, see Eq. (3). The 
bottom row shows two results for façade 3F. In this case, cooling leads to 
a crack at the bottom of the façade as the contraction at the top forces 
the façade to deform.

3.1. Pooled response: mean damage–temperature relationship

The temperature-damage curves from all the models can be collected 
to determine a mean response of masonry façades to increasing or 
decreasing temperature gradients. This is illustrated in Fig. 13 and some 
observations stand out. First, there is a large variability between all the 
models, but the mean behaviour is fairly linear with damage starting 
from 5 ◦C onwards but becoming visible at 20 ◦C or 25 ◦C for warming or 
cooling respectively. Indeed, the curves show that façades are more 
sensitive to damage for warming gradients than cooling ones though 
cooling gradients are more likely to generate invisible damage (Ψ<1).

3.2. Sensitivity to key parameters

The large variability of the façade sensitivities requires a more 
careful examination of the various parameters. This is done by obtaining 
the mean response of segregated categories. First, in Fig. 14, the influ
ence of the gradient shape is explored for a sub selection of the façades. 
This reveals that Shape 1, in either its purely vertical (1D) or 2D vari
ants, is the most damaging, with similar damage intensities developing 
at temperatures that are half or a third of those required to cause damage 
when gradients are more in the form of Shapes 2 and 3. This is not 
unexpected since both types of Shape 1 cause a larger region of the 
façade temperature to change. Again, for cracks narrower than 0.1 mm 
(Ψ<1), cooling gradients were more damaging than warming gradients. 
For the 40 ◦C differential investigated, the other two shapes, in average, 
didn’t lead to visible damage. For this reason, only the indicated façades 
were explored with these shapes.

Fig. 10. Exploded CaSi façade with strip-plate reinforced concrete foundations.

Fig. 11. Façade geometries: in pink, fired-clay brick, and in grey, calcium-silicate brick masonry. The dimensions of the façades are provided in a dxf file, sup
plemental to this text.
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Next is a comparison between the façades with (CSBR) and without 
(CLBR) reinforced concrete foundations. The latter have unreinforced 
masonry foundations and seem slightly more vulnerable but not signif
icantly so. There is also not much influence due to the material set, 
expect for the weak material set on the reinforced foundations. The 
weaker material has a lower tensile strength but also a lower stiffness, 
which makes it more flexible. Hence, this group more easily adapts to 
the deformations imposed by the temperature effects and its tensile 
strength, mostly needed at the bottom of the façade for cooling gradi
ents, is provided by the steel reinforcement bars in the foundation. For 
the same group without reinforcement (CLBR) the most vulnerable set is 
indeed the weak set.

Finally, Fig. 14 compares the three soil profiles further segregated by 
gradient shape. For visible damage (Ψ≥1), the stiff soil (#6) leads to a 
stark difference in damage between the positive and negative temper
ature gradients; it prevents the façade from contracting (negative) and 
keeps the façade from expanding (positive); in this way, it limits 
cracking for both scenarios. The soft soil (#9) doesn’t modify the 
behaviour of the façade much and thus lies in between the lines for Soil 

6. The average soil (#0) appears closer to the upper bound set by the stiff 
soil. The purely vertical gradient generates larger differences (of 15 ◦C 
for Ψ=1 for the average response) between the various soil profiles; the 
two-dimensional gradient shapes only vary in half that temperature.

Other interesting comparisons concern the geometrical features of 
the façades. Fig. 15 segregate the average of the results by the number of 
openings, opening ratio, vertical masonry ratio, and length/height ratio. 
Most behave as expected, though their quantifiable influence on the 
response for Ψ=1 is a key outcome of this figure. The more openings a 
façade has, the more vulnerable it is to temperature effects. Indeed, the 
curves for zero openings are 10 ◦C to 25 ◦C less vulnerable than those 
with eight openings. Cooling temperature shapes are more affected by 
the number of openings than warming profiles. The opposite is true 
when considering the opening ratio; in this case warming profiles are 
most affected by a different opening ratio. However, the expected 
outcome, that a higher ratio of openings, up to 50 % of the façade 
dedicated to openings illustrated in the figure, will reach visible damage 
20 ◦C earlier than a façade with no openings, and that the other two 
ratios fall in between, is shown. For the cooling profiles, the opening 

Fig. 12. Example damage patterns from a few model cases.
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ratio seems irrelevant regarding damage sensitivity. While the two 
graphs (number of openings and opening ratio) are related, the com
parisons with the opening ratio are made between façades with similar 
number of openings to only contrast the parameter of opening ratio.

The vertical masonry ratio shows a similar picture. When the mini
mum ratio of masonry on any vertical line is high (80 % in the graph), 
meaning that few openings are aligned on top of each other, the façades 
are less vulnerable to warming temperature changes. As the amount of 
masonry goes down, the façade becomes more vulnerable with a 15 ◦C 
difference for Ψ=1 between 80 % and 20 % of masonry.

For cooling temperature changes, the behaviour is opposite: more 
masonry is detrimental. This is somewhat unexpected. However, a 
careful inspection of the deformation and cracking plots (as shown in 
Fig. 12) suggests an explanation. When the façades are contracting at the 
top, less masonry means that there is also less shear stiffness provided by 
the piers to restrict this deformation. If the deformation is thus free to 
occur, no stresses nor cracks develop. Note that his inverted trend is also 
observed for the segregation by opening ratio but less significantly.

Finally, Fig. 15 compares the length over height ratio. Longer fa
çades, with a higher L/H ratio, seem more vulnerable for cooling and 
less for warming gradients. However, from the four geometrical features 
presented, the L/H is the least influential one. This stands in contrast to 
damage from settlement actions for which the L/H is the most influential 
parameter [65].

3.3. Benchmarks and fragility-like exceedance curves

For façade 1A only, additional comparisons were made against two 
situations that do not consider the presence of the soil, and which use a 
uniform temperature variation. This is a more common approach to 
modelling temperature effects; Fig. 16 demonstrates that it results in 
significantly more damage for this façade and might be overly conser
vative. Consider the crack patterns first. These correspond to the 

cracking situation at damage intensities around Ψ≈2. Yet the ap
proaches with uniform temperature variations reached this state 20 ◦C 
earlier than the method proposed herein and display a larger number of 
cracks distributed throughout the façade. In contrast, damage for the 
façade, only restrained by the soil and experiencing a gradual temper
ature variation, is concentrated in a single crack for both positive and 
negative temperature gradients.

The crack patterns are consistent with the modelled situation. When 
the foundation is warmed up (a), it expands, which forces the façade on 
top of it to expand as well leading to tensile stresses in the horizontal 
direction and ultimately vertical cracking. Similarly, when the façade 
cools (e) but the foundation is unaffected by a temperature change, the 
façade, trying to contract, will develop horizontal tension and crack 
vertically. In the opposite situation, when the foundation cools (d) or the 
façade warms (b), the associated contraction and expansion are pre
vented by the façade or foundation, respectively. In these cases, the 
façade is forced to contract (d) or prevented from expanding (b). The 
masonry piers in between the openings are charged with transferring 
this deformation (d) or restraint (b) to the top of the façade via a 
shearing action. This results in rocking failure [66] of the piers with 
horizontal cracks at their top and bottom. The behaviour of the situation 
with a gradient temperature change (c and f) is more complex and was 
analysed in Fig. 12. However, the single crack appears towards the top of 
the façade instead of at the bottom region as with the other two 
approaches.

Finally, with Fig. 17, we take advantage of the large number of model 
results to determine fragility-like exceedance curves. These are elabo
rated by counting the number of models that, at a given temperature 
differential, exceed certain thresholds of damage. The curves consider 
both positive and temperature profiles and are segregated by façade 
general typology, with the reinforced (CSBR) and unreinforced (CLBR) 
foundations. The results are fitted to a log-normal distribution as is 
common practice for fragility curves [67]. This also helps to produce 

Fig. 13. Mean damage (Ψ) vs. Temperature differential. Confidence of the mean is shown.
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smoother curves in regions where there are few results such as at the 
very low bottom of the graph. Note that the lower portion of the graph is 
plotted with a logarithmic scale precisely to better display the very low 
probabilities of damage.

For temperature differentials, where one point on the façade differs 
in temperature to another on the opposite corner, of about 5 ◦C the 
probability of reaching or exceeding visible damage (Ψ=1) is 2 %, which 
can be considered very low [68]. A temperature differential of 22 ◦C is 
needed for visible damage to be expected (50 % probability) for build
ings on unreinforced foundations and of 28 ◦C for buildings on rein
forced foundations. Exceeding light damage (Ψ≥3) is not expected, in 
fact, for both types of masonry, the probability of exceeding light 
damage is below 10 % even for the 30 ◦C differential considered in this 
study. The probability of clearly visible damage with cracks of about 1 
mm in width (Ψ=2) is 2 % at 10 ◦C for unreinforced masonry and 
slightly lower for reinforced foundations.

4. Discussion

The goal in this paper was to determine how sensitive masonry fa
çades are to gradual temperature changes over their surface. While the 
models show that these smoother gradients, with little external re
straints, will lead to damage, too, they also show that the intensity of the 
damage is extremely sensitive to the shape of the gradients.

4.1. Temperature and gradient shapes

The shapes assumed in this paper have been inspired by a limited 
number of temperature measurements on façades and other sources that 
depicted temperature for other purposes. A preliminary, thermography- 
based study [69] has confirmed that the selected shapes are possible in 
real world conditions though whether they are common is not discussed. 
Nonetheless, it is common that one corner of a façade will experience 
higher insolation due to shading from other buildings and the orienta
tion of the building in respect to the sun; higher portions of the façade 
will experience greater insolation than those closer to the street. Walls 

Fig. 14. Segregation by: Temperature profiles, Soil, Masonry Type, and Material Strength.
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located towards the east or west are more likely to be non-uniformly 
shaded due to the lower position of the sun, while southern walls (in 
the northern hemisphere) will face the sun higher in the sky. These re
lationships lead to the temperature shapes includes in this study; yet, 
accurate measurements, with the detail required to validate the 
employed shapes, are missing: brick colour, roof shape, cavity walls, and 
reflective surfaces will all affect the temperature shape. Hence, it is not 
possible to state whether the assumed shapes are conservative or opti
mistic, but they are possible. Certainly, in comparison to discontinuous 
temperature changes (Fig. 16), they appear optimistic, though smoother 
shapes, that affect a smaller region of the façade, will make the chosen 
shapes appear conservative. A parameter to determine the damage po
tential of temperature changes should be developed. The models pre
sented herein will contribute to this purpose.

The temperature change over the façade dimensions is also relevant. 
Taller or longer façades subjected to a certain shape and differential will 
experience a lower damage intensity than shorter façades equally 
loaded, according to our models. This is because the ΔT per meter (dT/ 
dz and/or dT/dx) is larger for the smaller façades and is congruent with 
the preceding paragraph. The parameter to assess temperature-effects’ 
damaging potential should consider this. Whether shorter façades will 
experience similar temperature differentials has not been determined.

Regarding the magnitude of the temperature differentials, field 
measurements using infrared thermography on masonry façades in the 
Netherlands [69] recorded temperature differences of up to 13 ◦C be
tween the warmest and coolest zones on a single wall surface, with 
values of 9–10 ◦C being common even when the most shaded areas were 
excluded. Temperature differences of 5–6 ◦C were also observed be
tween perpendicular walls of the same building due to differences in 
solar exposure. These values are consistent with other thermographic 
studies: Barbero-Barrera et al. [21] measured up to 7.4 ◦C across a single 
wall in summer conditions, and Vollmer and Möllmann reported a 17 ◦C 
difference between fully sunlit and shaded portions of a house wall. The 
measured differentials fall well within the range where the present 
models predict sub-visible to visible damage (Ψ reaching 1 between 15 
and 25 ◦C). Moreover, the distributions of measured temperature values 

over wall surfaces were found to be lognormal [69], indicating that 
extreme values are localised rather than uniformly or linearly distrib
uted, a pattern more consistent with the gradient shapes employed 
herein than with uniform temperature assumptions. However, a more 
extensive study of temperature shapes and magnitudes on façades is 
needed before the fragility curves can be integrated with field data.

Besides solar radiation, temperature profiles are also influenced by a 
variety of factors, such as wall thickness, capacity for heat dissipation, 
moisture content of the air and of the façade and wall cavity (if present), 
heat flux toward colder areas of the façade, heating or cooling of the 
building interior, and the presence of other structural elements or 
insulation, among others. None of these factors have been considered in 
this study; however, our conclusions remain valid, at least for sunny 
days, when insolation plays the determining role in shaping façade 
temperature gradients.

Moreover, the transitional and cyclic nature of temperature varia
tions has not been considered. In this study, we have included only 
monotonic increases or decreases in temperature. However, in real fa
çades, temperature changes in a daily fashion. The monotonic loading 
employed herein thus represents the response to a single worst-case 
thermal event, whereas in practice damage is likely to accumulate 
over many smaller daily and seasonal cycles. Cyclic loading can lower 
effective damage thresholds through fatigue degradation of mortar 
joints and progressive crack opening and closing, a mechanism well 
documented for masonry under repeated mechanical loading [48,49]. 
Preliminary cyclic models, not reported in detail here, indicate that 
damage develops at temperature differentials approximately 10–20 % 
lower than the monotonic thresholds when the same gradient shape is 
applied repeatedly, consistent with the progressive stiffness and strength 
degradation observed in cyclic masonry experiments [48]. Quantifying 
this cyclic effect across the full parametric space requires additional 
models, realistic cyclic temperature profiles, and constitutive features 
better suited to repeated loading, such as secant unloading and reload
ing, and remains a key direction for future work.

Finally, we consider a uniform temperature through the thickness of 
the wall. In reality, the outer face a wall will be warmed when exposed to 

Fig. 15. Segregation by geometric properties. The curves are the means of all the façades, soils, materials, etc. but are limited to the 2D Type 1 temperature profiles.

P.A. Korswagen et al.                                                                                                                                                                                                                          Results in Engineering 29 (2026) 109810 

12 



the sun than the inner face. For thicker walls, this effect will be more 
important and will require models with 3D gradient shapes which also 
vary in the thickness of the wall. Fully 3D models, considering also 
variations between adjacent walls will provide a different picture of 
damage; these, however, are not focus of this work.

4.2. Model aspects

Several other effects will further affect the damage estimated in this 
work. Foremost is that floors have not been considered as potential re
straint for the temperature-induced deformations. There are multiple 
reasons for this. First, for the building typologies studied, timber floors 
provide little restraint (see also [52]). Second, floors are never directly 
attached to the outer leaf of a cavity wall. Typologies with stiff concrete 
floors, for example, are likely to employ a cavity wall system. Third, 
including the restraint of floors will likely result in higher damage. 
Neglecting the floors allows to study the effect of gradients in isolation, 
which is the goal of this paper. In future studies, the presence of the 
floors could be considered.

In a similar fashion, the properties of the soil underneath the façades 
have been selected; these have been estimated from the vertical shear 
velocity of the soil (Vs10). At first glance, the Young’s moduli appear too 
stiff which is typical of the Vs10 approach. However, for over 

consolidated soil, the chosen stiffnesses can be placed on the upper 
bound. Moreover, for very small strains, the soil behaves stiffer, which is 
replicated by the selected material model [24,73]. The stiffer moduli 
allow greater insight into the façade damage differences generated by 
the studied soil profiles, since stiffer soil is likely to lead to higher 
damage. Given that the focus of this study is on the façades’ response 
and not on the geotechnical one, the stiffer values are an acceptable 
compromise. Still, additional profiles should be included to better 
characterise the nuance introduced by the soil. Kruiver et al. [70,64] 
developed a detailed micro-zonation shear-velocity (Vs) model for the 
Groningen region in the Netherlands; the Vs10 and Vs15 of the three 
selected soil profiles (Vs10=100, 150, and 225 m/s) accurately char
acterise the distribution observed in the region.

Cooling temperature changes seem more damaging to the façades. 
However, the gradient shapes employed are more representative of solar 
insolation, as discussed above. Whether cooling or warming shapes are 
more damaging is inherently related to the location of features 
restraining or hindering the deformations. In this study, the soil below 
the foundation is mostly responsible for preventing the deformations 
and thus cooling shapes become more damaging. However, if building 
typologies include stiff restraining elements at the levels of floors or 
roofs, then both positive and negative temperature changes could 
become more, or less damaging. Nevertheless, shapes for temperature 

Fig. 16. Comparison for F01A with or without soil, temperature at the foundation or at the façade. See Fig. 9. Top row (a-c): temperature increase; bottom row (d-f): 
temperature decrease. Left column (a, d): temperature change applied to the foundation only; middle column (b, e): temperature change applied uniformly to the 
façade only; right column (c, f): temperature gradient applied to façade and foundation.
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gradients more suitable for negative changes (cooling) should be 
explored. If these prove to be even less detrimental to the façades, then 
damage intensity at positive or negative temperature differentials will 
be more alike.

The slight differences in thermal expansion coefficient (α, CS≈8.1µ 
vs CL≈7.6µ; RC≈10µ) increase the differential thermal strain across the 
façade–foundation system for the CS-on-RC typology. For the same ΔT, 
Δε=Δα⋅ΔT at the masonry–concrete interface is larger, which increases 
the horizontal tensile stresses in the piers near the foundation and 
magnifies crack localisation. This is consistent with the modest left shift 
of the CSBR curves relative to CLBR in Fig. 14 at Ψ≈1. This effect is 
amplified in façades with more modern layouts (larger/more openings, 
lower vertical-masonry ratio; Fig. 15), where reduced shear transfer area 
raises stress concentrations for a given temperature strain. Together, the 
α-mismatch and reduced vertical continuity explain the slightly larger 
damage propensity observed for CaSi façades on RC strips and for the 
“modern” geometries, even when soil profile and gradient shape are 
held constant.

A small point regarding the chosen element types in the numerical 
models must be discussed. In our models, we employ solid elements for 
the masonry façade. Shell elements would also be possible and are likely 
to lead to different results. For comparison, shell-based façades could be 
explored. This would also allow the use of other material models more 
suited to masonry such as the Engineering Masonry Model [27], though 
modifications would be required as this model does not include 
thermo-mechanical coupling [28]. This could be particularly relevant 
when modelling cyclic temperature changes, either due to daily or 
seasonal temperature variations, as the EMM includes features more 
suited for this purpose than the TSRCM, such as secant unloading and 
reloading for shear.

4.3. Cracking patterns

The models show cracking developing around openings and at the 
edges of the façades. This is compatible with cracking observed in real 
buildings [55,59]. However, whether cracking in buildings is uniquely 
due to temperature effects is difficult to determine. Fig. 18 shows the 
recurrence of cracking for each façade. This is not the cracking intensity 
(that is consistent for every façade with Ψ≤2) but highlights instead the 
location where cracks are most common in the analyses of this study. For 
many façades cracks underneath windows on the ground floor or at the 
top corner of openings are very common. Most cracks are vertical. 
Cracks also propagate from the openings to the edges of the façade. 
Again, this agrees with existing knowledge [63]. The models reveal, 
however, that some façades (like F01A, F03A or F04B) display cracking 
localised in specific areas regardless of temperature shape, soil profile, 
etc., while others (like F01G, F03D, or F09B) present a damage picture 
that changes depending on each parameter varied. For the latter cases, 
employing reference literature to diagnose whether cracks are 
temperature-related will be less effective.

Cracking will also be affected by other damaging hazards. If 
settlement-induced cracks are present, they will modify the 
temperature-induced cracking pattern. Similarly, temperature-induced 
cracking will modify the structural response to other hazards such as 
settlements or vibrations.

Conventional numerical approaches to thermal loading in masonry 
typically assume a uniform temperature change applied to an idealised, 
fully restrained wall. While computationally convenient, such simplifi
cations tend to overestimate damage potential. Dilrukshi & Dias [11] 
showed that under uniform temperature changes, walls subjected to 
high restraint stiffness quickly exceed tensile capacity; however, when 
partial restraints or flexible foundations are introduced, crack initiation 
is delayed and crack widths are reduced. Bejarano-Urrego et al. [25], 
using discrete crack modelling, found that the predicted number and 

Fig. 17. Exceedance probability. CaSi vs Clay. The data between 10 ◦C and 25 ◦C is weighted twice for the lognormal fit (bold lines).
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Fig. 18. “Heat-map” of crack recurrence. Darker areas indicate regions where models display cracks more frequently, with fully dark areas indicating that all models 
showed cracking at the marked location.
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orientation of cracks changes markedly when non-uniform boundary 
stiffness and load profiles are considered, with uniform temperature 
steps often producing unrealistic, evenly spaced cracking across the 
wall.

While many studies, damage reports, and real-estate agencies char
acterise cracks in masonry as a consequence of temperature effects, none 
provide a link between (spatially) measured temperatures and cracking 
monitoring. The models herein have proven that spatial variations can 
lead to damage, yet, this remains an important validation study for the 
models; see later “Validation”.

4.4. Comparisons against other modelling studies

Prakash et al. [26] extended this by integrating shrinkage, creep, and 
stiffness evolution into a micro-modelling framework, demonstrating 
that the interaction between early-age shrinkage and thermal loads can 
either accelerate or inhibit cracking depending on restraint location and 
compliance. Their work also emphasised that models ignoring these 
effects misrepresent crack initiation thresholds, sometimes by more than 
10 ◦C. Lagier et al. [15] and Briffaut et al. [29] further quantified how 
the shape and timing of temperature changes influence stress develop
ment: gradual or localised gradients produced lower peak stresses and 
fewer cracks than sudden, uniform changes, even under the same total 
temperature differential.

Advanced constitutive modelling, as implemented by van Zijl et al. 
[16], enables tensile softening, fracture energy dissipation, and aniso
tropic response to be captured within a coupled thermal–mechanical 
framework. Such models, while not incorporating soil–structure inter
action, still demonstrate how the form of the applied thermal field 
governs the localisation of tensile zones and the mode of cracking. 
Barbero-Barrera et al. [21] and Ferreira et al. [22], though not model
ling cracking, underscore through empirical measurement that actual 
façade temperature fields are often far from uniform, with sharp local
ised peaks driven by shading, orientation, and architectural features, 
conditions under which simple uniform-load models become least 
representative.

The approach adopted here advances beyond these simpler treat
ments by combining three elements rarely addressed together: (1) 
explicit representation of façade–foundation–soil interaction, allowing 
restraint stiffness to emerge naturally from the coupled system; (2) 
application of empirically inspired, non-uniform temperature profiles 
that reflect realistic gradients rather than idealised steps; and (3) a 
constitutive law capable of simulating progressive tensile damage and 
crack localisation. This combination mitigates the over-conservatism 
inherent in uniform-load, over-restrained methods, yielding more real
istic deformation compatibility and better alignment with observed 
damage patterns. As a result, the predicted probability of visible damage 
at given temperature differentials is more representative of actual 
structural performance, providing a stronger foundation for diagnostic 
assessments and retrofit prioritisation in masonry structures.

4.5. Validation

Direct, building-specific validation of thermal cracking thresholds 
would require co-located monitoring of façade temperature fields, crack 
evolution, and restraint conditions, which is not available for (historical) 
masonry. The validation provided here is therefore indirect and at 
several levels and is meant to anchor the modelling choices already 
discussed.

In particular, the thermal loading is supported by the thermography 
evidence and discussion already presented (Fig. 2 and [69]): the order of 
magnitude and non-uniform character of the applied gradients are 
observed in practice, which underpins the chosen gradient families. 
Likewise, damage is interpreted through the crack-based index Ψ, and its 
practical link to measurable crack networks in masonry has been 
demonstrated in the experimental/DIC example (Fig. 4) and linked to 

finite-element-method modelling strategies.
Finally, the benchmark comparisons against conventional ideal

isations (Fig. 16) serve as a credibility check: the coupled faça
de–foundation–soil models with gradual gradients reproduce the 
expected shift relative to uniform, fully restrained analyses (later initi
ation and more localised cracking), while the simulated crack locations 
and recurrence patterns (Figs. 12 and 18) align with the common façade 
crack morphologies referenced earlier and observed in practice. 
Together, these elements provide a coherent (if necessarily partial) 
validation that the proposed framework captures the governing mech
anisms, even though comprehensive field datasets to validate ΔT–Ψ 
thresholds remain a key gap for future work.

5. Conclusions

This study examined whether realistic, non-uniform temperature 
gradients, acting on largely unrestrained façades but with restraint from 
the underlying soil, can generate the cracking patterns often observed in 
practice. Using homogenised continuum modelling with tensile soft
ening and explicit façade–foundation–soil interaction, 1200 variants 
were explored across geometry, materials, soils, and gradient shapes. 
Three key findings are identified: First, gradient shape and location are 
decisive: wide, vertically distributed gradients (Shape 1) produce visible 
damage (Ψ≥1) at temperature differentials roughly half those needed 
for concentrated gradients (Shapes 2, 3). Second, restraint stiffness 
governs severity: stiff sandy soils suppress free thermal movement, 
increasing tensile stresses; softer soils allow accommodation and delay 
cracking. Third, geometry determines damage: more openings and lower 
vertical masonry ratios promote earlier localisation, whereas the length/ 
height ratio is of secondary importance for temperature actions.

A unifying observation is that the slope of the temperature field 
where restraint is effective controls damage. Larger ∂T/∂z (or ∂T/∂x) 
near the restraint—in this study, the foundation and its soil—drives 
higher damage intensity. For example, with Shape 1 on stiff soil, visible 
damage became likely at ΔT ≈ 20 ◦C for warming and ≈ 25 ◦C for 
cooling, whereas Shapes 2–3 often required > 35 ◦C. Fragility-like ex
ceedance curves showed that visible cracking (Ψ≥1) can occur from ΔT 
as low as 5 ◦C, especially for cooling profiles, but widespread visible 
damage was unlikely below ΔT ≈ 15–20 ◦C in the studied cases.

Compared to common simplified approaches—uniform temperature 
steps on fully restrained walls—this method predicts later crack initia
tion, fewer cracks, and patterns consistent with expected deformation 
compatibility. The uniform-temperature models reached Ψ ≈ 2 (clearly 
visible cracks) some 15–20 ◦C earlier and produced unrealistic distrib
uted cracking, highlighting the over-conservatism of such methods.

Beyond these findings, the results highlight gaps in current knowl
edge. High-resolution, façade-scale temperature datasets are scarce, 
limiting validation of gradient shapes. Cyclic and seasonal effects, 
moisture–temperature coupling, and the role of additional restraints 
(floors, roof diaphragms, cavity ties) remain largely unquantified. Ma
terial properties should be measured under relevant thermal
–mechanical loading rates, and 3D effects such as out-of-plane bowing 
and pier–spandrel interaction need further study. From a practical 
standpoint: 

• Measure or estimate actual gradient shapes instead of assuming 
uniform fields.

• Prioritise façades where the location of large ∂T/∂z coincides with 
stiff restraints.

• Expect single dominant cracks at heights where gradient slope in
tersects stiffness changes.

• Reduce gradient (e.g. shading, insulation) or restraint (e.g. joints, 
foundation compliance) at these critical heights to lower damage 
risk.

In short, temperature-induced façade damage is driven more by 
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gradient–restraint interaction than by peak temperature alone. Larger 
∂T/∂z closer to restraints will lead to higher damage intensity, and both 
models and measurements should be organised around this principle.
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Image-based thermographic modeling for, Assess. Energy Effic. Build. Facades, 
Energy Build. 65 (2013) (2013) 29–36, https://doi.org/10.1016/j. 
enbuild.2013.05.040.

[32] A.D. Tzenkov, M.V. Schwager, Nonlinear FEM analysis of the seismic behavior of 
the menta bituminous-face rockfill dam. Numerical analysis of dams, Lect. Notes 
Civ. Eng. 91 (2021), https://doi.org/10.1007/978-3-030-51085-5_35.

P.A. Korswagen et al.                                                                                                                                                                                                                          Results in Engineering 29 (2026) 109810 

17 

https://doi.org/10.1016/j.rineng.2026.109810
https://doi.org/10.4121/454833f7-0fa3-4080-ae8e-6e5a8752b1d9
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0001
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0001
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0001
https://doi.org/10.1617/s11527-022-02002-x
https://doi.org/10.1617/s11527-022-02002-x
https://doi.org/10.1007/978-3-031-73310-9_39
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0004
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0004
https://doi.org/10.3390/ma17153700
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0006
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0006
https://doi.org/10.1016/j.engfailanal.2021.105598
https://doi.org/10.1016/j.engstruct.2010.01.019
https://doi.org/10.1016/j.engfailanal.2017.06.013
https://doi.org/10.1016/j.engfailanal.2017.06.013
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0010
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0010
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0011
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0011
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0011
https://doi.org/10.1007/s13349-018-0289-0
https://doi.org/10.1016/j.cscm.2022.e01122
https://doi.org/10.7862/rb.2017.92
https://doi.org/10.1016/j.engstruct.2010.12.013
https://doi.org/10.1016/j.engstruct.2010.12.013
https://doi.org/10.1061/(ASCE)0733-9445(2004)130:7(1075)
https://doi.org/10.1061/(ASCE)0733-9445(2004)130:7(1075)
https://doi.org/10.18186/thermal.991093
https://doi.org/10.1016/j.istruc.2023.04.080
https://doi.org/10.1016/j.istruc.2023.04.080
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0019
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0019
https://doi.org/10.3390/app13074514
https://doi.org/10.3390/architecture4020014
https://doi.org/10.3390/architecture4020014
https://doi.org/10.3151/jact.17.7.489
https://doi.org/10.3151/jact.17.7.489
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0023
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0023
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0023
http://www.NationaalCoordinatorGroningen.nl
https://doi.org/10.1016/j.engstruct.2018.03.030
https://doi.org/10.1016/j.engstruct.2018.03.030
https://doi.org/10.1016/j.engstruct.2020.110545
https://doi.org/10.1016/j.engstruct.2020.110545
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0027
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0027
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0027
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0028
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0028
https://doi.org/10.1016/j.engstruct.2010.12.044
https://doi.org/10.1016/j.engstruct.2010.12.044
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0030
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0030
http://refhub.elsevier.com/S2590-1230(26)00849-2/sbref0030
https://doi.org/10.1016/j.enbuild.2013.05.040
https://doi.org/10.1016/j.enbuild.2013.05.040
https://doi.org/10.1007/978-3-030-51085-5_35


[33] J.L. Lerma, M. Cabrelles, C. Portalés, Multitemporal thermal analysis to detect 
moisture on a building façade, Constr. Build. Mater. 25 (2011) (2011) 2190–2197, 
https://doi.org/10.1016/j.conbuildmat.2010.10.007.

[34] B. Tejedor, M. Casals, M. Gangolells, X. Roca, Quantitative internal infrared 
thermography for determining In-situ thermal behaviour of facades, Energy Build 
151 (2017) (2017) 187–197, https://doi.org/10.1016/j.enbuild.2017.06.040.

[35] A. Azarnejad, A. Mahdavi, The solid thermal conductivity of building masonry 
bricks and The temperature dependence of The thermal conductivity of bricks, 
Energy Procedia 78 (2015) 1720–1725, https://doi.org/10.1016/j. 
egypro.2015.11.277.

[36] S. Bagavathiappan, B.B. Lahiri, T. Saravanan, J. Philip, T. Jayakumar, Infrared 
thermography for condition monitoring – A review, Infrared Phys Technol 60 
(2013) (2013) 35–55, https://doi.org/10.1016/j.infrared.2013.03.006.

[37] F. Benboudjema, F. Meftah, J.M. Torrenti, Interaction between drying, shrinkage, 
creep and cracking phenomena in concrete, Eng. Struct. 27 (2005) (2005) 
239–250, https://doi.org/10.1016/j.engstruct.2004.09.012.

[38] P. Bison, A. Bortolin, G. Cadelano, G. Ferrarini, F. Peron, X. Maldague (2014). 
Inspecting the facade of an historical building by transient solar heating and IR 
thermography. Conference Paper.

[39] M.D. Boscardin, E.J. Cording, Building response to excavation-induced settlement, 
J. Geotech. Eng. 115 (1) (1989) 1–21, 1989.

[40] S.A. Sazonova, S.D. Nikolenko, N.V. Akamsina, Consideration of temperature 
stresses In the calculation of crack formation, Concr. Massifs Build., IOP Conf, Ser,: 
Mater. Sci. Eng. 1079 (2021) (2021) 032027, https://doi.org/10.1088/1757- 
899X/1079/3/032027.

[41] J.B. Burland, B.B. Broms, V.F.B.D. Mello, Behaviour of foundations and structures, 
Build. Res. Establ. (1977).

[42] M.B. Gaggero, P.A. Korswagen, R. Esposito, J.G. Rots, Innovative application of 
self-healing technology to masonry: a proof of concept, Int. J. Archit. Herit. (2024), 
https://doi.org/10.1080/15583058.2024.2380408.

[43] H. Cifuentes, F. Montero-Chacón, J. Galán, J. Cabezas, A. Martínez-De la Concha, 
A finite element-based methodology for the thermo-mechanical analysis of early 
age behavior in concrete structures, Int. J. Concr. Struct. Mater. 13 (2019) 41, 
https://doi.org/10.1186/s40069-019-0353-0.

[44] O. Deck, H. Anirudh, Numerical study of the soil–structure interaction within 
mining subsidence areas, Comput. Geotech. 37 (2010) (2010) 802–816, https:// 
doi.org/10.1016/j.compgeo.2010.07.001.
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