<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
Dutch Copyright Act (Article 25fa)

Citation (APA)

Korswagen, P. A, Longo, M., & Rots, J. G. (2026). Modelling of Light Damage to Fagades from Combined Soil
Curvature and Horizontal Strain. In S. Saloustros, & K. Beyer (Eds.), Structural Analysis of Historical Constructions:
SAHC 2025, Volume 1 (pp. 946-960). (RILEM Bookseries; Vol. 64). Springer. https://doi.org/10.1007/978-3-032-13469-
1.75

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1007/978-3-032-13469-1_75
https://doi.org/10.1007/978-3-032-13469-1_75

q

Check for
updates

Modelling of Light Damage to Facades
from Combined Soil Curvature and Horizontal
Strain

Paul A. Korswagen@) , Michele Longo(, and Jan G. Rots

Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft,
The Netherlands
p.a.korswagen@tudelft.nl

Abstract. Historical buildings in the Netherlands are often founded on shal-
low, unreinforced foundations atop soft soils such as peat, clay, or loam, mak-
ing them vulnerable to ground movements. These movements can result from
autonomous settlements due to the building’s own weight, or from changes in the
soil related to water table variations. Such sources typically induce differential
vertical displacements, expressed as ground surface curvature. Movements from
deeper sources, such as mining or tunnelling, also cause horizontal displacements
or surface strains.

Masonry buildings are sensitive to strains from restrained shrinkage, tempera-
ture fluctuations, and soil movements. This study examines facade damage due to
a combination of curvature and horizontal strain imposed through the foundations.
Non-linear models of masonry facades were placed on a deformable soil block,
whose boundaries were manipulated to create targeted combinations of curvature
and strain at the surface.

The analysis of various combinations showed that while curvature and hor-
izontal strain each cause damage—manifested as cracks in the masonry—their
combination amplifies it. For instance, cracks 1 mm wide appear at a tensile strain
of 5e—4 (0.5 mm/m), but when combined with an angular distortion of 1e—3 rad,
only half that strain is needed to produce similar damage.

Understanding how curvature and strain interact to damage facades helps
define safer deformation limits for vulnerable historical buildings, particularly
in areas affected by water table regulation or mining. Additionally, the initial
condition of structures must be considered when evaluating their vulnerability to
external hazards, including seismic activity.

Keywords: Historical Masonry - Ground Displacements - Crack-based
Damage - FEM

1 Introduction

Historical fagcades are exposed to a multitude of hazards, ranging from ground settlements
to earthquake vibrations [1-4]. These can cause damage which also accumulates over
time [5, 6]. In masonry facades, typical throughout the Netherlands, this type of damage
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becomes visible as cracks [7]. Small cracks are sealed to restore the watertightness of the
facade and prevent additional damage [8]. The initial condition of a structure is key to
analyse its subsequent response. When evaluating the effect of seismicity, for example,
pre-damaged facades will become more flexible. In the Netherlands, the behaviour of
masonry facades during the crack initiation and early propagation stages is of interest
[9]. Here, light earthquake vibrations, in the order of 2 to 20 mm/s (as Peak Ground
Velocity), are known to cause damage to all types of unreinforced masonry structures
[10]. To accurately predict the degree of damage, and more importantly, of damage
aggravation, it is necessary to account for the initial condition of the structure [11].

When considering the (initial) causes of damage, settlements are an important source
[12—19]. Typically, nearby trees, construction, or renovation activities are mostly respon-
sible [20, 21]. Additionally, changes in the water table may lead to varying soil behaviour
which, in combination with the weight of the buildings, will lead to differential settle-
ments [22]. For planar fagades, these deformations are well represented by the curvature
of the ground surface leading to angular distortions of the facade [23]. Several studies
and guidelines exist to estimate safe limits of distortions for building fagades [24-26];
however, historical masonry facades, built of unreinforced masonry for both wall and
foundation are especially vulnerable.

Furthermore, ground deformations are not limited to local curvatures of the soil at
the scale of the buildings; when deep mining activities are ongoing, such as gas or salt
mining, subsidence on a kilometre-scale is expected. These vertical deformations lead to
negligible curvatures at the building scale but are associated with important horizontal
strains instead [27, 28]. If tensile horizontal strains are transferred to the fagades, see
Fig. 1, their large stiffness and limited tensile strength, is likely to result in damage.

Fig. 1. An example of a historical masonry facade, left. Right, a planar model with an extension
horizontal strain applied to the foundation.

Estimating damage from applied horizontal strains is straightforward if a conser-
vative approach is sufficient where the strains are fully transferred to the facade. Some
studies suggest that about 30% may be transferred to buildings [29]. Yet, this will depend
on the relationship between the stiffness of the facade and of the neighbouring soil.
Figure 2 shows how the interaction between the structure and the soil also plays a role.
If the soil is much stiffer than the building, then the structure will be forced to deform
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with the soil, leading to damage. Modification factors [30] that relate the greenfield dis-
placements (the ground deformation without the building) to the displacement with the
building, are often used to estimate the soil-structure interaction.

Nevertheless, modification factors do not account for the varying stiffness of a build-
ing. As a fagade becomes damaged, it also becomes more flexible, allowing a higher
transfer of the horizontal soil strain. Furthermore, data on expected damage due to a
combination of soil curvature and horizontal strain is scarce. Boscardin and Cording
[31] formulate thresholds for greenfield curvature and strain based on empirically col-
lected data. This approach, however, is not specific to historical masonry Dutch fagades,
it cannot provide probabilities of damage initiation, and is constrained by the limited
damage supporting the proposed thresholds.

K Building >> K Soil K Building < K Soil Slip
Oo0Ooo E:]C\III\III\]I] Oo0Ooo
000 LV OT [ 000

e —
Applied horizontal tensile strain

Fig. 2. Left, situation when the building is much stiffer than the soil; middle, the soil is stiffer
than the structure; and right, when slip at the interface between structure and soil occurs. K refers
to the stiffness of the material.

In this paper, we present the outcome of an extensive study that aimed to consider
several complexities for estimation damage on unreinforced masonry buildings on unre-
inforced, shallow foundations. First, any combination of soil curvature and horizontal is
considered. Second, the soil-structure interaction, which limits the transfer of deforma-
tion to the building, is realistically portrayed. Third, progressive damage of the facade
is depicted and in turn affects the deformations of soil and building. Fourth, including
sufficient variations of the facade and its properties, a probability for damage initiation
at soil curvature/strain combinations can be provided.

2 Methods

Finite Element Method (FEM) numerical models are used to depict a masonry facade
with its foundation embedded in a block of soil (Fig. 3). The facade includes its transver-
sal walls, masonry lintel over the wide opening of the door, and shallow masonry foun-
dation simplified to a rectangular cross section. The loads of the roof are applied to the
transversal wall as depicted. The foundation is embedded into a soil block for which
three alternatives are presented: a sandy soil over the height of the soil block (#6), a
clay-based profile that includes shallow layers of sand and loam (#9), and an in-between
profile with both clay and sand (#0).
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Fig. 3. Overview of the FEM model including the facade with its transversal walls, foundation,
and soil block with multiple layers. The shallow foundation is embedded in the soil block, and the
model is symmetric on the LxH plane. L=45m,H=15m, W =12.5m.

The soil block is also modelled using a non-linear material. Specifically, the Hard-
ening Soil Model (Small-Strains), which presents a higher stiffness for small strains, is
used [32]. This model requires multiple parameters, which are varied in depth and are
presented in Table 1. The initial stiffness of the soil is higher (EQ) which provides more
transfer for small strains.

To reproduce the soil deformation, a two-tiered approach is ingeniously employed
as depicted in Fig. 4. In a first step, the soil block, without the facade, is subjected to
boundary displacements such that the deformations at the centre of the ground surface
represent target greenfield values. The boundary displacements comprise varying verti-
cal displacements at the bottom to reproduce a curvature at the surface and horizontal
displacements at the lateral edges to fabricate horizontal strains. The applied displace-
ments are such that 22 curvature/strain combinations are generated; see Fig. 5. For each
soil profile, these combinations yield slightly different greenfield displacements due
to the differing soil properties. The combinations include extension horizontal strains
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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 [32].

# | Depth [m] Type |E50 | Eoed | Eur | EO | pref | POP |c o[°] 'y | KO |v0.7
10.00 —3.00 |Clay |2 2 10 |72 |0.1 |0.01]0.00523 |0 0.62|1E-04
2| -3.00 | =530 |Sand |24 |24 |96 |216 0 35 |5 1043

3/ =530 |—-11.30 Loam |12 |12 |48 |108 0 30 |0 |0.50
41-1130|—28.50 |Clay |19 |19 |77 |288 0.001 28 |0 |0.54

5| —28.50| —30.70 | Sand | 180 | 180 |720 | 1620 0 40 [10]0.36

(positive) linked to convex (hogging) curvatures and contraction horizontal strains (neg-
ative) associated with concave (sagging) curvatures. The sagging and hogging profiles
also differ in shape being symmetric or asymmetric [33]. A pure extensive and contrac-
tive horizontal strain is also applied but, due to the layered soil properties, this results
in small greenfield curvatures. Generating large pure horizontal strains (1e—3) is not
possible since the soil would incur in non-linear behaviour.

5 X107 Soil #0 Soil #6 Soil #9 Extension/
Hogging
2
1
Q:‘;a 0
-1
2 B
_3 Contraction/
0 2 4 0 2 4 0 2 4 Sagging
Byt x10° Byt %107 Bt X107

Fig. 5. Combinations of soil greenfield angular distortion () and horizontal strains (g).

The second step involves applying identical boundary displacements to a soil block
with a fagcade on top. In this manner, a relationship between the greenfield values (on
the first-tier model) and the building response (second-tier model) is established. The
dimensions of the soil block were chosen so that the presence of the buildings has only
a negligible influence on the perimeter of the model; this is visible during the gravity
loading stage, before boundary displacements are applied.

On the fagade model, the soil displacements at the top (induced) will differ from the
greenfield displacements; this is the influence of the building. If the fagade is very flexible
(because it has many openings or several cracks), these displacements will be similar.
On the building, the measured strain and distortion can be reported. More importantly,
the cracking behaviour of the masonry facade are characterised using ¥, a crack-based
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Step 1: Generate greenfield displacements.
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Fig. 4. Two-step approach employed in this study to relate greenfield deformations to building
damage.

damage parameter than summarises into a scalar the various cracks considering their
width and length [34].

The models employ quadratic solid elements (CHX60) with the Total Strain Rotating
Crack Model (TSRCM, [35, 36]) for the homogenised, smeared, constitutive material
of the masonry. A density of 1900 kg/m? is used, and a Young’s modulus of 5 GPa and
Poisson’s ratio of 0.25 are employed for the elastic behaviour. In tension, a strength of
0.1 MPa with 8.1 N/m as fracture energy, using the Govindjee [37] crack-band-width
criterion, is selected. Similarly, in compression, the strength is 8.5 MPa and the fracture
energy 18.4 kN/m. The material properties are representative of old, fired-clay brick
facades found in the Netherlands [38]. Figure 6 shows the stress-strain relationships for
the material model.

G.h vif

Fig. 6. Stress-strain relationships for compressive and tensile behaviour, respectively [35].
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The models are analysed with multiple stages. First, the gravity load and soil con-
solidation are resolved with a KO procedure. The construction sequence of the facade
is accounted for. Then, the soil deformations are applied to the boundaries of the soil
block. At every load step, the relationship between greenfield soil deformations (from
the first-tier model) and fagade damage (in ¥ from the second-tier model) are registered.

In addition, geometry variations are considered for the facade as per Fig. 7. The
intention is to remove the sensitivity of the results to specify geometric properties such
as the location and dimension of openings, height and length of the facade, and shape
of the roof. In particular, long facades, with large opening percentages are expected to
be most vulnerable to damage. These historical facades sport flexible timber floors and
roof.

FO1B. FO1D 3 »
- FO1F FO1G FO1H FO11
FO1C FOIE

coooo gooo oooo ogoogd oo o

00100 07]0) B0ood prog 080 000 o gOo
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F03C FO3E

FO1A
oooog oono

FO1J

1 ] FO2A F02B — — —
0oo [
10 : i

FO3G
FO4E
FO4

F04B
A FO4C FO4D FO4F FO4G
=— << | [ | | [ 1 9 |&ceeees 00000
=)

Fig. 7. Geometric variations for the models. Facades with different opening percentages, opening
dimensions, varying length/height ratios, and top geometrical shape.

3 Results

The results are exemplified for the standard variation of the facade, FO1 A with standard
material. In Fig. 8, the progressive cracking of the facade is visualised for invisible
damage (¥ < 1) where incipient cracks appear at the corners of the windows and at the
connections with the transversal walls. Because of the extensive horizontal strain, the
transversal walls move apart from each other. Because of the hogging shape, the top of
the facade is extended, consequently, the cracks around the windows propagate upwards
forming vertical cracks that join neighbouring openings at ¥ = 2 (clearly visible damage
with several cracks of about 0.5 mm in width). Towards the end of light damage (¥ >
3) cracking has almost split the facade in two.
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Fig. 8. Crack patterns and automatic ¥ characterisation for an exemplary case of the standard
facade on the stiff soil. Hogging shape in combination with extensive horizontal strain.

The greenfield displacement associated with specific values of ¥ can be plotted in a
graph similar to that of Boscardin and Cording [31] with the angular distortion on the
horizontal axis and the horizontal strain on the vertical axis. For the various material,
soil and curvature/strain combinations for the standard fagade (FO1A), all data points are
gathered in Fig. 9. The lines from [31] are included for comparison. The figure shows that
for small values of curvature/strain, the associated damage on the facade is also small
(¥ = 1). As curvature, strain, or curvature/strain increase, so does damage increase.
For a negative horizontal strain, damage is significantly lower; this is expected since the
masonry can withstand compressive stresses easily. In these cases, damage arises from
the induced bending on the fagades. Focusing on the positive strain quadrant, the graph
also shows remarkable agreement with the existing limits proposed by Boscardin and
Cording [31]. Data points for ¥ = 1 are close to the line originating from the study
that better matches the description for this damage level. As the second threshold is
exceeded, model results also show a ¥ > 2; ditto for ¥ > 3.5. For the contraction
strain, the lines are too conservative, but these were presumably formulated for the more
damaging extensive strain and hogging curvatures.

Since the results of this study not only include fagade 1A, but all fired-clay facade
variations on masonry foundations shown in Fig. 7, more than 20 000 data points at
the indicated W values are available. These can be used to draw exceedance lines for
curvature/strain combinations. The exceedance lines are formulated by simply counting
the number of models that exceed a given threshold of damage for specific values of
greenfield curvature and strain. This is done in Fig. 10. For a given threshold of ¥ (¥
=1, 1.5, 2, and 3.5), the lines corresponding the 10%, 25% and 50% of the models are
presented. The line, for which 50% of the models exceed the given ¥ value, corresponds
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to the expected W. The portion of the lines that are too far from model results

considered extrapolations.

are
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Fig. 9. Data points for three damage levels for fagade FO1 A for curvature/strain combos.
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Fig. 10. Exceedance contours for curvature/strain combinations.
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First, the figure shows that damage for extensive greenfield strains occurs much
earlier than for compressive strains, as observed in Fig. 9. Second, combinations of
curvature and strain are more damaging than each individually; this is also expected. At
a pure strain of Se—4, a ¥ = 1 is expected and the probability of exceeding light damage
(¥ > 3.5) is about 10%; if combined with an angular distortion of 2e—3 (§ = 1/500), the
expected damage doubles and so does the probability of exceeding light damage. The
same curvature/strain in contraction (sagging, negative side) results in a probability of
less than 40% of displaying visible cracks (¥ = 1).

The results can be segregated by the distinct parameters varied; in Fig. 11, the influ-
ence of the various soil profiles is inspected. In addition, the lines are drawn on a
logarithmic scale to better observe their behaviour for small curvatures and strains thus
complementing the information provided in Fig. 10. The stiffer, sandy profile (Soil #6)
leads to damage earlier for both curvature and strains: already at g, = 2e—4, visible
damage (¥ = 1) is expected, while the softer soils, especially Soil #9, allows deforma-
tions up to Se—4. In general, combinations with an angular distortion up to 3e—4 (f ~
1/3000) seem not to increase damage significantly; above this value the compounding
effect of combing curvature and strain plays a role.

1 1.5 2 25 3 35
T T I S e —
gt L traplettrntimila \
—_ gy L= SN
;10 :__335_-:::—\\ —__Ez-_::_—:\\\ 15 : \\\
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Fig. 11. Exceedance curves segregated by soil profile, on logarithmic axes.
4 Discussion

While this study represents a significant advancement in understanding mining-induced
damage, certain limitations remain. The analysis focused primarily on masonry fagades,
and further research is needed to extend the findings to complete buildings. Multi-wall
systems, connections, and roof-structure interactions may introduce additional com-
plexities that require investigation. The study highlights that the non-linear behaviour of
masonry structures, that become more flexible as they gather damage, will change the
response of the structure-soil system; cracking is therefore important. However, cyclic
effects have not been explored; these effects can benefit from a more robust material
model such as the EMM [39].

On the other hand, quasi-static deformations on buildings occurring over a long-time
span could be adopted by the structure without causing cracks. This time-dependent
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phenomenon, called creep, has not been considered in the models and requires further
study.

Additionally, only three soil profiles—stiff sand and soft clay/peat—were consid-
ered. Although these profiles provide valuable insights, particular soil conditions may
exhibit different behaviours. Future studies should explore a broader range of soil types
to refine predictions of strain transfer and damage severity. Moreover, the adopted pro-
files present horizontally-homogeneous layers. Slanted or vertical soil layers, or het-
erogeneous properties will change the behaviour of the soil-structure system, where
localisation of strains may occur. A healthy building could divert localisations while
pre-damaged buildings could emphasise their development on a location detrimental to
the structure.

The study also relied on proportional loading paths in the curvature-strain space,
where strain and curvature were scaled simultaneously. In reality, non-proportional
loading scenarios—where strain and curvature evolve at different rates—may occur,
particularly in complex subsurface conditions. Similarly, deformations are applied on
a plane parallel to the main facade, 3D deformations could lead to differing damage
intensity.

The study has considered shallow strip foundations, characteristic of historical
facades in the Netherlands. However, piled foundations, supporting the masonry strip
on timber planks atop timber piles, are likely to behave differently. While these are less
susceptible to heterogenous effects of the soil directly underneath the foundation, they
are connected to the stiffer soil layers underneath. For sources relating to deep subsi-
dence, this may increase the deformations transferred to the building. This remains an
interesting complementary study. Conversely, reinforced concrete strip or slab founda-
tions are likely to be better prepared to sustain horizontal strain since the embedded rebar
provides the structure with adequate strength against horizontal extension strains. Sim-
ilarly, sagging curvature, which leads to tensile stresses at the bottom of the buildings,
where the rebar in the foundation can sustain those stresses, will influence buildings
with reinforced foundations less. For hogging and compressive strains, the benefits of
reinforced foundations are expected to be less significant, though these cases remain to
be explored.

The methodology of the study, comprising the two model tiers, is adequate for soil
deformations originating from outside of the modelled soil block. This is because the
boundary displacements are applied at the perimeter of the block and the soil-structure
interaction develops between the soil modelled and the facade on top. For settlement
sources within the soil block, such as consolidation due to increased weight of the
structure or soil distortions because of changes in the ground water table occurring
directly underneath the structure, this approach may not be valid. The influence in the
damage predicted in contrast to sources from outside the soil block is yet to be studied.

The results provide a useful tool to evaluate the combined effects of curvature and
horizontal strain on (historical) masonry buildings. This will enable more reliable pre-
dictions nearby mining operations, allowing for clearer decision making. Similarly, tun-
nelling or geothermal projects, which can lead to ground deformations, will benefit from
more robust estimates of light damage probability.
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Additionally, the results presented can also be used for diagnosis and forensics of
existing damage. For example, damage on buildings on soft soils is less likely to originate
from deep sources and relate instead to shallow soil settlements.

Indeed, despite the aforementioned limitations, the study provides a strong foun-
dation for future research. Key recommendations include extending the models to
full buildings, incorporating additional soil profiles, and validating predictions through
in-situ measurements and manipulative testing. Such efforts will further improve our
understanding of ground-structure interactions and support the development of practical
guidelines for damage assessment and mitigation.

5 Conclusions

This study has provided significant insights into the response of historical masonry
facades to ground-induced deformations, particularly highlighting their vulnerability
when subjected to combined curvature and horizontal strain. The research underscored
the importance of accurately modelling the non-linear and progressive damage behaviour
of masonry, as increased damage results in higher structural flexibility, influencing the
interaction between the building and underlying soil.

It was established that the combination of curvature and horizontal strain leads to
more severe damage than each effect individually, emphasising the necessity for consid-
ering multiple deformation sources concurrently when evaluating building vulnerability.
The findings also showed considerable variation in damage severity depending on the
soil stiffness, with stiffer soils transferring deformation to facades more aggressively,
thus causing earlier and more significant cracking.

Despite its valuable contributions, the study recognises several limitations, includ-
ing assumptions about quasi-static loading conditions, omission of creep effects, and
simplifications in foundation types and soil profiles. Therefore, future research should
explore these aspects, including cyclic loading scenarios, diverse soil conditions, and
more complex foundation configurations. Additionally, validating numerical results with
empirical data and field observations will further enhance the practical applicability of
the findings.

Ultimately, this research represents a meaningful step toward a more comprehensive
understanding of ground-structure interaction effects on historical masonry buildings.
It provides practical guidance for risk assessment and management in areas affected by
mining, tunnelling, or geothermal activities and serves as a foundational basis for further
studies aimed at safeguarding the integrity and heritage value of historical structures.

Acknowledgements. Participation and funding provided by Instituut Mijnbouwschade Gronin-
gen (IMG) and Commissie Mijnbouwschade (CM) is gratefully acknowledged.
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