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Bisognerebbe avere
almeno tre vite

dici
la prima per gli errori necessari

la seconda per non sbagliare mai
la terza infine

per sbagliare nuovamente
ed essere felici.1

Francesco Carofiglio - Poesie del tempo stretto

1Translation into English by the author of this thesis.

One should have
at least three lives
you say:
the first for the necessary mistakes,
the second to never make mistakes,
and the third, finally,
to make mistakes again
and be happy.





Propositions
accompanying the dissertation

MODELLING OF SUBSIDENCE INDUCED DAMAGE TO MASONRY BUILDINGS
INFLUENCE OF SOIL HETEROGENEITY ON SETTLEMENT AND DEVELOPMENT OF FRAGILITY

CURVES

by

Alfonso PROSPERI

1. When the angular distortion measured on walls reaches 2.00 ‰(1/500), the threshold
recommended by international standards, one in two buildings will develop cracks
up to 5 millimetres wide. (*)

2. Differential settlements at the scale of structures can result from heterogeneous soil
thicknesses and may lead to building damage. (*)

3. Settlements measured on walls due to subsidence can take the shape of a Gaussian
distribution, similar to settlements due to tunnelling, mining and excavations. (*)

4. Shape matters: assessing damage to structures should account not only for the
building’s shape but also the shape of the ground settlements. This includes both
symmetric and asymmetric sagging and hogging shapes. (*)

5. Discrepancies between numerical models and observations of existing structures are
expected if time effects, including material degradation, viscoelasticity, and time-
dependent settlements, are not considered in the analyses.

6. Researchers should have access to open data on existing buildings, including infor-
mation about foundation systems and construction materials.

7. While some would rather abandon a subsiding city than preserve its architectural
heritage, investing in preservation is essential for maintaining cultural identity, sup-
porting the economy, and protecting historic landmarks.

8. Damage assessment for existing buildings shares similarities with preventive medicine.
The goal of both is to prevent a pathology before symptoms start.

9. University staff should be able to choose one or more roles, such as teaching, research,
and funding acquisition, without being required to excel in all of them.

10. When facing life’s challenges, finite element analyses can inspire: problems can be
broken down into smaller and more manageable parts and subsequently assembled
and solved.

(*) These propositions pertain to this dissertation.

These propositions are regarded as opposable and defendable, and have been approved
as such by the promotor Prof. dr. ir. J. G. Rots, and copromotor Dr. ir. M. Korff.

vii





SUMMARY

Land subsidence is a well-known phenomenon that describes the progressive sinking of
the ground surface relative to the sea level. Subsidence affects many densely populated
areas in North America, Asia and Europe. In the Netherlands, the western and northern
areas have undergone subsidence for centuries, due to the peat and clay rich subsurface,
and a combination of natural processes and human activities. The ongoing process of
land subsidence requires careful planning and significant investment to maintain current
land use, as it continues to affect buildings and infrastructure. Furthermore, the rates of
land subsidence are evolving due to climate change, which alters patterns of precipitation,
groundwater levels, and soil moisture content. These environmental shifts exacerbate
the subsidence process, leading to more unpredictable and accelerated rates of ground
settlements in affected areas.

The evident outcomes of land subsidence include social unease and economic loss. In
this context, individuals and public organizations are increasingly concerned with how
subsidence impacts the built heritage.

Dutch cities are renowned worldwide for their masonry buildings, characterized by fired-
clay brick veneers, a tradition that continues in modern architecture. Masonry, however,
is a quasi-brittle material with limited tensile strength, and it is thus vulnerable to dif-
ferential settlements that induce visible cracks in walls, which may affect the aesthetics,
functionality and/or safety of buildings. Old masonry buildings with unreinforced shallow
foundations are particularly susceptible to subsidence movements.

Subsidence at the scale of single structures can be triggered by different processes, in-
cluding urban development and groundwater changes, in combination with the spatially
heterogeneous nature of compressible organic soil strata in the subsurface. Moreover,
land subsidence is aggravated by the increasing frequency and intensity of droughts due
to climate changes. The simultaneous presence of various triggering factors can lead to
spatially variable ground deformations, known as differential settlements, which in turn
affect how structures respond. Conversely, the effects of subsidence on different struc-
tures emerge at different times, as some buildings are better able to withstand ground
deformation than others, due to the wide variability of the structural features of the built
stock. Subsidence may progress slowly and remain almost unnoticed, but over time, it
can reach a point where the effects become intolerable for structures in a specific area,
thereby impacting entire communities.

This thesis evaluates the relationship between subsidence and damage to existing ma-
sonry structures to support risk assessment analyses, mitigation and adaptation efforts.

RESEARCH FRAMEWORK AND OBJECTIVES

This PhD research integrates information from literature, measurements of existing struc-
tures, numerical modelling, and engineering judgement to achieve a better understanding
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SUMMARY

of how subsidence processes impact structures.

The project targets two research areas: examining how soil heterogeneity affects settle-
ments at the scale of structures and developing statistical tools to estimate the probability
of damage to masonry structures experiencing settlements. For the soil heterogeneity
aspect, an area in the Netherlands with available in-situ measurements is selected for
analysis. These observations serve as input for numerical analyses designed to assess how
variations in soil layer thickness might trigger or exacerbate spatially variable subsidence.
The research emphasizes the spatial variability of soil as a potential driver of settlements
that can affect structures.

Regarding the probability of damage to masonry structures, the research incorporates
both empirical and numerical data. First, damage surveys conducted on existing masonry
structures in the Netherlands are collected. The collected information includes technical
reports, photographs of the damage, and measurements of the buildings’ displacements
caused by ground settlements. Analyses are carried out to retrieve probabilistic rela-
tionships between the intensity of the settlements and the probability of damage to
structures.

The empirical insight is complemented by numerical analyses. Non-linear numerical
models are built to simulate the response of masonry structures to settlements. Initially,
these simulations evaluate how various geotechnical and structural factors influence the
vulnerability of buildings to settlements. Subsequently, additional numerical analyses are
conducted to establish the probabilistic relationship between ground settlement intensity
and structural damage probability, following a similar approach to the analyses based on
empirical information.

Ultimately, the results of the analyses are compared and validated against the scientific
literature and the current standards for structures affected by ground settlements.

THE INFLUENCE OF THE SOIL HETEROGENEITY ON THE SETTLEMENT OC-
CURRENCE

Variations in soil stratigraphy, particularly in strata thickness, can cause differential
settlements at the scale of individual structures, exacerbating those caused by regional
subsidence.

The effect of soil heterogeneity is investigated through the use of closely spaced in-situ
cone penetration tests (typically spaced from approximately 1.25 m to 5.0 m apart) across
a particular study area. This approach allows for a detailed characterization of soil strata
and their variations.

One-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) numerical
analyses are employed to calculate settlements across the study area under a uniform
load. This approach is used to assess the impact of soil heterogeneity on settlement
occurrence.

The "correlation length", a metric used to describe the distance over which observa-
tions remain significantly correlated, is employed to quantify the spatial variability (the
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SUMMARY

variation of a given property across different locations within a selected domain) of the
material thickness of each soil layer and the computed settlements.

The results indicate that the values of the correlation length of the computed settlements
for each soil strata, derived via numerical modelling, match the values of the correla-
tion length of the soil thickness. Furthermore, the spatial variability of the computed
settlements is quantified by a correlation length ranging from approximately 1 to 10
meters, corresponding to the scale of typical structures. This match between the scale
of soil fluctuation and the building scale highlights how spatial variations in soil layer
distribution can lead to uneven settlement patterns in existing structures, potentially
increasing the risk of structural damage.
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Figure 1: Relationship between soil strata variability and computed settlements, quantified by correlation
length. The results reveal a link between soil variability and superficial settlements at the structural scale.

Further numerical analyses are conducted using a country-scale model to discretize the
subsurface study area. The results of these additional analyses show a good agreement
with those of the in-situ resolution models, supporting the upscaling and the integration
of soil heterogeneity effects in regional risk assessment studies.

EMPIRICAL INSIGHT OF STRUCTURES EXPOSED TO SUBSIDENCE-RELATED

SETTLEMENTS

Empirical observations of actual structures affected by ground settlements are essential
for enhancing our understanding of their response to subsidence. A desk collection of
the information on 386 surveyed masonry buildings, 122 on shallow foundations and
264 on piled foundations, is carried out. The collected information includes manual
levelling measurements and recorded damage for buildings experiencing subsidence
from non-registered causes.

With bed-joint levelling measurements available for each building, settlement intensity
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SUMMARY

parameters are computed, including differential settlement, rotation, angular distortion
and deflection ratio. It is thus possible to identify the most effective settlement intensity
metric for predicting building damage. The analyses confirm that building distortion,
measured through the two parameters rotation or angular distortion, serves as a reliable
predictor of building damage.

With the availability of levelling measurements, it is possible to investigate whether the
wall deformations are associated with recurring shapes. Consequently, it is observed that
building deformations due to land subsidence conform to a Gaussian distribution, similar
to what has been observed in settlements induced by tunnelling, mining, and excavation.

Finally, empirical probabilistic relationships linking the probability of damage to the
intensity of settlements have been established.

FINITE ELEMENT MODELS TO EXPLORE THE DAMAGE TO BUILDINGS EX-
POSED TO SUBSIDENCE

Transversal walls 
and transversal

foundations

Smeared non-linear interface

Strip foundation

Masonry facade

Settlement pattern
progressively increased

Corner 
springs

Figure 2: Schematic illustration of a 2D non-linear finite element model of a masonry facade on strip foundations
subjected to ground settlements, applied progressively at the bottom of the model. Interfaces simulate the
contact interaction with the soil. The model includes the effect of transversal walls and foundations, supported
by springs.

Non-linear finite element analyses are often employed to investigate the response of
structures subjected to various actions. In the context of buildings exposed to settlements,
the state-of-the-art typically focuses on ground movements triggered by human activities
such as tunnelling, mining or excavations. Consequently, there is a need for models that
specifically target structures affected by subsidence.
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SUMMARY

Therefore, a comparison of existing modelling approaches is carried out to select the op-
timum modelling strategy for building damage caused by subsidence-related settlements.

Accordingly, an ad-hoc 2D modelling approach further refines existing models and it
is selected for the analyses. The model is able to simulate the response of the struc-
ture including the relevant structural features of old masonry buildings located in the
Netherlands, such as the effect of lateral house-to-house separation walls.

Both 2D and 3D non-linear numerical analyses are conducted and compared with the
proposed 2D model. All selected models employ the smeared crack approach to simulate
crack initiation and propagation in the masonry material. The analyses primarily focused
on the in-plane behaviour of the facade subjected to settlements, though out-of-plane
effects were also assessed in the selected 3D models.

The deformations, stresses, and cracking damage of the proposed two-dimensional
model agree with those of the more complex three-dimensional models. Additionally, the
proposed 2D modelling approach has lower complexity than 3D models and is 9 to 40
times faster in terms of computational time, meaning each simulation runs significantly
quicker. This enables a parametric study to investigate the probability of damage.

AN OBJECTIVE ASSESSMENT OF THE CRACKING DAMAGE

Figure 3: An example of the automatic identification of cracks and calculation ofΨ from the results of a facade
model subjected to a symmetric hogging settlement. In the legend, the crack width is expressed in µm whereas
the crack length is in mm.

Cracking is commonly considered to assess the damage to structures affected by settle-
ments. Measurements of cracks’ width are often used to provide direct insights into the
severity and extent of damage to buildings. Nevertheless, cracks can occur in inaccessible
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SUMMARY

parts of buildings, or be difficult to detect by inexperienced observers. In the Netherlands,
damage to masonry structures caused by subsidence-related settlements generally results
in minor rather than significant structural concerns. Typically, this damage is charac-
terized as "light", which might be hard to detect and measure objectively. Moreover,
the number of cracks and their length, in addition to their width, offer further valuable
insights into the extent of the damage, which should not be overlooked.

A continuous damage parameter Ψ, tuned against existing damage scales, is used to
objectively quantify the damage of the numerical analyses. Moreover, the parameterΨ
offers direct insight into both undetectable (crack width smaller than 0.1 mm) and visible
damage. This damage parameter, formulated in other studies and used in this thesis,
provides an effective way to observe the initiation of the damage and its accumulation
during the progression of the settlement.

THE EFFECT OF BUILDING FEATURES AND SOIL ON DAMAGE

Exploratory numerical analyses are carried out to evaluate the influence of different
structural and geotechnical aspects, such as construction material, structural layout
(geometry and openings), foundation system, and soil. Key observations are described
next:

The response of the building model strongly depends on the shape of the ground settle-
ments they are exposed to.

The flexibility of the buildings is influenced by the degree of damage: as settlement
progresses, the damage to the building accumulates and the structure becomes, in turn,
more flexible.

Careful consideration should be given to differentiating between soil displacements and
deformation of buildings, as these can vary significantly depending on the interaction
between the soil and the structure.

In agreement with the state-of-the-art, the relationship between the length and height of
the building strongly influences the response of the structure exposed to settlements.

Facades with openings are more vulnerable than blind walls.

The response of the structure is governed by the soil on which they rest: buildings on
softer soil (clay) require larger displacements to reach the same level of damage as the
ones on stiffer soil (sand). In fact, the building behaves more rigidly on softer soil and
more flexibly on stiffer soil. However, larger soil displacements are likely to occur in softer
soils, while smaller displacements are expected in stiffer soils.

Reinforced concrete strip foundations are found to increase the building’s stiffness relative
to the soil compared to unreinforced masonry foundations. This results in buildings with
reinforced concrete strip foundations generally experiencing less damage. The effect is
most significant under symmetric sagging conditions, where tensile stresses concentrate
at the bottom of the building. In such scenarios, the reinforcement bars in the concrete
foundations can counteract these tensile stresses, thus opposing damage. However, this
beneficial effect is reduced in hogging scenarios, where tensile stresses develop at the top
of the building.
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NUMERICALLY-BASED FRAGILITY CURVES

Fragility functions represent statistical tools which express the probability that an event
will occur as a function of a hazard metric. In the context of damage to buildings, fragility
curves retrieve the relationship between (the intensity of) the ground settlement and the
probability of having or exceeding a specific damage state.

Fragility curves are developed by means of numerical analyses focusing on old masonry
buildings exposed to subsidence-induced settlements on strip foundations as a function
of the angular distortion. The curves are developed considering realistic scenarios and
variations of the soil and buildings’ features in the non-linear numerical models, including
8 geometries, 3 masonry materials, 2 shallow foundation systems, and 2 soil typologies.
Moreover, the models considered 72 variations of possible symmetric and asymmetric
settlement deformations. A total of 6912 analyses are carried out.

Two sets of curves are proposed, distinguishing the functions in terms of the soil distor-
tions, and the ones in terms of the distortions measured on buildings.

The curves in terms of distortions measured on buildings, accounting for all selected
variations of the considered structural and geotechnical features, reveal that 1 out of 2
buildings could exhibit cracks up to 5 mm for an angular distortion equal to 1/500 (or 2
‰), a threshold recommended by international and national standards as an acceptable
limit for structures.
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Figure 4: Fragility curves in terms of measured angular distortions. The curves reveal a probability of cracks
up to 5mm (corresponding toΨ = 3.0) equal to about 47% for an angular distortion measured on the building
equal to 2 ‰(or 1/500).

The proposed fragility functions are expected to provide insights into the behaviour of old
Dutch masonry structures on shallow foundations and will serve as inputs for integration
into damage and risk assessment frameworks.
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LIMITATIONS AND RECOMMENDATIONS

A comparison of the proposed empirical and numerical fragility curves is conducted to
investigate their differences. The results indicate that numerical fragility curves provide
more conservative estimates of the probability of damage than the empirical curves for a
given settlement intensity.

Although the adopted numerical analyses have been set up using engineering proper-
ties derived from experimental campaigns and modelling approaches from previous
studies on building damage caused by other types of load, the observed discrepancies
between the empirical and the numerical results highlight the need for integrating more
detailed empirical, experimental and monitoring data to calibrate the numerical analyses
of masonry structures exposed to settlements. Considering the slow development of
subsidence, monitoring existing structures over an extensive time frame represents a
complex and expensive task that does not guarantee that: i) damage due to settlement
will occur and accumulate; ii) damage will occur only due to settlements, disentangling
other causes. These constraints highlight the need to establish experimental benchmarks.

Other limitations of the analyses must be highlighted:

Currently, there is limited understanding of how the spatial variability of soil impacts set-
tlement occurrence across different scales. The preliminary results suggest a correlation
between various scales. It remains unclear how common it is for soil layers to exhibit
significant spatial variations that can influence the response of individual structures.
Furthermore, the relationship between soil spatial variability and ground settlement
requires further investigation in future research.

In this research, facades are used to represent the behaviour of entire structures. In reality,
the 3D effects of structures provide an additional source of complexity and must be
further studied. Similarly, the ground settlements might present a 3D spatial distribution,
which is herein disregarded. It is known that significant horizontal strains have been
measured for certain settlement drivers like tunnelling, mining, and excavation, and their
effects on damage are recognized. Currently, there is no evidence suggesting that similar
horizontal strains could occur for land subsidence.

Another source of uncertainties lies in the engineering properties and constitutive re-
lationships adopted in the numerical analyses. The properties reported in standards
and guidelines are often derived from measurements on small experimental samples
in research. Consequently, discrepancies might arise between the engineering proper-
ties of masonry samples, such as cores, couplets and triplets, window banks, or walls,
and existing structures due to scale effects. In terms of the constitutive relationship, a
smeared cracking approach is employed to represent the masonry material as an equiva-
lent continuum. However, since masonry is a composite material, the model may not fully
capture the complex interactions between its individual components. Additionally, the
model does not account for long-term effects: viscoelastic effects may occur in existing
structures exposed to slow settlements, further increasing the differences from models.

The information regarding the construction material, foundation systems, and geometri-
cal features such as the distribution of windows and doors of walls are examples of key
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information which are typically unavailable except in certain municipalities or areas. The
availability of data on existing structures poses a challenge for any attempt at damage
assessment over wide areas. Preliminary analyses, however, can be carried out by deriving
such information through correlations with available data.

SOCIETAL RELEVANCE

Land subsidence is an ongoing irreversible phenomenon. This geohazard is exacerbated
by increasingly frequent and intense weather events due to climate change. The impacts
of subsidence present challenges to urban expansion and land development. In this
context, understanding the impact on existing structures is crucial for preserving the
cultural identity of a country, safeguarding the economy, protecting historic landmarks,
and preventing social unease.

Subsidence mitigation and adaptation policies are essential to address the potential
impact on homeowners, who may face rising costs for maintaining and repairing their
properties. Furthermore, it is essential to recognize the risks and costs associated with
damage to buildings from land subsidence, even when it does not result in structural
collapse.

In the Netherlands, managing and implementing policies to address subsidence involves
multiple stakeholders with diverse interests, including homeowners, businesses and
(agro)industry, institutions, and governmental agencies. Therefore, it is essential to raise
awareness about the impact of land subsidence. Clear comprehension of the relationship
between subsidence and resulting damages is essential for making informed decisions.
The research presented in this dissertation, which is part of the project Living on Soft Soils
(LOSS): Subsidence and Society (grantnr.: NWA.1160.18.259), is expected to contribute to
this.

xvii

https://doi.org/10.5194/piahs-382-815-2020
https://doi.org/10.5194/piahs-382-815-2020
https://www.nwo.nl/en/projects/nwa116018259




SAMENVATTING

Bodemdaling is een bekend fenomeen dat de geleidelijke verlaging van het grondopper-
vlak ten opzichte van het zeeniveau beschrijft. Bodemdaling beinvloedt veel dichtbevolkte
gebieden in Noord-Amerika, Azië en Europa. In Nederland hebben de westelijke en no-
ordelijke gebieden van het land al gedurende eeuwen te maken gehad met bodemdaling,
als gevolg van de veen- en kleirijke ondergrond incombinatie met natuurlijke processen
en menselijke activiteiten. Het voortdurende proces van bodemdaling vereist zorgvuldige
planning en kostbare maatregelen om het huidige grondgebruik te behoudenen leidt tot
schade aan gebouwen en infrastructuur.

Bovendien evolueren de kosten van bodemdaling door klimaatverandering, veranderende
neerslag, grondwaterstanden en bodemvochtigheid. Deze veranderende condities ver-
sterken het bodemdalingproces, wat leidt tot onvoorspelbaardere en versnelde bodem-
daling in de gebieden waar dit voorkomt.

Sociale gevolgen van bodemdaling omvatten onzekerheid voor woningeigenaren en
economische verliezen. Individuen en publieke organisaties maken zich steeds meer
zorgen over hoe bodemdaling het gebouwde erfgoed beinvloedt. Nederlandse steden
staan wereldwijd bekend om hun metselwerkgebouwen, gebouwd met gebakken klinkers,
een traditie ook nu nog voortduurt in de moderne architectuur. Metselwerk is echter
een bros materiaal met beperkte treksterkte en is daarom kwetsbaar voor verschilzettin-
gen, waardoor scheuren in muren kunnen optreden die de esthetiek, functionaliteit
en/of veiligheid van gebouwen kunnen beïnvloeden. Oude metselwerkgebouwen met
ongewapende ondiepe funderingen zijn bijzonder gevoelig voor bodemdaling.

Bodemdaling op de schaal van individuele gebouwen kan worden veroorzaakt door
verschillende processen, waaronder stedelijke (bouw)activiteiten en veranderingen of
aanpassingen in het grondwater, zeker in het geval van ruimtelijk heterogene en samen-
drukbare organische bodemlagen in de ondergrond. Bovendien wordt bodemdaling
verergerd door de toenemende frequentie en intensiteit van droogtes als gevolg van
klimaatverandering. De gelijktijdige aanwezigheid van verschillende triggerfactoren
kan leiden tot ruimtelijk variabele grondvervormingen, bekend als verschilzettingen,
die op hun beurt de gebouwen beïnvloeden. Daarentegen kunnen door verschillen in
gebouweigenschappen sommige gebouwen verschilzettingen beter opnemen dan andere,
waardoor de effecten van bodemdaling op verschillende tijdstippen naar voren komen.
Bodemdaling kan langzaam en bijna onopgemerkt optreden, maar na verloop van tijd
kan het een punt bereiken waarop de effecten onhoudbaar worden voor gebouwen in
een specifiek gebied, wat maatschappelijke invloed heeft op hele gemeenschappen.

Dit proefschrift onderzoekt de relatie tussen bodemdaling en schade aan bestaande
metselwerkgebouwen ter ondersteuning van activiteiten op het gebied van risicoanalyse,
mitigatie- en aanpassing.

xix



SAMENVATTING

ONDERZOEKSRAAMWERK EN DOELSTELLINGEN

Dit PhD-onderzoek integreert informatie uit de literatuur, metingen van bestaande
gebouwen, numerieke modellering en “engineering judgement” om een beter begrip te
krijgen van hoe bodemdalingsprocessen gebouwen beïnvloeden.

Het project richt zich op twee onderzoeksgebieden: het onderzoeken van hoe bodemhetero-
geniteit zettingen op de schaal van gebouwen beïnvloedt en het ontwikkelen van statis-
tische hulpmiddelen om de kans op schade aan metselwerkgebouwen door zettingen
te schatten. Voor het aspect bodemheterogeniteit is een gebied in Nederland met een
dicht netwerk van beschikbare in-situ metingen geselecteerd voor analyse. Deze waarne-
mingen dienen als input voor numerieke analyses om te beoordelen hoe varieties in de
dikte van bodemlagen mogelijk ruimtelijk variabele bodemdaling kunnen veroorzaken of
verergeren. Het onderzoek legt de nadruk op de ruimtelijke variabiliteit van de bodem als
een potentiële oorzaak van zettingen die gebouwen kunnen beïnvloeden.

Wat betreft de kans op schade aan metselwerkgebouwen, omvat het onderzoek zowel
empirische als numerieke gegevens. Allereerst worden schadeonderzoeken, uitgevoerd
aan bestaande metselwerkgebouwen in Nederland, verzameld. De verzamelde informa-
tive omvat technische rapporten, foto’s van de schade en metingen van de verplaatsingen
van de gebouwen veroorzaakt door grondvervormingen. Analyses worden uitgevoerd om
probabilistische relaties tussen de intensiteit van de zettingen en de kans op schade aan
de gebouwen te achterhalen.

De empirische inzichten worden aangevuld met numerieke analyses. Niet-lineaire nu-
merieke modellen worden gemaakt om de effecten van zettingen op metselwerkge-
bouwen te simuleren. Aanvankelijk evalueren deze simulaties hoe verschillende geotech-
nische en constructieve factoren de kwetsbaarheid van gebouwen voor zettingen beïn-
vloeden. Vervolgens worden aanvullende numerieke analyses uitgevoerd om de prob-
abilistische relatie tussen de intensiteit van de zettingen en de kans op constructieve
schade vast te stellen, volgens een vergelijkbare benadering als de analyses op basis van
empirische informative.

Ten slotte worden de resultaten van de analyses vergeleken en gevalideerd aan de hand
van de wetenschappelijke literatuur en de huidige normen voor gebouwen die worden
beïnvloed door zettingen.

DE INVLOED VAN BODEMHETEROGENITEIT OP DE ZETTING

Variaties in bodemstratigrafie, met name in de dikte van de lagen, kunnen leiden tot
verschil zettingen op de schaal van individuele gebouwen, wat tot meer schade leidt dan
homogene/gelijkmatige zettingen.

Het effect van bodemheterogeniteit wordt onderzocht door middel van een gebied met
dicht op elkaar geplaatste sonderingen (typisch op afstanden van ongeveer 1,25 m tot
5,0 m). Deze aanpak maakt een gedetailleerde karakterisering van bodemlagen en hun
variaties in dit gebied mogelijk.

Een-dimensionale (1D), twee-dimensionale (2D) en drie-dimensionale (3D) numerieke
analyses worden gebruikt om zettingen in het studiegebied te berekenen onder een uni-
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forme belasting. Deze benadering wordt gebruikt om de impact van bodemheterogeniteit
op de zetting te beoordelen.

De "correlatielengte", een maatstaf die wordt gebruikt om de afstand te beschrijven
waarop waarnemingen significant gecorreleerd blijven, wordt ingezet om de ruimtelijke
variabiliteit (de variatie van een bepaalde eigenschap op verschillende locaties binnen
een geselecteerd domein) van de materiaaldikte van elke bodemlaag en de berekende
zettingen te kwantificeren.

De resultaten geven aan dat de waarden van de correlatielengte van de berekende zettin-
gen voor elke bodemlaag, verkregen via numerieke modellering, overeenkomen met de
waarden van de correlatielengte van de bodemdikte. Bovendien wordt de ruimtelijke vari-
abiliteit van de berekende zettingen gekwantificeerd door een correlatielengte variërend
van ongeveer 1 tot 10 meter, wat overeenkomt met de schaal van typische gebouwen. Dit
benadrukt hoe ruimtelijke variaties in de verdeling van bodemlagen kunnen leiden tot on-
gelijke zettingspatronen in bestaande gebouwen, wat mogelijk het risico op constructieve
schade verhoogt.
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Figure 5: Relatie tussen de variabiliteit van bodemlagen en de berekende zettingen, gekwantificeerd door de
gevonden correlatielengte. De resultaten tonen een verband aan tussen bodemvariabiliteit en maaiveldzettingen
op de schaal van gebouwen.

Verdere numerieke analyses zijn uitgevoerd met behulp van een landsdekkend model
om de ondergrond in het studiegebied te discretiseren. De resultaten van deze aan-
vullende analyses hebben een goede overeenkomst met die van de in-situ modellen,
wat de opschaling en integratie van effecten van een heterogene bodem in regionale
risico-evaluatiestudies ondersteunt.
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EMPIRISCHE INZICHTEN OVER GEBOUWEN BLOOTGESTELD AAN ZETTINGEN

DOOR BODEMDALING

Empirische waarnemingen van werkelijke gebouwen die worden beïnvloed door zettingen
zijn essentieel voor het verbeteren van ons begrip van de gevolgen van bodemdaling voor
die gebouwen. Er is een verzameling samengesteld van informatie over 386 onderzochte
metselwerkgebouwen, waarvan 122 op ondiepe funderingen en 264 op funderingen met
palen. De verzamelde informatie omvat handmatige hoogtemetingen en geregistreerde
schade voor gebouwen die zettingen ervaren door verschillende, niet geregistreerde
oorzaken.

Met de beschikbare lintvoegmetingen voor elk gebouw worden zettingsintensiteitsparam-
eters berekend, waaronder verschil zetting, rotatie, relatieve hoekverdraaiing en deflectie
ratio. Het is hierdoor mogelijk om de meest effectieve indicator voor zettingsintensiteit te
identificeren voor het voorspellen van schade aan gebouwen. De analyses bevestigen dat
de vervorming van gebouwen, gemeten via de twee parameters rotatie of relatieve hoekver-
draaiing, betrouwbare voorspellers zijn van schade aan gebouwen. Met de beschikbare
lintvoegmetingen is het mogelijk te onderzoeken of de vervormingen van de gemeten
gebouwmuren herkenbare vormen hebben.

Conclusie is dat de vervormingen van gebouwen door bodemdaling een Gausskromme
volgen, vergelijkbaar met de vormen die zijn waargenomen bij zettingen door tunnels,
mijnbouw en andere graafwerkzaamheden.

Tot slot zijn empirische, probabilistische relaties vastgesteld die de kans op schade kop-
pelen aan de intensiteit van de zettingen.

EINDIGE-ELEMENTMODELLEN

Niet-lineaire eindige-elementanalyses worden vaak gebruikt om de gevolgen van verschil-
lende belastingen op gebouwen te onderzoeken. De meeste toepassingen en onderzoek
naar de invloed van zettingen op gebouwen richt zich meestal op grondbewegingen
die worden veroorzaakt door activiteiten zoals het aanleggen van tunnels, mijnbouw of
andere graafwerkzaamheden. Er is echter behoefte aan modellen specifiek gericht zijn op
gebouwen die worden beïnvloed door bodemdaling.

Daarom wordt in dit onderzoek een vergelijking van bestaande benaderingen voor mod-
ellering gemaakt om de optimale modelleringsstrategie te selecteren voor het beoordelen
van schade aan gebouwen door zettingen ten gevolge van bodemdaling.

Als resultaat is een 2D-modelleringsbenaderinggeselecteerd voor de analyses. Het gese-
lecteerde model kan de invloed van zetting op het gebouw simuleren, en houdt reken-
ing met de relevante constructieve eigenschappen van oude Nederlandse metselwerk
gebouwen , zoals het effect van scheidingswanden tussen huizen.

Zowel 2D- als 3D-niet-lineaire numerieke analyses worden uitgevoerd en vergeleken
met het voorgestelde 2D-model. Alle geselecteerde modellen maken gebruik van de
uitgesmeerde- scheurmodel om scheurinitiatie en -propagatie in het metselwerk te
simuleren. De analyses richtten zich voornamelijk op het gedrag van de gevel in het vlak,
hoewel ook uit-het-vlak effecten werden beoordeeld in de geselecteerde 3D-modellen.
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Figure 6: Schematische illustratie van een 2D niet-lineair eindige-elementmodel van een metselwerk gevel op
strokenfundering, blootgesteld aan zettingen, met toenemende zettingen opgelegd aan de onderkant van het
model. Interfaces simuleren de interactie met de ondergrond. Het model omvat het effect van dwarswanden en
funderingen, ondersteund in de vorm van veren.

De vervormingen, spanningen en scheurvorming van het voorgestelde tweedimensionale
model komen overeen met die van de complexere driedimensionale modellen. Bovendien
heeft de voorgestelde 2D-modelleringsbenadering een lagere complexiteit dan 3Dmod-
ellen en is deze 9 tot 40 keer sneller qua rekentijd, wat betekent dat elke simulatie aanzien-
lijk sneller wordt uitgevoerd.

EEN OBJECTIEVE BEOORDELING VAN SCHADE IN DE VORM VAN SCHEUREN

Scheuren worden vaak beschouwd als een maatstaf voor schade aan gebouwen die door
zettingen worden beïnvloed. Metingen van de scheurwijdte worden vaak gebruikt om
inzicht te verkrijgen in de ernst en omvang van schade aan gebouwen. Echter kunnen
scheuren zich bevinden op ontoegankelijke delen van gebouwen of moeilijk waarneem-
baar zijn voor onervaren waarnemers. In Nederland leidt schade aan metselwerkge-
bouwen door zettingen meestal tot kleinere, minder significante constructieve proble-
men. Deze schade wordt doorgaans gekarakteriseerd als "licht", wat moeilijk objectief
te detecteren en meten kan zijn. Bovendien bieden het aantal scheuren en hun lengte,
naast hun breedte, waardevolle extra inzichten in de omvang van de schade, die niet
over het hoofd gezien mogen worden.Een continue schadeparameterΨ, afgestemd op
bestaande schade-schalen, wordt gebruikt om de schade uit de numerieke analyses
objectief te kwantificeren. Bovendien biedt de parameterΨ direct inzicht in zowel niet-
waarneembare (scheurwijdte kleiner dan 0,1 mm) als zichtbare schade. Deze schade-
parameter, die in dit proefschrift wordt gebruikt, biedt een effectieve manier om het
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Figure 7: Voorbeeld van de automatische identificatie van scheuren en berekening van Ψ op basis van de
resultaten van een gevelmodel blootgesteld aan een symmetrische hogging-zetting. In de legenda wordt de
scheurwijdte uitgedrukt in µm en de scheurlengte in mm.

ontstaan van schade en de accumulatie ervan tijdens de voortgang van de zetting te
observeren.

DE INVLOED VAN GEBOUWKENMERKEN EN ONDERGROND OP GEBOUWSCHADE

Verkennende numerieke analyses zijn uitgevoerd om de invloed van verschillende con-
structieve en geotechnische aspecten, zoals bouwmateriaal, gebouwindeling (geometrie
en openingen), fundering en bodem, te evalueren. Belangrijke observaties worden hi-
eronder beschreven:

De schade aan het gebouw hangt sterk af van de vorm van de zetting.

De flexibiliteit van de gebouwen wordt beïnvloed door de mate van schade: naarmate de
verzakking toeneemt, neemt de schade toe en wordt de constructie flexibeler.

Er moet zorgvuldig worden nagedacht over het verschil tussen zetting van de en defor-
matie van de gebouwen, omdat deze aanzienlijk kunnen verschillen afhankelijk van de
grond constructie interactie.

Conform de huidige stand van zaken, beinvloedt de verhouding tussen de lengte en
hoogte van het gebouw sterk de invloed van de zakking op het gebouw.

Gevelsmet openingen zijn kwetsbaarder dan blinde muren.

De respons van dhet gebouw wordt bepaald door de ondergrond waarop deze rust:
gebouwen op slappere bodem (klei) moeten grotere verplaatsingen ondergraan om het-
zelfde niveau van schade te bereiken als bij gebouwen op stijvere bodem (zand). In
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feite gedraagt het gebouw zich stijver op slappee bodem en flexibeler op stijvere bo-
dem. Echter, in absolute zin zullen waarschijnlijk grotere zettingen optreden in slappe
ondergrond, terwijl kleinere verplaatsingen worden verwacht in stijvere ondergrond.

Gewapende betonnen strokenfunderingen blijken de stijfheid van het gebouw ten opzichte
van de ondergrond te vergroten in vergelijking met ongewapende metselwerkfunderin-
gen. Dit resulteert erin dat gebouwen met gewapende betonnen strokenfunderingen
over het algemeen minder schade ondervinden. Het effect is het meest significant in
geval van symmetrische zettingspatronen, waarbij trekspanningen zich concentreren aan
deonderkant van het gebouw. In dergelijke scenario’s kunnen de wapeningsstaven in de
betonnen funderingen deze trekspanningen tegengaan en zo schade verminderen. Dit
gunstige effect is echter minderaanwezig in hogging-scenario’s, waarbij trekspanningen
zich aan de bovenkant van het gebouw ontwikkelen.

NUMERIEKE KWETSBAARHEIDSFUNCTIES

Kwetsbaarheidsfuncties zijn statistische hulpmiddelen die de kansuitdrukken dat een
gebeurtenis zich voordoet als functie van een risico-metriek. In de context van schade
aan gebouwen beschrijven kwetsbaarheidscurves de relatie tussen (de intensiteit van) de
zettingen en de kans op het veroorzaken of overschrijden van een specifiek schade-niveau.

Kwetsbaarheidscurves worden ontwikkeld door middel van numerieke analyses specifiek
voor oude metselwerkgebouwen op strokenfunderingen blootgesteld aan bodemdaling,
als functie van de hoekverdraaiing van het gebouw. De curves worden ontwikkeld met
realistische scenario’s en variaties in de bodem- en gebouwkenmerken in de niet-lineaire
numerieke modellen, waaronder 8 geometrieën, 3 metselwerkmaterialen, 2 ondiepe
funderingssystemenen en 2 bodemtypes. Bovendien zijn 72 variaties van mogelijke
symmetrische en asymmetrische zettingprofielen in de modellen opgenomen. In totaal
zijn 6912 analyses uitgevoerd.

Twee sets curves zijn beschikbaar, waarbij onderscheid wordt gemaakt op basis van de
vervormingen gemeten in de ondergrond en de vervormingen gemeten aangebouwen.

De curves op basis van de vervormingen gemeten aan gebouwen, rekening houdend met
alle toegepast variaties van de beschouwde constructieve en geotechnische kenmerken,
tonen aan dat 1 op de 2 gebouwen scheuren tot 5 mm kan hebben bij een hoekverdraaiing
gelijk aan 1/500 (of 2 ‰), een grenswaarde die door internationale en nationale normen
wordt aanbevolen als een acceptabele limiet voor gebouwen.
De voorgestelde kwetsbaarheidsfuncties bieden waardevolle inzichten in het gedrag van
oude Nederlandse metselwerkgebouwen op ondiepe funderingen enzullen dienen als
input in schade- en risico-evaluatiekaders.

BEPERKINGEN EN AANBEVELINGEN

De voorgestelde empirische en numerieke kwetsbaarheidscurves zijn onderling vergeleken.
De resultaten geven aan dat numerieke kwetsbaarheidscurves meer conservatieve schat-
tingen van de kans op schade geven dan de empirische curves voor een gegeven zettingsin-
tensiteit.
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Figure 8: Kwetsbaarheidscurves op basis van gemeten hoekverdraaiing. De curves tonen eenkans op scheuren
tot 5 mm (corresponderend metΨ = 3.0) van ongeveer 47% voor een hoekverdraaiing gemeten op het gebouw
gelijk aan 2 ‰(of 1/500).

Hoewel de toegepaste numerieke analyses zijn opgezet met eigenschappen afgeleid
van experimentele campagnes en de modelleringbenaderingen ook zijn toegepast in
eerdere studies over gebouwschade veroorzaakt door andere soorten belasting, laten de
waargenomen verschillen tussen de empirische en numerieke resultaten zien dat het
noodzakelijk is om de modellen te kalibreren met meer gedetailleerde integratie van
empirische, experimentele en monitoringsgegevens . Gezien de langzame ontwikkeling
van bodemdaling, is het monitoren van bestaande gebouwen over een langere periode
complex en kostbaar. Ook is niet zeker dan : i) schade door zetting zal optreden en toene-
men; ii) schade uitsluitend zal optreden door zetting, waarbij andere oorzaken worden
uitgesloten. Deze beperkingen maken duidelijk dat het opzetten van gestructureerde
experimenten nodig is.

Andere beperkingen van de analyses zijn:

Op dit moment is er beperkte kennis over hoe de ruimtelijke variabiliteit van de bodem
de verzakkingsoccurrence op verschillende schalen beïnvloedt. De voorlopige resul-
taten suggereren een correlatie tussen verschillende schalen. Het blijft onduidelijk hoe
gebruikelijk het is dat bodemlagen significante ruimtelijke variaties vertonen die de
respons van individuele structuren kunnen beïnvloeden. Bovendien vereist de relatie
tussen bodemruimtelijke variabiliteit en grondverzakkingen verdere studie in toekomstig
onderzoek.

In dit onderzoek worden gevels gebruikt om het gedrag van volledige gebouwen te
simuleren. In werkelijkheid bieden de 3D-effecten van gebouwen een extra bron van
complexiteit en moeten deze verder worden bestudeerd. Ook kunnen de zettingen een
3D-ruimtelijke variatie vertonen, welke in dit onderzoek niet zijn meegenomen. Bek-
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end is dat er significante horizontale rekken gemeten zijn bij zettingen veroorzaakt door
tunnels, mijnbouw en ontgravingen welke effect hebben op schade aan gebouwen. Mo-
menteel zijn er geen aanwijzingen dat vergelijkbare horizontale rekken kunnen optreden
bij bodemdaling.

Een andere bron van onzekerheid ligt in de eigenschappen en constitutieve relaties die
zijn aangenomen in de numerieke analyses. De eigenschappen die worden gerappor-
teerd in normen en richtlijnen zijn vaak afgeleid uit metingen op kleine monsters. Als
gevolg hiervan kunnen er discrepanties ontstaan tussen de eigenschappen van met-
selwerk gebaseerd op monsters van verschillende afmetingen en bestaande gebouwen
vanwege schaaleffecten. Wat betreft de constitutieve relatie wordt een "smeared cracking"
benadering gebruikt om het metselwerk als een equivalent continuum te representeren.
Aangezien metselwerk echter een composietmateriaal is, kan het model de complexe
interacties tussen de individuele componenten mogelijk niet volledig representeren.
Bovendien houdt het model geen rekening met langetermijneffecten: visco-elastische
effecten kunnen optreden in bestaande gebouwen blootgesteld aan langzame zakkingen,
wat de verschillen met de uitkomst van modellen verder kan vergroten.

De informatie over het bouwmateriaal, funderingssystemen en geometrische kenmerken
zoals de verdeling van ramen en deuren in muren zijn voorbeelden van belangrijke
gegevens die doorgaans niet beschikbaar zijn. De beschikbaarheid van gegevens over
bestaande gebouwen vormt een uitdaging voor pogingen tot schadebeoordeling te maken
over grotere gebieden. Voorlopige analyses kunnen echterworden uitgevoerd door dergeli-
jke informatie af te leiden via correlaties met beschikbare gegevens.

MAATSCHAPPELIJKE RELEVANTIE

Bodemdaling is een doorlopend en onomkeerbaar fenomeen. Dit georisico wordt vererg-
erd door steeds frequenter voorkomende en intensere weersomstandigheden als gevolg
van klimaatverandering. De gevolgen van bodemdaling vormen uitdagingen voor de
bouwopgave en inrichting van het land. In deze context is het begrijpen van de impact
op bestaande gebouwen cruciaal voor het behoud van de culturele identiteit van een
land, het beschermen van de economie, het behoud van historische monumenten en het
voorkomen van negatieve sociale effecten zoals verloedering van de omgeving.

Beleidsmaatregelen voor het beperken van bodemdaling en maatregelen ter reductie of
aanpassing zijn essentieel om de potentiële impact op huiseigenaren aan te pakken, die
mogelijk te maken krijgen met stijgende kosten voor het onderhouden en repareren van
hun eigendommen. Bovendien is het belangrijk om de risico’s en kosten in verband met
schade aan gebouwen door bodemdaling te erkennen, zelfs wanneer dit niet leidt tot
ernstige constructieve effecten.

In Nederland houdt het ontwikkelen en implementeren van beleid om bodemdaling
aan te pakken in dat meerdere belanghebbenden met diverse belangen betrokken zijn,
waaronder huiseigenaren, bedrijven, instellingen en overheidsinstanties. Daarom is het
essentieel om bewustzijn te creëren over de impact van bodemdaling.

Duidelijk begrip van de relatie tussen bodemdaling en de als gevolg hiervan optredende
schade is essentieel voor het nemen van weloverwogen beslissingen. Het onderzoek
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gepresenteerd in dit proefschrift, dat deel uitmaakt van het project Living on Soft Soils
(LOSS): Subsidence and Society (grantnr.: NWA.1160.18.259), is bedoeld om hieraan
positief bij te dragen.
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11.1. PROBLEM STATEMENT

Land subsidence is a geological hazard responsible for the progressive lowering of the
ground surface relative to the sea level. Subsidence affects many densely populated areas
in North America, Asia and Europe [1], [2]. The potential consequences of subsidence
processes include increased flood risk, aquifer salinization, reduced aquifer-system stor-
age capacity, storm surges, earth fissures, damage to agricultural activities, greenhouse
gas (GHG) emissions and damages to buildings and infrastructure [1], [3]–[14]. The latter
is the focus of this work.

In the Netherlands, subsidence mainly affects the western part and northern part of the
country [1], [12], [15]. The subsurface of these areas is characterized by sequences of peat
and clay strata, often referred to as “soft soils”. The presence of soft soils predisposes the
occurrence of long-term (decades or even centuries) ground deformations ([15]–[19]).
Subsidence processes are influenced not only by the presence but also by the spatial
variability of such highly compressible soil strata. Climate change aggravates subsidence
processes due to higher temperatures and more frequent and intense droughts.

In addition, different natural and human drivers, such as urban expansion, groundwa-
ter abstraction and management, and the oxidation of soil organic matter, trigger and
enhance ground lowering. Furthermore, some factors create vicious circles, such as in
the case of groundwater management in the western and northern regions of the Nether-
lands: water level reductions in ditches and watercourses impact groundwater tables,
causing subsidence due to peat decomposition and leading to further need for drainage
[20].

The subsidence-induced ground lowering is observed at different scales ranging from in-
dividual buildings to entire cities or regions. The intensity of subsidence in a given area is
often measured by its overall rate, i.e., the speed of the phenomenon at different locations,
typically expressed in mm/year. Current predictions of land subsidence that include the
effect of climate change for 2050 (Fig. 1.1a) show that the densely populated western and
northern parts of the Netherlands are expected to exhibit high rates of land subsidence.
Due to land subsidence, spatially variable ground settlements, known as "differential
settlements", occur at the scale of individual structures. The effects of subsidence-related
differential settlements are visible in the Dutch landscape, as buildings, dykes, bridges,
side paths and roads sink, tilt or show cracks. Subsidence can also result in damage to
underground infrastructure, e.g., sewers, and water distribution systems [1], [3]–[12].

Masonry buildings, which are the most common structural type built in the Netherlands,
rest on either shallow foundation systems or piles and are exposed to subsidence-related
settlements. Given that masonry is a brittle material, it can only withstand minimal tensile
stresses, making it especially vulnerable to settlements. While buildings on piles are less
affected by ground movements, as the piles reach deeper, more stable soil layers, those
on shallow foundations are directly exposed to settlements. Although it is common that
houses in the Netherlands mainly rest on piles, shallow foundations were widely used in
the Netherlands until the 1970s [21], and they are still adopted for new structures built on
sand. The estimates published in a recent report by the Council for the Environment and
Infrastructure (De Raad voor de leefomgeving en infrastructuur in Dutch, Rli) revealed
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that about 70% of the buildings in the Netherlands rest on shallow foundations, 5-6 %
on timber piles and the remaining on more modern concrete piles [22]; Thus, many
old masonry buildings that rest on shallow foundations (Fig. 1.1b) could experience
differential settlements that pose a risk for damage. The consequences of the subsidence

Figure 1.1: (a) Cumulative subsidence prediction map for the period 2020-2050, including the effect of climate
change and (b) Risk of differential settlements for buildings on shallow foundations. Data retrieved from
klimaateffectatlas.nl [23], [24].

processes include social problems and economic and cultural losses [2], [25]–[27]. For
instance, subsidence is correlated to reduced property values [28] and poses a distinct
threat to low-income families due to the damage to privately owned buildings. Moreover,
the possible engineering actions and solutions, such as foundation repair or strengthening
to counteract the effect of subsidence and foundation problems, are associated with high
costs and are limited by the adjacency of structures: in Dutch neighbourhoods with old
buildings, foundation repairs or strengthening works may not be carried out for a single
structure without affecting the surrounding ones. This is particularly true for row houses
that share the same foundation system.
Although the Netherlands has undergone subsidence for centuries [13], the problem has
received increasing attention in the last decade, considering the influence of climate
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1change, the increasing population and the demand for urban expansion.

Research programs are currently carried out to map land subsidence, predict its occur-
rence (i.e., when? where? and how much?) and assess the consequences to urban and
agricultural areas. The present PhD study has been part of the LOSS (Living on Soft Soil)
research programme [13] (grantnr.: NWA.1160.18.259). Further details about the LOSS
programme are provided in section 1.6.

1.2. RESEARCH GOAL

This thesis embraces the necessity to assess (and predict) the damage to structures
over wide areas exposed to subsidence processes. The damage assessment requires the
availability of data on the exposed structures and subsurface conditions, coupled with
insights into how such buildings respond to subsidence-induced ground movements.

This study aims to produce probabilistic relationships to assess the probability of damage
to masonry structures due to the occurrence of subsidence-related settlements.

Additionally, part of this study aims to evaluate the influence of the spatial variability of
the soil and its impact on the differential settlements at the scale of structures.

The findings and tools proposed in this PhD research find their application in the cost-
benefit analyses to evaluate measures to reduce the impact of land subsidence.
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1.3. RESEARCH QUESTIONS

This project aims to investigate the response of masonry buildings resting on strip foun-
dations, typical of the Dutch-built heritage, exposed to subsidence-induced settlements.
The following overarching research question can be formulated:

What is the relationship between subsidence and damage to existing masonry structures?

The main question can be decomposed into the following sub-questions:

• What is the influence of the variability of the soil on the occurrence of differential
settlements at the building scale?

• How can empirical insights into existing structures exposed to ground settlement and
their damage be utilized to assess the probability of damage?

• What structural and geotechnical parameters ( i.e., geometry, foundation, material
properties and soil) influence the relationship between imposed soil settlements and
the resulting damage to buildings?

• What are the best modelling strategies to evaluate the response of structures subjected
to subsidence?

• How can numerical analyses be used to develop probabilistic relationships between
subsidence and the damage to existing masonry structures?

This research question and the sub-questions will be answered throughout the disserta-
tion, according to the outline presented in Section 1.4 and schematized in Figure 1.2.

1.4. THESIS OUTLINE AND METHODOLOGY

This project combines the use of empirical data with analytical and numerical analyses to
answer the research questions. This thesis is structured as follows:

• Chapter 2 presents the underlying concepts relevant to this thesis. A literature
review is thus carried out, reviewing the state-of-the-art assessment of damage for
buildings exposed to settlements. Based on the literature review, the knowledge
gaps and challenges are identified.
The features of the masonry buildings exposed to subsidence processes in the
Netherlands are introduced and discussed, highlighting the focus of the work pre-
sented in this thesis.

• Chapter 3 describes the role of soil heterogeneity as a predisposing factor for the
occurrence of uneven subsidence at the scale of structures. The soil heterogeneity,
in the form of variations in the thickness of the soil strata, is expected to influence
the occurrence of uneven settlements. This problem can be further augmented
by the heterogeneity of the loading conditions acting on the ground surface. In
this Chapter, the effect of the soil heterogeneity at the scale of the single structure
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sen due to the availability of closely spaced in-situ measurements, allowing for
the assessment of soil stratigraphy and the variability of soil strata at the building
scale. Numerical analyses are used to study the effects of the identified soil variabil-
ity. Moreover, the analyses also explore the influence of the boundary conditions
(groundwater levels) and the magnitude of the driver, i.e., the load that triggers the
settlement occurrence.
A novel method is proposed to quantify the soil heterogeneity, i.e., how much the
soil layers are variable, with the purpose of including it in risk assessment analyses
over wide areas.

• Chapter 4 reports the empirical insight gained from a sample of surveyed existing
masonry buildings resting on either shallow or piled foundations. Thanks to the
availability of in-situ measurements and reports of masonry structures located in
the Netherlands reportedly exposed to settlements, a rich sample of almost 400
cases is collected.
This chapter aims to achieve three goals:

1. The measurements and reported damage are used to evaluate the empirical
relationship between the settlement and the damage for the collected cases.

2. Four intensity parameters that describe the intensity of the settlements are
selected from the state-of-the-art. Their capacity to be used as predictors of
building damage is assessed.

3. The measurements of the buildings’ deformation are used to identify recurrent
deformation patterns of the settlements, which are then used as input for the
numerical analyses.

• In Chapter 5, exploratory finite element analyses are carried out to evaluate the ef-
fect of different settlement deformations on the response of buildings using existing
modelling approaches. The analyses consider realistic variations of geotechnical
and structural aspects: the influence of the building’s geometry, material, wall
wythe, type of foundation and soil-structure interaction is studied.
One model is selected as the reference case; Then, the effect of each feature is
evaluated using a scenario-based approach: the selected feature is varied while
keeping the others constant. Through the adopted approach, it becomes feasible
to measure which features have the greatest influence on the building’s response.
These aspects are included in the development of numerical fragility curves, in
Chapters 7 and 8.

• Chapter 6 reviews the performance of different existing and purposely defined
modelling strategies to assess the damage to buildings due to subsidence-related
settlements. The aim is to identify the optimal modelling approach for the devel-
opment of numerical fragility functions in Chapter 7. Among the selected models,
the method adopted in Chapter 5, is further refined to include the influence of
the house-to-house variability on the building’s response. The results provide in-
sight for the selection of the modelling strategy adopted in Chapter 7; Accordingly,
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the selection of the modelling strategy is carried out not only by comparing the
results of the different models, but it is also based on the modelling burden and
computational time.

• Chapters 7 and 8 focus on the development of fragility curves for Dutch masonry
buildings on strip foundations subjected to settlements by means of numerical
simulations. The modelling strategy discussed in Chapters 5 and 6 is used to
generate the models:

1. In Chapter 7, realistic facade geometries and features are selected from lit-
erature sources to build FE models. Preliminary analyses are carried out to
evaluate the influence of the settings of the numerical analyses on the rela-
tionship between the settlements and the damage.

2. In Chapter 8, 6912 numerical analyses are carried out to include realistic
variations of the buildings, soil features and soil deformation patterns.
The results of the models are used to generate probabilistic relationships that
link the intensity of the settlements with the damage to buildings.

• Chapter 9 discusses the results gathered in the previous Chapters. The use of
the results is discussed, while the limitations are highlighted. The main steps
and conclusions of this dissertation are recalled while answering the research
questions. Suggestions for further research are provided. Finally, the relevance of
this dissertation for practitioners and policy makers is discussed.

A schematic overview of the outline of this thesis is shown in Figure 1.2.

1.5. HIGHLIGHTS OF THIS RESEARCH

• This thesis introduces a new approach to quantifying soil heterogeneity and its
effects on the differential settlements at the scale of single structures.

• A proof-of-concept is presented for including the effect of local soil heterogeneity
in risk analyses that focus on a regional scale using the available subsurface data at
different resolutions.

• A rich dataset of surveyed buildings provides insight into the behaviour of masonry
structures subjected to ground settlements. The empirical insight is used to assess
the fragility of existing structures and to evaluate the most common settlement
patterns of buildings.

• Exploratory analyses are carried out using existing modelling strategies to evaluate
the effect of realistic variations of structural and geotechnical on the building
response.

• Different modelling strategies are considered and their results are compared; This
step provides background for the selection of the modelling techniques that require
less modelling burden and computational costs.
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Figure 1.2: Outline of the dissertation. In the flowchart, schematic illustrations are included as graphical
abstracts for each chapter.

• The probabilistic relationships between the imposed ground settlements and the
resulting damage for masonry buildings on shallow foundations are retrieved by
means of numerical analyses.

1.6. NWA-LOSS RESEARCH PROGRAMME: LIVING ON SOFT

SOILS

The research presented in this dissertation is part of the project Living on Soft Soils (LOSS):
Subsidence and Society (grantnr.: NWA.1160.18.259) [13]. The LOSS research program is
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run by a broad consortium of research institutes and societal partners in the Netherlands.

The program consists of five work packages (WP), four scientific and a fifth one on
knowledge utilization:

• WP1 – Measuring and monitoring of subsidence rates at local and regional scales.

• WP2 – Mechanisms and Green-house-gasses (GHG) emissions.

• WP3 – Impact analysis.

• WP4 – Measures and governance approaches.

• WP5 – Knowledge utilization and entrepreneurship.

A detailed overview of the work packages and their links is shown in Fig. 1.3. This thesis
project is part of Work Package 3 - Impact analysis (in particular, this thesis project is
internally referred to as WP 3.2); Work Package 3 focuses on the estimates of subsidence-
related damage to infrastructure, buildings and agriculture, besides GHG emissions, as
input for socio-economic cost-benefit analyses.

The results of this PhD research provide input for socio-economic cost-benefit analysis
(as part of Work Package 3 in Figure 1.3), and for the development of different scenarios
of the impact of land subsidence. Such knowledge can be integrated into the definition of
measures and governance approach (Work Package 4 in Figure 1.3).

10
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Figure 1.3: LOSS research program structure, retrieved from [13].
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2. LITERATURE REVIEW

2.1. INTRODUCTION

This Chapter introduces the underlying concepts relevant to the buildings exposed to
subsidence and, in turn, to this dissertation. First, some general definitions employed in
the following Chapters are presented and discussed. The features of the Dutch masonry
buildings are described. A literature review details the state-of-the-art assessment of
damage for buildings exposed to settlements. This Chapter further distinguishes the
procedures for the damage assessment carried out for a single structure, from damage
assessment at a regional scale. Finally, based on the literature review, the focus of this
thesis is presented while discussing the identified knowledge gaps, challenges and sources
of uncertainties. An overview of the content of this Chapter is shown in Figure 2.1.
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Figure 2.1: Mind map that connects the sections of this Chapter.
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2.2. DEFINITIONS

This section reviews and discusses the terminology often adopted in the state-of-the-art
and this dissertation.

2.2.1. "SUBSIDENCE" AND "SETTLEMENTS"
In civil engineering jargon, the terms “subsidence” and "settlements" are both used to
identify the downward displacements that are observed at ground level. The word "set-
tlement" is sometimes also used to identify the displacements recorded on the building;
When this happens, "ground settlements" or "ground movements" are used to differenti-
ate the displacements of the soil.

"Ground movements", however, is an expression used for both dynamic and quasi-static
displacements, such as the dynamic displacements induced by earthquakes or the quasi-
static heave and uplift soil displacements. Therefore, the expression "ground movements"
is general and can be used to describe the displacements occurring in the soil due to
different phenomena.

The definitions and use of the words "subsidence" ("bodemdaling" in Dutch) and "settle-
ments" ("zettingen" in Dutch) are not limited by the scale, magnitude, rates or causes of
the process; Thus, "subsidence" can be used to identify the displacements at the scale of a
single structure, and the ground movements of an entire region. However, "deep subsi-
dence" and "shallow subsidence" are terms used to differentiate between ground-lowering
processes occurring deep within soil strata and those occurring near the ground surface,
respectively. Therefore, depending on the context "subsidence" and "settlements" are not
always synonymous, and it is important to introduce a distinction between them.

In this dissertation, the words "subsidence" and "settlements" are distinguished when
structures are included in the analyses:

• "Bodemdaling" contains the words "de bodem", which means "the soil" and "de
daling", "the decline". Thus, "subsidence" is used to identify the sinking of the
ground surface.

• "De zetting", which can be translated as "the settling". Thus, "settlements", identifies
the displacements of the building.

2.2.2. DAMAGE AND ITS EXPRESSIONS

Damage can be defined as any harm that alters the original or intended state of a structure
[1]. Damage occurs when there is a perceptible manifestation of a defect. Moreover,
damage can be expressed and evaluated in many forms, such as cracking, deformations, a
reduction of water-tightness and thermal insulation, and an alteration of the functionality
or accessibility of the building [1], [2]. In other words, the term "damage" lacks a single,
clear definition, and it is thus intrinsically subjective [2]. Damage assessment procedures
usually refer only to one prominent expression of damage, depending on the considered
action that affects the structure. For instance, cracking, i.e., the occurrence of cracks on
or through walls and other elements [1], is often considered as an expression of damage
induced by many actions, such as subsidence, vibrations and overloading [2]–[6].
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During the life span of a structure designed for housing, some minor damage, such as
small cracks in the plaster or non-structural elements, is likely to occur as the consequence
of wear and tear, expansion or shrinkage due to daily or seasonal temperature changes,
chemical actions and repetitive traffic-induced vibrations [1], [2], [7]. The design of
structures typically accepts that some degree of damage will occur and can be repaired
during ordinary maintenance works, to keep the project economically and technically
affordable [8]. Nevertheless, the occurrence of minor damage can be the initial symptom
caused by an external action. For instance, small cracks can be an expression of the ageing
of the building or the results of other sources, such as ground settlements.

For this reason, the diagnosis of the driver(s) that cause the damage to the structure
represents a complex task and typically requires detailed observations and evaluation.
As an example, cracks that occur with a uniform width along their length are usually the
results of thermal or chemical actions and are unlikely to progress significantly in time;
In contrast, other phenomena, such as ground settlements, result in a time-dependent
crack growth [7].

Furthermore, cracks can also seal due to autogenous self-healing [9], or close due to
seasonal effects, e.g. seasonal thermal variations or change of soil moisture, resulting in
periodic shrinkage and swelling cycles.

As a result, cracks can be distinguished in:

• active cracks: These progress over time;

• passive cracks: These stabilized over time;

• breathing cracks: These open and close over time;

To summarize, the following key concepts can be highlighted:

• The definition of damage is subjective;

• Damage assessment procedures are typically limited to one indicator of damage;

• Minor damage inevitably occurs as a result of wear and tear;

• In some cases, minor damage can be the initial symptom of more severe phenom-
ena;

• Damage is time-dependent: it can get more severe or be recovered to a certain
extent.
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2.3. MASONRY BUILDINGS IN THE NETHERLANDS

Masonry is ubiquitous in the Netherlands, and it is the predominant construction material
for old bridges, quay walls, windmills, water towers, and housing [2], [10]–[12]. For older
structures, unreinforced masonry is typically used, lacking bracing from reinforcing
materials like steel rebars found in concrete. For instance, a survey carried out in the
Groningen region revealed that about 80% of existing buildings are built with unreinforced
masonry [13].
This section briefly introduces the main features of the Dutch masonry buildings.

2.3.1. BUILDING TYPOLOGIES

Figure 2.2: Examples of masonry buildings located in Delft, the Netherlands. Photographs taken by the Author.

The Dutch masonry structures indented for housing can be classified into macro-typologies,
based on the number of storeys and adjacency with other buildings:

• Detached houses in Fig. 2.3a (Vrijstaand in Dutch), free-standing structures with
no attachments to other buildings. Detached houses are more frequent outside
cities, in less densely populated areas; This category can also include farmhouses
(Boerderijen) which combine residential and agricultural functions in the same
structure.

• Semi-detached houses in Fig. 2.3b (Twee-onder-een-kapwoning in Dutch), are
structures that share at least one wall with another building.

• Terraced houses (Rijtjeshuis in Dutch) in Fig. 2.3c: low-rise (one or two storey)
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structures built as part of a continuous row, characterized by more uniform façades
and structural layout between the single housing units [14].

• Canal houses (Grachtenpanden in Dutch) in Fig. 2.3d, are structures individually
built against each other; In Amsterdam, the old canal houses are the most famous
example of this building typology. The alternation of narrow façades with three up to
six storeys characterizes the landscape of historical city centres in the Netherlands.

• Apartments in Fig. 2.3e, are structures of multi-unit residential buildings, varying
in height, found in many urban areas. Only the exterior walls are typically made
of masonry. However, for buildings up to 3-4 storeys it is also possible to have
load-bearing walls made of calcium silicate masonry.

(b) - Semi-detached 
houses

(c) - Low-rising 
terraced houses

(a) - Detached houses

(d) - Amsterdam-style 
canal houses

(e) - Apartments

Figure 2.3: Schematic illustration of the housing typologies in the Netherlands.
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Figure 2.4: The relationship between the age of masonry buildings and the types of walls and masonry used in
the Netherlands. Retrieved from [15].

2.3.2. CHARACTERISTICS OF THE MASONRY BUILDINGS

Masonry buildings in the Netherlands are often irregular in plan and characterized by
slender façades with large openings, connected at the edges with long transversal walls
[16], [17]. Examples of such buildings and façades are shown in Figure 2.2.

Structures built before WW2 often present double wythe walls (steensmuren) with timber
diaphragms used for the floors and roof. After 1945, cavity walls (spouwmuren) and
concrete floors started being adopted [15].
Before 1960, both the inner and outer leaves of the cavity walls were made mainly of
single-wythe clay bricks, whereas afterwards calcium silicate bricks and calcium-silicate
blocks or larger elements made of clay bricks as structural parts are used for the load-
bearing inner leaf [14], [15]. An overview is provided in Figure 2.4.

The veneer of cavity walls is typically non-loadbearing.

Various materials have been historically used for lintels above doors and windows. Older
buildings often feature timber lintels or masonry lintels with vertically laid bricks, while
newer structures typically utilize concrete and steel lintels.

Depending on the age of the building and the type of walls, different floor systems can
be observed. Older buildings with double-wythe walls often feature timber floors, while
newer buildings with cavity walls typically have reinforced concrete floors.

2.3.3. FOUNDATION SYSTEMS

Masonry buildings in the Netherlands rest either on shallow foundations or piles, de-
pending on the characteristics of the soil and the load of the structure. The illustration in
Figure 2.5 shows some examples of shallow and piled foundations.

Strip foundations (Fig. 2.5a, b, and d) represent the prime example of shallow foun-
dations, adopted until 1925, with some examples dating back to the 1970s [10]. Old
strip foundations were made of unreinforced masonry: the wythe of the wall increases
progressively (up to 1 - 1.5 meters) with the depth, which can reach 2 meters below the
ground surface (Fig. 2.5a). Another typology of strip foundations is characterized by the
use of unreinforced concrete for foundation beams (Stampbeton in Dutch, Fig. 2.5b), as
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Soil

Shallow foundations Piled foundations

(a) (b) (c) (d) (e) (f) (g) (h)

Figure 2.5: Schematic illustration of some examples of shallow and piled foundations common in the Nether-
lands.

an alternative to unreinforced masonry ones. Reinforced concrete (RC) foundations are
more common in practice, especially for more recent structures: the masonry walls can
rest on reinforced concrete plates (Strokenfundering in Dutch, Fig. 2.5c). More recent
applications include RC strips with T-shaped RC sections under the masonry walls (Fig.
2.5c), which are still being adopted for new structures. In some extreme and rare cases,
thin unreinforced concrete rafts were placed under masonry strips. In other cases, the
superficial soil was removed and a layer of sand was used to replace the previous soil
before the construction of the foundation.

As for piled foundations, timber (Fig. 2.5e to g) and later concrete (Fig. 2.5h piles) deeply
driven into stable soil, have been widely used [18]. Although structures on piles are not
directly exposed to shallow subsidence, timber piles can be exposed to fungi or bacteria
which lead to degradation or additional negative skin friction due to the lowering of the
surrounding soil [19]–[21]. As the use of concrete has become common practice in the last
decades, recent structures use concrete piles as an alternative to timber ones, providing
in fact a solution to degradation processes. Nevertheless, structures on piles can still
be exposed to the effects of deep subsidence (refer to section 2.4.2 for the distinction
between shallow and deep subsidence).
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2.4. CAUSES OF SETTLEMENTS

During and just after their construction, structures typically experience settlements due
to their own weight. This process can continue throughout the first few decades of their
lifespan and is not necessarily a symptom of defects [22]. However, a wide variety of
predisposing factors and drivers can enhance the settlements or trigger additional ground
movements leading to damage.

2.4.1. PREDISPOSING FACTORS: SOFT SOIL AND SOIL HETEROGENEITY

The susceptibility of a specific location to the settlement occurrence depends on the
characteristics of the subsurface. In the western part of the Netherlands, the subsurface
is characterized by highly compressible soil strata rich in organic matter, namely "soft
soils". Soft soils, which represent sequences of clayey and peaty layers of the Holocene
age and can attain thicknesses up to 20 meters (Figure 2.6), predispose the occurrence
of subsidence processes [23], [24]. Due to their depositions and loading history, the soil

Figure 2.6: The cumulative thickness of Holocene deposits in the Netherlands, retrieved from [24].

strata have hydro- geo- mechanical properties, such as permeability or compressibility,
that can vary depending on the location and depth. The variability of the soil properties
within a layer is referred to as "inherent spatial soil variability" [25]–[27].
Moreover, a soil layer can be characterized by a thickness that varies from point to point,
or presents an inclination. In some cases, a lens of weak soil can lie between a more
uniform and stronger soil. The variability of the soil strata in terms of typology, unit
thickness and inclination is referred to as "lithological heterogeneity" [25]–[27].
The combination of the "lithological heterogeneity" and the "inherent spatial soil vari-
ability" characterizes the "soil heterogeneity", which predisposes and can enhance the
consequences of subsidence processes.

2.4.2. TRIGGERING CAUSES AND MECHANISMS

The subsurface in the Netherlands presents natural and anthropogenic subsidence drivers
which can be divided into deep and shallow sources [29], as shown in Figure 2.7; Deep
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Figure 2.7: Schematic illustration of the different possible subsidence drivers and mechanisms, retrieved from
[28]. Natural and human-induced drivers are distinguished, as well as the depth at which they occur.

subsidence sources represent processes that occur in soil layers deeper than about 50
meters from the ground surfaces.
The natural drivers of subsidence include:

• Groundwater absorption by tree roots inducing shrinkage in clayey soils;

• Changes in the soil moisture, triggering shrinkage and swelling in clay;

• Water table fluctuations due to seasonal or climate-induced effects, e.g., rain and
droughts;

• Tectonic processes and postglacial isostasy.

Whereas, anthropogenic drivers include the following:

• Underground leaking pipes, broken sewers and malfunctioning drainage systems;

• Water table management policies (e.g., due to deindustrialization, drainage in rural
and urban areas);

• Urban development causing additional loads on the ground surface;

• Mining, vibrations and extraction of resources from the deep subsurface;

• Tunnelling and excavations.
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The above-mentioned subsidence drivers impact both rural and urban areas.
In the above-mentioned cases, the following mechanisms are triggered and contribute to
the observed ground movements:

• Consolidation referred to as the change of the soil volume triggered by an addi-
tional load. When a load is applied to a saturated compressible soil, it is initially
transferred to pore water; This happens because the water is relatively incom-
pressible compared to the soil skeleton. If the water drains from the soil pores, the
increase of pressure that results in the water, typically referred to as "excess pore
pressure", gradually decreases and the load increment is shifted to the soil structure
[30]. Two stages are typically distinguished during the consolidation process:

1. Primary consolidation refers to the change of the volume in time due to the
drainage of the pore water from the soil structures due to load changes.

2. Secondary consolidation occurs even under constant stresses due to creep
phenomena. The soil volume changes are largely controlled by the soil skele-
ton, which itself, yields, compresses, and creeps after the excess pore pressure
completely dissipates [31].

• Shrinkage and swelling, represent the soil volume changes depending on the soil
moisture content. Shrinkage produces downward movements, whereas swelling is
responsible for soil uplift. These processes are particularly relevant for clay soils
and can be enhanced by rain or droughts.

• Organic soil oxidation, refers to the degradation of the organic matter which trig-
gers a change in the soil volume. This mechanism is particularly relevant for peat
soil such as in the Western and Northern areas of the Netherlands.

In some specific cases, settlements could also result from defects in the design or con-
struction of the foundations or the buildings.

The combination of the effects of the different drivers results in ground movements that
are observable at a regional scale, with localized effects as differential settlements may
arise at the scale of individual structures or infrastructure.
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2.5. THE RESPONSE OF STRUCTURES TO SETTLEMENTS

2.5.1. GREENFIELD DISPLACEMENTS

When engineers assess the impact of ground movements on structures, they typically
begin by estimating "greenfield displacements". The "greenfield displacements" indicate
the vertical downward displacements that would occur on the ground surface if there were
no buildings or structures present. This allows for verifying the magnitude of settlements
and distortions before taking into account the influence of structures on the ground
surface.

Sagging

Hogging

Hogging

Uplift

Settlement

Low curvature

Figure 2.8: Illustration of the possible sagging and hogging settlement patterns, with reference to the ground
movements. The response of the building and how the displacements are transferred from the soil to the
structures is influenced by the soil-structure interaction, see section 2.5.4.

It is possible to estimate the magnitude and spatial distribution of ground displacements
for certain sources of settlements, such as tunnelling. For tunnelling projects, analyt-
ical formulations are commonly employed to predict ground movements, under the
assumption that these movements follow a Gaussian probability distribution [32] (an
example of ground movements that resemble a Gaussian curve is shown in Figure 2.8).
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The analytical relationships establish correlations between the greenfield displacements
at a given location on the ground surface and factors such as tunnel depth, diameter, and
distance. These methods provide quick estimates based on simplified assumptions, and
their accuracy is supported by empirical observations.

Nevertheless, the soil surface can sink due to different drivers and their unpredictable
combinations, as discussed in 2.4. Therefore, it is currently unknown whether the depres-
sion that forms on the ground surface above an area experiencing subsidence, known as
the "subsidence bowl," resulting from drivers other than tunnelling, could be predicted
using a Gaussian surface.

2.5.2. THE SETTLEMENT SHAPE AND ITS INFLUENCE

Ground movements may cause structures to “settle”: translate, rotate, and/or deform.
The settlement patterns are often categorized in two typologies (or a combination of
those), depending on their shape (as shown in Figure 2.8):

• Sagging, if the curve that describes the settlement pattern has a downward curva-
ture.

• Hogging, if the settlement pattern has an upward curvature.

It is a popular premise, confirmed by empirical evidence, that buildings are usually more
susceptible to hogging settlement patterns rather than sagging ones [6], [7], [33], [34].
The response of structures varies depending on the spatial distribution of the ground
movements:

• If the ground movements occur uniformly, the affected structure is expected to
displace uniformly without showing any damage, However, problems could arise
with connections to services to the accessibility to the building [35].

• If the ground movements are uneven, the uneven settlements may be transferred
to the buildings which then will be distorted so that cracking may occur. If the
building is rigid enough relative to the soil, the building may only exhibit rigid
body rotation, often referred to as "tilt". In some extreme cases, even a rigid body
rotation without cracking can impair structural stability.

2.5.3. SETTLEMENT INTENSITY METRICS FOR BUILDINGS

The displacements of the buildings can be used to compute metrics that quantify the
distortions that the structure is experiencing; In the case of masonry buildings, measuring
the displacements of the building can be achieved with bed-joint measurements along
façades. With the bed-joint levelling measurements the deformations of a masonry
building over its life can be traced back to measuring the loss of horizontality of points
along the brickwork courses, as these were usually laid strictly levelled, thus allowing
reproducing the resulting deformation profile of the building over its length due to the
ground settlements. A popular alternative is represented by the use of air- or space-borne
methods to measure and monitor the displacements of structures [36].
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If the measurements or predictions of the building deformation are available, then defor-
mation metrics can be used to assess the intensity of the displacements and distortions.
In this dissertation, the deformation parameters defined by [34] and shown in Figure 2.9
are used:

• the settlement ρ is the vertical displacement of a point;

• the differential settlement ∆ρ is the difference between the settlements of two
points;

• the relative deflection ∆ is the maximum displacement of the settlement profile
between two points and a straight line connecting them;

• the deflection ratio ∆/L is the ratio of the relative deflection between two points to
the length between them;

• the rotation θ is the gradient of a straight line connecting two points;

• the tilt ω is the body rotation of the part of the structure defined by two points;

• the angular distortion β (or relative rotation) is the rotation of the straight line
connecting two points relative to the tilt of the building.

Surveyed 
bed-joint

Measured bed-joint 
deformation 

(settlement pattern)

Figure 2.9: Illustration of the settlement parameters, according to the definition proposed by [34]. Measurements
collected with manual surveys are typically collected only for a limited number of levelling points, providing a
limited picture. Straight segments are typically used to connect the measurements.
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The settlement parameters illustrated in Figure 2.9 are often computed in one plane,
typically for the façade of a building, and refer to the vertical displacements. In other
words, they are often used for single walls, whereas more complex metrics that consider
the effects of the three-dimensional spatial distribution of the settlement, such as torsion,
are not widely adopted [34]. In the case of horizontal ground displacements, their inten-
sity is measured by additionally referring to the horizontal strain (or lateral distortion),
which is defined as the average strain between two reference points due to the relative
horizontal movement [37].
In the following sections, the settlement parameters and the horizontal strains are dis-
cussed in relation to the response of the structure.

2.5.4. THE SOIL-STRUCTURE INTERACTION

Different drivers can trigger displacements on the ground surface that affect the existing
structures. However, the presence of the building also influences the ground movements
and the transmission of the displacements and strains to the superstructure: this process
is typically referred to as "soil-structure interaction".

The soil-structure interaction plays a fundamental role for structures exposed either to
dynamic load, such as earthquake and vibration or quasi-static loads, such as settlements;
The latter is the focus of this section and, more generally, this thesis.

The evaluation of the effect of the soil-structure interaction represents a key problem for
studies of settlement effects on buildings. From previous studies related to tunnelling,
mining and excavation, the principles of the judgement of the effects of the soil-structure
interaction are available and can be thus applied to other subsidence sources [33]. It is
known that the soil-structure interaction is influenced mainly by three aspects [7]:

• The stiffness of the building relative to the one of the subsurface on which it rests;

• The weight of the building;

• The contact interaction between the foundation and the soil.

The above-mentioned factors, related to the presence of the building, play a role in
the development of the ground deformation: the green-field settlement profile, i.e., the
ground displacements that would occur if the building would not be present, is modified
due to the presence of the structure. In particular, field measurements and models
confirm that the weight and stiffness of the structure flatten down the curvature that
is observed in the greenfield settlement profile [38]; The stiffer the building relative to
the soil, the larger the difference between the soil displacements and the ones of the
structures [7].

The effect of the building stiffness relative to the one of the soil has been quantified
in the literature: with reference to the assessment of tunnelling to buildings, Potts and
Addenbrooke, 1977 [39] introduced two parameters to account for the bending and axial
stiffness (ρ* in equation 2.1 and α* in 2.2 respectively) of both the structure and the soil:

ρ∗= E I∗

Es H 4 (2.1)
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α∗= E A∗

Es H
(2.2)

Where:

• The building is considered to be represented as an isotropic elastic equivalent
beam;

• "H" is half the length of the beam;

• "E" and "E s " represent Young’s moduli of the building and the soil respectively;

• "I" is the second moment of area of the beam and "A" is the area of the beam
section;

• the parametersρ* andα* for plain strain conditions; EI* and EA* have dimensions of
kN m2/m and kN /m respectively, thusα* is dimensionless whileρ* has dimensions
of m−1;

With reference to excavation effects on buildings, Goh, 2010 [40], [41] modified the
bending stiffness parameter ρ* as (Eq. 2.3) :

ρ∗= E I∗

Es L3 (2.3)

Where "L" represents the length of the building in either hogging or sagging based on the
greenfield settlement trough. This results in dimensionless values of ρ* for plain-strain
finite elements analyses, in which "EI*" is computed with dimensions of kN m2/m.

With reference to existing buildings, the bending stiffness "EI*" can be computed over
a width of 1 meter; This, however, is suitable for floors, roofs and slabs, but unfeasible
for walls, which can have cross-sections smaller than 1 meter. Korff, 2013 [7] reports the
calculation of the relative bending stiffness for the existing White House building, located
in Rotterdam (Table 2.1). Accordingly, the inertia of the walls is computed with reference
to their cross-section of base bw all and height Hw all , further divided by the distance
between the front and back facade bbui ldi ng . The approach adopted by [7] is coherent
with the formulation of ρ* (Eq. 2.4) proposed by Mair 2013, [42]:

ρ∗= E I

Es L3W
= E I∗

Es L3 (2.4)

Where:

• "EI" is the bending stiffness of the superstructure computed in kN m2.

• "EI*" is the EI per running meter and has dimensions of kN m2/m.

• "L" is the length of the structure in either hogging or sagging and W is the longitu-
dinal length of the building.

For the sake of completeness, it should be noted that another formulation of ρ* was
proposed by [43] specifically for tunnelling problems.
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Table 2.1: Calculated (relative) bending stiffness White House. Retrieved from [7].

Description Calculated value

Number of storeys 11 + basement, floor slabs 0.2m

Width building 20 * 2 = 28𝑚

Length building 20 * 2 = 28𝑚

Foundation Slab cement/masonry 0.3m + piles

E soil 𝐸0.01% = 3 MPa Soft Clay

E slab and floors / wall 10  GPa / 6 GPa

I building m4/m:

• Slab + floors

• 2 walls 0.6 m

• 1m * 0.33/12 + 11 * 0.23/12 = 0.01

• 2 * bwall / bbuilding * Hwall
3/12 = 

2 * 0.6/20 * 303/12 = 135

ρ𝐺𝑜ℎ
∗ =

𝐸𝐼

𝐸𝑠𝐿
3

• Slab + floors

• 2 walls 0.6 m

• 1.5 * 10-3

• 1.2 (including reduction for openings)

Additionally, Potts and Attenbrook, 1977 [39] proposed a ratio, namely the modification
factor (MD), to account for the difference between the deformation of the soil and the
building, defined as (Eq. 2.5):

MD =
∆

L
bui ldi ng

∆

L
g r een f i el d

(2.5)

Where:

• "MD" is the modification factor;

•
∆

L
bui ldi ng is the deflection ratio computed from the displacements of the struc-

ture;

•
∆

L
g r een f i el d is the deflection ratio computed from the greenfield settlement

profile.

The values of the relative bending stiffness ρ* can be plotted against the modification
factor to evaluate the effect of the building stiffness in altering the ground deformation;
For instance, in Fig. 2.10, modification factors from field data are plotted.
The values of the modification factors shown in Fig. 2.10 clearly highlight how the stiffness
of the building relative to the one of the soil influences the reduction of the distortions and
deformation transmitted from the soil to the building. In particular, buildings with a high
relative bending stiffness ρ* (right of the plot in Fig. 2.10) present a stiffer behaviour and
thus low modification factors, i.e., a high reduction of the ground deformation; Conversely,

35



C
h

ap
te

r
2

2. LITERATURE REVIEW

Figure 2.10: Modification factors from field data versus relative bending stiffness according to [40], [42], [44].
Image retrieved from [7]. The field data confirms the design envelopes by [40], based on numerical analyses.

flexible buildings (left of the plot in Fig. 2.10) better follow the ground deformation and
present high modification factors.

This observation, confirmed in the literature, highlights how variable the response of
different buildings could be, due to the variation of their geometry, material, composition
and in turn, stiffness, which, in turn, influences their stiffness relative to the soil on which
they rest.

Nevertheless, it is important to remember that the response of the structures is influenced
by their non-linear behaviour: The bending stiffness of the building progressively changes
with the progression of cracking, and so the interaction between the soil and the structure
is influenced. The accumulation of damage to masonry elements is thus associated with
a reduction of stiffness [45], [46]. The building may be able to better follow the ground
deformation but at the expense of cracking, thus exhibiting progressively a more flexible
behavior.

2.5.5. DAMAGE CLASSIFICATION DUE TO GROUND SETTLEMENTS

When a structure is not able to withstand the ground settlements, cracking of structural
or non-structural elements alike, tilting and distortions are likely to occur, leading to a
loss of cosmetic, functional, durability or structural-functional aspects [2].
When damage to buildings occurs due to ground movements, the form of damage typically
considered in the assessments is cracking. masonry, concrete and other quasi-brittle
materials are strong in compression, but they are weak and easily crack in tension. The
distortions of the settlements lead to tensile stresses and, in turn, cracks. Cracking that
occurs as a consequence of ground settlements is recognizable by the following aspects:
cracks due to settlements are usually tapered, occur in both structural and non-structural
elements and can continue below and above the ground [7]. Another indication that
cracks could be caused by settlements is related to their location, which depends on the
shape of the ground movement, i.e., hogging, with tension and crack predominantly at
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Figure 2.11: Crack patterns due to different settlement shapes modes [47]. Retrieved from [7].

the top of the building, or sagging, with tension and crack predominantly at the bottom
of the building, as shown in 2.11.

The damage to buildings significantly varies depending on the structural (e.g., the build-
ing’s geometry, type of construction material, and foundation system) and subsurface
features. In the state-of-the-art, the severity of damage to structures due to ground settle-
ment is assessed by considering the crack pattern and ease of repair, following the system
originally proposed by [48] and summarized in Table 2.2.
Although Table 2.2 defines a framework for the evaluation of the damage severity, the
classification is quite general and there may be an overlap of the damage categories [37].
For instance, the classification in Table 2.2 indicates that damage depends on the number
of cracks, without specifying how many cracks correspond to each damage level. As a
result, the assessment of the damage severity can be influenced by subjectivity. Moreover,
cracking could occur in parts of the buildings which are not accessible, posing an issue in
the detectability of the damage. It should be mentioned, however, that these limitations
are common to damage assessments for causes other than settlements.

2.5.6. CRITERIA FOR DAMAGE TO BUILDINGS

This section gives a brief review of the damage criteria for buildings exposed to settle-
ments.
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Table 2.2: Damage scale with classification of visible damage based on ease of repair and the crack width [48].
The category of damage was later introduced by [37] and refined by [5].

Category of 

damage
Damage class

Approximate 

crack width
Ease of repair

Aesthetic 

damage

Negligible up to 0.1 mm
Hairline cracks of less than about 0.1 mm

width.

Very slight up to 1 mm

Fine cracks which can easily be treated during

normal decoration. Perhaps isolated slight fracturing

in building. Cracks in external brickwork visible on

close inspection.

Slight up to 5 mm

Cracks easily filled. Re-decoration probably

required. Some re-pointing may be required. Several

slight fractures showing inside of building. Cracks

are visible externally and some repainting may be

required externally to ensure water tightness. Doors

and windows may stick slightly.

Functional 

damage, 

affecting 

serviceability

Moderate

5 to 15 mm

or a number

of cracks >

3 mm

The cracks require some opening up and can be

patched by a mason. Re-current cracks can be

masked by suitable linings. Repointing of external

brickwork and possibly a small amount of brickwork

to be replaced. Doors and windows sticking. Service

pipes may fracture. Weather-tightness often

impaired.

Severe

15 to 25 mm, 

but also 

depends on 

number of 

cracks

Extensive repair work involving breaking out and

replacing sections of walls, especially over doors

and windows. Windows and door frames distorted,

floors sloping noticeably. Walls leaning or bulging

noticeably, some loss of bearing in beams. Service

pipes disrupted.

Structural 

damage, 

affecting 

stability

Very Severe

Higher than 25 

mm, but 

depends on 

number of 

cracks

This requires a major repair involving partial or

complete rebuilding. Beams loose bearing, walls

lean badly and require shoring. Windows broken

with distortion. Danger of instability.

LIMITING VALUES OF THE BUILDING’S DISTORTIONS

In the state-of-the-art, limit values are proposed for the distortions (i.e., the parameters
reported in section 2.5.3) of existing and new buildings to prevent the occurrence of
damage [34], [37], [49]–[53].

Among the different settlement parameters, limit values are often proposed for the angular
distortion β. For instance, Skempton and MacDonald (1956) [49] recommended a value of
β ranging between 1 ‰ and 2 ‰ (or 1/1000 to 1/500 respectively) to avoid the occurrence
of any settlement damage. Bjerrum (1963) [53] supported the value of β equal to 2 ‰
(1/500) as a safe limit for buildings where cracking is not permissible. However, Meyerhof
(1956) [54] discussed that limit values of the angular distortionsβ should include a margin
of safety, thus, values of β ranging from 1/1000 to 1/500 were proposed. Similarly, Burland
and Wroth (1975) [34] discussed how the limit of angular distortion β of 1/500 may be
satisfactory for frame buildings, but it may be unsafe for load-bearing walls. Meyerhof
(1982) [51] proposed tentative safe limits of β for unreinforced load-bearing walls equal
to 0.5 ‰ (or 1/2000) and 1 ‰ (or 1/1000) for hogging and sagging settlements.

Regarding the response to excavation-induced settlements, Boscardin and Cording (1989)
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[37] proposed a set of curves that relate damage to a combination of the angular distortion
β and the horizontal strains for brick bearing-wall structures (shown in Fig. 2.12), which
were validated in further research, for instance in [55]. The plot in Fig. 2.12 distinguishes
the condition for which buildings are subjected to both horizontal strains and angular
distortions, due to mining, excavation or tunnelling activities, from buildings subjected
predominantly to angular distortion, as their settle due to their weight; In general, struc-
tures settling due to their weight are predominantly subjected to curvature and hardly
horizontal strains [37].

Figure 2.12: Relationship of damage to angular distortion and horizontal extension strain, retrieved from [37].

Regarding the available guidelines, the Eurocode 7 Annex H [56] recommended two ranges
of β, which are also adopted in the Dutch standard [57], [58], to prevent the occurrence
of a serviceability limit state (the condition under which the structure is still considered
functional and serviceable) for the structure:

• β ranging from 1/2000 to 1/300 for sagging settlements;

• β ranging from 1/5000 to 1/600 for hogging settlements.

In terms of cracking, Rankin (1988) [50] linked the occurrence of cracks wider than 5
millimetres with functional and serviceability damage to the structure, i.e., "Moderate" to
"Severe" in Table 2.2.

From the above, it becomes clear that limit values of β range significantly in literature
and standards. Although the knowledge of the topic developed and increased in the last
decades, the discrepancies in the limit values of the angular distortion β are likely to be
related to different aspects:

• The construction details, in terms of material, geometry, presence and disposition
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of the openings, foundation system, and interlocking between the walls, influence
the response of each individual structure;

• The ratio length to height (i.e., L/H) of the structure influences the amount of
distortions that the building can withstand;

• If settlements occur over a long period of time, the structural material could un-
dergo creep and relaxation, which implies that the structure could be able to better
accommodate the soil deformations [33].

• Many studies do not specify if the angular distortion β is computed from the dis-
placements measured on buildings or on the soil surfaces;

It is evident that limiting the values of some distortion parameters has the advantage of
being simple and practical, but it is challenging to confirm the general validity of such
limit values [56], [59].

LIMITING TENSILE STRAIN METHOD (LTSM)

The limiting tensile strain method (LTSM) is an empirically-based analytical method
to predict the damage induced to buildings exposed to settlements [34], [37], [60]. The
following assumptions are involved in the method [60], [61]:

• The building is represented as a weightless, rectangular and isotropic elastic beam
in two dimensions; The behaviour of this equivalent beam is governed by four
parameters, the length "L", the height "H", the Young’s modulus "E" and the shear
modulus "G";

• The method assumes the full transfer of the ground movements to the structure,
neglecting the effect of the soil-structure interaction.

The procedure of the LTSM involves subsequent steps (Fig. 2.13):

1. The calculation of the greenfield ground movements, neglecting thus the presence
of the building.

2. The greenfield displacements are imposed on the simplified linear-elastic beam
model representing the building.

3. The strains of the equivalent beam model are computed by means of analytical
formulations and related to a possible damage level.

Detailed discussions and reviews of the LTSM are presented in [7], [60], [61]. It is evident
that the method is applicable only if the greenfield ground movements can be estimated,
by means of measurements, analytical or numerical methods. This may be the case
for specific sources of settlements, such as tunnels, mining and excavations; However,
limited insight is available for other subsidence drivers, thus the estimates of the ground
movements are not always available. This limitation affects the applicability of this
method in this thesis.
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Figure 2.13: Schematization of the LTSM approach after [34], [37]. Retrieved from [61], [62]. This illustration
shows the application of the method in the case of tunnelling-induced settlements.

In its original formulation by [34], the deflection ratio ∆/L computed from the equivalent
beam is used to compute the maximum bending and diagonal strains, ϵb,max and ϵd ,max

respectively in Table 2.3, whereas the horizontal ϵh was later added to the method by [37];
These strains are then used to assess the expected damage to the building.

Table 2.3: Bending and shear strains for the equivalent beam model. Retrieved from [7]. The term "t" represents
the distance of the neutral axis to the edge of the beam, assumed to be equal to 0.5H in sagging and H in hogging.
∆/L represents the deflection ratio.

Although the LTSM is in principle a conservative method of assessment, [61] addressed
that some of the assumptions do not necessarily lead to conservative results:

• The LTSM is based on linear-elastic assumptions and does not include non-linear
progressive cracking of the building’s material, which may lead to incorrect predic-
tions of the damage and structural failure patterns.

• Neglecting 3D effects of the problem, such as the torsional behaviour of the struc-
ture due to the settlement, could lead to non-conservative estimates for complex
non-symmetric settlement patterns [43];

• A reduction of the stiffness of the equivalent beam could account for the presence of

41



C
h

ap
te

r
2

2. LITERATURE REVIEW

doors and windows. Nevertheless, when cracks occur, they often localize in the cor-
ners of openings, and this aspect can be included in the LTSM only approximately
[63], [64].

• The full transfer of the ground movements is conservative for the vertical displace-
ments, but for horizontal displacements, it can lead to an underestimation of the
damage [33].
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2.6. FINITE ELEMENT ANALYSES OF MASONRY STRUCTURES UN-
DERGOING SETTLEMENTS1

Ideally, the assessment and prediction of building damage due to settlements follow steps
that progressively increase in complexity to enhance the accuracy of the analyses:

1. Engineers start with empirical criteria (section 2.5.6) and analytical methods (sec-
tion 2.5.6) to determine whether a structure can withstand the ground settlements
and distortions.

2. As analytical and empirical methods are expected to conservatively estimate struc-
tural damage, more refined analyses may not be necessary if the structure is pre-
dicted to be able to withstand the ground movements without damage. Conversely,
if the structure is predicted to suffer damage, further complex analyses are per-
formed to more accurately predict the damage.

Finite element analyses are tools that enable an accurate investigation of the structural
response, as an alternative to empirical and analytical methods.

The advent of high-performance computational resources has enabled the simulation of
complex structural behaviour and the interaction with the soil to be more detailed and
accurate [66]. The models of the structure subjected to settlement improved from equiva-
lent approaches, such as linear-elastic beams with equivalent axial and bending stiffness,
to more complex and detailed 2D and 3D models, which include the non-linear cracking
behaviour of the materials, and thus are able to investigate the damage progression with
increasing settlements [66]–[77]. In some modelling approaches, i.e., coupled analy-

(a) Coupled approach:

Soil

façade

foundation

 interfaces

foundation

façade

interfaces

(b) Semi-coupled approach:

Figure 2.14: Scheme of coupled and semi-coupled modelling techniques for building subjected to settlements.

ses in Fig. 2.14a, the soil and the soil-structure interaction are included in the models.
Whereas previous studies included the soil as an elastic mass, later approaches include

1Section 2.6 is a revised version of the content published in [65]
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its non-linear behaviour to accurately predict the settlements and the interaction with
the structure [66], [67], [78], [79].
However, detailed and complex analyses, such as the above-mentioned coupled models,
require the generation of complex meshes that, in turn, require high computational efforts
[66].

Therefore, an alternative is represented by semi-coupled analyses (Fig. 2.14b), in which
the response of the structure is evaluated without the inclusion of the soil volume and the
soil-structure interaction are represented by interfaces that captures bedding, gapping
and friction. The ground settlements are imposed at the base of the interface that repre-
sents the foundation and the soil-structure interaction [66], [70], [80].
In some recent studies, the settlement is applied to an interface accounting for the soil-
foundation interaction, while the strip foundation system is included in the model [66],
[76], [81]–[83].

2.6.1. CRACK MODELLING FOR MASONRY STRUCTURES

Masonry is a quasi-brittle anisotropic made of brick units and mortar joints. The material
exhibits highly non-linear behavior, with poor performance in tension and shear, and
is susceptible to crushing and splitting under compression [15]. As a brittle material,
masonry often exhibits damage in the form of cracks, mostly at the bond between bricks
and mortar, where the material is weakest [84]. Figure 2.15 shows an overview of local
failure mechanism of the masonry material.

The inherent properties of masonry render it vulnerable to both in-plane and out-of-
plane failure mechanisms. In particular, in-plane failure occurs when a wall is subjected
to forces acting within its plane, such as those caused by ground settlements. Conversely,
out-of-plane failure arises when loads are applied perpendicular to the wall’s plane. The
focus of this thesis is on the in-plane failure induced by ground settlements.
In finite element analyses, the non-linear behaviour of the masonry material, with pro-
gressive tensile cracking and tensile softening is included in the incremental-iterative
analyses. Three main approaches are available for the analysis of the material (Fig. 2.16),
denoted as [87]–[89]:

• detailed micro-modelling, which consists of a detailed representation of both the
brick, the mortar as well as brick/mortar interface. This approach is computation-
ally demanding and only suitable for small structures, for detailed analyses.

• simplified micro-modelling, in which mortar joints including the two contact faces
with the bricks are represented by a single interface. The thickness of the interface
elements is typically set to zero to avoid unbalances in the moment equilibrium.

• macro-modelling, in which the masonry material is regarded as an equivalent
anisotropic composite. Thus, the bricks, mortar and their interaction are repre-
sented in a smeared manner by an equivalent continuum element.

The required modelling and computational burden may vary depending on the scale and
type of problem. In this thesis, the focus is on large-scale walls, facades and buildings.
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Figure 2.15: Examples of local failure mechanisms of the masonry material: (a) joint tensile failure, (b) joint
shear failure, (c) brick and mortar tensile failure, (d) diagonal masonry failure and (e) masonry crushing, splitting
and spalling under compression. Image retrieved from [84], and published in [85], originally adapted from [86]

Brick
Continuum

element

Mortar 
head joint

Mortar 
bed joint

Brick/mortar 
interface

Brick
element

Interface 
element

Detailed micro modeling: Simplified micro modeling:

Masonry modeling strategies

Macro modeling:

mesh

Figure 2.16: Modelling strategies for the masonry material [87]–[89]. While the micro models distinguish the
brick and mortar joints, macro models describe the material via anisotropic continuum elements.

Thus, a detailed brick-to-brick model is not deemed feasible. Therefore, the smeared
continuum-based macro models are used, as described later in this thesis.

When macro-models are adopted, the damage is smeared out in the continuum element,
spreading out over the area that belongs to the integration points. This concept is referred
to as "smeared cracking" [88]. This approach is also adopted later in this thesis.
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2.7. REGIONAL ASSESSMENT OF SUBSIDENCE-INDUCED DAM-
AGE TO BUILDINGS

In the literature, damage assessment procedures are carried out for structures exposed
to various hazards, such as earthquakes, flooding, landslides, tunnelling, mining and
excavation activities [90]–[95].

As described in section 2.4, in the Netherlands, land subsidence is a geo-hazard that
affects wide areas and induces the necessity to assess its consequences to buildings
and infrastructure. Damage assessment for existing buildings in the areas exposed to
subsidence is required to be integrated into the risk analysis to address policy making,
adaptation and mitigation strategies [96], [97].

Damage assessment 

Hazard

Maps of:

• soil types and variability;
• susceptibility to different  
subsidence drivers;
• measurements of ground 
movements;
• ...

Exposure

Characteristics of the 
elements at risk:

• building typologies;
• foundation systems;
• correlations between age 
of the building and material 
properties;
• ...

Hazard metric

P
ro

ba
bi

li
ty

 
of

 d
am

ag
e

Vulnerability

Relationships between
the hazard metrics and
the damage for each 
building typology:

• probability of damage as
a function of the ground 
movements;
• ...

Figure 2.17: Schematic illustration of the components required for damage assessment in the Netherlands. The
maps are not based on actual data and are used only for illustration purposes.

In general, a systematic regional or countrywide assessment of damage to the built
heritage requires (Fig. 2.17) [97]:

• the hazard, triggering the process leading to damage;

• the exposure, an inventory of the buildings exposed to the event causing damage;
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• the vulnerability, defining the correlation between the magnitude and rates of the
event with the degree of damage.

The hazard, combined with the vulnerability and the exposure equals the risk. In the
following sections, the three above-mentioned components will be detailed.

When the damage assessment procedure is carried out after the occurrence of the dis-
aster i.e., post-disaster, it is possible to refer to the measured hazard intensity, such as
peak ground acceleration for earthquakes, or ground motion rates for landslides and
settlements. From the insight gained from post-disaster assessments, researchers and
professionals can retrieve the relationships between the measured hazard metric and the
induced damage to the exposed structures: In other words, it is possible to investigate and
evaluate the vulnerability of the structures that were exposed to the hazard; Such insight
is helpful for those analyses that aim to predict the damage over wide areas due to the
occurrence of a similar hazard. In such cases, a prediction of the (future) hazard intensity
is obtained via models or estimates and subsequentially used to predict the damage to
buildings.

If the damage assessment focuses on the prediction of the response of the structure,
the hazards are quantified by values obtained by models or estimates, which are then
employed to predict the damage to structures; Nevertheless, such estimates of the hazard
should be available not only for wide areas but also at the scale of each structure; This is a
required step to assess the response of each structure.

HAZARD

The quantification of subsidence is certainly not straightforward, and the employed met-
rics may vary depending on the type of analysis. For instance, subsidence maps that
cover entire regions of the Netherlands typically express displacement rates in terms
of mm/year. However, structures are not only influenced by the overall downward dis-
placements but by the distortions induced by the difference in the displacements of the
soil at scale and location of the buildings (as described in section 2.5). This induces a
problem, as subsidence maps that include distortion rates at the scale of structures are
not currently available.
Measurement-based, analytical or numerical methods can be used to estimate the mag-
nitude and the extent of the ground deformation, and, in turn, the hazard metric on the
single-structure scale (for instance, in terms of horizontal ground strains, curvature, verti-
cal settlements), making use of conventional monitoring techniques (as levelling or Global
Positioning System) or remote-based observations (images acquired by Spaceborne Syn-
thetic Aperture Radar) as supportive tools and geomechanical models as predictive tools.

EXPOSURE

When structures are subjected to a widespread hazard, it is key to collect information on
the exposed structures to identify the most sensitive features/building typologies.
The collection of structural features of the exposed structures can be challenging when
the analysis focuses on a single structure, but even more demanding when the study deals
with a population of buildings over a larger area. Nevertheless, key indicators (such as the
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foundation system, and the construction material, the building typology) for the exposed
structures can be identified to deal with the variable conditions of the structures in each
area.
The availability of this information represents a limitation for any damage assessment
attempt since databases with the identified key features are limited to some municipalities
(e.g. foundation system map for Rotterdam city) or non-existent.

VULNERABILITY

The definition of the vulnerability of the exposed structures requires upscaling the avail-
able knowledge of the building damage due to settlements from individual structures to
building clusters in wide areas.
As discussed in section 2.5, existing methods to assess the damage are often suitable for
individual structures.
Nevertheless, probabilistic tools can be developed to assess the relationship between the
intensity of the ground settlements, measured with the parameters discussed in section
2.5.3, and the probability of damage to buildings: such probabilistic relationships, namely
fragility curves, allow to retrieve the relationship between the damage severity level and a
hazard intensity parameter for a given structural typology [98].
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2.8. KNOWLEDGE GAPS, CHALLENGES AND RESEARCH FOCUS

Drawing upon the literature review conducted in the preceding sections, knowledge gaps
and research challenges can be identified. This section outlines how the identified gaps
and challenges are addressed in this thesis.

Due to the widespread presence of masonry buildings on shallow foundations in the
Netherlands [99], the focus of this thesis lies in the response of such structures exposed to
subsidence-related settlements. Therefore, buildings on piled foundations are outside
the main scope of the analyses.
In the western and northern parts of the Netherlands, the subsurface is rich in peat and
clay strata which predispose the occurrence of ground settlements. Therefore, masonry
structures that rest on such soil strata are considered in this thesis.
Furthermore, this thesis focuses on low-rise buildings built before 1970 with clay-baked
masonry, as they are expected to be the most susceptible to subsidence and foundation
problems.

From the literature review, the following knowledge gaps, sources of uncertainties and
challenges have been identified (labelled and enumerated with the prefix "G." to aid in
further referencing them throughout this work):

SUBSIDENCE PROCESSES AND GREENFIELD GROUND MOVEMENTS

G.1 Specific processes responsible for subsidence and thus damage to the buildings are
better understood than others. As an example, the effect of the variation of the soil
strata on the damage response of the building requires further studies.

G.2 For tunnelling, mining and excavation phenomena, methods are available to pre-
dict the settlement patterns to which buildings are exposed. In the Netherlands,
however, due to the presence of different drivers, it may be hard to accurately pre-
dict the settlement pattern that affects each structure over wide areas. Thus, this
aspect represents a source of uncertainties for the damage assessment procedures.

EXPOSED BUILDINGS AND VULNERABILITY

G.3 Dutch masonry buildings present unique combinations of construction materials,
geometry, openings, and foundation systems, and rest on highly compressible soil
strata. These features should be considered when investigating their vulnerability
to settlements.

G.4 Limiting values of the building’s distortions and deformations are typically pro-
posed in codes and standards. Generalizing the use of these thresholds could be
difficult without demonstrating their overall validity;

G.5 The damage assessment should take into account the differences between the
soil displacements and the consequential building deformations, due to the soil-
structure interaction.
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G.6 The assessment of damage due to settlements is typically carried out referring
mainly to one expression of damage: cracking. Very often, the maximum recorded
crack width is adopted to assess the degree of damage; Such procedures, however,
could result in subjective assessments.

G.7 The damage assessed for a single structure describes the state of the building
at a specific time. Although monitoring techniques are available for both the
building deformations and damage, the assessment is typically performed after
the occurrence of (observable) damage. The challenge lies in the empirical and
statistical establishment of soil distortions that trigger damage initiation.

G.8 Damage predictions for buildings exposed to subsidence require developing prob-
abilistic relationships which include the wide variability of the buildings’ features,
the soil conditions and the possible settlement patterns;

ADDRESSING KNOWLEDGE GAPS WITHIN THIS THESIS

This section briefly describes how the identified knowledge gaps and challenges are
addressed within this thesis.

Chapter 3 investigates the role of soil heterogeneity (G.1) in the occurrence of settlement
at the scale of single structures.

The empirical insight gained from the collected sample of buildings (Chapter 4) provides
support information for the numerical analyses and further insight into the uncertainties
related to the variability of limit values of the building distortion G.4. Based on mea-
surements of the building deformations, different possible settlement patterns for the
buildings are selected to be adopted in the consequential numerical analyses, addressing
G.2.

The numerical analyses further include procedures that minimize the subjectiveness of
the damage assessment (G.6). Furthermore, the analyses distinguish the soil deformation
from the displacements of the building (G.5). Moreover, the variability of the buildings
and soil features (G.3 and G.8) is considered in the numerical analyses presented in the
following.
The numerical simulations enable observing of the progression of the damage, from its
initiation, differently from the empirical insight collected from existing structures (G.7)

The research focus lies in developing probabilistic relationships between soil settlements
and damage to structures, providing background information for damage assessment
analyses over wide areas.
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3.1. INTRODUCTION

The lithological heterogeneity, i.e. lithological variations in the subsurface can trigger
and/or enhance subsidence processes at the scale of individual structures, and thus,
potentially cause a threat to the built heritage. However, although this observation is well-
known in civil engineering, the effect of lithological variations on settlement occurrence
at the scale of structure has never been fully investigated. This Chapter aims to test
and quantify whether the variability of the stratigraphical conditions can predispose the
occurrence of uneven settlements at the scale of single structures. Two independent
datasets at high resolution (site-specific) and low resolution (national level) are used to
retrieve the stratigraphic conditions for an area selected for the analyses. One-, Two- and
Three- dimensional numerical models, based on the collected information, are used to
simulate the consolidation and settlement due to a uniform load imposed on the surface
level of the study area. Additional analyses investigate the influence of different loading
conditions and groundwater tables. The parameter “correlation length” quantifies herein
the spatial variability of the soil layer thickness and then of the computed settlements.

3.1.1. SOIL HETEROGENEITY

Both natural and man-made soils are strongly characterized by an anisotropic behaviour
and spatial heterogeneity that originates from different depositional processes and load-
ing histories [1]–[3]. Soil heterogeneity has been distinguished [2], [4], [5] in two ty-
pologies: i) inherent spatial soil variability, which describes the variability of the soil
properties, such as the compressibility or permeability, from one point to another within a
layer, and ii) lithological heterogeneity, which refers to the variation of the stratigraphical
information, such as lithology, unit thickness, inclination of the soil strata. Soil hetero-
geneity affects the soil behaviour and can influence different engineering problems [1],
[2], [6]–[9]. Subsidence serves as a prime example wherein soil heterogeneity can enhance
the spatial distribution of the ground settlements, which in turn can cause damage to
buildings [1], [10].

In the current state of research, previous studies typically include the variability of the soil
properties and their influence on soil-structure problems and foundation settlements [1],
[4], [5]. The results of these works proved that variation of the soil properties within a layer
can augment differential settlements [1], [11]. Conversely, only a few analyses focused on
the effects of stratigraphical variations (e.g., [9], [12]–[14]), which are investigated in this
Chapter.

3.2. METHODOLOGY AND UNDERLYING CONCEPTS

The approach adopted consists of three phases (Fig. 3.1):

In Phase 0, data at different resolutions are collected over the area of interest, including
information about the stratigraphy and the hydro-geo-mechanical material properties.
The correlation length, which represents the distance within significantly correlated
observations occur, is computed to quantify the variability of the thickness of each soil
layer detected in the stratigraphy. The subsoil information, retrieved from the dataset
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with the highest resolution (in-situ specific), and the available hydro-geo-mechanical
properties of the soil materials are then used as the inputs for the numerical models.
Such numerical analyses are carried out to investigate the influence of soil lithological
heterogeneity on the settlement occurrence at the scale of buildings.
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Figure 3.1: Flowchart of the adopted procedure.

Toward this aim, one-, two- and three- dimensional numerical models are built in Phase I,
based on the in-situ specific information. Additional 1D models, based on the stratigraph-
ical information provided by the national-level subsurface model, are used to evaluate
the response of the study area. Sensitivity analyses are further carried out to study the
influence of the groundwater table and the different loading conditions on settlement
occurrence and spatial variability.

In Phase II, the outputs of the numerical simulations are retrieved. First, a comparison
between the in-situ specific 1D, 2D and 3D numerical models is carried out to investigate
the difference. For each soil strata, the correlation length is computed using the computed
settlements and compared with the one of the material thickness.

Finally, the results of the 1D, 2D and 3D analyses at the scale of the study area are com-
pared with the ones of the 1D models at the national scale to evaluate the effects of the
different resolutions and to determine the effect of lithological variations on the building
scale.
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3.2.1. CASE STUDY AND AVAILABLE DATASETS

The area selected for the analysis is the field of the Leendert de Boerspolder dyke (Fig.
3.2a), in the northwest of the Netherlands [15]. The available information encompasses:
i) 100 CPTs data (Fig. 3.2b and c), their location and their interpretation in terms of litho-
types up to a depth of 11.70 m to NAP (i.e., the Amsterdam Ordnance Datum or Normaal
Amsterdams Peil in Dutch) (Fig. 3.2d), ii) hydro-geo-mechanical material properties
(Table 3.1) [15], [16]. The closely spaced CPTs, located along the crest of the dyke and
adjacent to the dyke, cover the study area of about 15 x 50 meters with an uneven grid (Fig.
3.2b and c) [17]–[19]. In particular, 29 CPTs were taken along the crest of the dyke, 28 CPTs
along the slope and the remaining in the polder area (Fig. 3.2b) [19]. The distance between
two adjacent CPTs varies from about 1.25 m up to 5.0 m, and the coarsest spacing of the
CPTs’ grid is equal to 5 m x 5 m [17], [18]; Thus, this dataset characterizes the study area
at the in-situ level, hereinafter referred to as “high” resolution. The in-situ measurements
reveal the presence of four soil strata, herein labelled as [15], [16], [18]:

• dyke material: a mix of clay, silt, sand and rumble that had been placed periodically
starting from 1600 AD to form the embankment; The building and maintenance of
this man-made layer have caused the underlying layers to compress [18].

• peat: organic layer affected by the overlying dyke materials;

• organic clay: clay in which the organic content decreases with the depth;

• silty clay: clay layer rich in silt, that continues until NAP -16.0m depth, beyond
which sand is found.

The material properties shown in Table 3.1 are based on laboratory investigations [15],
[16], further integrated by values available in the Dutch code [20] and estimates [15], [16].
Additional subsoil information is collected from the “GeoTOP model”, which discretizes
the surface area of the Netherlands (at the national level) up to a depth of 50 meters in
rectangular blocks, namely “voxels”, each measuring 100 m x 100 m x 0.5 m (height x
width x depth) [21]–[23]. The data used to derive the GeoTOP model do not include the
100 CPTs available in the study area, and thus the two datasets are independent. Due
to the size of the voxels, this set of data is herein referred for the study area to be at a
“low” resolution, if compared with the closely spaced CPTs. The GeoTOP model provides
estimates of the lithological classes for each voxel [23]: Anthropogenic material; Organic
material (peat); Clay; Clayey sand, silty clay and loam; And Sand, distinguished according
to the grain size in “Fine Sand”, “Medium Sand” and “Coarse sand” and “Gravel”. The
lithological classes assigned to each voxel are the outcome of interpolation techniques;
The procedure leads to a set of 100 realizations for each voxel. For additional details, the
reader is referred to [23]. In other words, 100 realizations provide estimates of the soil
type that lays within each voxel, i.e., a cell that discretizes the surface at a certain depth;
The group of voxels that discretizes the subsurface along the depth, i.e., voxels that are
piled on top of each other, at a certain location it’s herein referred as “voxel column”.

The studied area is covered by two voxel columns (Fig. 3.3a). 78 CPTs are included in the
coverage of voxel column 1, whereas voxel column 2 only covers 22 CPTs (Fig. 3.3a). All
the 100 equiprobable realizations for the two available voxel columns are shown in Fig.
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Figure 3.2: Location of the study area and the available cone penetration tests (CPTs). (a) show the location of
the study area, plot (b) shows the elevation maps, (c) shows the selected cross-sections over the study area and
(d) shows the stratigraphy at each location based on the interpretation of the CPT data [15].

3.3b and c. Each lithological class was assumed to have the same hydro-geo-mechanical
properties as one of the four soil strata in the study area (Table 3.1), for consistency.
This assumption is supported by similar stratigraphical conditions of both the GeoTOP
realizations and the CPTs, with superficial strata of peat and clay, and deeper layers of silt
and sand. Thus, each litho class is then assumed to have the same characteristics as one
soil type for the study area, as shown in Fig. 3.4.

As briefly mentioned, the “dyke material” consists of sandy and clayey material. Due to
that, it was assumed that its behaviour is similar to sand/loam, for the similarity between
its material properties reported in Table 3.1 [15], [16] and the ones reported in the Dutch
code. Moreover, as briefly mentioned above, the layers of peat and clay, which range
between -2.8 m up to -10.90 m to NAP, are both characterized by an organic fraction
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Table 3.1: Material properties of each soil layer. Sources: 1 - from [15]; 2 - from [20]; 3 - estimated values.

Parameter

S
y

m
b

o
l

Unit of 

measure

S
o

u
r
c
e

Materials

Dyke 

material/ 

sand

Peat
Organic 

Clay
Silty clay

Dry unit 

weight
γdry kN/m3 1 13.00 9.00 14.50 14.00

Saturated 

unit weight
γsat kN/m3 1 18.00 10.00 15.00 17.00

Modified 

compression 

index

* - 2 4.99 x 10-2 2.00 x 10-1 9.99 x 10-2 2.22 x 10-2

Modified 

swelling index
* - 2 2.50 x 10-2 9.99 x 10-2 5.00 x 10-2 1.11 x 10-2

Modified 

creep index
* - 2 2.00 x 10-3 1.00 x 10-2 5.00 x 10-3 9.00 x 10-4

Effective 

cohesion
c’ kN/m2 1 5.00 2.50 4.40 1.90

Effective 

friction angle
’ ° 1 33.00 28.80 29.50 30.00

Pre-

overburden 

pressure

POP kN/m2 3 2.00 22.00 20.00 12.00

Hydraulic 

conductivity
k m/day 1 3.46 x 10-1 4.00 x 10-2 7.52 x 10-4 7.52 x 10-4

[15], [16]. Thus, it is reasonable to assume that soil strata within the same range may be
characterized by the presence of an organic fraction. The dyke material properties are
thus assigned to the uppermost sand litho-classes of the GeoTOP realizations (Fig. 3.4),
assumed to represent prevalently sandy layers with a small clay/organic fraction that
undergoes creep.

3.2.2. FINITE ELEMENTS MODELS

In this study, 1D, 2D and 3D numerical analyses are carried out with the software PLAXIS
2D and 3D to investigate the effect of in-situ lithological heterogeneity on the settlements
occurring at the scale of structures.

In the case of the 1D analyses (Fig. 3.5a), the geometry of the models corresponds to each
CPT interpretation (Fig. 3.2d) and each voxel column (Fig. 3.3b and c).

It should be noted that all the CPTs were performed from the ground surface, which has a
variable elevation in each location as shown in Fig. 3.2b and Fig. 3.2c, up to a depth of
about 12 meters to NAP; Thus, the CPTs are characterized by different lengths along the
depth. Therefore, the CPTs were herein truncated at the depth of 11.70 to NAP (Fig. 3.5a),
which corresponds to the shallowest depth reached among all the CPTs. The mean length
of the truncated CPTs, adopted hereafter, corresponds to 10.34 meters, while the standard
deviation is equal to 0.64 meters.

Differently from the CPTs, the elevation of the top level of the voxel columns does not
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Figure 3.3: The voxel columns from the available GeoTOP model: (a) the location of the voxel columns, (b) and
(c) the 100 equiprobable realizations for columns 1 and 2 respectively.

differ among the 100 realizations; Moreover, the voxel columns provide the stratigraphy
up to a depth of 50 meters to NAP. In this study, however, only the portion of the voxel
columns that cover the depth of the study area is considered. Therefore, each voxel
column is truncated in a way that ensures a length of 10.34 meters (Fig. 3.3b and c), equal
to the average length among all the CPTs. The 2D models represent the cross-sections
obtained by linear interpolation of the stratigraphical information of the available CPTs
(Fig. 3.5b) in the directions that correspond to the short and long sides of the CPTs’ field
(directions 1 and 2 in Fig. 3.2c respectively). The same procedure is applied to obtain the
3D model (Fig. 3.5c). The practical advantage of truncating the CPTs at the depth of 11.70
meters consists of having a horizontal boundary at the bottom of the 2D and 3D models
(Fig. 3.5b and c), to avoid numerical issues. In all the models, a constant ground water
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Figure 3.4: Schematic illustration of the relationship between (a) the computed soil lithoclass from the GeoTOP
model and (b) the assigned soil type for each voxel column realization.

table of -3.94 meters to NAP is used, idealizing the in-situ conditions during the time the
CPTs were made. The imposed groundwater level is different from the current in-situ
conditions, as part of the study area is now submerged, as shown in Fig. 3.3a.

Table 3.2: The adopted phased analyses and numerical settings.

Phase
Calculation 

type

Pore 

pressure

Time 

[days]

Max 

steps

Tolerated 

error

Max 

number 

of 

iterations

Max load 

fraction per 

step

Initial phase
K0 

procedure
- - - - - -

Load application Plastic

Use 

pressures 

from the 

previous 

phase

0

1000 0.01 60 0.5

From 1 up to 5000 

years of 

consolidation (1, 

10, 20, 30, 40, 50, 

100, 500, 5000 

years)

365 to 

1.825 x 

106

For both 1D and 2D analyses, 15-node triangle plane strain elements are used to discretize
the geometry, whereas the 3D models make use of 10-node tetrahedral elements. Meshing
is performed by setting the global coarseness factor equal to 0.07 in all the models. For
additional information on the coarseness factor and its influence on the element size,
the reader is referred to [24]. The soil materials are modelled with the soft soil creep
model (SSC), using material properties reported in Table 3.1. The SSC model is able to
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Figure 3.5: Schematic illustration of the adopted FE models. The directions x and y represent the local axis of
the models. z is the vertical axis along the depth direction. The lower boundary at the bottom of the models is
schematically illustrated.

account for the compressive behaviour and viscous effects of very soft soils and requires
three stiffness parameters: the modified swelling index κ*, the modified compression
index λ* and the modified creep index µ*. SSC is also assigned to the “dyke material”
for its clay fraction. In all the models, a constant load that simulates the deposition
of 1 meter of sand with a volumetric weight of 17 kN/m3 is applied on the surface to
trigger the consolidation process (Fig. 3.6a). This loading condition is herein labelled as
“reference load” (Fig. 3.6a). For the purpose of the sensitivity study, additional analyses
are carried out by doubling the reference load (“double load” in Fig. 3.6b), and another set
of analyses uses the reference load but the groundwater table was completely removed
(“no groundwater” in Fig. 3.6c) by fictitiously setting the water head to -15 meters to
NAP in the models, thus with no influence on the modelled domain. In all the models,
phased analysis is used: First, the pore pressure and the stresses are initialized; Then, the
load is applied in the Plastic phase; Finally, consolidation phases are used to simulate the
consolidation process at different time intervals.

Additional information regarding the settings of the phased analyses for all the models is
reported in Table 3.2.
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(1 meter of sand)
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Models with no groundwater
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no groundwater)

Model Loading scenario

(b)
Models with double load

(1 meter of sand
with double mass)

Figure 3.6: Schematic illustration of the three load scenarios for the 1D, 2D and 3D models. In the models with
a double load (b), the load is applied by doubling the mass of the sand material rather than using 2 meters of

sand. The decision to double the mass rather than the sand thickness was guided by the structure of the Python
code used to generate the models, as it allowed for a more straightforward implementation.

The models aim to simulate a two-side drainage consolidation process due to the load
application; During the K0 procedure, drainage is only blocked at the bottom of the
model. Conversely, the hydraulic boundary conditions are set to simulate impermeable
conditions at the vertical boundaries of the models (directions x and y in Fig. 3.5), and
drainage is allowed at the top and the bottom of the model [25] (direction z in Fig. 3.5)
during the Plastic and Consolidation phase. The horizontal displacements at the vertical
boundaries are fixed while the vertical displacements are free.

3.2.3. CORRELATION LENGTH

The correlation length or scale of fluctuation, herein labelled as “θ”, represents a conve-
nient metric to describe the distance within significantly correlated observations [26].
The correlation length is determined by fitting the empirical determined auto-correlation
function described in Eq. ( 3.1 ):

ρ̂ = γ̂(τ)

γ̂(0)
(3.1)

Where γ̂(τ) represents the empirical covariance function for the lag distance τ. For
observations unevenly spaced on a grid, such as the grid represented by CPTs’ locations
of the study area herein presented, γ̂(τ) can be computed as ( 3.2 ) [15]:

γ̂(τ) = 1

t −1

t∑
j=1

(y j − µ̂)(y j+∆ j − µ̂) (3.2)
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Where µ̂ is the mean of the values, j is a counter representing the index of the first of a
pair at lag distance τ, ∆j represents the index spacing of a specific pair of observations for
a non-uniformly distributed dataset and t is the number of pairs at lag distance τ. The lag
distance τ represents the physical distance between the observations in the dataset.

In other words, for each lag distance τ, a sub-sample is defined as the number of pairs of
observations t at that distance τ. The covariance γ̂(τ) is then computed for the sub-
sample, using the mean of the entire dataset µ̂. The empirically determined auto-
correlation function ρ̂ is fitted by the squared-exponential (Gaussian) function in Eq.
3.3:

ρ(τ) = exp

[
−π

( |τ|
θ

)2]
(3.3)

A MATLAB algorithm is used to perform the fitting procedure to obtain the correlation
length θ. In particular, data are grouped for intervals of lag distances τ of 1 meter. A
lower bound of θ is imposed equal to the minimum distance between two CPTs of the
study area (about 1 meter in this analysis). The lower bound is imposed to avoid values
of θ smaller than the minimum distance between CPTs, which would have no physical
meaning.

3.3. RESULTS OF THE FINITE ELEMENTS ANALYSES

3.3.1. CORRELATION LENGTH OF THE SOIL THICKNESS

The maps in Fig. 3.7a to Fig. 3.7d display the spatial distribution of the soil thickness for
each soil material. The thickness of the dyke material is higher, as expected, in proximity
to the dyke crest, whereas the thickness of the organic clay progressively increases toward
the older.

The organic clay material exhibits, on average, the highest thickness (5.99 meters), see
Fig. 3.2, followed by the peat (2.06 meters) the dyke material (1.46 meters) and the silty
clay (0.82 meters).

The dispersion of the values of soil thickness is reported using the Coefficient of Variation
(CoV) in Fig. 3.3a to Fig. 3.7d. The organic clay layer is associated with the smallest
dispersion (0.07) followed by the peat (0.16), the silty clay (0.19) and the dyke material
(0.68).

The variation of the soil thickness for each layer is visualized using box plots in Fig. 3.3e
to Fig. 3.7h, which display the median (dashed lines), the interquartile range (the height
of each rectangle) and the upper and lower bounds of the thickness of the soil strata of
the available CPTs logs.

The soil thickness at each CPT location is used to determine the correlation length of
the material thickness, labelled as θt, for each material (Fig. 3.7i, j, k and l), according
to the procedure detailed in section 3.2.3; The dots in the plots represent the values of ρ̂
obtained with equation ( 3.1 ), while the lines result from the fitting procedure that uses
equation ( 3.3 ).
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The organic clay is the soil strata associated with the highest value of the θt, followed by
the dyke material, the peat and silty clay layer. However, the silty clay presents a θt equal
to the lower boundary imposed in the fitting procedure, i.e., 1 meter. This can be related
to the fact that the silty clay has a limited (and truncated, as briefly described in section
3.2.2) thickness.
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Figure 3.7: Maps obtained via linear interpolation and box plots of the soil layer thickness and the computed
correlation length: (a) and (f) for Dyke material, (b) and (d) for peat, (c) and (g) for organic clay and (d) and (h)
for silty clay. The bottom plots, from (i) to (l), show the results of fitting the autocorrelation function described
in Eq. (3) through the points of the empirical autocorrelation function, Eq. (1), for each soil material.

3.3.2. CORRELATION LENGTH OF THE COMPUTED SETTLEMENTS

The numerical models give the vertical displacements of each soil strata (i.e., dyke ma-
terial, peat, organic clay, silty clay), and the cumulative vertical displacement, i.e., the
sum of all the contributions corresponding to the settlement of the ground surface, at
the location of each CPT, for both the 1D, 2D and 3D analyses. In the case of the voxel
columns, the material strata at a certain depth vary among the different realizations, thus
it is not possible to retrieve the displacement of each material and only the cumulative
vertical displacement is considered. An example of the results of the 1D numerical anal-
yses is shown in Fig. 3.8 for the reference load. The organic clay material is the layer
where the excess pore pressures develop the most (Fig. 3.8b) and, in turn, it’s the layer
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that contributes the most to the total settlement (Fig. 3.8c); On the contrary, as expected,
the silty clay has the smallest contribution on the total settlement (Fig. 3.8c), which is also
the results of its small thickness (Fig. 3.7d and h) and the low compressibility assigned
(Table 3.1).

Fig. 3.9 shows the final (i.e., 5000 years) settlement of each layer with maps obtained by
linearly interpolating the results of the 1D, 2D and 3D models subjected to the reference
load at all the CPTs’ locations. The maps provide a picture of the spatial variability of the
computed settlement. The results confirm how the layers “dyke material” (Fig. 3.9a1 to
a3) and “silty clay” (Fig. 3.9d1 to d3) contribute the least to the overall settlements at all
the CPTs’ locations. As expected, for each soil strata, the areas with the highest and lowest
settlements correspond to those of the soil thickness specific to that material (shown in
Fig. 3.7). In other words, the spatial variability of the soil thickness matches one of the
computed settlements for each material. Moreover, the values of the dispersion, i.e. CoV,
of the computed settlements for each material (Fig. 3.9) match the ones of the material
thickness for each soil (Fig. 3.7). In particular, The organic clay layer is associated with
the smallest dispersion (from 0.06 to 0.08) followed by the peat (0.15 and 0.16), the silty
clay (from 0.19 to 0.24) and the dyke material (from 0.64 to 0.78).

Each layer is observed to have settlements that only slightly change in terms of magnitude
and spatial distribution among the 1D, 2D and 3D analyses; Nevertheless, the differences
among the layers cumulate, and the total settlement varies among the analyses considered
(Fig. 3.9e1 to e3).

In Fig. 3.9e3, it is observable how the 3D analyses better distinguish the behaviour of
the three portions of the dyke, i.e., the crest, slope and polder (Fig. 3.2b), whereas the
settlement is more uniform in the case of 1D (Fig. 3.9e1) and 2D models (Fig. 3.9e2). The
computed vertical displacements of each soil strata (shown for instance in Fig. 3.8) are
used to obtain the correlation length of the settlement θs for five time steps, 1, 10, 50, 500
and 5000 years; Hence, the use of five time steps allow to investigate the time dependency
of θs.

Fig. 3.10 shows the mean (markers) and the standard deviation interval (error bars) of
the values of θs for each soil layer and of the total settlement, computed considering the
selected time steps; The plots are distinguished by the type of loading scenario (Fig. 3.6).
Additionally, the values of the correlation length of the soil thickness θt for each material,
already reported in Fig. 3.7, are also plotted to allow a better visual comparison between
the results.

The type of analyses (i.e., 1D, 2D and 3D models) is not observed to influence significantly
the values of θs. This can be attributed to the above-mentioned similarity between the
spatial distribution of the computed settlements for each layer, shown in Fig. 3.9. How-
ever, the small localized differences in the computed settlement of each layer influence
the spatial distribution of the total settlement, hence influencing its θs values.

In the case of the peat layer, the scale of fluctuation θs varies depending on the considered
loading scenario: in the case of the double load, the peat layer exhibits higher mean and
standard deviation values of θs for all the types of models. This is explained by the fact
that in the case of the double load, the peat layer has a higher contribution to the overall
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settlements at some specific CPT locations compared to the case of the reference load and
the models with no groundwater. This can be a consequence of the low compressibility
assigned to the peat layer (Table 3.1), which makes it the stratum that is influenced the
most by a change in the applied superficial load.

The values of θt and θs are observed to be in good agreement for all the soil strata.
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Figure 3.8: An example of the results of one of the 1D models subjected to the reference load: (a) the CPT
interpretation and the groundwater level, (b) the development of the excess pore water pressure and (c) the
computed settlements against the time.

3.3.3. THE INFLUENCE OF THE DATASET RESOLUTIONS

The settlement of the in-situ specific 1D, 2D and 3D models and the 1D voxel realizations
are plotted as distribution to investigate their differences (Fig. 3.1); The distributions are
shown for each analysis, each loading condition and each selected time step. Additionally,
the values of the mean and coefficient of variation of the distributions are plotted, and
they are reported in Table 3.3. Although for each loading scenario, the results of all the
models have similar values of mean and dispersion (Table 3.3), their shapes slightly vary:
the distribution of the computed settlement of the 3D models resembles a non-symmetric
bi-modal distribution, due to the difference between the results of the dyke crest and
slope, and the polder area; Conversely, the 1D and 2D models are more akin to unimodal
distributions.

The 1D models of the voxel columns present values of the mean and dispersion similar
to the ones of the 1D, 2D, and 3D in-situ specific analyses (Table 3.3). In particular, the
computed settlement of voxel Column 1, which covers most of the study area (Fig. 3.3a),
presents a bi-modal shape similar to the 3D in-situ specific models.
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Figure 3.9: The settlement maps derived from the linear interpolation of the final (i.e., 5000 years) settlement
computed at each CPT location via the numerical models of the reference load (see Fig. 3.6).

3.4. DISCUSSION

In this study, an area is selected to investigate the lithological heterogeneity and its
effects on the settlement occurrence; Toward this aim 1D, 2D and 3D numerical analyses
subjected to different loading scenarios are carried out.

The loading conditions represent idealizations, they are not intended to reproduce real-
istic consolidation scenarios for the study area. Conversely, they enable observing how
lithological heterogeneity influences the spatial variation of the computed settlement
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Figure 3.10: Values of the correlation length of the computed settlement of each soil stata for each loading
condition. The values correspond to the mean and the standard deviation of θs considering the five time steps,
i.e., 1, 10, 50, 500 and 5000 years for: (a) reference load, (b) double load and (c) no groundwater (see Fig. 3.6).

due to different imposed loads. It should be noted that this study mainly focuses on the
effects of soil stratification, while more complex loading conditions may further enhance
the spatial variation of the computed ground settlements, as reported in [9]. Moreover,
the effects of the variability of the hydro-geo-mechanical properties, i.e., inherent spatial
soil variability, are purposively neglected to focus on the sole impact of the lithological
heterogeneity.

3.4.1. THE VARIABILITY OF THE SOIL THICKNESS

Regarding the scale of fluctuation of the material properties, [1] reported there is always a
critical value that can augment differential settlements, that depends on the governing
geometrical parameters and conditions of the considered problem. The analyses reported
in [11] show that the differential settlement of the adjacent footings bears greater values
for the scales of fluctuation ranging from 2 to 6 meters. This study focused on the spatial
variability of the lithological conditions rather than the material properties. However, the
computed values of the correlation length θt (Fig. 3.7) range between about 1 and 10 me-
ters (Fig. 3.7). Therefore, even though the correlation length addresses herein lithological
heterogeneity rather than the variability of the material properties, the values align with
the ones reported in [11]. The results provide therefore an indication that the combination
of both the spatial variability of the lithological conditions and material properties could
enhance the differential settlements even more than the single contributions.

3.4.2. THE VARIABILITY OF THE COMPUTED SETTLEMENTS

The in-situ specific 1D, 2D and 3D numerical simulations enable computing the contri-
bution of each soil layer on the total settlement, and their spatial variability θs, as shown
in Fig. 3.10.
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Figure 3.11: Empirical distribution functions of the total settlement computed for all the loading conditions
and the numerical models, described in section 3.2.2, for the selected time steps. The distributions show the
results at the 100 CPTs locations (Fig. 3.2) and the 100 realizations for two voxel columns (Fig. 3.3). The darker
and lighter areas in the plots separate the results for the CPTs and the voxel columns, respectively. The red cross
(+) markers show the mean of each distribution.

The computed values of the correlation length θs of all the soil layers do not depend on
the groundwater conditions. In the case of the peat layer, the values of θs are observed to
vary at different time steps of the model subjected to the doubled load.

For all the soil layers, a good match is observed between the values of θt and θs (Fig.
3.10), pointing toward a relationship between the two parameters; In other words, the
analyses reveal that spatial variability of the material thickness of each soil layer matches
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Table 3.3: Mean (µ) and coefficient of variation (CoV) values of the computed settlement at the surface level for
all the numerical analyses and all the loading conditions. A colour scheme is applied to each parameter, i.e. µ
and CoV, to distinguish the lowest (dark shades) and the highest (light shades) values.

Computed settlements [cm] for the different loading conditions

Reference load

Time 1D 2D 3D
Vox. Col. 1 -

1D

Vox. Col. 2 -

1D

[years] μ CoV μ CoV μ CoV μ CoV μ CoV

1 41 0.05 42 0.07 44 0.10 67 0.03 44 0.10

10 56 0.04 57 0.06 59 0.09 70 0.06 58 0.10

50 65 0.04 66 0.06 68 0.09 67 0.08 67 0.10

500 78 0.04 78 0.06 82 0.09 67 0.09 79 0.10

5000 90 0.04 91 0.06 95 0.09 61 0.13 91 0.10

Double load

Time 1D 2D 3D
Vox. Col. 1 -

1D

Vox. Col. 2 -

1D

[years] μ CoV μ CoV μ CoV μ CoV μ CoV

1 70 0.06 71 0.05 76 0.08 77 0.05 79 0.12

10 85 0.06 87 0.05 92 0.07 93 0.07 94 0.12

50 95 0.05 96 0.05 102 0.07 102 0.07 103 0.11

500 107 0.05 109 0.05 115 0.07 115 0.08 115 0.11

5000 120 0.05 122 0.05 128 0.07 127 0.08 128 0.11

No groundwater

Time CoV 2D 3D
Vox. Col. 1 -

1D

Vox. Col. 2 -

1D

[years] μ CoV μ CoV μ CoV μ CoV μ CoV

1 41 0.05 41 0.07 43 0.10 41 0.06 42 0.10

10 55 0.04 55 0.06 58 0.09 56 0.07 56 0.10

50 64 0.04 65 0.06 67 0.09 64 0.08 64 0.10

500 76 0.04 77 0.06 80 0.08 77 0.08 77 0.10

5000 89 0.04 90 0.06 93 0.08 89 0.09 89 0.10

the one of their contribution to settlements. In particular, the dispersion (CoV) and
spatial variability (θ) of the material thickness are observed to mirror the one of the
computed settlements, as observed comparing Fig. 3.7 and Fig. 3.9; This supports the
idea that lithological heterogeneity may directly influence the occurrence of differential
settlements at the scale of structures, as often seen in practical scenarios, and, in turn,
lead to damage.

Further studies that include the presence of the building and its response are recom-
mended to test this conclusion.

The correlation length θs of the total settlement changes depending on the type of model,
i.e., 1D, 2D or 3D (Fig. 3.10); In particular, the 3D subsurface models present the highest
values with the smallest dispersion. Moreover, 1D models in terms of total settlement
(Fig. 3.9a3) are visually more uniform and present less variation compared to the results
of the 2D and 3D models (Fig. 3.9a3 to e3 respectively).

In general, 3D models better represent the interaction between the different CPTs, com-
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3. THE ROLE OF THE SOIL HETEROGENEITY ON THE SETTLEMENT OCCURRENCE

pared to 2D in which the interaction is limited to one of the directions (i.e., x-axis in Fig.
3.5) and 1D models, in which it is excluded. Although in all the analyses the drainage of
the excess pore water pressure is allowed only on the top and bottom of the numerical
models, as briefly described in section 3.2.2, the excess pore water varies in the x-direction
(Fig. 3.5b) in the 2D models, and in the x- and y- direction in the 3D models (Fig. 3.5c).
Thus, this leads to the development of different stresses and, in turn, to the difference
in the computed settlements. Thus, the 3D models better distinguish the behaviour
expected from the different areas of the dyke, as described in section 3.3.3. This obser-
vation supports the use of 3D analyses to accurately depict the influence of lithological
heterogeneity on similar problems.

3.4.3. COMPARISON BETWEEN THE DIFFERENT RESOLUTIONS

The distributions of the computed settlements of the 3D models resemble asymmetric
bi-modal distributions for all the loading conditions and all the selected time steps (Figure
3.11. This effect, as mentioned in the previous section, is related to the different responses
of the dyke crest, slope and polder. A similar shape is observed in the case of Voxel column
1. Voxel column 1 may better idealize the in-situ subsoil conditions compared to voxel
column 2, as it covers the same area covered by the majority of the CPTs (section 3.2.1).
Therefore, the similarities in terms of the shape of the distribution, mean values and
standard deviation between the results of the CPTs’ models and the voxel models (Table
3.3) may indicate that both resolutions can depict the variability of the settlement in the
study area. In other words, the 100 equi-probable realizations of the GeoTOP model at
a specific location may provide a picture of the variability of the lithological conditions
and, in turn, the variability of the settlement. However, it is important to mention that the
100 realizations differ not only as a result of the soil heterogeneity at a specific area but
also due to the modelling assumptions used to derive it, as well as the adopted borehole
logs, their number and quality [22], [27]. Thus, although in this analysis the variability of
the settlements computed at the scale of single structures is reflected by the variability
of the settlements of the Voxel realizations for the study area (see Fig. 3.11), additional
analyses are required to further validate this conclusion in other areas.

To allow a consistent comparison, it was required to integrate the engineering judgment
in the interpretation of the voxel realizations to better match the in-situ characteristics
of the selected study area. The sand litho-classes of the GeoTOP models were herein
assumed to have the same hydro-geo-mechanical properties of the superficial soil strata
of the dyke (i.e., “dyke material/sand” in Fig. 3.4), as briefly described in 3.3.33.2.1. This
step was required to assign the parameters for the numerical simulations (i.e., Table 3.1),
and to allow a consistent comparison between the results of the two independent datasets
removing the dependency from the material properties.

3.5. CONCLUSIONS

In this chapter, the effects of the in-situ lithological heterogeneity are investigated by
employing numerical simulations. The numerical models depict the behaviour of the
study area at high (in-situ level, over a very fine grid ranging from 1.25m x 5m up to 5m
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x 5m) and low (national level, grid of 100m x 100m) resolutions. The effect of different
loading and hydrostatic conditions is herein investigated. Thus, it is observed that:

• A good agreement is observed between the results of the two independent datasets
at high (in-situ level) and low (country level) resolution; In particular, the distribu-
tion of the settlements computed using the models based on the two datasets agree
in terms of mean, spread and shape.

• The values of the correlation length of the computed settlements for each soil
strata, derived via numerical modelling based on the available high-resolution
information, match the values of the correlation length of the soil thickness. In
other words, the spatial variability of the material thickness matches the spatial
variability of the soil settlements due to a uniform load, excluding the variation of
the material properties.

• The values of the computed correlation length for the ground movements are in the
same order of magnitude as the extension of typical structures, e.g., houses, roads
and embankments. This confirms how the spatial variability of the soil layers can
lead to uneven settlement at the scale of the existing structures, potentially causing
(structural) damage.

• In this study, the spatial variability of the lithological variations in the soil stratigra-
phy is observed to have the same order of magnitude as the one reported in previous
studies for the material properties of soil layers. Therefore, the two effects could
contribute with the same relevance in augmenting the differential settlements at
the scale of structures.

• The spatial variability of the three-dimensional subsurface models better depicts
the behaviour of different portions of the study area, compared to the two- and one-
dimensional analyses. This suggests that 3D analyses are required to accurately
account for the effects of lithological heterogeneity.

The analyses indicate that local variation in the soil stratigraphy can be a source of
unevenness in the spatial distribution of the ground settlement. The results of this
study are expected to be preliminary for the additional analyses that aim to evaluate
the effect of the lithological heterogeneity, combined with the inherent variability of the
soil properties, of the buildings resting in areas exposed to the occurrence of ground
settlements.
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CHAPTER 4
EMPIRICAL INSIGHTS INTO MASONRY

STRUCTURES EXPOSED TO SETTLEMENTS:
Recurrent settlement patterns and

empirically-based fragility curves

This Chapter is a revised version of the study published in [1]. The differences are detailed in Appendix A and in
[2].
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4.1. INTRODUCTION

This Chapter provides empirical insight into the behaviour of masonry buildings sub-
jected to subsidence-related settlements. The study focuses on a rich dataset of 386
surveyed masonry buildings, mainly low-rise (terraced) houses built before 1950, which
was collected and used for the analysis. Of the total set of buildings, 122 cases rest on
shallow foundations and 264 on piled foundations.

The available bed-joint levelling measurements for each surveyed case enabled the de-
termination of building deformation caused by ground settlements. This also allowed
for verification of whether current analytical formulations (i.e., Gaussian curves, already
adopted for tunnelling, mining and excavation settlements) could fit the data, enabling
prediction of the settlement pattern. Accordingly, recurrent settlement patterns were
observed.

For each building, the recorded damage is related to the settlement using four differ-
ent intensity parameters, namely differential settlement, rotation, relative rotation and
deflection ratio.

The Receiver Operating Characteristic (ROC) curves are used to evaluate the relative
efficacy of the selected hazard parameters.

Two different approaches were used to retrieve fragility curves, where the probability of
damage is described as a function of the settlement intensity parameters. Thresholds were
set to distinguish between the light damage and the functional and structural damage
state.

The chapter begins presenting the methodology and the underlying concepts in 4.2. The
results of the data collection are presented in 4.3. Sections 4.4 (Recurrent settlement
shapes), 4.5 (ROC curves) and 4.6 (Empirical fragility curves) present and discuss the
findings of the analysis. An overall discussion of the method and results of this Chapter is
detailed in section 4.7, whereas section 4.8 gathers the main conclusions.

This Chapter presents a revised version of the analyses presented in [1]. The differences
and improvements from the original publication are detailed in Appendix A and are
further discussed in [2].

4.2. METHODOLOGY AND UNDERLYING CONCEPTS

The procedure followed for the analyses consists of a preliminary data collection phase
followed by two analysis phases (Figure 4.1).

4.2.1. DATA COLLECTION AND PROCESSING

In the preliminary phase (Phase 0 in Figure 4.1), damage surveys performed on masonry
buildings, typical of the Dutch built heritage, were collected. The field surveys include:
i) the measurements of bed-joint levelling along the buildings’ walls, ii) the information
about the damage documented in the field survey, iii) the foundation system noted (i.e.
shallow or deep foundation).

85



C
h

ap
te

r
4

4. EMPIRICAL INSIGHTS INTO MASONRY STRUCTURES EXPOSED TO SETTLEMENTS:
Recurrent settlement patterns and empirically-based fragility curves

Collection of damage surveys from external parties (prior to this study), including:

Recurrent
settlement

shapes

ROC
curves

Empirical
Fragility 
Curves

Measuring of
bed joint 
levelling

Computation of
settlement-related

intensity parameters:

- differential settlement δρ
- rotation θ
- angular distortion β
- deflection ratio Δ/L

Damage Classification

Observable damage

↓

Damage level

Documental damage
information

(Photos, technical reports,
description of crack patterns)

Foundation
typology

(shallow or deep)

Phase 0:

Phase I:

Phase II:

Figure 4.1: Flowchart of the adopted procedure. The definition of the settlement-related intensity parameters
are detailed in Fig. 4.2.

In Phase I (Figure 4.1), the collected bed-joint levelling measurements for each building
allowed to trace back a displacement profile assumed to correspond to the resulting
settlement trough at the foundation level. Four SRI parameters, selected as representative
of the intensity of the subsidence phenomena causing the damage to buildings, were
computed for each case, according to the original definitions provided by [3], and as
illustrated in Figure 4.2 for sagging and hogging examples:

• Differential (or relative) settlement δρ, is calculated as the maximum difference in
elevation between the recorded settlements;

• The rotation (or slope) θ, represents the maximum gradient among the lines con-
necting two reference points in the settlement profiles;

• The relative rotation or angular distortion [4] β, refers to the slope of the line
joining two consecutive points in relation to the rigid rotation of the structure (or
tilt) ω;

• The deflection ratio ∆/L, refers to the ratio between the maximum relative deflec-
tion and the corresponding length [3], [5], [6].

In other words, the chosen settlement parameters measure the extent of the building’s
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deformation. These parameters were used to establish the relationship between settle-
ment and building damage in Phase II (Figure 4.1), as outlined in the following sections.
Additionally, analyses were conducted to identify the most effective parameters for dis-
tinguishing "undamaged" cases from buildings that show signs of damage.

Figure 4.2: Typical building damage for sagging and hogging profiles and the definitions of the settlement
parameters: maximum settlement ρmax , minimum settlement ρmi n , differential settlement δρmax , rotation
θ, relative rotation (or angular distortion) β, deflection ∆, deflection ratio ∆/L and tilt ω.

The damage severity of masonry buildings undergoing ground movements is typically
assessed with the classification proposed by [7], later integrated by [8] and at its latest by
[9] and [10] (Table 4.1) based on the ease of repair and the cracks’ width as described in
section 2.5.5 of this thesis. Three damage groups were considered (Table 4.1):

• “No Damage” or “Undamaged cases" to cases with no significant visible damage.
Since visible damage is used as the criterion, this group may also include cases
where damage exists but is not visible, such as when cracks are narrower than 0.1
mm.

• “Light damage” refers to aesthetic damage characterized by very fine/fine cracks
up to 5 mm. The decision to categorise the initiation of light damage from a crack
width of 1.0 mm upwards is related to the detectability of cracks on real structures
during manual surveys.
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• “Moderate to severe damage” implies moderate and severe damage that could
affect the serviceability of the building or be associated with a risk to structural
safety.

Table 4.1: Damage scale with the classification of visible damage based on ease of repair and the crack width
(from [7]–[10]).

Category of
damage

Damage
class

Approxi-
mate crack

width
Ease of repair This study:

Aesthetic
damage

Negligible
up to 0.1

mm
- No Damage

Very slight up to 1 mm
Fine cracks which can easily be
treated during normal decoration.

Light Damage

Slight up to 5 mm
Cracks easily filled. Re-decoration
probably required. Some re-pointing
may be required.

Functional
damage,
affecting
serviceability

Moderate 5 to 15 mm

The cracks require some opening up
and can be patched by a mason.
Re-current cracks can be masked by
suitable linings. Repointing of
external brickwork and possibly a
small amount of brickwork to be
replaced.

Moderate to
severe damage

Severe 15 to 25 mm

Extensive repair work involving
breaking-out and replacing sections
of walls, especially over doors and
windows.

Structural
damage,
affecting
stability

Very Severe
Higher than

25 mm

This requires a major repair job
involving partial or complete
re-building.

Accordingly, In Phase I (Figure 4.1) the collected hardcopies and information for each
building in the dataset were used to assign the observed damage severity level.

The decision to consider three damage groups rather than the six damage classes (i.e.
“Negligible” to “Very Severe” in Table 4.1) proposed by [7] is related to the availability
of information: while for some buildings in the dataset manual measurements of the
cracks’ width were collected, for the rest only the reports or photos of the recorded crack
patterns on the façade were available, from which it is challenging to objectively measure
the width of each crack. Therefore, this study focuses on damage groups that align with
the available data, potentially combining different damage classes (4.1).

4.2.2. RECURRENT SETTLEMENT SHAPES

Thanks to the availability of levelling measurements along the walls of the buildings in the
dataset, analyses were carried out (Figure 4.1) to investigate the shapes of the settlement
displacements for the buildings’ dataset in Phase II (Fig. 4.1). The following method is
used to verify the similarity between the measured displacements of each wall and the
shapes computed with an analytical formulation:
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1. First, all the settlement profiles have been made dimensionless to allow the com-
parison of the shapes among buildings with varying lengths.

2. Eight settlement shapes (Figure 4.3) were then computed from a Gaussian curve
[11], described by equation 4.1, to idealize the observed recurrent bed joint mea-
surements. The shapes were defined based on preliminary empirical observations
of the collected wall deformations.
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Figure 4.3: The selected settlement shapes, conformed to a Gaussian distribution that idealizes the most
recurrent bed joint levelling measurement shapes, based on the visual observation: (a), (c), (e) and (g) idealize
four settlement profiles while (b), (d), (f) and (h) the hogging ones. All the profiles are computed by means of
equation 4.1 by varying the position of the wall x and the distance of the inflection point xi.

Sv (x) = (−1)ιe

−(x −Dx )2

2x2
i


(4.1)
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Where "x" is the horizontal distance between the left and right sides of the wall;
"Dx " is the distance between the symmetric axis of the Gaussian curve and the
left side of the wall; "xi " is the distance from the symmetric axis of the curve to
the point of inflection. The parameter "ι" enables controlling the convexity of the
Gaussian curve.

Table 4.2: Parameters adopted in equation 4.1 to generate the settlement shapes. The values of Dx and xi
should be multiplied by the length of the wall, which is unitary for the shapes shown in Figure 4.3. The shapes
"SAG4" and "HOG4" correspond to the profiles "SAG3" and "HOG3" respectively, with the high distortion parts
of the SAG3 and HOG3 curves mirrored (see fig:fig 4.4).

Settlement name Convexity - ι xi Dx

SAG1 1 0.5 0.5

SAG2 1 0.75 0.75

SAG3 0 0.25 -0.5

SAG4 0 0.25 -0.5

HOG1 0 0.5 0.5

HOG2 0 0.75 0.25

HOG3 1 0.25 1.5

HOG4 1 0.25 1.5

The values of the parameters used in equation 4.1 are reported in table 4.2.

3. The settlement shapes computed with equation 4.1 have been made dimensionless
as the bed-joint levelling measurements of the surveyed walls: Figure 4.3 shows
that the selected settlement shapes have y-coordinates that go from -1 to 0.

4. For each settlement profile of the surveyed walls, the coefficient of determination
R2 was calculated with equation (4.2) for each of the j-th defined representative
shapes:

R2
j = 1−

∑
i
(
yi − fi , j

)2∑
i
(
yi − y

)2 (4.2)

where "yi " is the vertical displacement of the i-th point, "y i " represents the mean
settlement value of each dimensionless bed-joint profile and "fi , j " is the vertical
displacement of the i-th point for the j-th proposed settlement profile (Figure 4.3).

5. The R2 of the fit to a horizontal line passing through the average values of each set-
tlement profile was computed to check the reliability of the procedure. Accordingly,
the settlement profile of each wall was sorted as one of the eight proposed shapes
by selecting the maximum R2 among the computed ones.

4.2.3. RECEIVER OPERATING CHARACTERISTIC (ROC) CURVES

Receiver operating characteristic (ROC) curves represent a useful tool to compare the
predictor efficiency of different parameters for the same expected outcome and to find
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optimum thresholds [12]. In the context of building damage, ROC curves can be used to
assess how a parameter correlates with damage.

The ROC-curve technique has been used in structural health monitoring applications,
geotechnical and seismic engineering [13]–[15]. ROC curves can be used to compare the
predictor efficiency of different intensity parameters for which fragility curves are derived
(e.g. in [15]).

For a binary classification problem characterized by the distributions of “positive” (i.e.,
damaged cases) and “negative” (i.e., undamaged cases), a cut-off (or threshold) value
allows segregating the observations in one of the two distributions (Figure 4.4a). The
accuracy of the classifier depends on the selected cut-off value defining four possibilities:
a true positive (TP) representing a case both classified and observed as positive; a true
negative (TN) referring to a negative outcome of both the prediction and observation;
a positive prediction that fails in reality is referred as false positive (FP); and, on the
other hand, a false negative (FN) refers to a negative prediction associated with a positive
observation. The observed and the predicted binary results can be summarized in a
two-by-two contingency table, as shown in Table 4.3 [13].
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Figure 4.4: Explanatory illustration of ROC curve: (a) distribution of undamaged and damaged cases as a
function of the settlement-related parameter; (b) conceptual ROC curve, the optimized threshold value is
determined using the closest-to-(0,1) criterion [16], which identifies the sensitivity pair that is at the minimum
distance (dmi n ) from the perfect classifier (0,1).

Table 4.3: Contingency table.

Predicted
Undamaged (-) Damaged (+) Total

Undamaged (-) TN FP O (-)
Observed Damaged (+) FN TP O (+)

Total P (-) P (+) N

Accordingly, in Table 4.3, O(-) defines the total number of negative observations and O(+)
the positive ones, while P(-) and P(+) respectively stand for the total number of negative
and positive predictions.
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ROC curves are plotted with the true positive rate (TPR) versus the false positive rate
(FPR). Each point of a ROC curve represents the performance of the classifier for a given
value of the threshold and it is defined by a sensitivity-pair (TPR versus FPR). The values
of the TPR and FPR can be calculated using eq. (4.3) and (4.4):

T PR = T P

O(+)
(4.3)

F PR = F P

O(−)
(4.4)

The ROC analysis was performed for each of the four SRI parameters. In particular,
the diagnostic test was performed considering the binary results, undamaged (referred
to as “negative” results) and damaged (i.e., cumulative of the buildings with “light” or
“moderate to severe” damage, referred to as “positive” results), for the N cases, further
subdivided by the foundation type.
In other words, the two subsets of buildings with either shallow or piled foundations were
categorized into "no damage" and "damaged" with the latter group combining buildings
with “light” or “moderate to severe” damage. ROC curves were then used to evaluate how
effectively each computed settlement parameter (predictors) distinguished cases with
damage from those without.

4.2.4. FRAGILITY CURVES

Fragility curves are statistical tools that retrieve the relationship between a hazard in-
tensity parameter and the damage severity for a given structural typology [17]. Fragility
curves display the probability of reaching or exceeding damage (or a specific degree of
damage) as a function of a settlement intensity parameter. One of the most adopted
analytical models used in the literature for empirical data is described in equation (4.5)
in the form of a two-parameter lognormal distribution function. Such distributions are
not only well established in the state of the art, but also they show a zero probability of
producing negative or null SRI parameters [18]. In other words, fragility curves that follow
a lognormal distribution do not provide a probability of damage for negative values of the
intensity parameters, as they would have no physical interpretation.

F (SRIi ,ζi ) =Φ
[

1

ζi
ln

(
SRIi

SRI i

)]
(4.5)

where:

SRI i is the median of the lognormal distribution;
ζi is the standard deviation (or dispersion) of the lognormal distribution;
Φ[•] is the standardized normal distribution function.

Two methods are adopted to obtain the parameters of the fragility curves, and are detailed
in the following.
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4.2.5. APPROACH 1 1

In Phase II (Figure 4.1) the parameters SRI i and ζi of the lognormal distribution described
in Eq. 4.5 were estimated using a non-linear fitting procedure, dividing the buildings
according to the foundation system:

1. First, the exceedance probability distributions are obtained by counting the num-
ber of buildings reaching or exceeding each damage state (i.e., “light damage”
and “moderate to severe damage”), in relation to the total number of cases, for
increasing values of each SRI parameter.

2. Then, the fragility parameters SRI i and ζ were computed by fitting the cumulative
probability functions by means of a non-linear Least Squares Estimation (LSE) [19]–
[21], through the iterative Levenberg-Marquardt algorithm. The fitting procedure
was carried out with a MATLAB algorithm, where lower bounds are imposed for
both SRI i and ζ to avoid negative values.

4.2.6. APPROACH 2
The procedure proposed by [22] is often adopted in the literature to retrieve the parame-
ters SRI i and ζi of the lognormal distribution described in equation 4.5.

The maximum likelihood (ML) method is used to estimate the parameters. The procedure
assumes a unique ζ value for the different damage levels, avoiding the intersection of the
fragility curves [23]. First, the likelihood function "L" is determined as (Eq. 4.6) [24]:

L(SRIi ,ζ) =
N∏

j=1

k∏
i=0

Pi
yi j

(
SRI j ;Di

)
(4.6)

Where:

Pi is the probability that the j-th building from the sample is at damage level Di when
subjected to the SRI j parameter value; "j" varies between 0 and "N" in the total number
of buildings.

Di indicates the considered damage severity level with "i" falling in the range of 0 to k (k
equal to 0, 1, 2 for "no damage", "light" and "moderate to severe damage" in this study);

yi j is equal to 1 if damage level Di occurs for the j-th building subjected to intensity value
SRI j ; equal to 0 otherwise.

The maximum likelihood estimates of the parameters of the fragility function are obtained
by solving the equations in 4.7 to maximise the likelihood function [22]:

∂lnL
(
SRIi ,ζ

)
∂SRIi

=
∂l nL

(
SRIi ,ζ

)
∂ζ

= 0 (4.7)

1This approach was adopted in the published article [1]
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4.3. COLLECTED BUILDING INFORMATION AND SETTLEMENT

INTENSITY PARAMETERS

In the preliminary phase (Figure 4.4) the information from 386 field surveys over different
Dutch provinces was collected into a database in MATLAB [25]. Each building corresponds
to one database item, then categorized according to the recorded foundation system,
including 122 buildings on shallow foundations and 264 on deep (piled) foundations.
Additionally, information was retrieved from the available Addresses and Buildings Key
Register (Basisregistraties Adressen en Gebouwen (BAG) in Dutch), allowing the retrieval
and integration of the year of construction, into the surveys’ information.

The masonry buildings were manually classified according to four typologies proposed in
[26], based on the structural features and the adjacency with other structures. A schematic
illustration of the selected building typologies is shown in Figure 4.5:

• Unit House (UH) in Figure 4.5a, refers to freestanding houses, (e.g. a single detached
house) with an independent foundation system.

• Block Unit Single (UBHS) in Figure 4.5b, refers to a single building part of a ho-
mogeneous block (e.g. a single address of a block of row houses, or a part of a
semi-detached house).

• Block Unit Multiple (UBHM) in Figure 4.5c, refers to a homogeneous building
block, with the same foundation system (e.g. a block of row houses).

• Others (OTH) in Figure 4.5d, refers to cases not classified in the previous 3 categories
(e.g. sheds or warehouses).

(a) - Unit House (UH)

(b) - Block Unit Single
(UBHS)

(c) - Block Unit Multiple
(UBHM)

(d) - Others (OTH)

Building typologies based on the structural features and the adjacency with other structures:  
1 

Figure 4.5: A schematic illustration of the selected building typologies based on the structural features and the
adjacency with other structures: (a) Unit House (UH), (b) Block Unit Single (UBHS), (c) Block Unit Multiple
(UBHM), and (d) Others (OTH).

A summary of all the available information is gathered in Table 4.4 in relation to their
location (province). Most of the buildings were built between or right after 1900 and
1950. Moreover, all the buildings were observed to present similar structural features
(i.e., geometry, number of floors, etc.) based on the available information, and they
are therefore assumed to be built using the same construction methods. Ideally, the
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analysis herein presented may be enhanced by further classifying the buildings based on
other features, such as the type of masonry and thickness of the walls, for instance. Such
information was not available for all the cases in the buildings’ sample. Moreover, further
subdivisions would have resulted in samples too small to be considered in a probabilistic
framework. Therefore, this study focuses on the distinction between buildings on shallow
or deep foundations. Of the total set of 386 buildings, 269 cases were classified as UBHM,
44 as UBHS, 58 as UH and the remaining 15 could not be sorted into one of the defined
typologies.

Table 4.4: Summary of building data for some provinces distinguished by foundation type, building typology
and year of construction.

Province
Foundation type Building typology (see Figure 4.5) Year of construction (y)

Shallow Deep UH UBHS UBHM
OTH

y ≤
1900

1900
<y ≤
1950

1950
<y ≤
2000

y >
2000

South-
Holland

83 206 0 27 262 0 0 289 0 0

North-
Holland

2 18 3 11 44 2 3 6 11 0

Utrecht 25 38 44 5 3 11 11 15 34 3
Other 12 2 11 1 0 2 0 10 4 0

Total 122 264 58 44 269 15 14 320 49 3

The buildings’ dataset herein proposed, as any sample of structures collected to address
post-disaster analyses, may not represent a random sample. In a truly random sample,
every building in the Netherlands would have an equal chance of being selected and
surveyed for analysis. Instead, the sample in question consists of cases gathered through
desk research of damage information from various surveyors. Therefore, this sample
could be categorized as a "convenience sample," which is susceptible to sampling errors
and do not represent the behaviour of the entire population of buildings.

An example of the information collected for the buildings in the dataset is shown in
Figure 4.6, including the levelling measurements and the damage information. Pictures
of damage and the technical notes available in the collected reports have been used to
assign to each building in the dataset a damage level, according to the approach discussed
in section 4.2.1.

4.3.1. THE INTENSITY OF THE COMPUTED SETTLEMENT PARAMETERS

In Phase I (Figure 4.1), the level of masonry bed joints, assumed to have been built
perfectly horizontally, has been used to decipher settlement profiles on the walls of
buildings. Four SRI parameters were computed for each building from the settlement
profiles and related to the assigned damage level, according to the methodology described
in 4.2. In the case of buildings with multiple surveyed walls, the SRI parameters refer to
the maximum among any of the walls.

From the work published in [27], the damage and foundation information of 262 cases in
Schiedam, jointly with the available bed-joint measurements from an in-situ campaign
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Levelling measurements: Pictures of damage:

Technical notes (originally in Dutch):

- Building in fair to poor structural condition;

- Significant visible cracking;

- Cracking near building corners is associated with 

relative rotation of walls;

- Cracking above lintels may also be partly related to 

temperature effects;

Figure 4.6: An example of the levelling measurements, pictures of damage and technical notes for one of the
buildings in the collected dataset.

carried out during the year 2003, a decade earlier.

In Figure 4.7, box plots are used to display the median (crosses), the interquartile range
(the height of each rectangle) and the upper and lower bounds for each SRI parameter
and each damage severity group.

The box plots in Figure 4.7 illustrate that for buildings with shallow foundations (Fig.
4.7c, e, and g), the extent of damage generally increases as the mean of the selected SRI
parameters increases, with the exception of differential settlements (Fig. 4.7a). This trend
also holds true for buildings with piled foundations, although the increase in damage
is notably more gradual (Fig. 4.7b, d, f, and h). The subsample of buildings on piles is
associated, on average, with lower median values of the SRI parameters compared to
buildings on shallow foundations, for all the damage levels.

It should be highlighted that in both cases, the number of buildings classified as “Mod-
erate to Severe Damage” is small (23 and 11 cases for shallow and piled foundations
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Figure 4.7: Box plot of damage level vs. settlement-related intensity parameters for (a), (c), (e) and (g) for shallow
and b), d), f) and h) for deep foundations. The damage level generally increases as the selected SRI parameters
increase.

respectively) compared with the other two damage levels. The relatively small sample
size may therefore affect the reliability of the analyses for that damage level.
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4.4. RECURRENT SETTLEMENT SHAPES

The shapes of the wall displacements for the building’s dataset based on the bed-joint
levelling measurements were compared with the idealized shapes discussed in 4.2.2.

The settlement profiles were sorted as one of the eight proposed shapes by selecting the
maximum R2 among the computed ones. In particular, among 615 surveyed walls, 116
cases were automatically excluded from the sorting procedure, because the maximum
R2 value was lower than 0.25 or because the profiles could not be sorted into one of the
defined shapes. The 499 sorted settlement profiles and their average profile are shown
for both sagging (Figure 4.8) and hogging shapes (Figure 4.9), further divided by the
foundation system.
The analysis reveals how the most recurrent settlement shapes are associated with both
deformations and an overall tilt (SAG2 in Figure 4.8b3 and HOG2 in Figure 4.40b3).
Symmetric settlement shapes without tilt are less recurrent, as for SAG1 and SAG4 for
Figure 4.8a3 and d3 and HOG1 and HOG4 for Figure 4.40a3 and b3. These findings with
the observation by [28], which states "In most practical situations, settlement will cause
both distortion and tilt" referring to sagging and hogging profiles with a non-uniform tilt.

It should be noted that Gaussian curves are used to fit the displacements measured
on the walls, while the ground surface displacements might differ. It is widely known
that buildings can flatten soil deformations due to soil-structure interaction (see section
2.5.4). Nevertheless, this aspect is expected to affect the difference between the distortions
measured on the soil surface and the building, but the shape of the settlement pattern
and its spatial distribution should be similar in both cases. In other words, if the wall
displacements conform to Gaussian curves, the soil surface is likely more pronounced to
exhibit a similar spatial distribution.
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Figure 4.8: Non-dimensional sagging settlement profiles of the considered surveyed buildings: from (a0) to (d0)
Proposed settlement profiles (Figure 4.3a,c,e and g); Settlement profile for: from (a1) to (d1) for buildings on
shallow foundations, and from (a2) to (d2) for buildings on deep foundations. The number of cases for each
foundation system is indicated on top of each bin from (a3) to (d3).
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Figure 4.9: Non-dimensional hogging settlement profiles of the considered surveyed buildings: from (a0) to
(d0) Proposed settlement profiles (Figure 4.3b,d,f and h); Settlement profile for: from (a1) to (d1) for buildings
on shallow foundations, and from (a2) to (d2) for buildings on deep foundations. The number of cases for each
foundation system is indicated on top of each bin from (a3) to (d3).
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4.5. ROC CURVES

The ROC analyses conducted for each of the selected SRI parameters enabled the as-
sessment of their effectiveness in predicting the damage. For each SRI parameter, the
ROC curve was retrieved by computing the sensitivity pairs associated with values of the
cut-off ranging from 0 and the maximum value of the considered SRI recorded in the
database, per foundation type.

As shown in Figure 4.10 (with a black dot), in each ROC curve the sensitivity-pair with
the highest distance from the diagonal line represents the optimized estimate of the
threshold value that better predicts the binary outcome, determined using the closest-to-
(0,1) criterion [16]. Accordingly, for each foundation typology, the AUC scores of the ROC
curves for the selected SRI have been compared; the highest values for AUC scores are the
ones retrieved, in order, for the rotation θ, the relative rotation β, and the deflection ratio
∆/L for both the foundation typologies. The differential settlement δρ is associated with
the lowest AUC scores for building on shallow and deep foundations (Figure 4.10a and b).

Thus, based on the outcome of the ROC analyses herein presented the rotation θ and
the angular distortion β are the best parameters to segregate "undamaged" cases from
buildings that exhibit damage.

Regarding the values of the optimized threshold, these are observed to be relatively high
if compared with the threshold proposed in the international standards. For instance,
the Eurocode [29] proposes a value of angular distortion equal to 1/150 to avoid the
occurrence of the ultimate damage state, whereas the thresholds obtained herein range
between 1/273 and 1/210. This aspect is also discussed in the following and in detail in
section 4.7.
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Figure 4.10: ROC curves for the selected SRI parameters (a), (c), (e) and (g) for shallow and b), (d), (f) and (h)
deep foundations. Each SRI parameter varies between 0 and the maximum recorded value. The black dot shows
the best sensitivity-pair. The shaded area represents the Area Under the Curve (AUC).

4.6. EMPIRICALLY-BASED FRAGILITY CURVES

4.6.1. APPROACH 1 2

In Phase II (Figure 4.1) the cumulative density functions of each damage level relative to
the total number of cases and for each computed SRI parameter and foundation system
were determined. The fragility curves shown in Figure 4.11a, c, e and h for buildings on
shallow foundations and Figure 4.11b, d, f and h for buildings on deep foundations were
retrieved by means of the non-linear least square fitting, according to the methodology
described in 4.2.5. The estimated SRI i and ζ parameters for each fragility curve are
reported in Table 4.5.

2The difference between the results in this section and the published version [1] are detailed in Appendix A.
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Figure 4.11: Fragility curves of buildings resting on shallow and deep foundations for all the SRI parameters
obtained with "Approach 1" (section 4.2.5).

The proposed fragility curves reflect the behaviour of the buildings in the collected
dataset: for instance, for a value of angular distortion equal to 2 ‰(or 1/500) the proba-
bility of light damage for buildings on shallow foundations is equal to 12%, whereas 15%
for buildings on piled foundations. Such limit value of angular distortion is suggested in
the Eurocode [29] as "acceptable for many structures". Therefore, the probabilities appear
to align with this observation. Nevertheless, in the Eurocode, it is also stated that "the
relative rotation likely to cause an ultimate limit state is about 1/150. For such a value of
angular distortion, the probability of moderate to severe damage for buildings on shallow
foundations is equal to 6%, whereas 2% for buildings on piled foundations. In other
words, low probabilities of severe damage are observed, and this is not in agreement with
the limit value proposed in the Eurocode. This can be the result of two different aspects:

• The surveyed buildings exhibit, on average, high values of displacements and
distortions; Cases associated with low displacement and distortion are limited.

• Many buildings with high values of displacements and distortions are not associated
with observable damage.

• The fragility curves determined with Approach 1 (section 4.2.5) strongly depend
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on the number of cases collected for each damage level, i.e., "undamaged", "light
damage" and "moderate to severe damage".

Table 4.5: Median SRI i and Standard deviation ζ of the lognormal distribution obtained with Approach 1
(section 4.2.5) for each considered settlement parameter distinguished by foundation type and damage level.

Parameter Damage level
Shallow foundations Deep foundations

SRI ζ SRI ζ

δρ [mm]
Light 115 2.28 180 1.99

Moderate to
severe

4.51×103 3.42 7.43×106 5.96

θ [mm/mm]
Light 4.32×10−2 2.45 2.94×10−2 2.11

Moderate to
severe

6.95 4.63 109 4.81

β [mm/mm]
Light 3.79×10−2 2.65 2.33×10−2 2.53

Moderate to
severe

8.61 4.98 451 5.86

∆/L [mm/mm]
Light 7.97×10−3 2.28 6.14×10−3 2.23

Moderate to
severe

2.83 5.23 176 5.97

The above-mentioned factors affect the shape of the fragility curves, and in turn the
probabilities of damage.

4.6.2. APPROACH 2
The fragility curves shown in Figure 4.12a, c, e and h for buildings on shallow foundations
and Figure 4.12b, d, f and h for buildings on deep foundations were retrieved by means of
the approach described in 4.2.6. The estimated SRI i and ζ parameters for each fragility
curve are reported in Table 4.6.
The curves in Figure 4.12 are compared with the cumulative density function determined
for each damage level independently.

Compared to the Fragility curves determined by fitting procedure (Fig. 4.11), the curves
in figure 4.12 are associated with higher probabilities of damage.

For a value of angular distortion equal to 1/500 the probability of light damage for build-
ings on shallow foundations is equal to 12%, whereas 26% for buildings on piled founda-
tions. Regarding "moderate to severe damage", for an angular distortion equal to 1/150,
the probability of damage is 26% both for shallow foundations and piles.

Therefore, the fragility curves determined by Approach 2 in Figure 4.12 provide more
conservative estimates of the probability of damage compared to the ones in Figure 4.11.

However, even the curves retrieved with Approach 2 present shortcomings:

• Low probabilities of damage are still observed for low values of distortions and
displacements, as they are not limited in the collected datasets.
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Figure 4.12: Fragility curves of buildings resting on shallow and deep foundations for all the SRI parameters
obtained with "Approach 2" (section 4.2.6).

• The curves for piled foundations overlap, this is due to the limited number of cases
in the "light damage" and "moderate to severe damage" subsets, and due to the
limited increase of the SRI values with the increase of the damage class (Fig 4.7).
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Table 4.6: Median SRI i and Standard deviation ζ of the lognormal distribution obtained with Approach 2
(section 4.2.6) for each considered settlement parameter distinguished by foundation type and damage level.

Parameter Damage level
Shallow foundations Deep foundations

SRI ζ SRI ζ

δρ [mm]
Light 96 0.88 48 1.05

Moderate to
severe

103 0.88 52 1.05

θ [mm/mm]
Light 1.33×10−2 0.94 6.80×10−3 0.85

Moderate to
severe

2.22×10−2 0.94 1.07×10−2 0.85

β [mm/mm]
Light 8.30×10−3 1.16 4.30×10−3 1.22

Moderate to
severe

1.50×10−2 1.16 4.40×10−3 1.22

∆/L [mm/mm]
Light 2.22×10−3 0.98 1.30×10−3 1.08

Moderate to
severe

4.00×10−3 0.98 1.20×10−3 1.08
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4.7. DISCUSSION

The analyses presented in this Chapter included the desk collection of the reports of 386
buildings for which levelling measurements, damage and foundation information are
available.

The adopted procedure involved thus a digitalization process of data that were originally
retrieved in hardcopies of different qualities and from different sources. The data were
manually added to a MATLAB dataset, and thus the procedure is intrinsically subjected to
human errors.

It should be noticed that in the state-of-the-art, there is currently a lack of procedures
to collect data on structures exposed to settlement in a systematic way, from which
probabilistic analyses can be developed. Thus, this study also highlights the necessity
of detailed empirical data on existing structures exposed to settlements available for
researchers and engineers.

Four SRI parameters (i.e., differential settlement δρmax , rotation θ, relative rotation β,
deflection ratio ∆/L) were chosen due to their wide usage in codes and regulations.
The collection of other parameters could be suggested for future studies, such as the
horizontal strain [30] that could also affect the occurrence of damage, although this
parameter may be more suitable for studies related to tunnelling-induced, excavation-
induced and mining-induced settlements rather than for climate-induced settlements.
However, in the presented study, it was not possible to retrieve the horizontal (ground)
displacements using the bed joint measurements.

Moreover, the displacements of only a few points are gathered at fixed, limited intervals
with manual bed-joint levelling readings, thus suggesting that damage appears at higher
values of distortion than what could be present. In addition, the level of accuracy of
different surveyors is influenced by the tools, the time and the scope of the analyses.
This factor could also affect the measurements of the wall deformations. An effect of
this factor is the fact that all the buildings show values of SRI which are considered to be
high if compared to standards and guidelines, whereas many existing buildings could
experience lower SRI values (see Fig. 4.7). It should be noted, however, that different
factors could influence the response of structures, allowing them to withstand also high
distortion without exhibiting observable damage:

• Materials could exhibit viscoelastic effects, such as creep and relaxation, which
can allow structures undergoing settlements over long times (such as decades) to
conform to the ground movements with limited if any damage;

• It is widely known that the response of each structure strongly depends on its own
features (structural layout, construction material, foundation etc.); This aspect
contributes to the variation of values of the SRI computed for each structure.

Other prior studies also indicate a significant range in SRI values across various buildings.
For example, [31]–[33] report angular distortion values for different structures, showcasing
considerable variation, even among undamaged structures.
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All the buildings in the dataset were classified according to the visible damage as “No
Damage”, “Light Damage” and “Moderate to Severe Damage”. This classification is better
applicable to the buildings in the dataset, compared to more detailed classification sys-
tems, as the damage was observed from the available information and was not quantified
by detailed surveys. Moreover, all the visual damage to the surveyed buildings was as-
sumed to be caused by the settlements, while other possible contributing causes were
disregarded based on the lack of knowledge of major influences. Moreover, it should
be noted that a limitation of this work is related to the detectability of damage: dam-
age can occur in parts of the structures which are not easily accessible, or a detailed
characterization of the damage could be missing in some reports.

Regarding the proposed fragility curves, two methods are used to retrieve the probabilistic
relationship between the settlement parameters and the damage: the first method (Ap-
proach 1) uses a fitting procedure, whereas the second approach (Approach 2) is purely
statistical [23] and makes use of the maximum likelihood estimation (MLE).

The curves retrieved with MLE method (Approach 2) are observed to be associated with
higher probabilities of damage, however, the curves of "light damage" and "moderate to
severe damage" overlap, due to the limited differences between the settlement parameters
of the building in both subsets (see Fig. 4.7) especially in the case of piled foundations: in
other words, when the SRI parameters do not increase with an increase of damage, the
curves overlap. This is an effect of the relatively small subsamples of buildings for each
damage level.

The curves retrieved with the fitting procedure (Approach 1) are also dependent on the
sample size: for instance, if the number of "undamaged" cases were higher, the probability
of damage of both "light" and "moderate to severe" damage would be lower. Therefore,
the curves retrieved with Approach 1 describe the behaviour of the building. However,
this sample-specific behaviour may not be easy to generalize.

4.8. CONCLUSIONS

The analyses presented in this Chapter provide empirical insight into the response of
existing structures subjected to settlements. Accordingly, the analyses revealed:

• The wall deformations were observed to be associated with both an overall tilt and
a curvature of the surveyed masonry wall. For the 501 walls displaying a consistent
shape deformation, 90% of those present both tilt and curvatures; the investigated
settlement profiles are observed to conform to a Gaussian curve.

• Empirical fragility curves for four selected settlement intensity parameters are
retrieved using two different approaches. For a value of angular distortion equal to
2 ‰(or 1/500), the most conservative curves are associated with a probability of
exceeding light damage, with cracks wider than 5mm, equal to 12%, whereas 26%
for buildings on shallow and piled foundations respectively.

• The relative performance of the selected SRI parameters as classifiers was analysed
by means of ROC analyses. Accordingly, the rotation and angular distortion are
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identified as the best predictors of building damage, followed by the deflection ratio
and the differential settlement.

It should be noted that the present analyses provide insight into the response of masonry
structures subjected to ground settlements in the Netherlands, but it may be hard to
generalize the conclusions, due to the relatively small sample size. Further analyses are
therefore suggested to investigate the behaviour of complete masonry structures.
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CHAPTER 5
EXPLORATORY FE ANALYSES OF MASONRY

BUILDINGS ON STRIP FOUNDATIONS
EXPOSED TO VARIABLE SETTLEMENT

PATTERNS:
Using existing FE models to assess the

influence of building and soil features on
damage

This chapter has been published in [1].
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5.1. INTRODUCTION

In this Chapter, the influence of different building features on the response of masonry
façades on strip foundations subjected to ground settlements is investigated using non-
linear finite element (FE) models.
The aim is to quantify the effects of the different selected features and to identify the ones
that are the most influential for the model and the building’s response; Features identified
as strongly influencing the response of the models are thus highlighted and are further
used in the analyses reported in Chapter 7.

The numerical simulations herein presented investigate the influence of the masonry
material, the length over height (L/H) ratio of the façade, the wall thickness, the number
and size of openings and different types of strip foundations (i.e., reinforced concrete
and unreinforced) is examined. The models depict the non-linear constitutive behaviour
of both the masonry, via smeared cracking, and of the soil-foundation interaction, via
nonlinear interface elements at the base of the foundation. A sensitivity study additionally
investigates the influence of the interface stiffness and its constitutive model.

Eight Gaussian curves, including both symmetric and asymmetric profiles, are used to
replicate the shape of the ground settlements; The settlement shapes are imposed in the
FE and the angular distortion is used to measure their intensity. The extent of the induced
damage to the façade is assessed objectively using a damage parameter that represents
the number, length and width of cracks in a single scalar value.

The method distinguishes between the applied settlement profile at the bottom of the
interface and the retrieved settlement profile measured on the façade.

The damage to the structure is computed from the results of the FE models using a scalar
parameter; This provides an objective assessment of the damage level based on the cracks’
number, width and length.

A distinction is made between the applied settlements, representing the loss of support
underneath the foundation, and the retrieved displacements measured at the façade.
This allows for studying the influence of the building’s features and the shape of the
settlements on the relationship between the applied settlements, the façade deformation
and the resulting damage.

This Chapter begins with a detailed description of the methodology, the FE models and
the investigated variations in section 5.2. The outcomes of the simulations are presented
in section 5.3. In section 5.4 the findings of this chapter are discussed, and the main
conclusions are presented in section 5.5.

Compared to the published manuscript (i.e., [1]), in this dissertation a revised version of
section 5.3.7 is presented. In the revised version, the calculation and the discussion are
further refined. The refinements are discussed in detail and do not affect the discussion,
findings or conclusions of the original publication.
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5.2. METHODOLOGY AND MODELLING APPROACH

The analysis procedure followed consists of two main steps (Figure 5.1).

1
1
1

1

FE analyses of 2D 
plane-stress models of 
masonry façades with 
different controlled 

variations

Output of  
displacements at 

nodes and crack width 
at integration points 

see Fig. 5.2

Computation of the 
settlement indicators 

(β, δρ, θ, Δ/L)

    Computation of damage 
intensity parameter Ψ

  

Step 1 Step 2
Results

Figure 5.1: Flowchart of the adopted procedure.

In Step 1 (Figure 5.1), masonry façades were modelled in 2D plane stress with the software
Diana FEA 10.5, including different materials, geometries, soil conditions and settlement
loads.

t = wall 
thickness

Mechanical model of the masonry 
structure on strip foundation

Transverse walls
without openings

Strip foundation
B = foundation base
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H

L

Legend

Investigated features

Façade geometrical variations

(N)  Number of variations per parameter

Non-linear
zero thickness

interface elements

10 cm

kn
kt

Settlement profiles 
progressively

applied (8)

Strip foundation system2

Masonry1 façade
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Non-linear 
plane-stress

elements
2Strip Foundations 

(4) 

Masonry1 lintel

Figure 5.2: Illustration of the intended mechanical model and the adopted FE modelling approach, the features
included and the variations investigated. Number of variations per parameter indicated in parenthesis (N). The
foundation systems adopted in the model are shown in detail in Figure 5.4, while the settlement profiles applied
at the bottom edge of the interface are shown in Figure 5.5.
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All the investigated parameters are schematically presented in Figure 5.2. Particularly,
below the façade, the strip foundation systems were explicitly modelled, to further in-
vestigate their role. Moreover, class-III Mindlin beam elements were placed on the two
lateral sides of the façades to simulate the presence of transversal walls and transverse
foundations; This was observed to aid the development of realistic crack patterns due to
ground settlements [2]. The lateral beam elements simulate the additional stiffness at
the sides of the façade due to the interlocking with the house-to-house separation walls
which restrain the rotation of the façade’s edges [2]. The models include openings under-
neath masonry lintels and 8-node quadratic plane stress elements with 3 x 3 Gaussian
integration schemes adopted for the façade, lintels and strip foundation, with a mesh size
of 100 mm x 100 mm. Three-noded elements were used for the beam elements, while
six-noded line interface elements with the Lobatto integration scheme [3] were used to
model the soil-foundation interaction, both with a mesh size of 100 mm.
The geometry (i.e., length L, height H, opening percentage in Figure 5.2), the material
properties (i.e., the elastic-softening orthotropic material properties), the strip foundation
system and the type of soil were varied to investigate their effect on the structural response
in terms of damage.
Eight settlement configurations were considered to simulate the symmetric and non-
symmetric hogging and sagging profiles due to the loss of support underneath the founda-
tion. The settlement profiles specifically aim to represent urban subsidence phenomena
and differ from those by excavations, tunnelling or mining works [4]–[6].

In Step 2 (Figure 5.1), the output of the numerical analyses was used to retrieve the
relationship between the settlement profiles and the damage. The vertical displacements
at the façade’s base (top edge of the foundation) of all the models were selected to output
the façade’s displacements. In this regard, this study is framed by distinguishing with the
term “applied” the prescribed displacements at the bottom of the interface (Figure 5.2),
while the term “retrieved” is used for the resulting displacements at the façade’s base (i.e.,
top edge of the strip foundation). The crack widths at the integration points of the façade
are used to quantify the extension and accumulation of the damage. The relationships
between the applied, retrieved displacements (in terms of differential settlement, rotation,
angular distortion and deflection ratio [7]) and the damage severity were then determined.

5.2.1. FAÇADE AND FOUNDATION VARIATIONS

A two-storey façade model with a total height of 7 meters and a length of 8 meters was
selected as the reference case (Figure 5.3f). Additional geometries were modelled varying
the length over height (L/H) ratio of the façade ranging from 0.57 in Figure 5.3a1 up to 5.00
in Figure 5.3e2. The dimensions of the openings for the reference façade were set to ensure
similarity to previous studies (e.g., [8]) and correspond to an opening percentage of 0.27.
Additionally, two extra opening percentages of 0.10 and 0.20 were obtained by arbitrarily
modifying the height of the openings, as shown in Figure 5.3h and g respectively, for the
sensitivity analyses.

The load and the effect of the floors and roof are not included in the models; Thus, in
terms of mass loads the façades are only loaded by their self-weight. A wall thickness of
210 mm was considered for all analyses (“t” in Figure 5.2). Such wall thickness was also
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applied to the lateral beam elements. A model was developed in which the lateral beam
elements were not included, to further investigate their influence.

4 8 12 16 20

L/H=0.57 L/H=1.14 L/H=2.29 L/H=2.86L/H=1.71

L/H=1.00 L/H=2.00 L/H=4.00 L/H=5.00L/H=3.00

Model with height of 7 meters (2 storeys)

Model with height of 4 meters (1 storey)

a1) b1) d1) e1)c1)

a2) b2) d2) e2)c2)

7.0

8.0

2.5

1.7

1.8

1.0

1.2

f) - reference case (L/H = 1.14 ; opening percentage = 0.27)

g) - (L/H = 1.14; opening percentage = 0.10)

h) - (L/H = 1.14; opening percentage = 0.20)

1.0 1.0 1.0 1.0 1.0 1.0 1.0

0.2

Strip foundation system (see Fig.4)

Reference case 
Variations of the opening percentage

Figure 5.3: Reference geometries for the masonry facade. The geometries from a1) to e2) are characterized by
an opening ratio (Aopeni ng /A f acade ) of 0.27. The model f) represents the reference case. The height of the
openings of f) is modified arbitrarily for the geometries g) and h) to obtain the two selected opening percentages
(i.e., 0.10 and 0.20 respectively). The foundation systems adopted in the model are shown in detail in Figure 5.4.
Not to scale. Measures in meters.

Each façade model rests on an Unreinforced Masonry (URM) strip foundation (Figure
5.4a). Additional reinforced concrete (RC) strip foundations were also modelled. Among
those, an RC block foundation (Figure 5.4b), an RC strip foundation with a masonry layer
on top (Figure 5.4c) and an RC strip foundation with an RC stiffening beam (Figure 5.4d).
The top edge of each foundation system corresponds to the ground surface level. The
longitudinal (i.e., along the façade) rebar system was modelled as line reinforcement and
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considered fully embedded in the concrete and no slipping behaviour was considered.
The equivalent cross-section of the steel is shown in Figure 5.4 for each RC foundation.
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(a) URM foundation (b) RC block foundation (c) RC strip with 
masonry layer on top 1

 (d) RC strip with 
stiffening RC beam1

 

3ϕ16

3ϕ16

3ϕ16

Legend

Masonry Concrete
Equivalent section of
reinforcement bars

View in the plane of the façade:

Cross section of the modelled strip foundation systems:

ground surface level

610B=
570B=570B=

503ϕ16 + 3ϕ8 

 

Schematization of the selected strip foundation systems:

Figure 5.4: Sketch of the recurrent strip foundation systems in the Netherlands: (a) URM foundation, (b) RC
block foundation, (c) RC strip with masonry layer on top and (d) RC strip with stiffening RC beam. The level of
the ground surface and the view in the plane of the façade are shown for each foundation system. Upper and
lower reinforcement bars are represented as equivalent embedded bars. The equivalent section of each bar was
based on the design values of existing structures. Measures in millimetres.

5.2.2. MATERIAL PROPERTIES

The parameters of five different sets of masonry materials were retrieved from the Dutch
Standard [9] and previous studies [10], [11] to investigate the response of both: baked
clay (BC) and calcium-silicate (CS) brick masonry. Accordingly, in Table 5.1, the material
properties are reported as:

• M1 a poor version of M2 where the elastic and strength parameters were reduced
by 50% to simulate the effect of an aged, pre-damaged material, as advised in the
Standard [9];

• M2 represents the material properties of a BC brickwork, built before 1945;

• M3 is the material set used for clay masonry built after 1945;

• M4 represents a CS brickwork with general purpose mortar;
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• M5 a CS block or large element masonry with thin mortar layers.

Table 5.1: Adopted material properties for the masonry in the numerical models.

Material Properties Symbol
Unit of 

measure
M1 M2 M3 M4 M5

Young’s modulus vertical 

direction
Ey [MPa] 2500 5000 6000 4000 7500

Young’s modulus 

horizontal direction
Ex [MPa] 1250 2500 3000 2000 3750

Shear Modulus Gxy [MPa] 1000 2000 2500 1650 3000

Bed joint tensile strength fty [MPa] 0.050 0.100 0.200 0.100 0.200

Fracture energy in tension Gt,I [N/mm] 0.003 0.010 0.010 0.010 0.020

Compressive strength fc [MPa] 4.25 8.50 10.00 7.00 10.00

Fracture energy in 

compression
Gc [N/mm] 10.00 20.00 15.00 15.00 20.00

Friction angle φ [rad] 0.500 0.700 0.900 0.400 0.600

Cohesion c [MPa] 0.075 0.150 0.300 0.150 0.200

Fracture energy in shear Gs [N/mm] 0.025 0.100 0.200 0.100 0.200

Mass Density ρ [Kg/m3] 1708 1708 1708 1763 1763

The masonry façades are assumed to be built with a running bond pattern, with typi-
cal brick dimensions of 210x50x100 mm for the BC bricks and 210x70x100 mm for the
CS bricks. The mortar thickness is assumed to be 10 mm. An orthotropic, smeared
crack/shear/crush constitutive law was employed to simulate the cracking behaviour of
masonry. This constitutive model labelled as EMM (Engineering Masonry Model, [10]) is
total-strain based and it describes tensile cracking, shear slip and compression crushing
including their softening and specific unloading/reloading behaviour in the pre-fixed
x,y-system aligned with the masonry bed and head joint orientations [12]. The selected
material properties were applied to both the façade and masonry foundation. For the
lintels, the same material properties were employed (Table 5.1), and a rotation of 90° of
the local axes was applied to account for the different orientations of the masonry (soldier
brick pattern). The head-joint failure (representing vertical cracking) is based on friction,
so a higher vertical pre-compression positively contributes to the crack formation. The
minimum head-joint strength (as no pre-compression is present) is set to 1.5 times the
bed-joint tensile strength. The lateral beam elements make use of a linear elastic model,
with the Young’s modulus equal to 1/3 of the Ey for each M material, the Poisson’s ratio of
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0.15 and the same mass density of the considered M material [2].

Table 5.2: Adopted material properties for the reinforced concrete in the numerical models.

Material 

Properties
Symbol Unit of measure Concrete Steel

Young’s modulus E [MPa] 32000 210000

Poisson’s ratio ν [-] 0.2 -

Fracture energy in 

tension
Gt,I [N/mm] 0.137 -

Compressive 

strength
fc [MPa] 33 -

Tensile strength ft [MPa] 2.565 -

Mass density ρ [Kg/m3] 2350 -

Yield strength fy [MPa] - 400

Hardening curve - - - No Hardening

The long-term effects such as creep and relaxation of the masonry material were not
included, due to a lack of available information. Moreover, there may be a discrepancy
between the material properties of real full-scale masonry walls and those of the small-
scale masonry laboratory test specimens on which the material properties of this study
were based, even if these originate from real buildings.

For the variations with reinforced concrete foundations (Figure 5.4b, c and d), the non-
linearity of the material was explicitly modelled with the Total Strain Rotating Crack
Model. The Von Mises Plasticity model was employed for the steel material of the rebar in
the RC foundations. A summary of such material properties is shown in Table 5.2.

5.2.3. APPLIED SETTLEMENT CONFIGURATIONS

In this chapter, eight possible settlement profiles were considered, reflecting symmetric
and non-symmetric hogging and sagging shapes; The settlement shapes reflect different
positions of the building on a long Gaussian settlement trough [13] and are computed
with Eq. 5.1:

Sv (x) = Sv,max e

−x2

2x2
i


(5.1)

where:

x is the horizontal distance from the symmetric axis of the curve;

xi is the distance from the symmetry axis of the curve to the point of inflection.
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Figure 5.5: The applied settlement profiles, that reproduce a loss of support underneath the strip foundation,
computed from a Gaussian shape for a façade of 8 meters and an angular distortion β equal to 1/10 (illustrated
as a shaded area), defined according to the definition proposed by [7]: a) SAG1, b) HOG1, c) SAG2, d) HOG2, e)
SAG3, f) HOG3, g) SAG4 and h) HOG4. All profiles were obtained by considering different positions of the façade
over the displacement distributions, as schematically indicated in the centre pictures. The settlement shapes
are applied in the numerical model with increasing amplitude as illustrated in i).

Although Gaussian curves are typically adopted for ground movements due to tunnelling,
mining or excavations, they are herein employed to simulate the reduction of support un-
derneath the foundation due to urban subsidence processes (e.g., organic soil oxidation,
soil shrinkage, groundwater lowering, etc.).

The angular distortion β was chosen to characterize the intensity of the profiles and to
allow for comparison to previous studies [14]–[17]. It is worth stressing that the angular
distortion refers to the slope of the line joining two consecutive points in relation to a line
joining the two points at the sides of the façade [7]. Therefore, depending on the shape,
the maximum vertical settlement Sv,max of each settlement shape was imposed to ensure
an identical distortion, equal to 1/10, in all the profiles. In particular, the imposed angular
distortion refers to the maximum value along the façade. In other words, the maximum
settlement of each of the considered shapes differs, while the angular distortion is the
same (Figure 5.5).

The FE analyses make use of two steps procedure:

• First, gravity was applied to the structure to compute the stress states due to the self-
weight (labelled as “Gravity” in Table 5.3); after this step, the resulting displacement
field of the façade, characterized by displacements in the order of tenths of a
millimetre, was then cleared to avoid the occurrence of deformations not related to
the applied settlements.
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• Then, the settlement profiles (labelled “Settlement” in Table 5.3) were applied
as prescribed nodal displacements at the bottom of the interface elements that
simulate the soil-foundation interaction.

The gravity load was applied in 10 steps. The number of steps used for the application of
the settlements differs per shape. Three intervals with different step sizes were considered,
in order to better observe the progression of the damage in the numerical model:

Table 5.3: Characteristics of the iterative scheme.

Load Method
Convergence 

norm

Convergence 

tolerance

Satisfy all 

specified norms

Max. number of 

iterations

Gravity Quasi-Newton

Displacement

Force

Energy

0.01

0.01

0.001

Yes 200

Settlement Quasi-Newton Energy 0.0001 Yes 200

1. 0.1 mm/step for a vertical displacement minor or equal to 10 mm;

2. 0.2 mm/step for a vertical displacement minor or equal to 100 mm;

3. 0.5 mm/step for higher vertical displacements.

The angular distortion was progressively increased from 0 (in the first step after the
gravity load) up to 1/10. The variable step sizes ensure convergence after the occurrence
of cracking and non-linearity. Both the gravity and the settlement loads make use of the
Quasi-Newton incremental-iterative procedure (also referred to as the “Secant method”
[3]). Additional information about the iterative procedure is reported in Table 5.3.

5.2.4. INTERFACE PROPERTIES REPRESENTING THE SOIL-FOUNDATION IN-
TERFACE

The interface between soil and foundation was modelled by selecting a no-tension smooth
discrete cracking model as constitutive law for the interface elements. Such an interface
is added to avoid the application of the imposed settlement directly to the strip foun-
dation. This means that no forces (either normal or tangential) were transferred at the
interface level when normal tensile stresses were acting at the base of the model. With
this approach, the applied settlement displacements do not pull the façade downward, as
its self-weight makes the façade deform due to the loss of support.

The interface normal and tangential stiffness values were computed using the equations
reported by [18] and proposed by [19] and [20], for arbitrarily shaped foundations on a
homogeneous half-space [21]:

Kn = GL

1−ν
[

0.73+1.54 ·
(

B

L

)0.75]
(5.2)
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Kt =GL

{
1

2−ν
[

2+2.5 ·
(

B

L

)0.85]
− 0.2

2(0.75−ν)

[
1− B

L

]}
(5.3)

Where Kn , and Kt from equations (5.2) and (5.3) represent the static stiffness values for
a rigid foundation respectively for the normal, and tangential (i.e., in the plane of the
façade) directions to the soil surface. B represents the foundation thickness, while L is the
foundation length (equal to the length of the façade) (Figure 5.2).

Table 5.4: Material properties of the soil types considered.

Material 

Properties
Symbol Unit of measure Soil A Soil B

Soil Material [-] [-] Sandy soil Clayey Soil

Shear Modulus G [MPa] 35 10

Poisson’s Ratio 𝜐 [-] 0.3 0.45

The properties of two soil types (Soil A and B in Table 5.4) were based on the superficial
(i.e., the first five meters) soil stratigraphy in the Groningen region reported by Deltares
[22]. In particular, G represents the small-strain shear modulus. The use of equations
(5.2) and (5.3) has been validated in previous studies [21], [23]–[27]. The values of Kn ,
and Kt were then divided by B and L to obtain smeared values of the normal and shear
linear stiffness (namely kn , and kt respectively, in Figure 5.2 and Figure 5.5) along the
foundation footprint.

For the purpose of the sensitivity analysis, a simulation is performed using a Mohr-
Coulomb interface to investigate the role of soil-foundation contact friction. The analyses
were performed by considering the same stiffness values (i.e., kn , and kt ), and an arbitrar-
ily defined friction angle of 30° and zero cohesion for soil A in Table 5.4.

5.2.5. METHOD TO CHARACTERIZE AND QUANTIFY THE DAMAGE

The severity of damage to buildings induced by ground displacements is measured with
the damage classification proposed by [28] which is based on the ease of repair and the
approximate width of the visible cracking. However, the objective quantification of the
cracking damage requires considering not only the width, but also the length and the
number of cracks in brick walls [29], [30]. In this study, a parameterΨ in equation (5.4)
proposed by [29] was employed to quantify the resulting progression and accumulation
of the damage in the numerical models in one single scalar value:

Ψ= 2n0.15
c ĉ0.3

w (5.4)

Where nc is the number of cracks, ĉw is the width-weighted and length-averaged crack
width (in mm) calculated with equation (5.5):
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ĉw =
∑nc

i=1 c2
w,i cL,i∑nc

i=1 cw,i cL,i
(5.5)

Where cw,i is the maximum crack width along the i-crack in mm, while cL,i is the i-
crack length in mm. The parameterΨwas computed considering the output of the FE
analyses, not including the foundation and the lateral beam elements. The length of each
crack is computed according to its shape (automatically classified by a MATLAB script as
horizontal, vertical or staircase-like).

A summary of the relation betweenΨ and the approximate crack width for the various
damage levels proposed by [29], is presented in Table 5.5.

Table 5.5: Damage scale with classification of visible damage based on the crack width and discretization of the
damage parameter in sub-levels (adapted from [28], and [29]).

Damage level Degree of damage Approximate crack width
Parameter of 

damage

DL0 No Damage Imperceptible cracks Ѱ < 1

DL1 Negligible up to 0.1 mm 1 ≤ Ѱ < 1.5

DL2 Very slight up to 1 mm 1.5 ≤  Ѱ < 2.5

DL3 Slight up to 5 mm 2.5 ≤  Ѱ < 3.5

DL4 Moderate 5 to 15 mm Ѱ ≥ 3.5

It is worth stressing that Ψ is limited to the assessment of the light damage (i.e., up
to cracks of about 5 mm wide), whereas damage that could affect the structural safety
would require a different metric, possibly quantifying the reduction of the capacity of the
structure.

5.3. RESULTS OF SENSITIVITY ANALYSES INVOLVING VARIA-
TIONS IN BUILDING AND SOIL FEATURES

5.3.1. RELATIONSHIP BETWEEN SETTLEMENT TROUGHS AND DAMAGE

Figure 5.6 shows how the crack pattern (i.e., cracks’ orientation, width, length, number)
varies depending on the considered shape of the settlements and the applied distortion.
The models depict how cracks initiate around the corners of the openings, and in most
cases propagate mainly either horizontally or vertically (Figure 5.6). Less frequently, some
cracks develop diagonally (e.g., crack “2” in Figure 5.6h).

Thanks to the presence of lateral beam elements, cracking never initiates from the façade’s
edges [2]. The observed crack patterns were validated against available literature data
(e.g.[31]–[33]).
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                                             Crack patterns of the reference masonry façade for all the settlement profiles
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Figure 5.6: Crack patterns of the masonry façade for all the settlement profiles at step 60 (maximum applied
settlement equals to about 11 mm) of the numerical model: a) HOG1, b) HOG2, c) HOG3, d) HOG,4 e) SAG1, f)
SAG2, g) SAG3 and h) SAG4. Note that for a given numerical step the applied settlement configurations are not
characterized by the same value of the angular distortion, due to the variable load step, as discussed in section
5.2. The cracks’ width in the plots is exaggerated.

As discussed in section 5.2.3, each settlement profile was applied with a progressively
increasing angular distortion in the FE model, allowing recording the vertical displace-
ments of all the models at the façade’s base (top edge of the foundation) for each step of
the analysis. Accordingly, the four SRIs considered were computed both for the applied
and the retrieved settlements (e.g., βappli ed refers to the applied angular distortion, while
βr etr i eved corresponds to the one computed from the resulting displacements of the
façade).

In the following sections, the differences between the values of both the applied and
retrieved parameters for eachΨ value are presented per FE model variation (discussed
in 5.2). The model of the façade with L/H = 1.14 (Figure 5.3f), M2 (Table 5.1) with DW
thickness (i.e., 210 mm) and an opening percentage = 0.27 (Figure 5.3f), resting on the soil
A (Table 5.4) on an URM foundation (Figure 5.4a) is arbitrary assumed to be the reference
case.
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5.3.2. INFLUENCE OF THE SETTLEMENT CONFIGURATIONS

Influence of the settlement profiles on the applied against retrieved settlement parameters
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Figure 5.7: Influence of the settlement configuration on the applied vs. retrieved settlement parameters for each
level of damage for: angular distortion for a) hogging and b) sagging, rotation for c) hogging and d) sagging,
deflection ratio for e) hogging and f) sagging, differential settlement for g) hogging and h) sagging. The shapes
of the settlement profiles (not to scale) are shown for clarity. Plots in the logarithmic scale.

For the reference case, the influence of each settlement shape on the applied against
retrieved SRI is shown in Figure 5.7. A dashed line represents an idealization for which the
applied and the retrieved parameters would be equal. The differences between applied
and retrieved SRIs strongly depend on the shape of settlement (Figure 5.7). Due to this
dependency, in the following sections, the results will be mainly presented referring to
the angular distortion, chosen for consistency with previous studies [14]–[17]. Moreover,
the average values of the angular distortion among the results of the eight settlement
profiles is considered for both the applied and retrieved angular distortion (βa and βr

respectively) for eachΨ level, allowing to remove the dependency of the results from the
settlement configurations.

To keep a consistent comparison with other analyses, for those models, in which less than
eight profiles reach a givenΨ value, the average value is omitted from the charts.
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5.3.3. INFLUENCE OF THE MATERIAL PROPERTIES

Influence of the material properties on the applied against retrieved angular distortion
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Figure 5.8: Differences of the applied vs. retrieved angular distortion for each level of damage for the variation
of the: a) material typology, b) variation of the elastic parameters. The secondary x- and y- axes (on top and the
right of the plots) show the values of the angular distortion as 1/β−1, as typically adopted in the literature.

In Figure 5.8a, the applied angular distortion is plotted against the retrieved one for each
masonry typology. The results show that the ratio between the applied and the measured
angular distortion ranges from about 2 up to 51. Moreover, the façade model with M5
does not reach a damage higher thanΨ=1.0. The lowest differences between applied and
retrieved β are observed for M1, which represents a very weak material. The results of
the material M2 were compared with a model in which the elastic parameters (i.e., Ex, Ey
and Gxy in Table 5.1) were further reduced by an order of magnitude, to investigate the
role of the façade stiffness. The comparison proposed in Figure 5.8b shows indeed that
the model with reduced elastic properties (and therefore associated with a more flexible
behaviour) reaches all the damage levels for values of the applied distortions smaller
than the other materials, and it also exhibits the smallest differences between the applied
and retrieved distortions; while an order of magnitude of difference between the elastic
parameters represents an extreme condition, it serves to highlight this observation.

5.3.4. EFFECTS OF THE FAÇADE FEATURES

The results for the models with different L/H ratios (Figure 5.3) are presented in Figure
5.9 using a log-log plot, to better illustrate the distinctions. Façades with an L / H lower
than or equal to 1.00 were observed to not reach aΨ value higher than 1.50 in any of the
models, while only for a few settlement profiles aΨ value of 1.00 is reached. A decrease
in the L/H ratio (i.e., squat facades) is associated with less damage, and with a bigger
difference between applied and retrieved parameters.
The effects of the additional variations of the façade features are shown in Figure 5.10. A
simulation is performed by doubling the mass of the reference façade’s masonry material
(M2). Figure 5.10a shows how an increase in the mass density leads to damage for smaller
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angular distortion as 1/β−1, as typically adopted in the literature.

values of the applied angular distortion, compared to the reference case. This effect
could occur particularly when the loads of the storeys and/or the roof of the building are
summed to the self-weight of the façade.

The influence of the opening percentage was investigated comparing the results for the
models in Figure 5.3g and Figure 5.3h (which correspond to an opening percentage of 10%
and 20% respectively) with the reference case. The results of these analyses are proposed
in Figure 5.10b. The façade with the smallest opening percentage (i.e., 10%) does not
exhibit cracks wider than 0.1 mm (Ψ value higher than 1.0). As observed in the case of the
elastic parameters, façades with large openings have a more flexible response and more
damage, in agreement with the findings of previous studies (i.e., [32], [34]). Figure 5.10c
shows the comparison between the reference FE model and one without the inclusion of
the lateral beam elements (Figure 5.2). For the model without lateral beam elements, the
damage initially progresses similarly to the reference case and suddenly increases after
reaching a value ofΨ equal to 1.5; the removal of the lateral beam elements decreases the
difference between the applied and the retrieved angular distortion.

5.3.5. INFLUENCE OF THE FOUNDATION, SOIL AND INTERFACE

Figure 5.11 shows how the façades on RC foundations exhibit stiffer behaviour and con-
sequently, on average, less damage. The influence of the interface features is shown in
Figure 5.12. To investigate the role of the soil stiffness relative to the façade, a sensitivity
analysis was performed by varying the adopted interface stiffness. Two variations were
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Figure 5.10: Differences of the applied vs. retrieved angular distortion for each level of damage for the variation
of the: a) mass density, b) opening percentage and c) presence of the transverse walls. The secondary x- and
y- axes (on top and on the right of the plots) show the values of the angular distortion as 1/β−1, as typically
adopted in the literature.

selected by increasing and decreasing the values of normal and tangential stiffness of the
reference model by an order of magnitude (kn ,kt )*10, and (kn ,kt )/10 in Figure 5.12a. The
smallest difference between the applied and the retrieved angular distortion is observed
in the case of the highest stiffness values, (kn ,kt )*10. Similarly, Figure 5.12b shows the
comparison between the reference model resting on sand (Soil A in Table 5.4) and a
variation resting on clay (Soil B in Table 5.4), thus contrasting the shear modulus and
Poisson’s ratio.
The model resting on clayey soil exhibits less damage compared to the one on sand.
The façade acts stiffer on the clayey soil than on the sandy one, thus increasing the
differences between applied and retrieved displacements and leading to less damage.
Figure 5.12c shows the comparison between the use of a smooth or a rough interface for
the reference model, as described in section 5.3.5. Interestingly, the two analyses show
similar results when Ψ is smaller than 1.5. However, the model with a rough interface
is more susceptible to damage, as the damage occurs for smaller values of the angular
distortion when compared with the reference case [35].

5.3.6. RESULTS OF THE SENSITIVITY ANALYSES

In Figure 5.13 an overview of the results of all the models is presented. Particularly, the
mean applied angular distortion of each model is divided by the one of the reference case
so that the effect of all the investigated variations can be compared. The L/H ratio is the
one that is associated with the larger variability of the structural response. Accordingly,
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Influence of the interface features on the applied against retrieved angular distortion
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Figure 5.12: Differences of the applied vs. retrieved angular distortion for each level of damage for the variation
of the: a) interface stiffness, b) interface model, c) soil type. The secondary x- and y- axes (on top and on the
right of the plots) show the values of the angular distortion as 1/β−1, as typically adopted in the literature.

for Ψ equal to 0.5 the mean applied angular distortion βa ranges from values 4 times
smaller (in the case of slender façade with high L/H values) to 9 times higher (for squat
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Figure 5.13: Sensitivity chart of the results of all the numerical models. The x-axis in the logarithmic scale shows
the ratio between the mean applied angular distortion βa and the one of the reference model. The results are
categorized by the number of models used to study the influence of each parameter by a dashed line.

façades with small L/H values) compared to the reference case (L/H=1.14). A similar
effect is observed when comparing the analyses with stiffer or softer interfaces. In the
case of the foundation system, the RC strip foundation reaches aΨ of 0.5 for values of βa
about 2 times higher than the reference case, thus with a stiffer response. In comparison,
higherΨ values are not possible, as RC strip foundations don’t exceedΨ equal to 0.5. A
similar effect is given by the opening percentage: models with a small opening percentage
present values of βa about 4 times higher than the reference case. Depending on the
shape of the settlement, The value of βa varies between being 3 times smaller and 2 times
higher than the reference case (which is based on the average of the 8 settlement profiles
chosen for the analysis) when Ψ equals 0.5. As the damage progresses, this variation
increases, ranging from 6 times smaller up to 6 times larger when Ψ equals 3.5. Other
parameters have a smaller influence on the results.

5.3.7. DIFFERENCES BETWEEN APPLIED AND RETRIEVED SETTLEMENTS

This section presents a refinement of the calculations presented in section 3.7 of [1]. The
difference is related to the calculation of the relative bending stiffness parameter, which is
detailed in the following. The differences, however, do not influence the original results,
findings and conclusions.
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Many authors investigated the relationship between ground displacements and building
deformations using the modification factor (MD); This factor corresponds to the ratio
between the deflection ratio computed from the deformation of the building and the
one of the green field profile [36]–[40] (see Eq. 2.5 in section 2.5.4), for tunnelling and
excavations. The deflection ratio and the MD values were computed for all analyses
herein presented, allowing to compare the results with the state of the art. The MD
factor is plotted against a dimensionless ratio, made up of the relative bending stiffness
[36], that takes into account the role of the relative stiffness between the soil and the
building. It should be noted that the relative bending stiffness ρ is typically computed per
meter stretch in the direction perpendicular to the building length, since it was originally
proposed with reference to plain-strain numerical analyses [36]. In this Chapter, the
following equation 5.6 is used [37], [40]:

ρ = E I

Es L3W
(5.6)

where EI is the masonry façade stiffness, Es represents the soil stiffness and L is the length
of the building in either hogging or sagging based on the greenfield settlement profile
(equal to the length of the façade in this study) and W is the building width. In this study,
the relative bending stiffness ρ is computed with (5.6), assuming W is equal to the base of
each selected strip foundation (differently from [1], which assumed W to be equal to the
length "L" of the façade). In particular, in this chapter, EI is estimated with (5.7), similarly
to [41]:

E I = Ew Iwαw +E f I f (5.7)

Where Ew is the Young’s modulus of the masonry, Iw is the second moment of inertia of
the façade, while E f I f is the contribution of the foundation.
In particular, Iw is computed by assuming the neutral axis close to the mid-height of the
façade in sagging (i.e., Iw = H3*t/12 with "t" and "H" represented in Figure 5.2) and equal
to the top edge of the foundation in hogging (i.e., Iw = H3*t/3) [7]. The moment of inertia
I f of the foundation is computed relative to its own middle plane [41]. Moreover, αw

represents the reduction factor to consider the presence of voids (doors or windows), as
proposed by Melis and Ortiz [41], reported in Table 5.6.
An example of the calculation of the relative bending stiffness ρ is reported in section B.1
of Appendix B for the reference case. The computed modification factors are compared
to the design curves proposed by [37] in Figure 5.14 for different values of the damage
parameterΨ. The points found lay between the two design curves (Figure 5.14), offering
an indirect validation of the numerical analysis results.
Interestingly, the values of the modification factor increase for higher levels of damage
(higherΨ values): As cracking develops, the stiffness of the building can decrease signifi-
cantly, allowing the building to conform more closely to the assumed ground movement
[34], [42]. However, Equation 5.6 does not account for this reduction in stiffness, meaning
that ρ remains the same (in Figure 5.14) across different levels of damage (different values
ofΨ), varying only based on the considered model. The reduction in building stiffness is
reflected by the fact that the MD values progressively approach 1 as damage increases, as
the deflection ratio measured on the building aligns more closely with that of the soil as
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damage progresses (Figure 5.14).
In other words, as the damage to the building accumulates, it results in a more flexible
response.

Table 5.6: Reduction factor of wall bending stiffness EI (from Melis and Ortiz [41]).

Type of wall L < 2H L > 2H

Opening from 0 to 15% 0.70 0.90

Opening from 15 to 25% 0.40 0.60

Opening from 25 to 40% 0.10 0.15

Modification factors for the deflection ratio against the relative bending stiffness for all the models
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Figure 5.14: Modification factors for the deflection ratio with relative bending stiffness for allΨ values. Design
curves from [37]. The results refer to all the façade models and all the settlement profiles.

5.3.8. COMPARISON WITH THE AVAILABLE LIMIT VALUES

In Figure 5.15 the cumulative density functions (or exceedance curve) are retrieved for
all the selected SRI parameters (i.e., angular distortion, rotation, deflection ratio and
differential settlement) forΨ values ranging from 0.5 to 3.5. The exceedance curves were
obtained by counting the number of models that exceed each threshold of damage (Ψ)
in relation to the total number of analyses. It should be highlighted that the exceedance
curves do not provide probabilistic information regarding the real population of masonry
buildings, but only an insight into the results of the numerical analyses of this study. A
more comprehensive analysis would require modelling a wider, realistic, set of cases and
combinations of the investigated parameters.
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  Probability density functions of the damage for the retrieved settlement parameters for all the façade models
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Figure 5.15: Cumulative density function for all theΨ values for the retrieved: (a) angular distortion βr , (b)
rotation θr , (c) deflection ratio ∆/Lr and (d) differential settlement δρr . The secondary x-axes (on top of the
plots of the (a) angular distortion, (b) rotation and (c) deflection ratio) show the values of the parameters as
1/x−1, as typically adopted in the literature.

The limit values of the settlement parameters, often employed as guidelines or recom-
mendations (e.g., in [7], [14], [43]–[48]), are herein discussed in relation to the result of
the numerical analyses proposed in this study. For each threshold, the frequency (or
probability) of exceedance for the correspondingΨ value is retrieved from the cumulative
density functions shown in Figure 5.15. This allows assessing the performance of such
limit values relative to the numerical analyses presented in this study. An overview of
the available literature thresholds, in terms of the structures’ angular distortion β and
deflection ratio ∆/L, thus the “retrieved” settlement parameters, is presented in Table 5.7.
Regarding other parameters, only a limited number of studies focus on the rotation and
the differential settlements. For the rotation, there is a lack of limit values in the current
state-of-the-art. In the case of the differential settlement, however, this parameter may
not be sufficiently reliable in the definition of the relationship between the ground settle-
ment and the resulting damage. For instance, although the differential settlement can be
arguably easily computed in many cases, it does not provide any information regarding
the distortion along the building. The differential settlements could also result from the
uniform tilting of the building with small or null distortions in the structure unlikely to
produce damage [5]. For each limit value in Table 7, the corresponding frequency of
exceedance is reported from the curves of the retrieved settlement parameters (Figure
5.15). In all the encountered cases, if the goal is to prevent the occurrence of aΨ value,
the high probabilities of exceedance discussed indicate how the limit values may be too
optimistic in relation to the results of the numerical model. For example, aΨ higher or
equal to 3.5 is associated with the occurrence of cracks above 5 mm wide (in this study),
corresponding to the occurrence of a serviceability limit state [45]–[48]. In the Eurocode
[46], the threshold values of the angular distortion β corresponding to the occurrence of
a serviceability limit state ranges from 1/4000 to 1/300 depending on the shape of the
settlement profile (Table 5.7). For such values of angular distortion, from 10 to 75 % of
the models reach or exceed aΨ of 3.5, thus the thresholds proposed in the guideline are
observed to be too optimistic with respect to the results of this study.
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Table 5.7: Overview of the available literature limit values [7], [14], [43]–[49] with the estimatedΨ values and
corresponding probabilities of exceedance.

Reference Parameter

Values Fraction

Description

This study

[‰] [1/ β-1] Ψ
Probability 

[%]

Meyerhof, 1982 β 
0.5 1/2000 Safe limit for hogging 1 93

1 1/1000 Safe limit for sagging 1 96

β

0.5 to 3.3 1/2000 to 1/300
sagging

3.5 10 to 75
EN 1997-1 (serviceability limit state)

-2004
0.25 to 1.7 1/4000 to 1/600

hogging
3.5 0 to 52

(serviceability limit state)

Boscardin and

β

1.5 1/667
Very slight damage

2.5 79
(self-weight)

Cording, 1989 3.3 1/300
Slight damage

3.5 75
(self-weight)

β

0.9 1/1100
Tolerable limit

1 96
Zhang and (load bearing walls)

Ng., 2007
1.2 1/800

Tolerable limit
1 97

(shallow foundations)

Polshin and

Δ/L

0.3 to 0.4 1/3300 to 1/2500 with L/H ≤ 3 1.5 89

Tokar, 1957 0.5 to 0.7 1/2000 to 1/1400 with L/H ≥ 5 1.5 89

0.5 1/2000 no cracking limit 1 97

Burland et al. 

1975
Δ/L 0.2 ‰ 1/5000 Limit value for L/H =1 1.5 88

5.4. DISCUSSION

This chapter focuses on the settlements due to a combination of subsidence drivers (e.g.,
organic soil oxidation, groundwater lowering, soil shrinkage) in urban areas. Detailed
measurements of the ground settlements along strip foundation footprints are not avail-
able in the state of the art. Thus, the shapes of the imposed settlements, conformed to a
Gaussian curve, fictitiously simulate the loss of support underneath the foundations with-
out having the soil unrealistically pull on the foundations. Urban subsidence phenomena
are characterized by smaller horizontal components of the ground movements compared
to excavations, tunnelling or mining works [43]; Thus the horizontal ground deformations
were purposely neglected. Furthermore, the 2D models do not account for variations
in settlement in three dimensions. As a result, the intensity of the ground settlement is
concentrated on the masonry facade. However, 3D settlement patterns are likely to cause
damage to only specific exterior walls of a building, leaving others unaffected. Therefore,
assuming that a single facade can serve as a proxy for evaluating the cracking damage of
the entire structure was expected to provide conservative estimates.

A smooth interface was assumed for the analyses, due to the limited empirical knowledge
of the transmission of the stresses and displacements from the soil to the foundations.
However, a rough soil-foundation interface was observed to reduce the ratio between
the applied and retrieved settlement deformations when compared to the smooth one.
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Further improvements may include the effects given by the soil embedding the RC strip
foundations (Figure 5.4c and d).

The geometry of the reference case is based on typical masonry structures. The chosen ge-
ometry represents an idealized rectangular facade, facilitating straightforward parametric
analyses that consider variations in different geometric features of the models. However,
real-world buildings may have walls with more complex shapes, such as single or double
gable walls, or other intricate geometries. It is recommended to include the effect of
different wall shapes in analyses focused on developing a probabilistic framework.

The Engineering Masonry Model has been utilized to simulate the non-linear cracking
behaviour of masonry. While the model provides numerical stability [50], it has limitations
in terms of damage localization, as cracks tend to appear diffuse rather than sharply
localized [10], [50]. Despite this, the model has been successfully employed to replicate the
crack patterns and behaviour observed in experimental tests with satisfactory accuracy
[51].

Further improvements of the 2D modelling approach of the structure may include the
calibration of the thickness of the lateral beam elements against a 3D model to better
represent the effects of the house-to-house separation walls. This aspect is considered in
Chapter 6.

In addition to the sensitivity analyses presented in this Chapter, the effects of different
numerical settings (mesh size, load step size, convergence norms) should also be assessed,
as they may affect the results of the numerical analyses. This aspect is further explored in
Chapter 7.

5.5. CONCLUSIONS

The sensitivity analysis presented herein was carried out to investigate the non-linear
response of the masonry façades subjected to different settlement shapes underneath
their strip foundations. The effect of different buildings’ features, material properties and
settlement profiles was studied; Thus, we have observed:

• The results of the numerical analyses in terms of damage and deformation strongly
vary depending on the shapes of the applied settlements. For instance, the initiation
of damage for the reference model is achieved for values of the applied angular
distortion ranging between 0.37 ‰(or about 1/2700) and 2.48 ‰(1/400) depending
on the shape of the imposed settlements.

• As the damage increases, the façade tends to be more flexible, thus better accom-
modating the imposed settlement deformations.

• The façades on reinforced concrete strip foundations were observed, on average, to
exhibit lower levels of damage with respect to the masonry ones.

• The façades with L/H smaller or equal to 1 were observed to have cracks of a
maximum 1 mm, on average, without further progression of the damage afterwards,
even for high values of the applied angular distortion (such as 0.1 or 1/10).
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• On the contrary, some of the façades with L/H higher than 1 exhibit cracks equal to
or wider than 5 mm for applied angular distortion of 0.35 ‰ (or 1/2833).

• The limit values of the settlement parameters (i.e., angular distortion, deflection
ratio, differential settlement, rotation) proposed in (inter)national codes and guide-
lines were found to be insufficient in preventing light damage, as compared to the
results from the finite element models presented in this study.

5.5.1. IMPLICATIONS FOR THIS THESIS

The results of this Chapter are used as input for the development of a probabilistic
framework in Chapter 7 and 8.

The influence of the lateral transverse walls is further investigated in Chapter 6, whereas
the effect of different numerical settings is explored in Chapter 7. Among the scenarios
selected for the numerical analyses presented in this chapter, the variations of L/H and
opening percentage, settlement shapes, interface stiffness and masonry and soil material
and mass significantly impact the models’ responses. Nevertheless, some of the selected
variations serve the sensitivity analysis’s objectives and may not entirely reflect realistic
conditions for buildings in the Netherlands; Thus, it is crucial to select and integrate
realistic sets of the aforementioned features in the analyses to investigate the probabilistic
response of buildings.
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CHAPTER 6
FINDING AN OPTIMAL MODELLING STRATEGY

FOR MASONRY BUILDINGS ON STRIP
FOUNDATIONS SUBJECTED TO SUBSIDENCE:

A Review of Existing Models and
Development of the most suitable 2D

Approach

The analysis presented in this Chapter has been published in [1]
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6.1. INTRODUCTION

In this Chapter, 2D and 3D modelling strategies are used to represent the behaviour of his-
torical masonry buildings on strip foundations undergoing settlements. The application
focuses on a two-storey building, typical of the Dutch architectural heritage.

The aim is to provide background knowledge on the most suitable modelling techniques
for masonry buildings undergoing ground settlement, with a focus on Dutch historic
structures and their features.

Both two- or more complex three- dimensional modelling approaches can be used to
study the structural behaviour. However, it is crucial to correctly identify and model the
structural features that affect the response of the structure due to settlements, such as the
effects of the lateral walls, i.e., the walls connected to the façade perpendicularly, the floor
and roof systems, and the foundation.

In the following, six 2D and 3D modelling strategies are selected from the state-of-the-
art, and their results are compared to identify the most suitable and least cost-effective
model(s) in terms of modelling and computational burden. Among the selected models,
an improved 2D model, originally proposed in [2] and adopted in Chapter 5, includes
the effects of the lateral walls in terms of stiffness and weight on the masonry building’s
response.

For all the selected models, the masonry strip foundation is modelled and supported by a
no-tension interface, which represents the soil-foundation interaction. Two settlement
configurations, hogging and sagging, are applied to the models, and their intensity is
characterized using their angular distortion.

This chapter begins by introducing the Finite Element Models and the methodology in
section 6.2. The results are presented in section 6.3 and discussed in section 6.4. In section
6.5, the conclusions are gathered.

The results presented herein represent further refinements of the analyses presented in 5,
and provide additional background on the role of the different building features and the
influence of the adopted modelling strategies.

The most suitable and least cost-effective model is selected to be used in the analyses
presented in Chapter 7.
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6.2. FINITE ELEMENT MODELLING STRATEGIES AND METHOD

6.2.1. METHODOLOGY

The adopted approach consists of three steps:

• In Step 0, the 2D and 3D modelling approaches for masonry structures subjected to
ground settlements available in the state-of-the-art were reviewed.

• Based on this desk study, six modelling approaches were selected and used in Step 1
to generate the 2D and 3D numerical models for a two-storey building on masonry
strip foundations.

• The results of the numerical analyses were compared in Step 2 to investigate their
differences. Thus, models are compared in terms of displacements, damage and
stresses. Among the selected modelling strategies, the most efficient is selected as
the one associated with the lowest computational burden and costs.

6.2.2. THE SELECTED 2D AND 3D MODELLING STRATEGIES

Six modelling approaches were selected from the literature. The models are herein built
with the finite element software Diana FEA 10.5 to analyse a masonry building undergoing
settlements. The selected strategies include 2D plane-stress analyses and 3D models. A
schematic illustration of the six selected models and their features is shown in Figure 6.1,
and are herein labelled as:

• 2D FAçade model (2DFA in Figure 6.1a), a plane-stress two-dimensional model of
the building’s façade [3]–[5];

• 2D façade model with Short Flanges (2DSF in Figure 6.1b), a plane-stress two-
dimensional model with one-brick lateral flanges, (i.e, 100 mm in the plane of the
façade and 210 mm in the direction of the transverse walls) modelled with beam
elements, that simulates the presence of lateral walls [6]–[8];

• 2D façade model with Long Flanges (2DLF in Figure 6.1c), an improved plane-stress
two-dimensional model with lateral flanges whose width is wider than one brick
(i.e., higher than 210 mm in the direction of the transverse walls). The overburden
given by the floor and roof is also included, differently from 2DFA and 2DSF [2];

• 3D FAçade model (3DFA in Figure 6.1d), a shell-elements three-dimensional model
of the building’s façade; This model does not differ significantly from 2DFA, and it
is included to check whenever differences can be observed using shell-elements
rather than plane stress elements.

• 3D BOX model (3DBOX in Figure 6.1e), a shell-elements three-dimensional model
of the entire building, without floors and party walls, similar to [9]–[12];

• 3D FULL model (3DFULL in Figure 6.1f), a shell-elements three-dimensional model
of the entire building including a timber floor, timber roof and an inner structural
wall, similar to [10], [12]–[14].

148



6.2. FINITE ELEMENT MODELLING STRATEGIES AND METHOD

C
h

ap
te

r
6

(b) 2DSF(a) 2DFA (c) 2DLF 
(proposed in this study)

(e) 3DBOX(d) 3DFA (f) 3DFULL

88

Lateral flanges
(beam elements)

M
od

el
 w

it
h 

p
la

n
e-

st
re

ss
 e

le
m

en
ts

M
od

el
 w

it
h 

sh
el

l e
le

m
en

ts

0.6 strip 
foundation

3.5

3.5

Legend

Linear long flange

Linear short flange
Corner springs 

smeared non-linear
interface

roof and floor
loads (point loads)

Z
Y
X

Z
X

floor and 
roof joists

mid-party
wall

plank 
sheeting

Figure 6.1: The six modelling approaches selected from the state-of-the-art: (a) 2D FAçade model (2DFA); (b) 2D
façade with lateral Short Flanges (2DSF); (c) 2D façade with lateral Long Flanges (2DLF); (d) 3D FAçade model
(3DFA); (e) 3D BOX model (3DBOX); (f) 3D FULL model (3DFULL). Measures in meters.

6.2.3. MODEL GEOMETRY

The selected modelling strategies are employed to investigate the behaviour of a two-
storey masonry building. The façade of the selected building has a width of 8 meters
(direction “X” in Figure 6.1), and a height of 7 meters. The selected building idealizes
typical old Dutch houses [15]. Moreover, the façade represents a single-wythe wall (i.e.
the width of one brick, equal to 100 mm, in direction “Y” in Figure 6.1) [7]. The lateral
walls of the building have the same dimension and cross-section as the façade (Figure
6.1).

Below each wall, the unreinforced masonry strip foundations are modelled. In the Nether-
lands, unreinforced masonry strip foundations are commonly observed in old buildings
that rely on shallow foundation systems. The foundation is characterized by a base (per-
pendicularly to the façade, direction “Y” in Figure 6.1) equal to 500 mm and a height of
600 mm. In all the models, the façade includes openings underneath masonry lintels.
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6.2.4. FEM DISCRETIZATION

Regarding the mesh of the selected models, 8-node quadratic elements with 3 x 3 Gaussian
integration schemes were adopted for the façade, lintels, and foundation for both the 2D
and 3D analyses. A mesh size of 100 x 100 mm was used for the plane stress and curved
shell elements, and 100 mm for the beam elements.

In the case of 3DFULL, the timber floor and timber roof, commonly observed in Dutch
historical buildings, were modelled using the class-III Mindlin beam elements, represent-
ing the joists. Moreover, orthotropic shell elements were used for the plank sheeting. The
floor, roof and mid-party wall were assumed to be disconnected from the front and back
façades and to transmit the load to the transversal walls.

Similarly, in the case of the 2DSF and 2DLF models (Figure 6.1b and c respectively) Class-
III Mindlin beam elements [16] were placed at the sides of the façade to model the effect
of the transverse walls, following the approach implemented in [6], [8].

6.2.5. THE INCLUSION OF THE LATERAL WALLS

The lateral elements simulate the additional stiffness and weight due to the presence of
lateral walls and prevent the rotation of the façade’s edges [7], [8]. The inclusion of lateral
elements was observed to aid the development of realistic crack patterns due to ground
settlements in similar studies [7], [8].

In the case of model 2DSF (Figure 6.1b), the presence of lateral walls is modelled with
one-brick flanges (i.e., 100 mm in the plane of the façade and 210 mm in the direction of
the transverse walls).

Regarding the improved 2D model, i.e., 2DLF (Figure 6.1c), an analytical approach is
proposed to compute the length values (perpendicularly to the façade) adopted for lateral
beam elements. This length corresponds to the “cooperating flange” of walls subjected to
shear loading [17], [18]; The cooperating flanges contribute added stiffness to the facade
when it’s subjected to shear action, provided a good interlocking between the transverse
and the façade [17], [18]. In the case of Dutch buildings (section 5.5.3 of [18]), the Dutch
standard integrates this contribution with a normal compression force given by two areas:
the normal compressive force is provided by the part of the building wall located next to
the cooperating flange width (from [17]); this further contributes to the facade stability
and the stress redistribution in the case of shearing actions.
In this chapter, the same value is used to describe the portion of the transversal walls that
contribute to the response of the façade subjected to settlements. Accordingly, the length
of the cooperating flanges corresponds to the sum of three contributions (A1, A2a and
A2b in Figure 6.2):

• The first contribution (A1 in Figure 6.2) was computed by considering the minimum
of the following transverse wall properties: i) a fifth of the wall height ii) half of the
internal distance between party walls (Ls/2) iii) six times the wall thickness (6tw ),
as described in [17]. The obtained value for the selected case is equal to 0.6 m;

• The second and the third contributions (A2a and A2b in Figure 6.2), correspond to
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Figure 6.2: The calculation of the cross-section of the lateral beam elements used in the model 2DLF (Figure
6.1c). Measures in meters.

the contribution to the normal compression given by the flange, as described in
[18].

The sum of the three contributions (Flange thickness t f in Figure 6.2), i.e., the length of
the flange for the model 2DLF is 2.35 m for the selected case; Therefore, the computed
value is about 11 times higher than the one used for the model with short flange 2DSF
(which is equal to 210 mm), whereas the dimension is the same along the plane of the
façade, i.e., 100 mm.

6.2.6. MATERIAL PROPERTIES

The non-linear cracking behaviour of masonry behaviour of the masonry material was
modelled employing an orthotropic, smeared crack/shear/crush constitutive law, i.e., the
Engineering Masonry Model [19], [20].

The parameters of the adopted constitutive law correspond to the material properties
of the clay brick masonry (Table 6.1); Such material properties were retrieved from the
Dutch Standard [21] and previous studies [19], [22]. The Engineering Masonry Model was
adopted for the façade, the lintels and the foundation.

The Young’s modulus equal to 1/3rd of the one of the masonry material (Ey in Table 6.1)
a Poisson’s ratio equal to 0.15 were used for the lateral flanges in both the models 2DSF
and 2DLF. The addition of lateral flanges with a reduced Young’s modulus follows the
calibration and validation presented in [8]; Accordingly, achieving realistic crack patterns
was observed [6], [8].
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Table 6.1: Material properties adopted in the FE models.

Material Properties Symbol Unit of measure Value

Young’s modulus vertical direction Ey [MPa] 5000

Young’s modulus horizontal direction Ex [MPa] 2500

Shear modulus Gxy [MPa] 2000

Bed joint tensile strength fty [MPa] 0.10

Minimum head-joint strength ftx,min [MPa] 0.15

Fracture energy in tension Gft,I [N/mm] 0.01

Angle between stepped crack and bed-joint α [rad] 0.50

Compressive strength fc [MPa] 8.50

Fracture energy in compression Gc [N/mm] 20.00

Friction angle φ [rad] 0.70

Cohesion c [MPa] 0.15

Fracture energy in shear Gs [N/mm] 0.10

Mass density ρ [Kg/m3] 1708

The timber floor and timber roof are herein modelled using elastic C24 class (table 3.4
of [23]) material for both the class-III Mindlin beam element and the orthotropic shell
elements [16], calibrated according to the Appendix G of [21].

The selected soil is characterized by the shear modulus equal to 10 MPa and the Poisson’s
ratio equal to 0.45. The soil material properties were adopted for the interface elements.

6.2.7. INTERFACE ELEMENTS AT THE BOTTOM OF THE STRIP FOUNDATION

At the bottom edge of the strip foundation, a no-tension boundary interface was used to
model the soil-foundation interaction [24]. The interface has zero tensile strength, while
it acts linearly in compression and shear. When an opening occurs, the shear stiffness is
reduced to zero at that location.

In the case of both 2D and 3D models, six-noded line interface elements and the Newton-
Cotes integration scheme are used [16]. In particular, 2D models use 5 integration points,
while for 3D models 3 integration points are used.

Interface elements require the definition of the normal (i.e., in the direction of gravity)
and tangential (along the façade) stiffness values. Such values are herein computed using
the analytical formulations reported by [25]–[27]. The interface stiffness values depend
on soil shear modulus G, Poisson’s ratio ν, and foundation base and length, following the
approach implemented in [7].

Additionally, the model 2DLF uses two corner springs below the transversal walls (Figure
6.1c) which are placed to support the additional weight of the lateral beam elements.
The normal and tangential stiffness values computed for the interface elements are also
assigned to the corner springs, by dividing the stiffness values by the area underneath the
transversal wall.
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6.2.8. LOADINGS: APPLIED SETTLEMENT SHAPES

In all the selected models, settlements are modelled as displacements imposed at the
base of the interface. This approach enables to fictitiously simulate the loss of support
below the foundation due to the settlements, without having the soil unrealistically pull
on the foundations [7]. The settlement actions idealize the occurrence of two types
of asymmetric deformations (i.e. hogging and sagging in Figure 6.3) [7]. The imposed
settlement deformations are based on field data and literature [7], [28], [29]. In the case of
tunnelling-induced settlements, the ground movements are often observed to resemble
Gaussian probability curves. However, in this work Gaussian curves are also used to
idealize the deformations due to other sources of subsidence, similarly to [7]. Therefore,
the displacements imposed at the interface at the base of the foundation were computed
using equation 6.1 [30], in the same way presented in section 5.2.3:

Sv (x) = Sv,max e

−x2

2x2
i


(6.1)

Where Sv (x) represents the vertical ground settlement at the location x; xi is the distance
from the symmetric axis of the Gaussian curve to the point of inflection, and Sv,max is
a value that enable imposing the same intensity for all the profiles. In particular, the
intensity of the settlement profiles is measured by the angular distortion β, i.e. the slope
of the line joining two consecutive points in relation to a line joining the two points at
the sides of each settlement profile [31]; In particular, the angular distortion β is herein
considered to be the maximum along the façade, following an approach implemented in
[7]. Therefore, the Sv,max is imposed so that the two settlement patterns are characterized
by an angular distortion equal to 1/300. Equation 6.1 allows the computation of two-
dimensional curves; In the case of the 3D models, the settlement shapes obtained with
Eq.6.1 are extruded in the direction perpendicular to the plane of the façade. This enables
a consistent comparison between the results of all the models, as the façade is always
subjected to the same imposed displacements. Therefore, the obtained settlement actions
do not include the effects of three-dimensional settlement variations, which are explored
for instance in [32].
In the model 3DFULL (Figure 6.1f) the effect of the overburden given by the timber floor
and timber roof is included. In the case of the improved 2DLF model (Figure 6.1c), the
overburden of the floors was modelled by applying four equivalent point loads, two per
floor at each side of the façade (Figure 6.1c); The intensity of the four equivalent point
loads was computed considering the portion of the floor and roof that loads the length of
the cooperating flanges.

The load application procedure includes two phases for all the selected models: First, the
self-weight of the masonry structure, and eventually the overburden of the floors, was
applied in 10 steps to obtain the initial stress-state. Then, the settlement is imposed at
the base of the interface, and the intensity of the displacements is progressively increased
in 195 steps (which correspond to a load rate of 0.02 mm/step).
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Figure 6.3: The two settlement shapes imposed at the base of the interfaces in the finite element models: (a)
Hogging and (b) Sagging. The settlement profiles are conformed to a Gaussian curve. Their angular distortion is
equal to 1/300. Measures in meters.

6.2.9. DAMAGE ASSESSMENT

For each step of the numerical analyses, the tabulated output of the FEM models can be
used to quantify the damage progression and accumulation. Damage is then assessed
using the parameter Ψ, with the same methodology presented in section 5.2.5 of this
dissertation.

6.3. RESULTS AND COMPARISONS OF SELECTED MODELLING

APPROACHES

6.3.1. CRACK PATTERNS AND DAMAGE SEVERITY

An example of the progression of the damage for the model 2DLF (Figure 6.1c) and
3DFULL (Figure 6.1f) is shown in Figure 6.4.

For each model, the vertical displacements at the façade’s base (top edge of the foun-
dation) were retrieved. A distinction is therefore introduced between the applied de-
formations at the interface level, herein labelled as “applied”, and the resulting façade
displacements, identified as “retrieved” [7]. Thus, the angular distortion imposed at the
interface level is labelled as “βa”, whereas “βr” is computed from the retrieved displace-
ments.

Figure 6.5a and b show the relationship between the applied angular distortion β and the
damage parameterΨ.

It can be observed that the two façade models 2DFA (with plane stress elements) and
3DFA (with shell elements) show just minor differences (Figure 6.5). This observation
confirms that no major differences can be attributed only to a change of the adopted
finite elements (i.e. plane stress or shell elements).

The three-dimensional models, 3DBOX and 3DFULL, also show similar trends. More-
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An example of the Damage progression for Hogging

2DLF

3DFULL

Ψ = 1.0 Ψ = 1.5 Ψ = 2.0

Ψ = 1.0 Ψ = 1.5 Ψ = 2.0

Figure 6.4: An example of the progression of the damage for model 2DLF (Figure 6.1c) and 3DFULL (Figure 6.1f)
for the imposed hogging settlement (Figure 6.3a) for different values of imposed distortion βa. The principal
crack width (Ecw1) is shown. 3DFULL depicts half the model.

over, the more detailed 3D model exhibits higher damage for the same applied angular
distortion, compared to the simplified façade models, 2DFA and 3DFA.

The results show how the model with a short lateral flange, 2DSF exhibits a trend compa-
rable with the other simplified 2D analyses, presenting slightly more damage in hogging,
and less in sagging (similarly to the results presented in Fig. 5.10c). Conversely, the
proposed 2D model with a long lateral flange (i.e., 2DLF) shows a trend more similar to
the more detailed 3D cases. Interestingly, smaller differences between the trends of the
models are observed when the retrieved angular distortion βr is plotted againstΨ (Figure
6.5c and d); This observation proves that the retrieved deformation mainly depends on
the shape and the stiffness of the façade itself. This is in agreement with the results of [7].
Regarding the ratio between the applied and the retrieved values of the angular distortion,
shown in Figure 6.5e and f for hogging and sagging respectively, the plotted lines are
compared with a dash-dotted line that represents the condition for which applied and
retrieved values would be equal (Figure 6.5).

The results of the models 2DLF, 3DBOX and 3DFULL progressively get closer to the theo-
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Figure 6.5: Applied and Retrieved angular distortion β against the resulting damage parameterΨ for all the FE
models for both hogging and sagging. The results of the models 2DFA and 3DFA overlap in all the plots.

retical line as the damage accumulates on the façade. Therefore, the 2DLF model better
accommodates the imposed settlements with the damage progression. This behaviour is
less clear for the model with short lateral elements, 2DSF. Conversely, the two simplified
façade models, 2DFA and 3DFA, show a different trend.

For an applied angular distortion βa equal to 2 ‰(or 1/500), a comparison is shown in
Figure 6.6 between the crack patterns (i.e. location and direction of the cracks) exhibited
by all the models for both hogging and sagging. For the selected angular distortion, the
simplified façade models, 2DFA and 3DFA, and the model with short lateral elements,
2DSF, underestimate the damage (in terms of Ψ), both in hogging and sagging when
compared with 3DFULL.

The 3DBOX model, in which the effects of the party wall and floors are not included,
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shows the highest damage in both hogging and sagging. The damage and crack patterns
of the models 2DLF and 3DFULL are observed to be in good agreement.

Crack patterns for an applied angular distortion of 2 ‰ (or 1/500)

Hogging Sagging

(e1) 3DBOX

Ψ = 3.1

(a1) 2DFA

Ψ = 0.3

(c1) 2DLF

Ψ = 1.4

(d1) 3DFA

Ψ = 0.2

(f1) 3DFULL

Ψ = 1.9

(b1) 2DSF

Ψ = 0.5 

(e2) 3DBOX

Ψ = 1.5

(a2) 2DFA

Ψ = 0.4

(c2) 2DLF

Ψ = 0.9

(d2) 3DFA

Ψ = 0.4

(f2) 3DFULL

Ψ = 1.4

(b2) 2DSF

Ψ = 0 

Figure 6.6: Resulting crack patterns for all the FE models at an applied angular distortion of 2 ‰(or 1/500). The
principal crack width (Ecw1) is shown. The damage parameterΨ is reported for every model. (e1), (f1), (e2) and
(f2) depict half the model.

6.3.2. BUILDING MODEL DISPLACEMENTS

Figure 6.7 shows the comparison in terms of vertical (i.e., in the direction of gravity)
displacements. The models, 2DFA, 3DFA and 2DSF exhibit different stiffer behaviour, i.e.,
less deformation, when compared to the models 2DLF, 3DBOX and 3DFULL in hogging
and sagging (Figure 6.7).This is in agreement with the trends shown in Figure 6.5.

The inclusion of a flexible diaphragm in 3DFULL shows that the additional lateral con-
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Vertical displacements for an applied angular distortion of 2 ‰ (or 1/500)

Hogging Sagging

(e1) 3DBOX

Ψ = 3.1

(a1) 2DFA

Ψ = 0.3

(c1) 2DLF

Ψ = 1.4

(d1) 3DFA

Ψ = 0.2

(f1) 3DFULL

Ψ = 1.9

(b1) 2DSF

Ψ = 0.5 

(e2) 3DBOX

Ψ = 1.5

(a2) 2DFA

Ψ = 0.4

(c2) 2DLF

Ψ = 0.9

(d2) 3DFA

Ψ = 0.4

(f2) 3DFULL

Ψ = 1.4

(b2) 2DSF

Ψ = 0 

Figure 6.7: The resulting vertical displacements (TDtZ in the Legend) for all the FE models at an applied angular
distortion of 2 ‰(or 1/500). Deformations are exaggerated (The magnification factor is equal to 500). The
damage parameterΨ is reported for every model. (e1), (f1), (e2) and (f2) depict half the model.

finement and extra overburden of the transversal walls do not influence the initiation
and progression of the displacement-crack of the front facade. A small difference be-
tween 3DBOX and 3DFULL becomes visible whenΨ reaches a value of about 2.0. This
confinement reduces the brittleness of the mechanism and avoids larger out-of-plane
displacement of the transversal walls. The confinement effect of the floor is mainly
predominant when hogging deformation occurs (Figure 6.5).

Out-of-plane (OOP) displacements, i.e., perpendicular to the plane of the façade, are
observable in the 3D models, differently from 2D ones, which do not include this feature.
Figure 6.8 shows the out-of-plane displacements for the models 3DBOX and 3DFULL.
Interestingly, the two models exhibit different OOP displacement patterns, both in hog-
ging and sagging (Figure 6.8). For the selected value of angular distortion equal to 2 ‰(or
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1/500), the maximum absolute value of OOP displacement is equal to 0.25 millimetres.

Out of plane displacements for an applied angular distortion of 1/500

3DBOX

Hogging Sagging

3DFULL

Figure 6.8: Out-of-plane (OOP) displacements (TDtY in the Legend) for all the FE models 3DBOX and 3DFULL
at an applied angular distortion of 2 ‰(or 1/500) for both hogging and sagging. Deformations are shown and
exaggerated along the direction of the transverse walls (The magnification factor is equal to 5000). The plots
depict half the models.

6.3.3. STRESSES AT THE BOTTOM OF THE INTERFACE

For the selected settlement intensity, i.e., βa equal to 2 ‰(or 1/500), a comparison
between the normal interface stresses is proposed in Figure 6.9. Accordingly, Figure 6.9
shows the results for both hogging and sagging. In both hogging and sagging, a good
agreement is observed between the results of the models 2DLF, 3DBOX and 3DFULL. For
instance, the stresses reveal that for the models 2DLF, 3DBOX and 3DFULL the entire
interface is subjected to compression in the case of hogging. On the contrary, the models
2DFA, 2DSF and 3DFA show the formation of a gap at the right side of the façade, which
means that that location reached zero compressive stress.
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Normal interface stresses for an applied angular distortion of 2 ‰ (or 1/500)
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Figure 6.9: Normal (i.e., direction of gravity) interface stresses for hogging and sagging, with applied angular
distortion of 2 ‰(or 1/500). Positive values represent tension, and negative ones, compression. (e1), (f1), (e2)
and (f2) depict half the model.

6.3.4. FEATURES AND PERFORMANCE OF THE MODELS

The features of the numerical models in terms of type of elements, number of elements
and nodes are summarized in Table 6.2. The CPU time of the analyses with the hogging
settlement action (Figure 6.3a) is reported. Additionally, as the 3D models can make use
of the structural symmetry, two additional analyses that include this effect are included,
and are herein labelled as 3DBOX-Half and 3DFULL-Half (Table 6.2). These estimates
do not include the time to build the model, generate the mesh or set up the analyses.
Moreover, the analysis time of each model was normalized to one of the proposed 2DLF
model. The 2D models, 2DFA and 2DSF are the ones that require less computational time.
The model 3DFA is 6 times slower than its plane-stress counterpart 2DFA. The models
3DBOX and 3DFULL are 37 to 40 times slower than the reference case, i.e., 2DLF; Even
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Table 6.2: A comparison of the performance of all the adopted models. The values of the proposed modelling
approach 2DLF (Figure 6.1c) are shaded.

Model Type of Elements Elements Nodes
Analysis Time Normalized

[hh:mm:ss] Analysis Time

2DFA 2D Plane Stress 4570 14414 00:08:41 0.36

2DSF 2D Plane Stress 4722 14414 00:08:25 0.35

2DLF 2D Plane Stress 4724 14414 00:24:18 1.00

3DFA 3D Shell 4650 14638 00:48:34 2.00

3DBOX 3D Shell 21620 66088 14:48:21 36.56

3DFULL 3D Shell 41580 121944 16:04:28 39.69

3DBOX-Half 3D Shell 10810 33198 03:50:18 9.48

3DFULL-Half 3D Shell 61436 20895 06:17:41 15.54

the models that make use of the structural symmetry, 3DBOX-Half and 3DFULL-Half, are
9 to 16 times slower than the reference case; Similar trends are observed in Sagging.

6.4. DISCUSSION

In this chapter, different 2D and 3D modelling strategies, inspired by the state-of-the-
art, for masonry buildings on strip foundations undergoing settlements are compared.
The imposed loads considered are settlement deformations applied at the bottom of a
boundary interface underneath the foundation. The imposed settlements do not present
variations along the direction perpendicular to the plane of the façade. This assumption,
however, serves the purpose of achieving a consistent comparison among the different
modelling strategies. In the cases of structures undergoing settlements that highly re-
semble 3D patterns, 2D analyses may not be suitable to accurately depict the building
response.

Regarding the imposed settlement, only the vertical components of the ground displace-
ments are idealized and considered. Conversely, the horizontal ground movements were
purposely neglected. Horizontal ground movements play a key role in the case of settle-
ment induced by human activities, such as tunnelling, mining or excavation works [33];
this chapter focuses instead on the effect of settlements that occur due to a combina-
tion of other subsidence sources (e.g. organic soil oxidation, groundwater lowering, soil
shrinkage).

The soil deformations were herein imposed at the base of no-tension interfaces with a
linear elastic behavior in shear. However, further analyses and future studies can benefit
from the use of a soil friction angle to better simulate the contact at the base of the
foundation, as shown in [7].

Regarding the limitation of 2D modelling strategies, ie., 2DFA, 2DSF and 2DLF, they
are not able to include out-of-plane effects of the walls. In this chapter, out-of-plane
displacements in the 3DFA were not activated, while detailed 3D models, 3DBOX and
3DFULL reach a maximum of 1.7 mm at the end of the settlement applications, which
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is thus considered negligible. Previous studies, i.e., [13], [34], show that the difference
between a 3D façade model, in which the 3D effects in terms of transverse wall and
foundations are not included (similar to 3DFA) and a 3D full-structure model (similar to
3DBOX) provides similar results in terms of strains and damage for specific tunnelling-
induced settlements; It should be noted, however, that the damage was there assessed
considering the magnitude on the building maximum tensile strain, differently from this
chapter. Additionally, such studies considered a different type of constitutive relation of
the masonry material.

The results herein presented suggest that including the 3D effect of the lateral walls is cru-
cial: the interface stresses, displacements and cracking are all observed to be influenced
by the weight and stiffness of lateral walls. The presence of a wider transversal wall (with
additional weight) and the corner springs (additional stiffness) in the 2DLF model allows
for a better representation of the three-dimensional effects. A similar effect at the side of
the façades is expected when adjacent structures share transversal walls, in agreement
with [12].

The considered clay masonry façade and lateral walls idealize the structural inner leaves
of old Dutch houses with cavity walls; Therefore both the façade and the lateral wall are
characterized by the same wythe equal to 100 mm. However, it is expected that the results
of this chapter can provide background to the analyses of cases characterized by the
façade and the transverse walls with different wythes, such as for single wythe façade
interlocked with double wythe house-to-house separation walls.

Additionally, although the use of linear elastic lateral elements in the model 2DSF and
2DLF serve as a modelling strategy rather than an actual depiction of the behaviour of the
lateral walls, it was confirmed that the traction stresses to which they are subjected during
the application of the settlement load never exceed the (bed joint) tensile strength of the
masonry material; Consequently, the use linear-elastic elements were deemed suitable
for the lateral walls in this chapter.

Further improvements of the proposed modelling approach may include the effect given
by lateral walls with openings or the lateral confinement by the floor system; The inclusion
of such effects can be attained, for instance, by means of discrete lateral springs. In this
case, however, a 3DBOX model that does not include the timber floor and roof and the
lateral walls only slightly differs in terms of deformation, crack pattern and stresses
from the 3DFULL model in which such effects are included. This indicates that, for the
reference case, the effects in terms of stiffness of the timber floor and roof system may be
negligible. This is in agreement with the work of [9], in which it is reported that “most of
the mass and stiffness of a masonry building lies in the masonry itself ”.

6.5. CONCLUSION

The results of this chapter provide a background to the choice of the most suitable
modelling strategy for masonry structures affected by ground distortions. It was observed
that:

• It is key to pinpoint the structural features that affect the model response due to
the settlement action: the simplified façade of the building, 2DFA and 3DFA, that
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do not include the effects of the lateral walls, exhibit lower damage for a given ap-
plied angular distortion when compared with the more detailed three-dimensional
models, 3DBOX and 3DFULL. For instance, for an applied angular distortion of 2
‰(or 1/500), the models that do not include the effect of the transverse walls, i.e.,
2DFA and 3DFA exhibit a Ψ value from 2 to 7 times lower than the improved 2D
modelling approach, labelled as 2DLF.

• The models without lateral walls exhibit lower vertical displacements than the
models that include the effect of such walls. Therefore, the response of the masonry
façade is influenced not only by the stiffness but also by the weight of the lateral
walls.

• The behaviour of all the models considered is influenced by the stress components
developed at the interfaces. These stresses, in turn, are influenced by the inclusion
of the weight of the lateral walls, which results in different stresses at the façade’s
edges.

• The results of model 2D Long Flanges (2DLF), in terms of deformations, dam-
age, displacements and interface stresses, are in good agreement with the ones of
the more detailed 3D analyses. This observation suggests that the improved 2D
modelling strategy, 2D with lateral Long Flanges, depicts with good accuracy the
behaviour of the entire structure subjected to settlement.

• The improved 2D modelling strategy, 2D with lateral Long Flanges, was observed to
require less time and computational burden than the full-scale 3D analyses. The
model 2DLF was observed to be from 9 to 40 times faster in terms of computational
time than 3D analyses, due to a low model complexity.

6.5.1. IMPLICATIONS FOR THIS THESIS

Based on the results of this Chapter, the 2D model with Long Flanges, herein labelled as
"2DLF" is selected for the numerical analyses in Chapter 7.

The selected modelling strategy represents the best trade-off between the modelling
burden, computational time and the accuracy of the results: It demonstrates a strong
capability to replicate the outcome of more complex 3D analyses with lower use of
computational resources and time.
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7.1. INTRODUCTION AND METHODOLOGY

This section introduces the steps used to develop numerical models and to generate
numerical fragility functions for masonry buildings in the Netherlands.

The analyses presented in this Chapter are carried out in three steps (Fig. 7.1):

selection of façades geometries

numerical models

Step 1: Preliminary analyses
Empirical insight of masonry 

walls in the Netherlands

Available data

Step 2: Sensitivity analyses
FE sensitivity analyses 

Façades model 
subjected to imposed
settlements

Variations of:
- Mesh size;
- Convergence norms;
- Load step size;

Step 3 (in Chapter 8): 
Generation of 

numerically-based 
fragility curves

Variations of:
- Façades geometries
- Foundation system
- Materials
- Imposed settlement patterns settlement intensity

Probability
of damage

D1

D2

D3

Figure 7.1: Flowchart of the adopted methodology. Steps 1 and 2 are detailed in Chapter 7, whereas Step 3 is in
Chapter 8.

• Step 1 details the preliminary analysis of the features of the masonry buildings in
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the Netherlands. The analysis entails the use of available datasets to retrieve the
recurrent dimensions and shape of the population of about 53 million facades in the
Netherlands. Accordingly, eight facades are selected to idealize the characteristics
of Dutch facades, and their representativeness is also evaluated.

• In Step 2, the set-up of two-dimensional numerical models of the selected facades
is described. The models of the selected facades include realistic variations of the
features which influence the buildings’ response, as shown in Chapters 5 and 6,
such as the number and size of openings which vary in each geometry, the masonry
material, two different types of shallow foundations (i.e., unreinforced masonry and
reinforced concrete strips) and two soil materials. In particular, the properties of
the soil materials are used to model interfaces at the bottom of the foundations to
include the soil-structure interaction. Moreover, the effect of the lateral transverse
walls is included in the models, with reference to the methodology described in
Chapter 6 and further detailed in the following sections of this Chapter.

Regarding the loads to which the models are subjected, in addition to the gravity
load and the overburden given by the floors and roof, 72 settlement patterns are
imposed at the bottom of the interface of the models to include the unpredictable
settlement patterns that could be experienced by buildings due to different drivers.
The intensity of each settlement pattern is measured using angular distortion β.

The analyses also distinguish the imposed ground deformations, "applied" at the
bottom of the soil-structure interfaces, by the "measured" distortion, retrieved on
the structural model at the bottom of the facade.

The damage parameterΨ, already adopted in the previous Chapters of this thesis,
has been used to assess the damage on the models. It should be noted that this
study focuses on the occurrence of damage levels which can be classified as "light
damage", ranging from cracks invisible to the naked eye up to 5 millimetres.

Accordingly, preliminary sensitivity analyses are carried out to evaluate the influ-
ence of the features of the numerical analyses, such as the mesh size, the adopted
load step size and the convergence norms.

From this step, the settings that are employed in further numerical analyses are
selected.

• In Step 3, the relationship between the imposed angular distortion β and the
damage Ψ is retrieved by means of exceedance curves (i.e., fragility functions).
The proposed fragility curves allow the users to determine the probability of having
or exceeding a certain level of damage for a given value of angular distortion.
Moreover, the proposed curves are validated against different available literature
sources. The differences and the limitations are discussed.

Step 1 and Step 2 are discussed in this Chapter. Step 3 is discussed in Chapter 8.
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The results presented are expected to contribute to a better understanding of the rela-
tionship between the ground settlements due to multi-causal subsidence processes and
the damage to the existing masonry structures.

The use of the developed numerical-based fragility functions in a systematic damage
assessment is subsequently discussed in Chapter 9.
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7.2. SELECTION OF THE FACADE GEOMETRIES

The administrative and spatial data of the buildings in the Netherlands are collected and
discussed. Thanks to the availability of this information, it is possible to gain additional
insight into the features of the buildings in the Netherlands, which integrates the review
presented in Chapter 2, and aids the selection of recurrent facades geometries for the
purpose of the numerical analyses.

7.2.1. AVAILABLE DATASET AND POST-PROCESSING1

In the Netherlands, a 3D building data set that covers the whole country is available
(©3DBAG by tudelft3d and 3DGI [3]). 3DBAG is an enhanced version of the Dutch Basis-
registraties Adressen en Gebouwen (BAG) data set, that includes the height information
from different sources and measurements [4]; Thus, the information already provided
in BAG, such as the age of construction of each building, its footprint and use, is further
integrated with the height determined from aerial (laser) measurements.

Figure 7.2: Aerial view of the ground and 3D view of city centre of Delft. From the website 3DBAG.nl [4].

The entire database has been downloaded and post-processed. Accordingly, the geometry
data encoded with the PostGIS plugin for Postgres SQL is converted and imported into
Matlab; In this way, the building geometry can easily be visualised and processed into
statistics at a building population scale.

An algorithm was used to post-process the available information to obtain statistics about
the shape, length and height of each wall in the dataset. In particular, the geometry of each

1This analysis was carried out as part of a previous research project, i.e., [1], [2].
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building was further processed to identify individual facades. The algorithm "unfolds"
the available 3D geometry into a paper-like net by reconstructing the façades’ shape
from the roof geometry. The algorithm identifies what could be individual walls, and the
imperfections of the 3D geometry are restored to produce clearly defined façades. Figure
7.3 presents an example from the unfolding algorithm. The algorithm thus determines
the wall height and length and the overall shape of each wall.

(a) - 3D building geometry

0 5 10
Length [m]

0

5

H
ei

gh
t [

m
]

(b) - Unfolded geometry

Figure 7.3: An example of the unfolded geometry of two buildings showing the individual walls’ length and
height: (a) the 3D visualization of the building and (b) the identified facades.

7.2.2. AGE OF CONSTRUCTION

The entire database includes information about 10 million buildings constructed in the
Netherlands between 1770 and 2022. The dataset is limited to existing buildings, as it
does not include those that have been demolished.

A histogram of the age of the construction of buildings is shown in Figure 7.4. The plot
shows the effect of the uncertainty in the data, such as estimates of the construction year
rounded to the nearest decade, and the impact of historical occurrences, such as World
War 2 [1], [2].

Figure 7.4 shows that about 50% of the buildings in The Netherlands were built before
1975. In other words, about 50% of the Dutch buildings have reached and surpassed
a lifespan of 50 years. Thus, although repair and maintenance works can be carried
out, many of these buildings could be more susceptible to ground movements due to
deterioration and degradation of the materials, and due to the accumulation of minor
damage caused by different actions (see Ch. 2).

Although the information regarding the construction material is not available, buildings
aged before 1960 are expected to be built mainly with baked clay masonry, as discussed
in section 2.3.2 [5], [6].

7.2.3. WALLS GEOMETRY

The geometry of more than 53 million walls was analysed. Then, each wall was cat-
egorised based on its shape in one of the four categories shown in Fig. 7.5. The four
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Figure 7.4: Histogram of the year of construction for existing buildings in the Netherlands available in the BAG
3D database [1], [2]. The data refers to the buildings identified as "in use" ("pand in gebruik", in Dutch [7]). The
data for buildings that have been demolished is not available.

shape categories were based on preliminary empirical observations of the recurrent wall
geometries, and correspond to:

• "Flat", rectangular wall geometries with a flat upper side;

• "Twin-gable", walls underneath roofs made of two sloping planes;

• "Single-gable", walls underneath roofs made of one sloping plane;

• "Others", geometries that do not fall in the previous categories;

In some cases the adopted algorithm failed to reconstruct the wall geometries, thus
the walls are categorized as "Unassigned". The most common wall geometry is "Flat",
followed by single- and double-gable walls. The histograms of the length, height and
length over height ratio of the investigated walls are shown in Fig. 7.6. Most of the walls
present a length between 2 and 10 meters, while longer walls are less common (Fig.
7.6a). Two peaks are observed in the histogram of the height at about 3 and 6 meters
respectively, corresponding to single and double-storey houses (Fig. 7.6b).

The length and height of each wall are used to determine the length-over-height ratio.
Fig. 7.6c shows how the common values of the length/height ratio range between 0.5 and
2.5.

Although the histograms represent the results for the dataset of buildings across the entire
country, similar distributions are expected in areas specifically prone to subsidence.
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Figure 7.5: Recurrent shapes of the walls distinguished in found macro-categories. Each wall is automatically
assigned to one of the categories.

7.2.4. RESULTS OF THE PRELIMINARY ANALYSES OF THE GEOMETRY OF THE

WALLS

This section briefly summarizes the results of the preliminary analyses of the geometry of
the walls. It has been observed that:

• 50% of the buildings located in the Netherlands have reached or surpassed a lifespan
of 50 years;

• Most of the walls can be schematized as rectangular walls, followed by single- and
double-gable walls;

• The height of the walls suggests that most of the walls belong to low-rise (one- or
two- storey) buildings;

• Walls longer or higher than 10 meters are uncommon;

• Typical length/height ratios vary between 0.5 (high facades with short length) and
2.5 (short facades with long length).

7.2.5. LIMITATION AND UNCERTAINTIES

The retrieved information on the walls’ geometry is associated with aleatory and epistemic
uncertainties, which are briefly discussed in the following [1], [2].

The administrative and spatial data of the buildings may differ from reality, or be wrong
or incomplete. Buildings may have been altered (demolition, renovation, extensions)
and their record modified or simplified. Each dataset case is characterized by an "ID"
which corresponds to buildings in real estate properties. It may be possible that different
buildings could share the same "ID", or conversely multiple "IDs" differentiate properties
that belong to the same structure.
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Figure 7.6: Histograms of the walls’ length (a) and height (b). (c) shows the length-over-height ratio.

Moreover, the construction material of each building is not known.

Aerial measurements were used to derive the geometry of each building and then pub-
lished in 3DBAG (©3DBAG by tudelft3d and 3DGI [3]). The geometry of the buildings is
further processed to derive the information used for this study. Thus, the multiple steps
and the amount of data required for the analysis increase the sources of uncertainties.
Moreover, it has not been quantified the confidence of the process responsible for the
automatic categorization of the wall geometries. This process may be influenced by
inconsistent data or irregular geometries that, in some cases, influence the results of the
unfolding algorithm.

Therefore, it cannot be stated that the geometry of all the buildings is properly represented
and that the analyses are characterized by a high degree of confidence.

7.2.6. THE USE OF THE WALL GEOMETRIES AND STATISTICS

Although several limitations can be highlighted, as discussed in section 7.2.5, the analysis
herein presented results in insightful statistical data that describe the features of the walls
of buildings in the Netherlands.

The collected data does not include information about the construction material of
buildings, nor the openings (windows or doors) of the exterior walls. It is not possible to
obtain any information about the cross-section of walls: for example, cavity walls cannot
be identified. Additionally, there is no correlation between the walls and the foundation
system of the buildings.

Nevertheless, the collected information can be used to determine if a given wall geometry
resembles the walls available in the dataset. In the following, facades are selected for
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the numerical analyses and the collected dataset is used to check whether the facades
represent realistic idealizations of the walls in the Netherlands.
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7.2.7. THE SELECTED FACADES GEOMETRIES

Eight facade geometries are selected for the analyses and are shown in Fig. 7.7. The
detailed information of each facade geometry is reported in the Appendix. C, whereas
Table 7.1 summarises the main geometrical features of the facades and their transversal
walls.

The selected geometries correspond to the exterior walls of existing structures and full-
scale tests that have been reported and used in previous studies (for instance [8]–[10]).
The geometries resemble typical Dutch facades (see for instance Fig. 2.2).

1m

1m

0.5m

FA

FB

FC

FD

FE

FF FG FH

Legend

Masonry Steel Timber

Figure 7.7: The selected facades adopted in the numerical models. Each facade is associated with an ID which
is only used to further reference them.

Each facade was built with clay-baked masonry. As the facades idealize old clay-baked
buildings, 6 facades are double-wythe walls (see Chapter 2, section 2.3.2 for further
details), whereas only two facades are single-wythe (Table 7.1).

Masonry lintels are used for the openings in most cases (Fig. 7.7), i.e., for the facades
herein labelled as "FA", "FC", "FD", "FE", "FF", whereas one facade additionally uses steel
lintels over large openings as observed in real structures, i.e., "FC", one facade use timber
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Table 7.1: Geometrical parameters of the selected facades shown in 7.7.

Parameter Symbol Units
Façade

FA FB FC FD FE FF FG FH

Length L [m] 7.00 17.00 6.80 4.50 5.80 5.30 5.70 10.00

Height H [m] 5.50 3.80 7.10 4.90 3.80 3.80 2.70 3.30

Length  over 

Height ratio
L/H [-] 1.27 4.47 0.96 0.92 1.53 1.39 2.11 3.03

Façade thickness tf [m] 0.21 0.21 0.10 0.21 0.21 0.21 0.21 0.10

Height 

Transversal Wall 
h [m] 3.80 2.40 3.00 3.80 3.80 2.90 2.70 3.30

Transversal Wall 

thickness
tt [m] 0.21 0.21 0.10 0.21 0.21 0.21 0.21 0.10

Distance between 

front and back 

façade

W [m] 5.00 7.00 12.00 5.80 4.50 5.80 5.40 6.50

Note: The parameters "h", "tt " and "W" that refer to the transverse walls and the distance between the front
and back facades are illustrated and used in section 7.3.1.

lintels, i.e., "FG", and two facades do not have lintels, i.e., "FB" and i.e., "FH".

7.2.8. THE REPRESENTATIVENESS OF THE SELECTED FACADES

The entire population of about 53 million walls include cases characterized by length and
height values smaller than 2 meters, which could refer to (parts of) structures which are
not representative of the exterior walls of buildings and be parts of annexes, extensions
or sheds. Similarly, structures with lengths and heights higher than 20 meters have no
bearing on detached or semi-detached houses, which represent the focus of this work.

Therefore, a subset of about 20 million walls with length and height values ranging
between 2 and 20 meters is considered in the following. Walls with shapes classified
as "Others" or "Unassigned" are not considered in the sub-sample. Moreover, the sub-
sample purposely refers to walls from structures built before 1970, as they represent the
focus of this thesis.

Figure 7.8a shows the relationship between Length L, and Height H for the selected 20
million subsets by means of a bivariate histogram. Each dataset item has a unique com-
bination of shape, L, H and thus L/H. Therefore, the determination of facade geometries
with the aim of representing the majority of the cases is not a straightforward task, due to
the uniqueness of each wall. Moreover, any facade selected directly from the dataset may
only represent a small number of cases.

An algorithm is used to check if any of the selected facades (Fig. 7.7) resemble the features
of the 20 million cases, based on the similarity between the length over height L/H ratio,
the length L and shape:

• First, the differences in terms of height H, and length over height L/H are computed
between each selected facade and each case in the 20 million dataset;
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• The facade that best resembles each wall in the dataset is selected as the one
that has the same shape and the smallest differences in terms of H and L/H. The
differences in terms of H and L/H, however, do not have an upper limit. Therefore,
walls that have difference values in terms of H and L/H higher than 1.5 meters and
0.5 respectively for all the selected facades are classified as "Unassigned".
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Figure 7.8: (a) Bivariate histogram showing the relationship between Length L, Height H for walls with an
assigned shape built until 1970 and (b) bar plots of the shapes of the walls among the selected cases.

The results are shown in Fig. 7.9 by means of a bar plot. Each bar represents the number
of cases assigned specifically to one of the selected facades (Fig. 7.7).

The analysis reveals that the selected facades mimic the geometry of about 59% of the
entire population of 20 million walls. Facades with an L/H ratio higher than 3, i.e., "FB"
and "FH" are the ones associated with the lowest number of cases compared to the
other facades. In general, facades with high L and low H values are not common in the
dataset Figure 7.8. Nevertheless, the inclusion of facades with high L/H ratios represents
a conservative choice for the numerical analyses, as they are expected to be vulnerable
to settlement damage compared with facades with low L/H ratios (the reader is further
referred to the conclusions of Chapter 5).

Similarly, facades "FC" and "FF" are also observed to be associated with a low number of
cases. This is explained by the fact that the above-mentioned facades represent twin- and
single-gable geometries, which are less recurrent in the 20 million cases (Fig. 7.8b).

The limited number of selected geometries reflects the variability within the entire popu-
lation of walls. To achieve a more precise representation of the population, additional
models are needed.

However, it is outside the goal of this study to select a sufficient number of facades to
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Figure 7.9: Number of walls from buildings with assigned shape and built until 1970, divided by the most similar
case among selected facades (Fig. 7.7). The percentage of cases assigned to each facade compared to the total of
20 million is shown.

reflect the distribution of the entire population of walls and their features. Instead, the
analysis herein presented proves that the selected geometries represent realistic facades.

In other words, from the analysis presented in this section, it can be concluded that the
shape and dimensions of the selected facades represent realistic scenarios for Dutch
walls. Thus, the selected facades are used in the following sections for the numerical
analyses.
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7.3. SET-UP OF THE FINITE ELEMENT MODELS

This section describes the features of the numerical models adopted in Steps 1 and 2 of
the methodology (see section 7.1) adopted in this study. The models are built with the
software Diana 10.8 [11]. The 2D FE models adopt the strategy presented in Chapters 5
and further refined in 6, and are detailed in the following.

7.3.1. THE INCLUSION OF THE EFFECT OF THE TRANSVERSAL WALLS

The models include the effect in terms of stiffness and weight of the transversal walls
by means of the approach presented in Chapter 6 (Fig. 7.10). The analytical approach
proposed in Chapter 6 to compute the length used to represent the influence of the
building’s transversal walls is herein further detailed. For clarity, the approach adopted
in this Chapter is equivalent to the one used in Chapter 6, however, Figure 7.10 further
distinguishes more general situations to be considered in the analytical formulation.

The Dutch standard [12] proposes a method to compute the length of the effective flange
width as the sum of two areas: the normal compressive force is provided by the part of
the building wall located next to the cooperating flange width.

The length of the cooperating flanges corresponds to the sum of two contributions (C1,
C2 in Figure 7.10):

• The first contribution ("C1" in Figure 7.10) is computed by considering the min-
imum of the following transverse wall properties: i) a fifth of the building height
(Htot /5), ii) half of the internal distance between party walls (Ls/2) iii) half of the
wall height (h/2) iv) six times the wall thickness (t), as described in [13];

• The second contribution ("C2" in Figure 7.10), corresponds to the contribution to
the normal compression given by the flange, as described in [12]. Two cases are
distinguished for this calculation, based on the geometry of the transversal wall;

The parameters shown in Figure 7.10 referred to the parameters of the selected facades
reported in Table 7.1.

7.3.2. SELECTED FOUNDATION SYSTEMS

Two strip foundation systems are selected for the analyses:

• An unreinforced masonry foundation in Fig. 7.11a;

• A reinforced concrete (RC) strip below a masonry beam in Fig. 7.11b. The portion
of masonry represents an extension of the wall which lies above the ground surface.

The ground surface is assumed to correspond to the top edge of the two selected founda-
tion systems. The selected foundation systems represent two realistic recurring scenarios
of shallow foundations found in the Netherlands.

Regarding the reinforced concrete foundation, the non-linear behaviour of the material
is included (see section 7.3.4). Therefore, the longitudinal (i.e. along the façade) rebar
system of the reinforced concrete foundation is modelled as line reinforcement and
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Figure 7.10: The calculation of the effective flange width of the transversal walls adopted in the FE models.

considered fully embedded in the concrete and no slipping behaviour was considered.
The cross-section of the rebar is set to represent 4 φ 16 both at the top and bottom.
It should be noted, however, that in real situations the dimensions of the foundation, as
well as the adopted construction material, are carefully designed considering the type
of structure and the characteristics of the subsoil and thus vary from case to case. The
two selected foundation scenarios herein adopted may thus represent only approximate
idealizations of the foundation which would be otherwise adopted for each of the selected
facades. This aspect represents a limitation of the analyses.

186



7.3. SET-UP OF THE FINITE ELEMENT MODELS

C
h

ap
te

r
7

Legend

Masonry

Concrete

Soil

Equivalent 
section of
reinforcement 
bars

View in the plane of the façade: Cross-section:

measures
in

millimetres

700

200

200

200

100

100

4ϕ16
4ϕ16

700

200

400200

U
n

re
in

fo
rc

ed
 m

as
on

ry
 

fo
u

n
d

at
io

n
R

ei
n

fo
rc

ed
 c

on
cr

et
e

fo
u

n
d

at
io

n

(a)

(b)

Figure 7.11: The strip foundation systems adopted in the numerical models. In the FE models, the soil volume
is not modelled explicitly, and it is represented in the image to illustrate the intended depth of the foundation.

7.3.3. MASONRY MATERIALS

Similarly to the analyses presented in Chapters 5 and 6, the non-linear cracking behaviour
of the masonry material is modelled employing an orthotropic, smeared crack/ slip/
crush constitutive law, i.e., the Engineering Masonry Model [14], [15].
The parameters of the adopted constitutive law correspond to the material properties of
the clay brick masonry (Table 6.1) [14], [16], [17]. In particular, three material property
sets are adopted and correspond to a "Standard" material, a "Weak" material, in which
the properties of the standard material are reduced, and a "Strong" material, in which the
properties are increased.

The Engineering Masonry Model was adopted for the façade, the lintels and the founda-
tion. The head-joint failure (representing vertical cracking) is based on friction, so a higher
vertical pre-compression reduces crack formation. The minimum head-joint strength (as
no pre-compression is present) is set to 1.5 times the bed-joint tensile strength. The crack
bandwidth is determined by Govindjee’s projection method [11].

For the lateral elements placed at the side of the facades to simulate the effect of the
transversal walls, the Total Strain Rotating Crack model is adopted for the masonry
material, as the Engineering Masonry Model is not available for beam elements.
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Table 7.2: Material properties adopted in the FE models. The properties are schematically illustrated in Fig.
7.12.

Material Properties Symbol Unit of measure Weak Standard Strong

Young’s modulus vertical direction Ey [MPa] 2500 5000 7500

Young’s modulus horizontal direction Ex [MPa] 1250 2500 3750

Shear Modulus Gxy [MPa] 1000 2000 3000

Bed joint tensile strength fty [MPa] 0.050 0.100 0.15

Minimum strength head-joint ftx, min [MPa] 0.075 0.15 0.225

Fracture energy in tension Gt,I [N/m] 2.6 10.0 22.4

Angle between stepped crack and bed-joint α [rad] 0.5 0.5 0.5

Compressive strength fc [MPa] 4.25 8.50 12.75

Fracture energy in compression Gc [N/mm] 16.76 18.39 19.90

Friction angle φ [rad] 0.64 0.64 0.64

Cohesion c [MPa] 0.075 0.150 0.225

Fracture energy in shear Gs [N/mm] 0.025 0.100 0.224

Mass Density ρ [Kg/m3] 1900 1900 1900

Figure 7.12: General characteristics of Engineering Masonry model. Retrieved from [11].

7.3.4. CONCRETE, STEEL AND TIMBER

For the variations with reinforced concrete foundation, the non-linearity of concrete was
explicitly modelled with the Total Strain Rotating Crack Model. The Von Mises Plasticity
model was employed for the steel material of the rebar in the RC foundations. A summary
of such material properties is shown in Table 5.2 in Chapter 5.
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Both the steel and timber materials adopted for the lintels are modelled using linear
elasticity. The timber has Young’s modulus equal to 11000 MPa, Poisson’s ratio equal to
0.35 and a mass density equal to 450 kg/m3. The steel material used for the lintel has
Young’s modulus equal to 61204 MPa, Poisson’s ratio equal to 0.35 and a mass density
equal to 1120 kg/m3.

It should be noted that the properties of the steel material for the lintel have been chosen
to ensure that the equivalent bending stiffness "EI" modelled as a rectangular section in
the model corresponds to the "EI" of a steel beam with an IPE200 section.

The steel used for the rebars in the case of reinforced concrete foundations has Young’s
modulus equal to 210000 MPa and yield stress equal to 235 MPa.

7.3.5. SOIL MATERIALS

Two soil materials are considered in the analyses:

• Sand, characterized by a shear modulus of 35 MPa, the Poisson’s ratio equal to 0.3
and a friction angle of 30◦;

• Clay, characterized by a shear modulus of 10 MPa, the Poisson’s ratio equal to 0.45
and a friction angle of 15◦;

The soil properties are used in the modelling of the soil-structure boundary interfaces,
described in detail in section 7.3.6.

7.3.6. BOUNDARY CONDITIONS AND INTERFACE ELEMENTS

SOIL-FOUNDATION CONTACT INTERACTION AND SUPPORTS

At the bottom edge of the strip foundation, interfaces are used to model the soil-foundation
interaction, similarly to the methodology discussed in Ch. 6. Vertical and horizontal sup-
ports are thus applied at the bottom of the interface elements.

Two corner springs below the transversal walls are placed to support the additional
weight of the lateral beam element, representing the soil-structure connection of the
transversal walls. The interface uses the Coulomb-friction behaviour, whereas the values
of the vertical and horizontal stiffness are determined for each soil material with the
formulation reported by [18]–[20] and already adopted in Chapters 5 and 6:

Kn = GL

1−ν
[

0.73+1.54 ·
(

B

L

)0.75]
(7.1)

Kt =GL

{
1

2−ν
[

2+2.5 ·
(

B

L

)0.85]
− 0.2

2(0.75−ν)

[
1− B

L

]}
(7.2)

Where Kn , and Kt from equations (7.1) and (7.2) represent the normal and tangential
(i.e., in the plane of the façade) directions to the soil surface. "B" represents the width
of the base of the foundation, while "L" is the foundation length (equal to the length of
the façade). "G" and "ν" are the shear modulus and the Poisson ratio of the soil material.
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The values of Kn , and Kt are then divided by "B" and "L" to obtain smeared values of the
normal and shear linear stiffness. For instance, the final smeared values for the facade
"FA" on the clay soil are equal 0.026 N/mm3 and 0.017 N/mm3 for the normal and shear
stiffness.

STEEL LINTEL-MASONRY INTERFACE

Interface elements are also used to simulate the contact behaviour between the masonry
facade and steel lintels. In this specific case, Coulomb-friction interfaces with gapping
are used. The normal and tangential stiffness values, i.e., kn,steel−masonr y(i nter f .) and
kt ,steel−masonr y(i nter f .) respectively, of the lintel-masonry interface are computed using
the equation reported in equations 7.3 and 7.4 reported in [21], [22]:

kn,steel−masonr y(i nter f .) =
Esteel Ey,masonr y

hm(Esteel −Ey,masonr y )
(7.3)

kt ,steel−masonr y(i nter f .) =
Gsteel Gmasonr y

hm(Gsteel −Gmasonr y )
(7.4)

Esteel and Ey,masonr y in equations 7.3 and 7.4 represent Young’s moduli of the steel and
the masonry material respectively, whereas Gsteel and Gmasonr y the shear moduli. hm

represents the thickness of the mortar, assumed to be equal to 10 mm. The normal and
shear stiffness values, for the standard masonry material, computed with equations 7.3
and 7.4 are equal to 544 and 218 N/mm3 respectively. The adopted friction angle is equal
16.7◦, the dilation angle is 0◦ whereas the cohesion and the tensile strength are equal to
the ones of the masonry materials.

7.3.7. FINITE ELEMENT DISCRETIZATION

Plane stress elements with an average mesh size of 200 x 200 mm are used for the facade,
foundation and lintels. Accordingly, 8-node quadrilateral elements with a 3 × 3 Gaussian
integration scheme and 6-node triangular elements with 4 Gaussian points are used. An
example of the adopted mesh is shown in Fig. 7.13.

Class-III Mindlin beam elements [11] were placed at the sides of the façade and foundation
to model the effect of the transverse walls and foundations, following the approach
implemented in Chapters 5 and 6.

The line interface elements use 3+3 node elements and the Newton-Cotes (5 points)
integration scheme [11]. The corner interfaces make use of 1+1 node elements.

7.3.8. IMPOSED SETTLEMENT ACTIONS

This section describes how the settlement deformation adopted in the numerical analyses
is computed, further detailing the approach already adopted in Chapters 5 and 6.

The settlements are modelled as vertical displacements imposed at the base of the in-
terface. The displacements imposed at the interface at the base of the foundation are
conformed to a Gaussian curve and were computed using equation 7.5:
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(a) – 2D view of the FE mesh (b) – 3D illustration of the FE mesh

Figure 7.13: An example of the adopted FE mesh for facade "FA" with an unreinforced masonry foundation: (a)
screenshot of the mesh from the numerical models and (b) 3D illustration of the FE including the thickness of
the elements. The transversal walls and foundations are not included in the illustration.

S(x) = (−1)ι

e

−(x −Dx )2

2x2
i


 (7.5)

Where S(x) is the vertical displacement along the direction "x", parallel to the facade. The
influence of the parameters of the equation 7.5 is shown in Fig. 7.14 for a building of
unitary length, and discussed in the following:

• "Dx " is the horizontal distance between the symmetry axis of the Gaussian curve
and the edge of the building;

• "xi " is the distance from the symmetry axis of the curve to the point of inflexion;

• "ι" is a term that enables controlling the convexity of the Gaussian curve.

Arbitrary defined intervals of Dx , xi and ι are used to generate 72 settlement shapes, to
idealize and include the variability of ground deformations that could affect buildings, as
shown in Fig. 7.15.

All the selected settlement patterns are generated ensuring that the maximum angular
distortion is equal to 1/300. Accordingly, an algorithm is used to generate the settlement
deformations and entails the following steps:

1. Equation 7.5 is used to generate the settlement deformation S(x) for a building of a
unitary length (thus x ranges from 0 to 1); This step results in settlement shapes in
Fig. 7.15 defined by two coordinates, i.e., the x-coordinate along the building and
the y-coordinate, which refers to the vertical displacement;
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Figure 7.14: Schematic illustration of the interpretation of the parameters of the Gaussian formulation adopted
to idealise the settlement shapes.

2. The maximum value of S(x) is subtracted from all the z-coordinates. This step is
required to make sure the S(x) values range between negative values and "0", where
"0" corresponds to the bottom edge of the foundation;

3. The x-coordinate values are multiplied by the desired length, i.e., the length "L"
of the selected facade. In other words, the unitary length is transformed into the
desired length (thus x ranges between 0 and "L");

4. Finally, the maximum settlement of S(x) is set so that the maximum angular distor-
tion along the profile is equal to 1/300.

This approach is consistent with the one adopted in Chapters 5 and 6 to generate vertical
settlement deformations, purposely neglecting horizontal displacements. The settlement
shapes used in Chapters 5 and 6 are also herein included (see Fig. 7.15).

7.3.9. LOADS OF ROOF, FLOORS AND VENEER

Depending on the selected facade, vertical loads are applied in the models to include
the weight of the roof, floors and veneer (in the case of cavity walls for facade "FC" and
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Figure 7.15: The derived settlement shapes adopted in the numerical analyses are based on arbitrary intervals
of the parameters Dx , xi and ι.

"FH"). The way the vertical loads are applied in the model is illustrated schematically in
Fig. 7.17, whereas the values of each load for each facade are reported in Tab. 7.3.

7.3.10. LOADING SCHEME AND ITERATION PROCEDURE

The FE analyses make use of a two-step procedure:

• First, gravity was applied to the structure to compute the stress states due to the
self-weight and weight of floors/roof (reported in Table 7.3). The two actions are
applied separately with 10 steps respectively. After these 20 steps, the resulting
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displacement field of the façade was then cleared to keep track of the displacement
field from the settlement loading only. The gravity and overburden loads were
applied in multiple steps because it is possible that some non-linearities, and thus
cracking, could occur in the building during the application of these loads.

• Then, the settlement profiles were applied as prescribed nodal displacements at
the bottom of the interface elements that simulate the soil-foundation interaction.

The number of steps used for the application of the settlements differs per shape. Each
settlement pattern is applied progressively increasing the displacement with a load step
equal to 0.2 mm/step. In this way, the angular distortion was progressively increased from
0 (in the first step after the application of the gravity load) up to 1/300. Figure 7.16 shows
an example of the relationship between the imposed increasing displacement and the
applied angular distortion for one of the analyses.
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Figure 7.16: The linear relationship between the maximum settlement, progressively increased with a load step
equal to 0.2 mm/step, and the applied angular distortion β for facade "FA" and for the settlement shape with ι =
1, Dx =0.5 and xi =0.5.

The numerical iteration procedure makes use of the Quasi-Newton (Secant) method
[11]. The line-search option for the iteration method is activated, which is an option that
stabilizes the convergence behaviour and aids the convergence speed. The maximum
number of iterations is set to 500 for the gravity load and overburden, whereas it is 200
for the settlement pattern. Force and displacement (with a convergence tolerance equal
to 10−2) and the Energy (convergence tolerance equal to 10−4) norms are employed for
gravity and overburden, whereas only the Energy norm (with a convergence tolerance
equal to 10−4) is used during the application of the settlements. The analyses stop if
divergence occurs, i.e., the out-of-balance of the energy norm is higher than 1 x 107.
Non-convergent steps, i.e., out-of-balance of the energy norm between 1 x 104 up to 1 x
107, are allowed. Non-convergent steps are accepted as long as convergence is recovered
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in the following steps of the analyses. In the FE analyses, cracking of brittle materials,
such as masonry, is associated with the occurrence of strong nonlinearity which affects
the solution iteration procedure (for instance, due to multiple cracks opening in one step,
or if a big crack suddenly opens). Thus, it may be challenging to ensure convergence at
each step of the analysis, and even more so for a high number of models and analyses, as
in the case of this study.

All the analyses are run in single-core.

Table 7.3: The loads adopted in the finite element analyses of each facade, according to the loading scheme
shown in Fig. 7.17.

Façade

Distributed loads Point loads

qfloor qroof qveneer Qtrans. floor, left Qtrans. floor, right Qtrans. veneer, left Qtrans. veneer, right

kN/m kN

FA 0.00 0.00 0.00 8.86 8.86 0.00 0.00

FB 0.62 4.46 0.00 0.00 16.50 0.00 0.00

FC 0.00 1.77 7.91 7.53 7.53 7.55 7.55

FD 0.00 0.41 0.00 5.50 5.50 0.00 0.00

FE 0.00 2.85 0.00 5.43 5.43 0.00 0.00

FF 0.00 0.00 0.00 4.19 9.42 0.00 0.00

FG 0.00 4.19 0.00 2.89 2.89 0.00 0.00

FH 0.00 5.33 5.08 0.00 0.00 8.76 8.76

7.3.11. "APPLIED" AND "MEASURED" DISTORTIONS

A distinction is made in this study between the applied displacements, herein labelled as
“applied”, representing the loss of support underneath the foundation, and the resulting
displacements at the bottom of the façade, identified as “retrieved” similarly to Chapters
5 and 6. Thus, the angular distortion imposed at the interface level is labelled as “applied
β”, whereas “measured β” is computed from the measured displacements.

Figure 7.18 schematically illustrates the difference between applied and measured dis-
placements.
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7. PREPARATORY STEPS FOR DEVELOPING NUMERICAL FRAGILITY FUNCTIONS:
Methodology, selection of the facade geometries, set-up of the numerical models and

preliminary sensitivity analyses

7.4. PRELIMINARY SENSITIVITY ANALYSES OF THE NUMERICAL

FEATURES

This section refers to the results of Step 1 of the adopted methodology (Fig. 7.1).

The first part of this section demonstrates how the damage is obtained from the numerical
analyses, and how the relationship with the applied angular distortion is retrieved. The
results of one of the selected facades are presented and discussed in detail.

The second part of this section illustrates the sensitivity analyses carried out to investigate
the role of different aspects of the numerical models on the results. While the analyses
presented in Chapter 5 showed the influence of different building and soil features, the
role of the mesh size, the iteration norms and the load steps which concern the numerical
analyses are herein evaluated and discussed. Finally, the influence of the numerical
settings is quantified.

7.4.1. RELATIONSHIP BETWEEN THE MAX. CRACK WIDTH AND THE DAMAGE

PARAMETER Ψ

In this section, the results of the facade labelled as "FA" are detailed (Fig. 7.7). The
selected facade model referred to in the following as the "reference case" is resting on the
unreinforced masonry foundation (as shown in Fig. 7.13) on "Clay" soil, and the analysis
considers the "Standard" masonry material.

The analysis considers the reference case subjected to one hogging2 settlement pattern,
obtained with the use of equation 7.5 (Dx = 0.5, xi = 0.5, ι = 0, see Fig. 7.15) and the
maximum angular distortion is equal to 1/300. Accordingly, the maximum settlement of
the considered profile is equal to about 8 millimetres and it is applied to the model in 38
steps after 20 steps of the gravity and overburden load (the reader is referred to section
7.3.10). Additionally, Appendix C reports the results of the same analyses for the other
selected facades.

Figure 7.19 shows the results of the selected reference case in terms of crack pattern,
and principal stresses as tensor plots. The facade subjected to the symmetric hogging
pattern exhibits the development of a crack that starts from the top edge and progressively
develops toward the bottom. The tensor plots confirm that the highest tensile stresses are
observed where the cracks are developing. However, the interpretation of the principal
stresses should be approached with caution, as they may be misleading when analyzing
the response of non-linear structures.

Figure 7.20 illustrates how the applied angular distortion is progressively applied in the
numerical analysis. Accordingly, Fig. 7.20b and c show how both the maximum crack
width and the damage parameters Ψ increase with the progression of the settlement.
In the graphs, the degree of damage associated with the visible damage, based on the
classification proposed by [23], is shown for both the maximum crack width andΨ [24].
Moreover, the relationship between the maximum crack width andΨ is shown in Figure
7.20c. Accordingly, the dashed line shows the relationship between the width of one

2In Appendix C, the results of the same analysis for a "sagging" settlement profile are reported.
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crack and its correspondingΨ values [24]. The results of the reference case show a good
agreement with the theoretical line, as only the main crack is developing on the facade, as
shown in Fig. 7.19. Moreover, the difference with the theoretical trend can be explained
by the presence of other small cracks developing on the facade (Fig. 7.19), which are
included in the computation of Ψ. Overall, compared to using crack width alone, the
damage parameter Ψ directly reflects the increase in damage by comparing its values
at two different stages. For example, if the maximum crack width remains the same at
two different stages, but new cracks appear, these will be accounted for in the calculation
of Ψ. This is significant because varying the imposed settlement patterns can lead to
different crack patterns, with multiple cracks potentially developing on the facades.

7.4.2. THE INFLUENCE OF THE ANALYSES SETTINGS

In this section, the influence of different numerical settings on the results is evaluated.
The analyses consider variations of the following parameters:

• Mesh size: the mesh size of the reference case is 200 x 200 mm, as described in
section 7.3. Two variations are studied considering mesh sizes equal to 100 x 100
and 300 x 300 mm (Fig. 7.21).

• Step size: the settlement is applied at the bottom of the facade progressively con-
sidering 0.2 mm for each step of the numerical analysis. In this section, two load
steps equal to 0.1 and 0.05 mm are considered.

• Convergence norms: during the settlement application, the considered conver-
gence criterion is the Energy norm. In this section, an additional analysis is carried
out considering the Force, Displacement and Energy norms simultaneously to
evaluate their effect (Tab. 7.4)

Table 7.4: The adopted convergence norms.

Adopted convergence norms in each phase of the analysis

Model Self-weight Overburden Settlement

Reference
Force & Displacement 

& Energy

Force & Displacement 

& Energy

Energy

Variation for sensitivity 

analysis

Force & Displacement

& Energy

The results of the sensitivity analysis are summarised in Figure 7.223. The plots show a
good agreement for small Ψ values, i.e., Ψ smaller than 1.5 - 2.0, and thus the models
are initially insensitive to the different selected settings. However, the differences pro-
gressively increase forΨ values higher than 2.0, both in terms of applied and measured
angular distortion (Fig. 7.22a and b respectively).

Figure 7.23 and 7.24 shows the crack patterns of all the selected model variations and the
correspondingΨ values for applied angular distortion values equal to 1/1000 (or 1.00 ‰)
and 1/500 (or 2.00 ‰).
3In addition to this Figure, the results of all the selected facades are reported in Appendix C.
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The crack patterns and theΨ values are almost the same for an angular distortion equal
to 1/1000 (Fig. 7.23), whereas differences with the progression of the settlement and
damage occur in Fig. 7.24. Due to the application of the symmetric hogging settlement,
it is expected that cracks would occur at the top of the facade, which is consistent with
what is observed in the reference case (Fig. 7.24a). The crack pattern of the reference case
(Fig. 7.24a) is similar to the models with a different mesh size (Fig. 7.24b and c) and with
the model that makes use of the load step 0.05 mm/step (Fig. 7.24d). Nevertheless, the
models with a load step of 0.10 mm/step and the energy-force-displacement norms (Fig.
7.24e and f) exhibit slightly different crack patterns in which the top vertical crack does
not open and cracking localizes at window corners at first floor as horizontal cracks.

The differences between the results of models are not unexpected, as non-linear FE
analyses of masonry structures are pathologically affected by issues related to the damage
localization which is influenced by the chosen analysis settings, influencing the iteration
procedure, and the finite element discretization, i.e., type of FE elements, mesh size
and number of integration points. In general, the occurrence of non-convergence steps,
influenced by the chosen parameters for the numerical analyses, could be a source of
difference between the crack patterns. Figure 7.25 shows the convergence behaviour of all
the selected models: The reference case (Fig. 7.25a) exhibits 7 % of non-convergent steps,
the model with mesh 100x100 mm (Fig. 7.25b) and 300x300 mm (Fig. 7.25c) 24 % and 9 %
steps respectively, the model with a load step equal to 0.10 mm/step exhibits 10 % (Fig.
7.25e), whereas the model with 0.05 mm/step 15 % (Fig. 7.25d). The models that consider
force- energy- and displacement- norms (Fig. 7.25f) exhibit 37 % of non-convergent steps.

However, it is important to notice that most of non-convergent steps are observed when
the facade models exhibitΨ values higher than 3. This observation is supported by the
results present in Figures 7.22, 7.23 and 7.24. Therefore, it is expected that the difference
in the crack patterns can be explained by the occurrence of non-convergent steps forΨ
values higher than 3, for which strong non-linearities develop in the model.
Nevertheless, the analyses presented in this thesis always focus on "light damage", which
is attained forΨ values lower than 3.

In the following analyses, the values of applied and measured angular distortion asso-
ciated with Ψ values higher than 3 are not included. The values of both applied and
measured angular distortion for differentΨ are reported in Table 7.5, based on the results
shown in Figure 7.22. Accordingly, it is possible to quantify the variation between the
values of the angular distortion of the reference model, the maximum and the minimum
values for Ψ values lower than 3. The results indicate that, depending on the selected
numerical settings, the values of angular distortion vary between -26 % and 14 % from
the reference case. Considering the susceptibility of all non-linear analyses to the specific
settings employed, it is not unexpected to observe such variations.

THE INFLUENCE OF THE SETTLEMENT SHAPE: SAGGING VS HOGGING

In addition to the results of the sensitivity analyses for the facade "FA" presented pre-
viously subjected to a hogging settlement, in this section the results are presented with
reference to a different settlement pattern.
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Table 7.5: Variation of the applied and measured angular distortion for different values ofΨ for the reference
case subjected to hogging. A colour scheme is applied to distinguish between the lowest (dark cells) and the
highest (light cells) values.

Damage

Applied angular distortion β

Reference

Mesh Mesh
Load 

step

Load 

step

Energy –

Force -
Variation

between

Reference

and Max.

value

Variation

between

Reference

and Min.

value
Ψ

100x100

mm

300x300

mm

0.05

mm/step

0.10

mm/step

Displacement

norms

0.5 5.4x10-4 4.8x10-4 6.0x10-4 5.4x10-4 5.4x10-4 5.4x10-4 12% -12%

1 9.0x10-4 7.8x10--4 9.8x10-4 9.1x10-4 9.1x10-4 9.0x10-4 9% -14%

1.5 1.3x10-3 1.1x10-3 1.3x10-3 1.2x10-3 1.3x10-3 1.2x10-3 4% -12%

2 1.5x10-3 1.5x10-3 1.4x10-3 1.3x10-3 1.5x10-3 1.5x10-3 0% -18%

2.5 1.6x10-3 1.7x10-3 1.4x10-3 1.3x10-3 1.6x10-3 1.6x10-3 6% -20%

3 1.8x10-3 1.8x10-3 1.5x10-3 1.3x10-3 1.8x10-3 1.7x10-3 2% -26%

Damage

Measured angular distortion β

Reference

Mesh Mesh
Load 

step

Load 

step

Energy -

Force -
Variation

between

Reference

and Max.

value

Variation

between

Reference

and Min.

value
Ψ

100x100

mm

300x300

mm

0.05

mm/step

0.10

mm/step

Displacement

norms

0.5 7.5x10-5 6.6x10-5 8.6x10-5 7.5x10-5 7.1x10-5 7.1x10-5 14% -12%

1 1.3x10-4 1.1x10-4 1.5x10-4 1.4x10-4 1.3x10-4 1.2x10-4 13% -16%

1.5 2.1x10-4 1.8x10-4 2.2x10-4 2.1x10-4 2.1x10-4 2.0x10-4 2% -17%

2 3.2x10-4 3.0x10-4 2.7x10-4 2.3x10-4 2.8x10-4 2.7x10-4 0% -28%

2.5 3.5x10-4 4.0x10-4 3.2x10-4 2.7x10-4 3.2x10-4 3.3x10-4 14% -23%

3 4.3x10-4 4.9x10-4 4.2x10-4 3.4x10-4 4.6x10-4 4.0x10-4 14% -21%

In particular, a sagging settlement pattern is considered, obtained with the use of equation
7.5 (Dx = 0.5, xi = 0.5, ι= 1, see Fig. 7.15) and the maximum angular distortion is equal
to 1/300. The sagging profile mirrors the hogging profile used in the sensitivity analyses
presented previously.
Differently from the results presented in Figure 7.22, Figure 7.26 shows smaller discrepan-
cies among the models with varying settings. Specifically, differences are observed only
in the model utilizing a coarser mesh size (300 x 300 mm), compared to the other models.
However, the overall damage mechanism is coherent between the different models, as
shown by the crack patterns in Figure 7.27 for an applied angular distortion equal to 1/500
(or 2.00 ‰). In addition, it is noticeable how the sagging settlement pattern represents a
less critical condition for the facade model, as the finalΨ values range between 3.3 and
4.0 (Figure 7.26a), whereas in hogging between 4.4 and 6.8 (Figure 7.22a). The findings
are confirmed by the results reported in Appendix C for the other facade geometries.
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THE INFLUENCE OF THE FACADE GEOMETRY

This section shows the results of the sensitivity analyses carried out for facade "FB"
subjected to hogging, in addition to the results of "FA" presented previously.
Interestingly, the results of the very long facade "FB" in Figure 7.28 show no significant
variation between the results of the different models. This result indicates that certain
models due to the combination of geometry, lintels, gravity and overburden loads, may be
more prone to non-linearities and variations in damage due to changes in the settings of
the numerical analyses than others. This observation is supported by the results reported
in Appendix C for the other facade geometries.

7.5. DISCUSSION

In addition to the limitation already discussed in Chapters 5 and 6 regarding the modelling
approaches, the sensitivity analyses herein carried out reveal that the use of different
numerical settings (mesh size, load step size, convergence norms) could result in a
difference of even ± 30% of the final results. This, however, represents a limitation for
any analyses that consider brittle materials, such as masonry and concrete, and has to be
considered as a source of epistemic uncertainties.

The adopted models, like any numerical model, idealize reality in a simplified fashion.
Additional studies and comparisons against experimental benchmarks and existing struc-
tures loaded by differential settlement are recommended to further validate the modelling
assumption. This step was not possible in this study, as the number of cases available in
the literature for such validation campaigns is quite limited or not well documented.

The models depict the behaviour of eight facades that idealize typical geometries of the
Dutch low-rise masonry buildings built before 1970, which represent the focus of this
study.

Preliminary analyses were carried out to evaluate how well the selected geometries,
previously adopted in experimental tests or based on existing buildings, could be rep-
resentative of the exterior walls of buildings located in the Netherlands and built before
1970. A comparison was thus carried out considering multi-sources data of about 20
million walls in the Netherlands, entailing the geometry and dimension of each wall.

The analyses reveal that the selected facades could be considered representative of a
good portion (59%) of about 20 million walls. Considering the variability of each wall of
each building, due to its unique combination of shape and dimensions, the analyses are
considered satisfactory. However, it was not possible to make any conclusion regarding
other relevant features which could also influence the response of the facade, such as
for example the opening ratio, i.e., amount and locations of windows and doors. It is
thus assumed, but not validated, that the selected facade would also represent realistic
scenarios for features such as opening ratio, type of lintels, and floor and roof loads.
Similarly, two soil materials and two foundation systems are selected for the analyses,
based on the engineering judgment.
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7.6. CONCLUSIONS

In this Chapter, it has been observed that:

• The selected facades represent realistic types of masonry facades for buildings in
the Netherlands.

• The relationship between the maximum crack width, typically used to evaluate
damage due to settlements in numerical analyses, and the damage parameterΨ
is in good agreement with their theoretical relationship. The difference can be
explained by the number of cracks and their lengths, which are included in the
calculation ofΨ.

• Compared to the maximum crack width, using the damage parameterΨ allows for
a better characterization of the relationship between settlement and light damage.

• Variations in the settings of the numerical analyses (mesh size, load step size,
convergence norms) have been observed to influence the relationship between the
imposed deformation, the distortions of the buildings and the induced damage. In
the worst case (hogging), these differences have been observed to range between
-28 and +14 % compared to the results of the settings of the reference model, before
the models exceeded light damage (Ψ < 3), which represents the focus of this study.
However, for larger Ψ these differences increase. Moreover, the variation of the
results strongly depends on both the geometry of the facade and the shape of the
applied settlements.

Given the differences observed between the models with varying settings, it is not possible
to determine the optimal combination of mesh size, load step, and the convergence norms
to be used during the application of the settlement load. Nevertheless, the results of the
models with the "reference settings", i.e., mesh size of 200 x 200 mm, load step equal to
0.02 mm/step using only energy norm for the settlement phase, have been observed to
produce on average the best results for all other models in all cases (reported both in
this Chapter and Appendix C). Therefore, these settings are used in the following for the
development of numerical fragility curves.
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Facade

Strip foundation Uniform load
veneer (qveneer)

Uniform load roof and floors
(qroof + qfloor)

Point loads
of the transversal 

veneers
(Qtrans. veneer)

Point loads 
floor and roof on the

transversal walls
(Qtrans. floor)

Figure 7.17: Schematic illustration of the location and types of loads applied to the selected facades.

Measured displacements

Facade

Strip foundation
Non-linear interface

applied settlements

Figure 7.18: Schematic illustration of the location of "applied" and "measured" displacements in the adopted FE
models. Applied displacements (and their relative angular distortion β) refer to the settlement pattern imposed
in the bottom at the bottom of the interface elements. Measured displacement (and the measured angular
distortion β) are retrieved at the bottom of the facade (top edge of the foundation).
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Figure 7.19: Results of the reference model subjected to symmetric hogging: (a) contour plots of the max. crack
width (with a magnification factor of the deformations equal to 100) and (b) principal stresses.
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Figure 7.20: Results in the reference case in hogging: (a) Applied angular distortion βa for each step of the
analysis, (b) step number against the max. crack width, (c) step number againstΨ and (d) Max. crack width
againstΨ. The dashed line represents the trend for one individual crack [24].

Different mesh size of the adopted plane-stress elements

300x300 mm 200x200 mm 100x100 mm

Figure 7.21: The different mesh sizes selected for the sensitivity analyses.
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Figure 7.22: Results of the sensitivity analyses for the reference case in hogging in terms of applied and measured
angular distortion against the damage parameterΨ.
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(b) – Mesh size 100x100mm(a) - Reference case

(c) – Mesh size 300x300mm (d) – Load step 0.05 mm/step

(e) – Load step 0.10 mm/step (f) – Energy-Force-Displ. norms

Ψ=1.14 Ψ=1.31

Ψ=1.06 Ψ=1.16

Ψ=1.10 Ψ=1.14

Max. 

crack width

Figure 7.23: Crack patterns of all the models adopted in the sensitivity analyses for an applied angular distortion
equal to 1/1000 (or 1.00 ‰) in hogging. The contour plots show the max. crack width. Deformations are not
shown.
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(b) – Mesh size 100x100mm(a) - Reference case

(c) – Mesh size 300x300mm (d) – Load step 0.05 mm/step

(e) – Load step 0.10 mm/step (f) – Energy-Force-Displ. norms

Ψ=3.88 Ψ=3.87

Ψ=3.47 Ψ=4.25

Ψ=3.52 Ψ=3.39

Max. 

crack width

Figure 7.24: Crack patterns of all the models adopted in the sensitivity analyses for an applied angular distortion
equal to 1/500 (or 2.00 ‰) in hogging. The contour plots show the max. crack width. Deformations are not
shown.
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Figure 7.25: Step number against the number of iterations for each of the selected models in hogging. The right
y-axis shows the damage parameterΨ. The plots purposefully focus onΨ values ranging between 0 and 3. Two
colors distinguish the left y-axis (number of iterations, in black) from the right y-axis (Ψ values, in red).
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Figure 7.26: Results of the sensitivity analyses for a sagging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ.
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(b) – Mesh size 100x100mm(a) - Reference case

(c) – Mesh size 300x300mm (d) – Load step 0.05 mm/step

(e) – Load step 0.10 mm/step (f) – Energy-Force-Displ. norms
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Figure 7.27: Crack patterns of all the models adopted in the sensitivity analyses for an applied angular distortion
equal to 1/500 (or 2.00 ‰) in sagging. The contour plots show the max. crack width. Deformations are not
shown.
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Figure 7.28: Results of the sensitivity analyses for a hogging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FB".
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In this chapter, the probabilities of damage to masonry buildings exposed to settlements
are retrieved by numerically-based fragility curves (hereafter referred to simply as "nu-
merical fragility curves"). This chapter refers to Step 3 of the methodology presented in
section 7.1. The combination of facade geometries, settlement patterns, foundation, soil
and masonry material selected and discussed in Chapter 7 are herein used to develop
numerical fragility functions.

In particular, considering the 8 selected facade geometries, the 3 masonry materials, the
2 shallow foundation systems, the 2 interface soil materials and the 72 selected variations
of possible settlement patterns, a total of 6912 analyses were carried out. The numerical
analyses are carried out using the "reference settings" defined in Chapter 7, i.e., mesh
size of 200 x 200 mm, load step equal to 0.02 mm/step using only energy norm for the
settlement phase (the Reader is further addressed to section 7.3 for details). The results of
these analyses were used to construct fragility functions, which are presented herein.

8.1. NUMERICALLY-BASED FRAGILITY CURVES

For each analysis, i.e., 1 specific facade with 1 masonry material, 1 foundation, 1 soil
material and 1 settlement, an algorithm summarizes the values of the angular distortion
for eachΨ value, similarly to Table 7.5.

In section 7.3.11, a distinction was made between the displacements applied in the model,
herein labelled as “applied”, for which the "applied β” is computed, and the resulting
displacements at the bottom of the façade, identified as “retrieved”, and the computed
“measured β” (the reader is addressed to Fig. 7.18 for further details). Applied and
measured β are thus computed for each step of the numerical analyses and used to draw
the exceedance curves for allΨ values which range from 0.5 to 3 with steps of 0.5Ψ.

In Figure 8.1, the cumulative density functions are shown for all the facade models for all
the selected scenarios, corresponding to 864 analyses for each facade. The cumulative
density functions express the ratio between the number of analyses that reach or exceed
a certain level of damage (expressed by theΨ values) for a given angular distortion, to
the total number of analyses; This is also the definition of fragility functions, which are
cumulative distribution functions of the structural capacity for a specific damage state
[1].

It is possible to compare the fragility curves of each facade to identify the most vulnerable
facades, i.e., the facades that show higher probabilities of eachΨ value for a given applied
angular distortion. For instance, the facade labelled as "FC" exhibits probabilities of
damage higher than 0 before the application of an angular distortion: this is explained
by the fact that for some combination of masonry, soil materials and foundation, the
facade exhibits damage due to its gravity loads (self-weight and the overburden) before
settlement patterns are applied. These combinations are included to implicitly sim-
ulate the effects of settlements on pre-damaged buildings. Additionally, even though
the analyses are focused on the effects of settlements, the influence of building loads
and material degradation cannot be overlooked in actual structures. Some structures
may show damage before any settlements happen, and the curves fictitiously take this
condition into account.
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Figure 8.1: The cumulative density curves of all the selected facade geometries. The cumulative density curves
describe the probabilities of reaching or exceeding specific levels of damage, expressed byΨ values, as a function
of the applied angular distortion.

Moreover, the facades with the highest L/H ratios, i.e., "FB" and "FH" are the ones which
exhibit the highest probabilities of damage for a given angular distortion. The effect of
the L/H ratio is detailed in section 8.1.6.

The results of all the selected facades are combined in the cumulative density functions in
terms of applied angular distortion in Figure 8.2. Similarly, Figure 8.3 shows the results in
terms of measured angular distortion. During the progression of the settlement loads, the
values of the applied angular distortion range between 0 and 1/300. However, the values
of the measured angular distortion depend on the selected facade and its variations of
material, geometry and load. Thus, for each model, the maximum value of the measured
angular distortion does not have an upper or a lower bound. For this reason, the curves in
8.3 distinguish the portion in which the outcome of the models is obtained, from the one
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extrapolated. For instance, for a measured angular distortion equal to about 1/1000, 90 %
of the model exceededΨ of 0.5, whereas, 10 % of the models do not show any damage.
Higher values of measured angular distortion were not recorded for this specificΨ value.

The differences between the two sets of curves (Fig. 8.2 and 8.3) are due to the effect of
soil-structure interaction. As it is known in the state-of-the-art (see Section 2.5.4 of this
thesis), buildings are able to "flatten down" the soil deformation, due to their stiffness and
weight, and thus the displacements and distortions measured on buildings are typically
lower than what would be measured on the soil in green-field conditions, i.e., in the
absence of the building (see section 2.5). In other words, the stiffness and weight of the
facade models reduce the imposed deformations, thus, measured distortions are lower
than applied ones.

Both sets of curves express the relationship between the (applied or measured) angular
distortion and the probability of having or exceeding a certain level of damage, however,
they would be suited for different uses: while the curves in terms of applied distortions
would be better suited to assess the probability of damage when the soil deformation is
known, the curves in terms of measured distortions can be used when the deformations
of the buildings are measured.
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Figure 8.2: The numerical cumulative density curves in terms of applied angular distortion against the proba-
bility of damage for all the selected facade geometries.

8.1.1. THE INFLUENCE OF THE NUMBER OF ANALYSES

This section explored the influence of the number of analyses adopted in this Chapter.
From the total number of combinations equal to 6912, sub-samples are considered
a random selection of "n" cases. In particular, Figure 8.4 shows the results obtained
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Figure 8.3: The numerical cumulative density curves in terms of measured angular distortion against the
probability of damage for all the selected facade geometries.

considering subsamples of 100, 500, 1000, 3000 and 5000 analyses (Fig. 8.4a to e), in
comparison with the results of the entire samples (Fig. 8.4f). The purpose of this analysis
is to investigate how the fragility curves change depending on the selected number
of combinations. Additional examples of the influence of the number of analyses are
reported in Appendix C.

The curves that consider only 100 analyses in Fig. 8.4a resemble staircase cumulative
distributions, whereas increasing the number of analyses from Fig 8.4b to 8.4f makes the
curves approximate continuous cumulative distributions. The difference between the
curves is in all cases negligible when the number of analyses is higher than 1000.

In this study, a high number of combinations is used to describe the realistic variations of
"building-to-building" variability, which leads to the adopted 6912 combinations.

The results shown in Fig. 8.4 suggest that it would have been sufficient to consider a
random sample of the analyses to consider the variability of the selected parameters, i.e.,
material sets, foundation and settlement patterns, (for instance using the Latin hypercube
sampling technique, as in [2]), and thus a lower number of analyses.

Nevertheless, due to the high number of combinations herein presented, it is possible
to evaluate the effects on the different considered variables separately. In other words,
the advantage of a large number of combinations consists in the fact that it is possible
to study the influence of each variable on the exceedance curves. Accordingly, fragility
curves are segregated based on each selected variable in the following sections.
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Figure 8.4: Cumulative density functions for different numbers of analyses. In each plot, the analyses are
randomly selected from all the 6912 combinations.

8.1.2. THE INFLUENCE OF THE MASONRY MATERIAL

The effect of the selected masonry material properties on the fragility curves is shown in
Figure 8.5. The results in terms of measured angular distortion are reported in Appendix
C. As expected, the curves confirm that a stronger masonry material makes the building
less vulnerable to the applied settlement. Thus, slightly more than 20% of the analyses
with the strong masonry do not even exhibitΨ values higher than 0.5 at the end of the
settlement application (which is represented by the area above the curve corresponding
toΨ equal to 0.5 in Figure 8.5c). Conversely, this percentage is equal to about 10% for the
standard masonry, whereas all the models exhibitΨ values higher than 0.5 for the weak
masonry.
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Figure 8.5: Cumulative density functions in terms of applied β for each selected masonry material. Each plot
presents the outcomes of 2304 analyses.
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Figure 8.6: Cumulative density functions in terms of applied β for (a) symmetric sagging and (b) symmetric
hogging (b) settlements respectively. Each plot presents the outcomes of 288 analyses.

8.1.3. THE EFFECT OF HOGGING AND SAGGING SETTLEMENT PROFILES

As discussed in section 7.3.8, the settlement actions imposed in the models idealize the
variability of ground deformations that could affect buildings. The adopted settlement
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profiles include both symmetric and asymmetric profiles conformed to a Gaussian shape.
Depending on the location of the point of inflexion ("xi " in equation 7.5, as shown in Fig.
7.14), the obtained settlements result in hogging or sagging shapes, or a combination of
both. To examine the impact of settlement shape on model outcomes, fragility curves
are generated by categorizing the results according to symmetric sagging and hogging
deformations; Symmetric sagging profiles correspond to the shapes obtained with ι equal
to 1, Dx equal to 0.5 and xi ranging between 0.5 and 1, whereas symmetric hogging profiles
are obtained with the same Dx and xi , but with ι equal to 0. The results are shown in
Figure 8.6.

Models exposed to hogging deformations exhibit greater vulnerability to damage com-
pared to those undergoing sagging. Facades subjected to sagging experience tensile
stresses concentrated at the bottom, where the foundation helps prevent crack formation.
In contrast, during hogging, tensile stresses develop at the top of the facade, leading
to more severe damage [3]. This is confirmed by the fragility curves in Fig. 8.6, which
illustrate that damage progresses more rapidly in the case of hogging (8.6b), as evidenced
by the closer proximity of the curves. The probabilities of damage in the case of symmetric
hogging are thus higher than the ones obtained in sagging.

8.1.4. THE INFLUENCE OF THE FOUNDATION SYSTEM
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Figure 8.7: Cumulative density functions in terms of applied β for each foundation system. Each plot presents
the outcomes of 3456 analyses.

The effect of the selected foundation systems on the fragility curves is shown in Figure
8.7. The results in terms of measured angular distortion are reported in Appendix C.

The differences between the fragility curves for RC and URM foundations do not appear
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immediately noticeable. However, RC foundations show slightly lower probabilities of
damage for a given value of applied angular distortion. For instance, for an applied
angular distortion equal to 1/300, the probabilities of reaching or exceeding Ψ values
equal to 3 are equal to about 53 % and 46 % for URM and RC foundations respectively,
where forΨ values equal to 0.5, the probabilities are 90 % and 87 %.

The similarity between the two sets of curves is related to the foundation systems selected
for the analyses (detailed in Fig. 7.11 and further shown in this Chapter in Figure 8.8b):
Two similar RC and URM foundations (Fig. 8.8b) have also been used in the sensitivity
analyses presented in Chapter 5 and the results are presented in Fig. 5.11. The results in
Fig. 5.11 show that the RC foundation (labelled in Chapter 5 as "RC strip with masonry
layer" in Fig. 5.4) had only minor differences with the URM foundation, whereas the
T-shaped RC foundation (Fig. 5.4d) has been observed to increase the stiffness of the
building significantly, preventing the occurrence of damage higher thanΨ equal to 1.0
(Figure 5.11). Therefore, a major role can be attributed to the RC cross-section and thus
the distance between the top and bottom reinforcement bars.
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(a) - Foundation systems adopted in Korswagen et al., 2022:

(b) - Foundation systems adopted in Chapters 7 and 8 of this Thesis (measured in mm):

(a0) - URM
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(b0) - URM
masonry

(a1) - RC
foundations
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Figure 8.8: The different sets of foundation systems used in: (a) Fragility curves by Korswagen et al., 2022 [4] and
(b) Chapters 7 and 8 of this thesis. The foundation systems in (b) are further detailed in Fig. 7.11 in section 7.3.2.
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The relative influence of the RC foundation with T-shaped sections (for instance Fig.
5.4d) against URM foundations has been quantified in [4], in which it is stated: "with
distortions of 1/500 leading to a 20% probability of damage for clay brick walls on unre-
inforced (masonry) foundations or 8% for calcium-silicate walls on reinforced (concrete)
foundations", with reference to aΨ equal to 2.5 and for geometries with an L/H between
1 and 2. In this Chapter, an applied angular distortion equal to 1/500 leads to a 46 %
probability of damage for URM foundations and 41 % for RC foundations. The differences
can be therefore attributed to the different selected masonry materials, i.e., herein only
clay-baked masonry is considered whereas in [4] calcium silicate masonry is included,
the considered range of L/H and the selected foundation systems (Fig. 8.8). A comparison
between the results of this Chapter against the fragility curves presented in [4] is further
detailed in section 8.2.1.

To further examine the influence of the selected foundation systems, fragility curves are
shown in Figure 8.9 for both URM and RC foundations subjected either to symmetric
sagging or hogging profiles, similarly to section 8.1.3. The results highlight that the
two foundation system show a similar response when subjected to symmetric hogging
settlements (8.9b and d), whereas RC foundations are associated with lower probabilities
of damage in sagging (8.9a and c). When the building experiences symmetric sagging
profiles, tensile stresses become concentrated at the bottom of the facade. In such
scenarios, the reinforcement bars in the concrete foundations can counteract these
tensile stresses, thus opposing damage. Such beneficial effect is limited when the building
undergoes hogging, as tensile stresses arise at the top of the facade.

8.1.5. THE INTERFACE STIFFNESS

The effect of the selected soil materials on the fragility curves in terms of applied angular
distortion is shown in Figure 8.10; The results in terms of measured angular distortion are
reported in Appendix C.

The selected soil properties affect the computed normal and tangential interface stiffness
values at the bottom edge of the foundation system.

The results clearly show the influence of the stiffness of the building relative to the one
of the interfaces, which represents the contact interaction and the behaviour of the soil:
when the soil is "weak", i.e., clay soil, the facade model acts stiffer than in the case of the
"strong" soil; Thus, the models are able to better withstand the imposed distortions on
clay soil rather than on sand.

It should be noted, however, that in reality, high displacements and, in turn, distortions,
are more likely to occur in compressible soils, such as clay, rather than sands. Thus,
although a stiffer interface, which results from sand soil, represents the worst case for the
numerical simulations herein presented, it is also unlikely that high values of distortion,
such as imposed herein in the analyses, would occur due to settlements. Nevertheless, the
inclusion of a stiffer interface results in conservative estimates, which are thus included
in the analyses.
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Figure 8.9: Cumulative density functions in terms of applied β for each foundation system subjected either to
symmetric sagging and hogging settlements. Each plot presents the outcomes of 144 analyses.

8.1.6. THE EFFECT OF THE L/H RATIO

The effect of the different ranges of the length over height L/H ratio on the fragility curves
is shown in Figure 8.11. The results in terms of measured angular distortion are reported
in Appendix C.

In particular, the facades are divided according to L/H values into four ranges (thus, two
facades in each category, see Table 7.1):

• L/H < 1.0 in Fig. 8.11a;

• 1.0 < L/H < 1.5 in Fig. 8.11b;

• 1.5 < L/H < 2.5 in Fig. 8.11c;

• L/H > 2.5 up to 4.5 in Fig. 8.11d;
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Figure 8.10: Cumulative density functions in terms of applied β for each selected soil. Each plot presents the
outcomes of 3456 analyses.

It is possible to observe that at that for the maximum value of applied angular distortion
equal to 1/300, the facades with the smallest L/H equal 1.0 (Fig. 8.11a) are the ones with
the highest number of models that do not exhibit any significant damage (i.e., the part of
the graph above the curveΨ equal to 0.5), progressively followed by L/H between 1.0 and
1.5 (Fig. 8.11b), L/H between 1.5 and 2.5 (Fig. 8.11c) and finally L/H higher than 2.5 (up
to 4.5) in Fig. 8.11d.

Thus, the curves shown in Figure 8.11 confirm the results presented in Chapter 5, as
short facades are less vulnerable than long facades. Therefore, in general, shorter facades
exhibit lower probabilities of a given damage level for a given intensity of the angular
distortion.

8.1.7. COMPARISON OF THE INFLUENCE OF THE DIFFERENT PARAMETERS

In Fig. 8.12, box plots are used to represent the median (black dot inside a white circle),
the interquartile range (the bottom and top of each box correspond to the 25th and 75th

percentiles of the sample, respectively), and the upper and lower bounds (whiskers) of the
imposed angular distortion required to exhibit aΨ value equal to 0.5. The figure focuses
on the damage initiation stage (Ψ equal to 0.5), as not all models exhibit higher damage
severity. The results are categorized according to the different parameters considered,
providing further insight into their relative influence.

For instance, it is possible to observe that the "Weak Masonry" material is characterized by
the lowest median and the smallest spread, quantified by the interquartile range, among
all the masonry materials considered in the analysis. This indicates that damage initiation
for the models with weak masonry occurs, on average, at lower values of applied angular
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Figure 8.11: Cumulative density functions in terms of applied β for different L/H ranges. Each plot presents the
outcomes of 1728 analyses.

distortion compared to models with "Standard" or "Strong" masonry. Additionally, the
angular distortion values for "Weak" masonry are less variable compared to those for
standard and strong materials. The lower variability in the results for "Weak" masonry
could indicate that the behaviour of the models is strongly influenced by the weak ma-
terial properties. In contrast, as the characteristics of the masonry improve with the
standard and strong materials, the behaviour of the models becomes less influenced by
the masonry and more influenced by other parameters. In other words, when masonry is
classified as "Weak" the material itself plays a major role in causing damage, and typically,
Ψ equals 0.5 for angular distortions that are closer to the median compared to "Standard"
or "Strong" masonry. On the other hand, when masonry is "Strong," the variability in the
occurrence ofΨ equal to 0.5 is more influenced by other factors.

A similar effect is observed for the two considered soil materials, where models on clay soil
require higher values of applied angular distortion to exhibit visible damage, consistent
with the results discussed in section 8.1.5.

The two selected foundation systems show similar results; however, the results are slightly
better in the case of the RC foundation, as presented in section 8.1.4. Although it may

228



8.1. NUMERICALLY-BASED FRAGILITY CURVES

C
h

ap
te

r
8

0 0.5 1 1.5 2 2.5 3
Required value of applied - [-]

to observe * = 0.5
#10-3

All models

L/H > 2.5

1.5 < L/H < 2.5

1 < L/H < 1.5

L/H < 1

Clay soil

Sand Soil

RC foundation

URM foundation

Strong Masonry

Standard Masonry

Weak Masonry

Figure 8.12: Box plot of applied angular distortion for all the models atΨ equal to 0.5, segregated by the different
selected parameters. Each box plot shows the median of each subsample as a black dot inside a white circle,
and the interquartile range as a thick bar. The lines that go from the interquartile range to the left and right of
each box plot represent the whiskers, which extend to the most extreme data points not considered outliers.
The whisker length is equal to 1.5 times the interquartile range. Outliers are represented as dots. A wide bar
conveys a large variability.

be expected that RC foundations enhance building stiffness and better prevent crack
formation compared to URM foundations, the selected RC foundation has a small cross-
section, offering limited structural benefit. A T-shaped RC cross-section would likely
provide greater stiffness, but such designs are less recurrent in the old masonry buildings
that are the focus of this analysis.

The facade models characterized by an L/H < 1 are associated with the highest median and
the greatest spread of applied angular distortion values, followed by models with an L/H
between 1 and 1.5, then L/H between 1.5 and 2.5, and finally L/H > 2.5. This observation
confirms that squat facades, with low L/H ratios, are less vulnerable to damage than
flexible facades with high L/H values.

The box plot for all models is also shown, which indirectly reflects the influence of all the
72 settlement shapes considered in the analyses.

Overall, the results shown in Fig. 8.12 align with those presented in the previous sections
of this chapter.

However, it is also possible to evaluate which parameters have the greatest influence
on the results. Based on the spread of the box plots, the most influential parameter is
the L/H ratio, followed by the masonry material, and then the soil type, foundation, and
settlement shape (indirectly shown in the box plot labelled as "All models").

The results confirm the observations regarding the influence of different building and
soil features discussed in chapter 5 (section 5.3.6) of this thesis. Chapter 5 presented a
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parametric study that demonstrated the impact of individual building and soil features on
the models, in contrast to the probabilistic approach used in this chapter. In Chapter 5,
the L/H ratio was also found to be the most influential parameter, followed by the shape
of the imposed settlement, the masonry material, and then the soil and foundation. The
difference in the relative influence of the settlement shape between Chapter 5 and this
chapter can be explained by the fact that this chapter considers additional settlement
shapes in the analysis, increasing their variability. In contrast, the settlement shapes in
Chapter 5 represent only a few scenarios, which may correspond to extreme conditions for
the building. Furthermore, the sensitivity analyses conducted in Chapter 5 compared the
relative influence of each parameter to one reference model, whereas Fig. 8.12 compares
the relative impact of each building and soil feature considering all 6912 numerical
analyses. For this reason, the influence of the difference parameters is further evaluated
in Figure 8.13. In this figure, the model "FA" which features "Standard Masonry," the
"URM" foundation and "Sand" soil is used as the "reference case". Each boxplot in
Fig. 8.13 shows the effect of the variation of a single parameter while keeping the other
parameters fixed at the reference case:

• the boxplot "Settlement" considers only the variation of the 72 settlement shapes
(see Fig. 7.15) of the reference model ;

• the boxplot "L/H" considers the results of the 72 settlement shapes for all the
selected facades (see Fig. 7.7 and Table 7.1);

• the boxplot "Masonry" considers the results of the 72 settlement shapes for the
reference model considering the three masonry materials ("Weak", "Standard" and
"Strong");

• the boxplot "Foundation" considers the results of the 72 settlement shapes for the
reference model and the two foundation systems ("URM" and "RC");

• the boxplot "Soil" considers the results of the 72 settlement shapes for the reference
model and the two soils ("Sand" and "Clay");

Interestingly, the soil material is observed to have a similar influence on the result com-
pared to the L/H. However, it is important to highlight that the number of analyses
included in the soil material boxplot is considerably smaller than that of the L/H, which
could result in a wider spread due to the limited sample size. The differences observed be-
tween the relative influence of the selected parameters compared to the results presented
in Chapter 5 can be attributed both to the differences in sample size and the scenarios
considered: for example, in Chapter 5, calcium silicate masonry was included among
the masonry materials, whereas in this chapter, only baked-clay masonry is analyzed.
Similarly, Chapter 5 considered four foundation systems and only 8 settlement shapes,
while this chapter examines two foundation systems and 72 settlement shapes. Despite
these differences, the results in Figures 8.12 and 8.13 consistently demonstrate that the
L/H ratio is the most influential parameter.
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Figure 8.14: Fragility curves in terms of applied angular distortion for models with different values of initial
damageΨ0: (a)Ψ0 = 1.0, (b)Ψ0 = 1.5 and (c)Ψ0 = 2.0.

8.1.8. THE EFFECT OF EXISTING DAMAGE

As discussed at the beginning of section 8.1, from the results of the numerical analyses
it is possible to obtain the values of the angular distortion andΨ values for each step of
the analyses. Therefore, it is possible to draw fragility curves which consider settlements
imposed on facades with varying degrees of initial damage. However, the following curves
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pertain specifically to damage caused solely by settlement and may not be applicable in
cases where pre-existing damage results from other factors.

In Figure 8.14, fragility curves are proposed for values of the initial damage Ψ0 which
varies between 1.0 and 2.0. Therefore, the curves provide the probability of reaching a
damage level Ψ, due to a damage increase ∆Ψ, which is given by the increase applied
angular distortion ∆β, which is summed to the angular distortion that the model exhibits
for the initial damage value Ψ0. In other words, the curves quantify the probability of
damage given an additional ∆β which is required to increase the damage fromΨ0 toΨ.

It is possible to observe that increasing the initial valuesΨ0 is associated with an increase
in the probabilities of damage for a given value of ∆β: for instance, for a ∆β equal to 1
‰(1/1000), the probabilities ofΨ equal to 2.5 increase from about 40 % forΨ0 equal to
1.0 up to 60 % forΨ0 equal to 2.0.
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8.2. DISCUSSION

In addition to the characteristic of the numerical analyses, discussed in section 7.5, in the
analyses presented in this Chapter, each facade is subjected to vertical loads (gravity and
overburden) and then 72 settlement patterns, to consider different possible combinations
of the unpredictable settlements to which a building could be exposed. Accordingly, all
the possible combinations of the selected material, foundation, and soil are considered.
It should be noted, however, that in reality, some combinations may be less recurrent
than others. For instance, the "standard" masonry material, which is retrieved from
the Dutch standard, could be more recurrent than the considered variations labelled as
"weak" or "strong". This points toward the development of weighted fragility curves,
where weights modify the count of the models to reflect probabilistic distributions of the
combination of structural and soil parameters that appear in real buildings. However, the
exact distribution of such features for all the buildings in the Netherlands is unknown,
and thus no hypothesis can be formulated without inevitably including uncertainties
related to the subjectiveness.

6912 analyses are performed in total and used to generate numerical fragility functions.
The advantage of such a large number of analyses consists in the fact that it was also
possible to segregate the fragility curves based on the different selected features, to further
explore the role of each parameter.

Some models already exhibit cracks before the soil distortion is applied. This is because
of the gravity load and overburden which leads to some stresses in the masonry due to its
low tensile strength, and thus cracking; at this stage, the flexibility of the soil also plays
a role since it allows the masonry to deform under the gravity loads. This is the case
in particular for the facade herein labelled as "FC". However, the analyses that exhibit
cracking before the settlement phase could be fictitiously representative of pre-damaged
buildings; The existing damage could be the result of shrinkage, previous settlement
deformations, thermal expansion, or, as in this case, gravity loads, making walls more
vulnerable.

In the following, the numerical fragility curves herein proposed are compared against the
results of previous numerical and empirical studies available in the literature.

8.2.1. COMPARISON WITH NUMERICAL FRAGILITY CURVES FROM PREVIOUS

STUDIES

NUMERICAL FRAGILITY CURVES BY KORSWAGEN ET AL., 2022 [4]

Previous research was carried out with numerical models to estimate the probability of
damage for Dutch masonry façades subjected to settlement profiles underneath their
foundations. In the study by Korswagen et al., 2022 [4], numerical fragility curves for
clay facades resting on shallow foundations are proposed. Almost three thousand façade
models are used for clay-brick masonry walls, including variations of the settlement
patterns, soil and masonry material, similar to this study. Additionally, the selected facade
geometries include variations of the opening percentage and typology. Moreover, it should
be noted that the study by Korswagen et al., 2022 [4] includes the effect of transversal
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walls modelled including linear elastic beams with the cross-section of one brick at the
side of the facade models, similar to Chapter 5 of this thesis.

The results of the comparison are reported in figures 8.15 and 8.16 for applied and
measured angular distortion values respectively.
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Figure 8.15: Comparison of the fragility curves in terms of applied angular distortion between the results of
this study and the one by Korswagen et al., 2022 [4].

Interestingly, the curves proposed by [4] show lower values of the probability of damage
for applied angular distortion values (Fig. 8.15), whereas higher ones for curves in terms
of measured angular distortion (Fig. 8.16). Moreover, while the differences decrease
with the progression of the damage in the case of applied distortions, they increase for
measured distortions. The observed difference can be explained by the following factors:

• The analyses presented in [4] focus on different combinations of geometry, material
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Figure 8.16: Comparison of the fragility curves in terms of measured angular distortion between the results of
this study and the one by Korswagen et al., 2022 [4].

and settlement patterns than the analyses presented in this Chapter. In particu-
lar, the facade geometries in [4] were chosen to be representative specifically of
masonry walls located predominantly in the north of the Netherlands.

• The ratio between the imposed deformation and the measured one is different
due to the different modelling approaches: The analyses presented in Chapter 6
prove how the ratio between imposed and measured distortions is governed by
the modelling technique. Accordingly, models that include transversal walls as
lateral elements with one-brick sections, as for the analyses of [4], show lower
ratios between imposed and measured distortions than the modelling approach
presented herein. Incorporating the effect of transversal walls into the models, as
demonstrated in Chapters 6 and 7, adds an additional influence from the weight
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and stiffness of these elements.

• In the analyses conducted by [4], small variations in the measured angular dis-
tortion are required to achieve big variation in the Ψ values. Consequently, the
discrepancies between the measured angular distortion values for allΨ values are
smaller compared to the curves presented in this chapter. Indeed, the curves by [4]
exhibit a faster rate of progression than those proposed here.

Thus, the models by [4] require higher angular distortions to exhibit a given Ψ value,
predominately due to the different scenarios and modelling techniques; Additionally,
the facades by [4] exhibit a stiffer behaviour than the models presented herein, thus high
variations in applied angular distortions are required to observe small variations in the
measured angular distortion. While it might appear that increasing the cross-section of
the transversal walls with the approach outlined in Chapters 6 and 7 and adopted here
would only enhance the stiffness of the facade, it also significantly increases the weight
of the lateral elements, adding extra loads to the facade and consequently affecting the
deformations and cracking damage.

It should be noted, that for very low values of both applied and measured angular distor-
tions, the curves are in good agreement, whereas increasing differences are observed up
to 30% for an angular distortion equal to 1/300.

NUMERICAL FRAGILITY CURVES BY KORSWAGEN ET AL., 2024 [5]

The study reported in [5] investigates the combined effect of horizontal soil strains and
angular distortions using numerical analyses for Dutch masonry facades.

The numerical models adopted in [5] are built considering the coupling between the soil
and the structure. Thus, 3D models including both the soil surface and the structure are
adopted, as shown in Figure 8.17. The 3D models also include the effect of transversal
walls. Displacements are applied at the bottom of the soil volume, whereas horizontal
strains are applied at the sides.
The results of the 3D models are used to develop fragility curves for different values of
horizontal strains, which idealize their different possible scenarios. Figure 8.18 show
the comparison with the fragility curves proposed in this Chapter. A good agreement is
observed, as the curves are not observed to differ for more than 10 %.
The agreement of the curves from the two studies consolidates the conclusions of Chapter
6: the 2D modelling strategy employed in the numerical approach can accurately replicate
the outcomes of more complex 3D analyses. Additionally, applying the settlements at the
non-linear interface at the foundation’s base in semi-coupled models serves as a valid
alternative to more complex coupled analyses.
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Figure 8.17: An example of the 3D coupled models adopted in Korswagen et al., 2024 [5]. Displacements are
applied at the bottom of the soil volume, and their intensity is quantified by the angular distortion. Horizontal
strains are applied at the side of the soil volume. The models make use of symmetry, and thus half of the domain
is represented.

8.2.2. COMPARISON WITH EXISTING EMPIRICAL FRAGILITY CURVES

The proposed fragility functions obtained from the numerical analyses herein presented
are compared with curves obtained from the observation of existing structures from
different sources.

It should be noted that neither the curves from empirical studies, based only on a few
selected buildings nor the models should be regarded as portraying reality best. When
comparing the results from models with empirical observations, a few aspects should be
considered as sources of differences and uncertainties:

• Measuring the distortion from real walls may lead to higher displacements and
distortions since points are gathered at fixed, limited intervals; this may cause
overestimation of the values of the distortion for which damage appears. This effect
enhances the difference between empirical curves and numerical ones.

• The location or height of the walls where the measurements are taken could influ-
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Figure 8.18: Comparison of the fragility curves in terms of applied angular distortion between the results of
this study and the one by Korswagen et al., 2024 [5]. The fragility curves by [5] are segregated by increasing
values of horizontal strains corresponding to different settlement-scenarios.

ence the values of the distortions.

• Empirical datasets may represent convenience samples rather than random sam-
ples. This is related to the fact that detailed information on both the displacements
and the damage to buildings are not typically available for a large number of cases,
and thus, the samples necessarily contain the cases readily available to the re-
searchers which are not necessarily randomly sampled.

• Moreover, empirical datasets of tens or hundreds of cases may have a limited
capability to represent the behaviour of the entire population of an area or a country
(typically millions of buildings).

• Related to the sampling technique, empirical datasets may be biased since the
inspections have been carried out on buildings that displayed damage, but other
buildings, exhibiting high distortion values but no damage, for example, may not
have been not reported.

• Time may play a huge contribution in the development of damage on buildings:
deformations may take place slowly over the span of decades and the (masonry)
buildings may be able to accommodate the ground deformations without displaying
cracks due to creep effects. Moreover, some cracks could seal due to autogenous
healing phenomena of the cement or lime in the mortar.
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• In existing structures, various drivers can exert simultaneous effects on build-
ings. Therefore, damage could also be caused by other actions, such as thermal or
chemical actions, accidental loads, storms and more, as outlined in section 2.2.2.

• Ground movements caused by subsidence that impact existing structures can be
characterized not only by vertical components but also by horizontal ones. These
induced horizontal strains could consequently affect the response of the structures.

• Time effects are not included in the numerical analyses herein proposed, due to a
lack of available detailed information in the state-of-the-art. Therefore, material
creep and relaxation could allow the models to accommodate higher distortions
before damage initiate. This effect would, in turn, reduce the differences between
empirical and numerical curves.

• In the numerical analyses, material properties have not been calibrated against
large and old masonry samples which could exhibit a more flexible overall be-
haviour than what has been modelled. This would also shift the measured distortion
closer to the applied soil distortions (thus, to higher values).

• The numerical analyses herein presented use the facades as a proxy for the build-
ings: this approach assumes that the damage assessed in the 2D model describes
the damage severity of the entire building. However, in real structures, settlement
patterns may cause damage localized in specific walls or parts of the structure.
Consequently, the overall damage to the structures may be less severe than what is
observed in models. This effect would lead to lower probabilities of damage for a
given settlement in empirical datasets compared to numerical analyses.

Moreover, It should be noted that some literature sources refer to settlements and dis-
tortions of buildings without clarifying if they were measured on the buildings or the
surrounding soil.

EMPIRICAL DATASET FROM ZHANG AND NG, 2005 [6]

A dataset of a sample of 300 buildings has been collected by [6]. The dataset included
different building typologies, such as offices, office blocks, flats, hotels and hospitals,
and mill types, such as warehouses and factories, and their deformation. Both steel and
reinforced concrete frame structures and structures with load-bearing walls were consid-
ered by the authors, resting on either sand, clay or alluvium. The authors distinguished
the buildings into shallow and deep foundations. The subset of buildings on shallow
foundations for which it was possible to retrieve the angular distortion contains 153 cases.
The data of the angular distortion available in [6] are shown in Table 8.1.
The Authors distinguished "tolerable" and "intolerable" cases, without clarifying what
damage states these two terms refer to. Based on other literature sources, the "intoler-
able" cases refer to displacements and distortion affecting the functionality/safety and
appearance of buildings [7], [8]. In some cases, the "intolerable" curves have been com-
pared to damage cases involving the complete damage of the structure, which may not be
repairable for economical or practical purposes [8], [9].
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Table 8.1: Summary of the angular distortion for buildings on shallow foundations, retrieved from [6].

Angular distortion

0

–

0.001

0.0011

–

0.002

0.0021

–

0.003

0.0031

–

0.004

0.0041

–

0.005

0.0051

–

0.006

0.0061

–

0.008

0.0081

–

0.010

0.011

–

0.050

0.051

–

0.100

Shallow 

foundation

Tolerable 

Cases
18 21 14 7 2 1 1 0 0 0

Intolerable 

cases
0 4 7 17 6 7 9 19 18 2

Similarly, the "tolerable" limit is compared with fragility curves that refer to crack widths
of 1.0 mm [8], corresponding to Ψ values ranging between 1.5 and 2.5 in this study. In
the "Conclusions" section of [6], it is stated that "The probability distribution of the
limiting tolerable displacement can also be implemented directly in a fully reliability-
based serviceability criterion". Thus, "tolerable" cases could have been used to determine
the limits for "serviceability" damage, corresponding to cracks wider than 5 mm [10].
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Figure 8.19: Comparison of the proposed fragility curves in terms of (a) applied and (b) measured angular
distortion with the ones of Zhang and Ng, 2005 [6].

Due to the subjectiveness of the interpretation of the "tolerable" and "intolerable" curves,
in this study, they are regarded as "light damage" (corresponding toΨ < 3) and "moderate
to severe damage" (corresponding to Ψ > 3) for simplicity. The data reported in Table
8.1 are herein used to retrieve the cumulative density functions for each distribution
individually (i.e., "tolerable" or "intolerable") and the curves are shown in Figure 8.19
against the numerical curves proposed in this Chapter. It is not clear if the distortion
values reported were measured on the structures in all cases or derived from soil measures.
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Therefore, Figure 8.19 show the comparison for both applied and measured distortions
computed from this study.

Thus, a good match is observed between the "tolerable" function based on the data from
[6] and the curves proposed in this study. The curve of "intolerable" cases has a slower
growth rate, which can be explained by the fact that it may refer to cases for which the
equivalentΨwould be way higher than 3.

Compared to the empirical curves, the numerical fragility functions herein proposed
are capable of assessing the probability of damage even for low values of the angular
distortion, which are difficult to observe and measure in real structures.

Considering the variety of building typologies and structural layouts in the data from [6],
the comparison shown in Figure 8.19 is considered adequate.

EMPIRICALLY-BASED FRAGILITY CURVES BY PEDUTO ET AL., 2019 [7]

When the tilt of the building is low, the values of the rotation θ may not be dissimilar
from the ones of the angular distortion β. The correlation between the rotation θ and
the angular distortion β is also confirmed in the literature (i.e. [11]). For this reason, it is
possible to compare the numerical fragility curves in terms of measured β proposed in
this study with empirically-based curves in terms of θ proposed by [7], based on a sample
of 180 Dutch masonry buildings on shallow foundations. Moreover, the curves from [7]
refer to distortion values computed from space-borne measurements over an interval of
5 years; Thus, it is unlikely that high tilt values will be measured over such a short time
interval.
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Figure 8.20: Comparison of the proposed fragility curves in terms of measured angular distortion with the ones
of Peduto et al., 2019 [7].

The comparison is shown in Figure 8.20. In particular, the relationship between damage
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classes adopted by [7] and theΨ values is the following:

• D1 = very slight, crack width up to 1 mm; correspondingΨ values between 1.5 and
2.5;

• D2 = slight, crack width up to 5 mm; correspondingΨ values between 2.5 and 3.5;

• D3 = moderate, crack width up to 15 mm; correspondingΨ > 3.5;

As acknowledged by the Authors, the shapes of the curves in terms of θ tend to be convex
upward (i.e., the existence of an inflection point cannot be clearly recognized), mainly
develop horizontally, and the probability of reaching or exceeding a given damage severity
level can attain the unit value for unrealistic values of θ [7]; Such limitations may be a
consequence of the method used to develop the curves. Moreover, the space-borne
acquisitions only cover a period of about 5 years, whereas the damage to the houses may
have accumulated over much longer periods, which translates to an overestimation of the
damage related to the measured parameter.

Nevertheless, the comparison between the two sets of curves shows a good agreement
for each damage class and the considered range ofΨ values. For instance, for measured
angular distortion values higher than 1/1000, the curves "D1" and Ψ = 2.0 are in good
agreement, whereas "D2" and "D3" show lower probabilities as they reflect damage states
worse than the ones considered in this study, which is limited to "light damage", i.e.,Ψ
values lower than 3.

EMPIRICALLY-BASED FRAGILITY CURVES PRESENTED IN CHAPTER 4

Figure 8.21 shows the comparison between the numerical fragility curves herein proposed
and the empirical curves from Chapter 4 of this thesis. Big differences are observed
between the two sets of curves. Many of the reasons for such big differences are introduced
at the beginning of the section 8.2.2. Among the most significant factors expected to
accentuate the differences between the curves are:

• facade models are used as a proxy for the behaviour of the entire building in the
numerical analyses, whereas the damage of the entire building could be lower due
to 3D effects;

• The time-dependency of both the development of the settlements and the visco-
elastic response of the masonry structure is not depicted in the model.

• Moreover, the sample presented in chapter 4 may not be random and thus, lack
statistical significance.

• The classification of damage in empirical cases is performed using a subjective ap-
proach that differs from the more objective method used in the numerical analyses
in this chapter. Consequently, the subjectivity of the assessment and the detectabil-
ity of the damage could play a significant role in increasing the differences.

Table 8.2 uniforms the damage classification systems adopted for the empirical cases
(Chapter 4) and for the numerical analyses (Chapters 5, 6, 7 and 8) of this thesis. To
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Figure 8.21: Comparison of the proposed fragility curves in terms of measured angular distortion with the
proposed in Chapter 4 of this thesis.

further compare the two classifications, the numerical fragility curves can be redrawn
using the damage classification adopted in Chapter 4. Specifically, cases withΨ values
between 1.5 and 3.0 can be categorized as "light damage" (Table 8.2). Accordingly, Fig.
8.22 shows the numerical fragility curves grouped as "light damage" compared against
the empirical curves from Chapter 4. The differences between the curves in terms of
"light damage" are smaller than in the case of the curves segregated by Ψ (Fig. 8.21).
Nevertheless, the differences are still significant. An additional curve is plotted as a black
dashed line, showing the only results for facade "FD", which was observed to be the least
vulnerable to the imposed settlement deformations (Figure 8.1), as it is characterized by
the lowest L/H ratio. Interestingly, the curve of the facade "FD" shows a better agreement
with the empirical curves. This observation indicates that the numerical fragility curves
herein proposed yield more conservative estimates of the probability of damage than the
empirical curves.

8.2.3. COMPARISON WITH AVAILABLE LIMIT VALUES FROM CODES AND STAN-
DARDS

In Chapter 5, it was briefly discussed how the limiting values of the angular distortion
available in (inter)national codes could be too optimistic compared to the results of the
FE analyses. This section further explores this topic.
As discussed in section 8.2.2, the numerical fragility curves tend to be conservative
compared to empirically-based curves, i.e., higher probability of damage for a given β;
However, the comparison with other literature sources suggest that the difference may
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Table 8.2: Damage scale with different classifications of visible damage based on ease of repair and the crack
width adopted in this thesis: Category of damage (polka dotted) retrieved from [12]; Damage classification
system (white background) from [13], [14]; Damage group from Chapter (dark grey filling and white text) 4;
Damage levels and parameter of damage from [15].

Category of 

damage

Damage classification system:

Chapter 4 

of this 

thesis:

Chapter 5, 6, 7 and 8 

of this thesis:

Damage 

class

Approximate 

crack width

Description of typical 

damage (and ease of repair)

Damage 

group:

Damage 

Level

Parameter 

of damage

Aesthetic 

damage

No Damage
Imperceptible 

cracks
-

No Damage

DL0 Ѱ < 1

Negligible up to 0.1 mm

Hairline cracks of less then 

about 0.1 mm are classed as 

negligible

DL1

1 ≤ 

Ѱ 

< 1.5

Very slight up to 1 mm

Fine cracks which can easily 

be treated during normal 

decoration.
Light 

Damage

DL2

1.5 ≤ 

Ѱ 

< 2.5

Slight up to 5 mm

Cracks easily filled. Re-

decoration probably required. 

Some re-pointing may be 

required.

DL3

2.5 ≤ 

Ѱ 

< 3.5

Functional 

damage, 

affecting 

serviceability

Moderate 5 to 15 mm

The cracks require some 

opening up and can be 

patched by a mason. Re-

current cracks can be masked 

by suitable linings. 

Repointing of external 

brickwork and possibly a 

small amount of brickwork to 

be replaced.
Moderate to 

severe 

damage

DL4

and above

Ѱ ≥ 3.5

Severe 15 to 25 mm

Extensive repair work 

involving breaking-out and 

replacing sections of walls, 

especially over doors and 

windows.

Structural 

damage, 

affecting 

stability

Very Severe
Higher than 25 

mm

This requires a major repair 

job involving partial or 

complete re-building.

be limited. Thus, it is possible to retrieve the probability of damage of eachΨ value for
different limit values of the measured angular distortion available in the literature [14],
[16], [17]. The computed probabilities are reported in Table 8.3 and 8.4 for applied and
measured distortion respectively.

The results indicate that all the limit values correspond to probabilities ofΨ = 1.5 (thus
the occurrence of visible damage with cracks wider than 0.1 mm) ranging between 5 and
70 % for applied β and 21 and 70 % for measured β. Additionally, the probabilities forΨ
= 3.0 (cracks up to 5 mm) range between 0 and 50 for applied β whereas 1 and 51 % for
measured β.
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Figure 8.22: Comparison of the fragility curves grouped as "light damage" in terms of measured angular
distortion with the curves proposed in Chapter 4 of this thesis.

In general, only the lower limits reported in the Eurocode for both sagging and hogging
(1/2000 and 1/4000) prevent the occurrence of cracks up to 5 mm according to the results
of this study. Nevertheless, when the measured distortion on the building is equal to
1/4000 (lower limit for hogging), a probability of 21 % ofΨ = 1.5 is observed. This could be
an indication that some buildings would exhibit visible damage even for very low values
of angular distortions. Given the wide variability of buildings and their features, none
of the considered limit values seem to exclude the occurrence of visible damage (cracks
between 0.1 - 1.0 mm) if they are intended to refer to the distortion measured on the
building.

In the Eurocode [16] it is reported that "A maximum relative rotation of 1/500 is acceptable
for many structures". In this study, a measured angular distortion equal to 1/500 corre-
sponds to a probability ofΨ = 3.0 (cracks up to 5 mm) equal to 47 %. Thus, one building
out of two may exhibit damage which may require repointing works, or even replacing
some bricks, depending on the number of cracks and their location [18]. Nevertheless, at
this damage intensity, such cracks in structural walls may remain without compromis-
ing the safety of the structure, granting some validity to the threshold proposed by the
guidelines.

It should be pointed out, however, that visible damage may be unpreventable in existing
structures, given the fact that it seems to occur at very low values of measured angular
distortion, which could not only result from settlements, but also from other factors,
such as the thermal expansion of the buildings, or vertical and horizontal loads. This
observation also points out that it may be difficult to accurately depict the causality
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Table 8.3: Overview of the available literature limit values and their corresponding probability of damage for
eachΨ value, based on the numerical fragility curves in terms of applied β presented in this Chapter.

Reference

Values Ratio

Description

Probability [%] retrieved from the 
numerical fragility curves presented in 

this thesis for each value of Ψ

[‰] [1/
βappl.

-1]

Ψ 
= 

0.5

Ψ 
= 

1.0

Ψ 
= 

1.5

Ψ 
= 

2.0

Ψ 
= 

2.5

Ψ 
= 

3.0

Eurocode*
and Dutch 

norm**

0.5 
to 

3.3

1/2000 
to 

1/300

Sagging 
(serviceability 

limit state)

36 21 12 10 6 2

88 80 70 64 58 50

0.25 
to 

1.7

1/4000 
to 

1/600

Hogging 
(serviceability

limit state)

12 8 5 5 4 0

81 68 56 47 37 28

Boscardin 
and 

Cording, 
1989***

1.0 1/1000
Very slight 

damage 
(self weight)

65 51 36 26 21 14

1.5 1/667 Slight damage 
(self weight) 79 65 52 43 33 25

3.3 1/300
Moderate to 

severe damage 
(self weight)

88 80 70 64 58 50

* Eurocode [16]

** Dutch norm [17]

*** Boscardin and Cording, 1989 [14]

between subsidence and damage to buildings, as low distortions may be difficult to
measure and could be the symptom of different actions.
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Table 8.4: Overview of the available literature limit values and their corresponding probability of damage for
eachΨ value, based on the numerical fragility curves in terms of measured β presented in this Chapter.

Reference

Values Ratio

Description

Probability [%] retrieved from the 
numerical fragility curves presented in 

this thesis for each value of Ψ

[‰] [1/ 
βmeas.

-1]

Ψ 
= 

0.5

Ψ 
= 

1.0

Ψ 
= 

1.5

Ψ 
= 

2.0

Ψ 
= 

2.5

Ψ 
= 

3.0

Eurocode*
and Dutch 

norm**

0.5 
to 

3.3

1/2000 
to 

1/300

Sagging 
(serviceability 

limit state)

87 74 51 35 27 12

90 80 70 65 58 51

0.25 
to 

1.7

1/4000 
to 

1/600

Hogging 
(serviceability

limit state)

70 47 21 10 5 1

90 80 70 64 55 44

Boscardin 
and 

Cording, 
1989***

1.0 1/1000
Very slight 

damage 
(self weight)

89 80 69 58 46 35

1.5 1/667 Slight damage 
(self weight) 90 80 70 63 54 43

3.3 1/300
Moderate to 

severe damage 
(self weight)

90 80 70 65 58 51

* Eurocode [16]

** Dutch norm [17]

*** Boscardin and Cording, 1989 [14]
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8.3. CONCLUSIONS

In this Chapter, numerical analyses are used to develop fragility curves for baked clay
masonry buildings on shallow foundations built before 1970.

Based on the results of all 6912 numerical simulations, which include 8 variations of the
facade geometry, 2 foundation systems, 3 masonry and 2 soil materials and imposed
72 settlement shapes, it was possible to observe the relative influence of the difference
considered parameters. Accordingly:

• The results of the models show how the parameters that influence the most the
damage initiation of the model is the length over height (L/H) ratio of the selected
facades, followed by the masonry material, the soil, foundation systems and the
shape of the imposed settlement actions.

Two sets of fragility curves are produced, with the goal of damage assessment over wide
areas:

• Curves in terms of applied angular distortion, which may be suitable to assess and
predict the damage to buildings when only the ground deformations are known,
for instance via modelling of measurements.

• Curves in terms of measured angular distortion, for damage assessment proce-
dures in which the deformations of buildings are known.

The curves, which focus on the occurrence of light damage, are compared against previous
studies. Thus, it is observed that:

• Differences are observed between the results of models and empirical cases. This
points toward the urgent necessity of experimental campaigns, empirical observa-
tion and monitoring data to validate and calibrate future numerical analyses.

• For the purpose of additional studies that include realistic scenarios of the existing
buildings’ features, openly accessible datasets containing information on the num-
ber of openings and their location on walls, the construction material building and
the type of foundation of each building are required.

• Based on the results of the finite element models, the limit values available in the
state-of-the-art are not observed to prevent the occurrence of visible damage, i.e.,
cracks between 0.1 - 1 mm.

• For a value of the angular distortion measured on the building equal to 2 ‰(or
1/500), the analyses indicated that 1 out of 2 facades might exhibit cracks up to 5
mm.

• In some cases, low values of the angular distortions could be measured on the
buildings due to actions different than settlements, such as vertical loads; The
buildings, in turn, may already exhibit light damage.
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• Based on the outcome of the numerical analyses, it can be pointed out that the
occurrence of light damage to existing structures due to settlements may not be
prevented, as damage could occur even for low values of angular distortions, due to
possible combinations of poor construction materials or weak soil, which enhance
the probability of damage.
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This thesis aims to contribute to the insight required for risk assessment analyses at
different scales (i.e., single structure, city, region, country). The analyses combined
geotechnical and structural engineering into empirical and numerical analyses.

This final Chapter gathers the main findings of the PhD research presented in this the-
sis, discussing their implications and limitations, while recommending possible future
research directions.

This Chapter begins with section 9.1, which consolidates the findings presented in detail
in the previous Chapters while answering the research questions. Section 9.2 reflects on
the scientific and societal relevance of this PhD research, whereas a discussion of how the
results of this study contribute to systematic regional assessments of damage to buildings
exposed to subsidence is presented in section 9.2.3. Finally, directions for future research
are suggested in section 9.3.

9.1. CONCLUSIONS

9.1.1. RETURNING TO THE RESEARCH QUESTIONS

In Section 1.3 the principal aim has been decomposed into sub-questions. In the follow-
ing, each sub-question is addressed:

• What is the influence of the variability of the soil on the occurrence of differential
settlements at the building scale?

The influence of soil variability on the occurrence of differential settlements at
the building scale has been evaluated through numerical simulations. The analy-
ses employed high-resolution models to analyze in-situ lithological heterogeneity
and compare results with national-resolution models. The analyses included the
influence of various loading and hydrostatic conditions.

A good agreement is observed between the results of the two independent datasets
at high (in-situ level) and low (country level) resolution. In particular, the distribu-
tion of the settlements computed using the models based on the two datasets agree
in terms of mean, spread and shape.

Furthermore, the analyses reveal that the spatial variability of the lithological varia-
tions in the soil stratigraphy is observed to have the same order of magnitude as
the one reported in previous studies for the material properties of soil layers. The
values of the correlation length range between about 1 and 10 meters, matching the
extension of typical structures, e.g., houses, roads and embankments. Therefore,
soil heterogeneity could contribute with the same relevance in augmenting the
differential settlements at the scale of structures.

Overall, the findings highlight the importance of accurately capturing the effects of
lithological heterogeneity on ground movements. These insights provide a founda-
tional understanding for further assessments aimed at evaluating the combined
impact of lithological variability and other uncertainties on buildings in subsiding
regions.
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Thus, the influence of soil lithological heterogeneity, measured by the scale of
fluctuation in soil strata thicknesses, can:

(i) Lead to significant variation in the thickness of soil strata across the footprint
of structures, as observed in the case study analyses.

(ii) Affect the spatial distribution of settlement, contributing to increased differ-
ential settlements at the structural scale.

• How can empirical insights into existing structures exposed to ground settlement
and their damage be utilized to assess the probability of damage?

Empirical information from buildings affected by ground settlement provides valu-
able insights for assessing damage likelihood and contributes essential data for
numerical analyses. A sample of nearly 400 buildings in the Netherlands, resting
on either shallow or piled foundations, was collected in this research to gather
empirical data.

From these observations, recurrent wall deformations were identified and used
as the basis for defining settlement patterns in numerical analyses. The results
indicate that asymmetric settlement patterns are more recurrent than symmetric
shapes. Moreover, the observed hogging and sagging settlement shapes conformed
to Gaussian probability distributions, similar to settlements due to specific drivers,
such as tunnelling, mining and excavations.

The analyses evaluated the predictive effectiveness of various settlement intensity
metrics commonly used in the state-of-the-art. Receiving Operating Character-
istic (ROC) analyses revealed that "rotation" and "angular distortion" were the
most effective predictors of building damage, followed by "deflection ratio" and
"differential settlement."

In addition, empirical fragility functions were obtained to characterize the proba-
bilistic relationship between settlement measurements and the observed damage
in the sampled buildings. These empirically-based fragility curves offer insights into
the behaviour of existing structures, differentiating between buildings supported
by piles and those with shallow foundations. The proposed curves serve as a basis
for risk analyses related to land subsidence.

The fragility curves underwent a comparison with the outcomes of the numerical
simulations, enriching the analysis and providing further insight.

• What structural and geotechnical parameters (i.e., geometry, foundation, mate-
rial properties and soil) influence the relationship between imposed soil settle-
ments and the resulting damage to buildings?

To investigate the influence of various structural and geotechnical parameters on
the relationship between settlements and building damage, exploratory non-linear
finite element analyses were conducted. The models were built using an established
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technique incorporating the masonry façade, the underlying strip foundation,
and a non-linear interface at the foundation base that accounts for soil-structure
interaction. Different settlement profiles have been applied to the non-linear
interface at the base of the model, to simulate the loss of support given by ground
displacements.

Non-linear tensile cracking and softening of the masonry material were included
through smeared cracking in the model, enabling assessment of damage by ob-
serving induced wall cracking. The sensitivity analyses considered variations in
building features such as masonry type, length-to-height (L/H) ratio, wall thickness,
number and size of openings, and types of strip foundations (reinforced concrete
and unreinforced). Additionally, the influence of soil-structure interaction was
examined.

The analyses were indirectly validated by comparing both the deformations of the
model and the resulting damage with findings from previous studies and interna-
tional standards guidelines.

The results indicate that building damage is significantly influenced by façade
geometry in terms of length over height (L/H) ratio, masonry material properties
and the shape of the settlement, soil-structure interaction influenced by both the
soil and the foundation system. The analyses also suggest that as damage increases,
modelled façades tend to exhibit greater flexibility, thus better accommodating
imposed settlement deformations.

• What are the best modelling strategies to evaluate the response of structures sub-
jected to subsidence?

To select the most suitable modelling strategy for buildings on strip foundations
exposed to subsidence, state-of-the-art 2D and 3D finite element modelling ap-
proaches have been used to simulate the structural response in terms of damage.
Both types of analyses included the non-linear behaviour of the building and soil-
structure interaction. Comparing the results from these 2D and 3D models high-
lights the significant impact of including transversal walls on damage prediction.

In an enhanced 2D modelling approach, transversal walls are represented by adding
lateral elements, which account for the additional stiffness and weight. This method
reduces modelling effort and computational burden compared to more detailed
3D analyses, while still effectively addressing masonry cracking and soil-structure
interaction. The proposed 2D model provides results consistent with those from
the 3D analyses in terms of displacements and damage.

While 3D analyses are effective in incorporating complex three-dimensional struc-
tural effects and assessing the impact of 3D settlement patterns, the proposed
2D model is selected in this research as the most suitable approach for analyzing
masonry façades on strip foundations subjected to subsidence. This choice is based
on the 2D model’s lower computational burden and its effectiveness in predicting
façade damage, which is the focus of this study.
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• How can numerical analyses be used to develop probabilistic relationships be-
tween subsidence and the damage to existing masonry structures?

Nearly seven thousand numerical analyses were conducted using the enhanced 2D
modelling approach developed in this thesis, which includes the effect of transver-
sal walls on damage prediction. The analyses include realistic scenarios involving
façade geometry, material variations, foundation systems, soil-structure interac-
tion, and settlement patterns.

The outcomes of these 2D analyses have been used to establish probabilistic rela-
tionships between the intensity of ground settlements, measured by their angular
distortion, and the resulting damage to masonry façades.

Fragility curves were derived and categorized based on factors such as length-to-
height (L/H) ratio, foundation and soil type, and masonry material. This segmenta-
tion allows for evaluating the influence of these parameters on the probability of
damage.

The analyses show that long façades and those on unreinforced masonry foun-
dations are twice as likely to experience 5 mm cracks from settlement damage
compared to short façades or those with reinforced concrete foundations, under an
angular distortion of 2 ‰(or 1/500).

Overall, the analyses indicated that for a value of the angular distortion measured
on the building equal to 1/500, one out of two buildings could exhibit cracks up to
5 millimetres.

The findings from this research can contribute to a systematic assessment of build-
ing damage. Moreover, the adopted framework is open to the inclusion of empirical
and monitoring data to calibrate the models and further numerical results to im-
prove the probabilistic prediction.
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9.2. RELEVANCE AND CONTRIBUTIONS

The following sections address the scientific contributions and societal relevance of this
thesis. Additionally, the use of the findings and knowledge presented in this work is
further explored.

The research presented in this thesis was conducted alongside other akin projects at TU
Delft, which focused on the impact of deep subsidence in the Groningen area as a cause
of building damage, i.e., [1]), and the combined effects of soil deformation and vibrations
from multiple mining activities on masonry damage [2]. The interaction between these
projects fostered a productive collaboration, resulting in mutual benefits and enriched
outcomes for all involved.

9.2.1. SCIENTIFIC CONTRIBUTIONS

This research offered several scientific contributions, summarized as follows:

• Effect of variations in the stratigraphy of soil layers: Whereas previous research
focused on the effect of the heterogeneity of the soil properties (such as permeability
of compressibility) within a soil stratum, this study shows the effects of variations
of the thickness of the soil layer in the settlement occurrence. The proposed model
can be applied to different case studies and demonstrate potential for upscaling
over regional scales.

• Empirical data of structures exposed to subsidence: Empirical observations of struc-
tures undergoing differential settlements are key to developing a better under-
standing of how damage to buildings occurs. This research provided valuable data
that filled gaps left by limited or unavailable data from previous studies.

• Numerical models of structures exposed to subsidence: Advancements have been
proposed to improve existing modelling strategies. The adopted 2D and 3D fi-
nite element models offer tools to study the response of structures undergoing
settlements. As a major advantage, the proposed modelling strategies provide an
objective characterization of the damage.

• Parametric study into the effect of soil and structural features: The interpretation
of the numerical results from the sensitivity study offered insight into the effect of
different structural aspects, such as foundation typology, building geometry, con-
struction material and soil-structure interaction scenarios which are to be essential
for the study of the structural response and thus for the damage assessment.

• Relationships between settlement and damage: Probabilistic relationships between
the intensity of the differential settlements and the damage have been proposed as
tools for the damage assessment of buildings subjected to soil subsidence.

9.2.2. SOCIETAL RELEVANCE

The Netherlands has experienced significant societal and economic unrest due to ongoing
land subsidence. Climate change and the current land use have led to tipping points in
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land subsidence [3], posing challenges in finding solutions for mitigation and adaptation.
While municipalities and governmental institutions usually bear the costs of maintaining
and repairing infrastructure systems, damage to buildings can directly burden homeown-
ers. Moreover, given the adjacency of the existing structures, implementing solutions will
unavoidably influence the surrounding buildings. These aspects raise several questions:

• Given that subsidence is caused by a combination of natural and anthropogenic
drivers, sometimes linked to state policy, who is responsible for the damage to
buildings?

• In areas prone to subsidence, should the government fund assistance for managing
costs or should homeowners bear the costs of building damage themselves?

• Are there acceptable subsidence scenarios that minimise the probability of damage
to buildings?

This study only partially helps to answer these questions. This thesis forms part of the re-
search project Living on Soft Soils (LOSS): Subsidence and Society (grantnr.: NWA.1160.18.259)
[3], as outlined in section 1.6 of this thesis. The results of this PhD research provide in-
sight into the probabilities of damage due to settlements. This quantitative knowledge
is expected to contribute to cost-benefit analyses which, in turn, are needed to address
proper mitigation and adaptation strategies.

9.2.3. UTILISATION: INTEGRATING THE RESULTS INTO A SYSTEMATIC RE-
GIONAL SCALE DAMAGE ASSESSMENT

This PhD research aimed to provide inputs and tools for regional scale damage assessment
for areas exposed to subsidence. In addition to the discussion provided in the previous
Chapters on how to use the findings of this study, this section explores how the results
can be integrated into damage assessment procedures and which aspects still require
further attention and research effort.

Figure 9.1 shows how the results of this research can be used to evaluate damage both at
the scale of individual structures and over wide areas, thereby illustrating the connection
between these scales.

The analyses presented in this thesis focused on the relationship between ground settle-
ments and damage (angular distortion β→ damage parameterΨ in Fig. 9.1), and on the
effect of the stratigraphical variability of the soil layers that characterizes soil heterogene-
ity (correlation length θ in Fig. 9.1). Nevertheless, establishing the relationship between
soil heterogeneity and the differential settlements (quantified by correlation length θ→
angular distortion β) has not currently been achieved due to time limitations and requires
further research efforts.

Although the analyses presented in this thesis provide evidence of the relationship of the
effect of soil heterogeneity at different scales (correlation length θ↔ soil heterogeneity
over wide areas Θ) in Fig. 9.1), it should be acknowledged that additional studies are
required to support the findings.
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Additional analyses are also needed to include the effect of soil heterogeneity on subsi-
dence prediction at regional scales (correlation lengthΘ→ subsidence rates δ′).
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Figure 9.1: Schematic illustration of the links between different soil heterogeneity, the differential settlement
and the damage to buildings: (a) regional assessments and (b) at the scale of single structures. The links between
the different aspects relevant to damage assessment analyses are indicated.

Moreover, subsidence over wide areas is often measured by subsidence rates (δ′), whereas
the assessment of damage to structures requires the determination of differential set-
tlements in a specific time over multiple points at the scale of the buildings (subsidence
rates δ′ → angular distortion β). This thesis also proves the importance of computing
settlement parameters which quantify the distortion experienced by buildings, for which
it is necessary to retrieve the displacements in at least three points of the buildings (the
reader is addressed to the definitions of the settlement parameters in section 2.5.3 of this
Thesis). Previous studies, however, assume and adopt simplified relationships between
subsidence rates and damage to structures (such as in [4]). Assuming that (differential)
settlement rates can be directly retrieved from settlement rates with a simplified relation-
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ship could overestimate the distortion and deformation of buildings, and, in turn, the
damage.

Moreover, the damage to masonry structure is assessed with a classification system which
considers the ease of repair [5] and can be thus converted into losses [6] (damageΨ→
losses e), in practice this is feasible for individual structures, but further studies should
evaluate how to upscale such relationships to entire regions.
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9.3. RECOMMENDATIONS FOR FURTHER RESEARCH

Different aspects would be worth further investigation, but time limitations did not allow
doing so. In the following sections, the suggestions and recommendations for future
research are formulated.

9.3.1. SOIL HETEROGENEITY: COMBINING THE LITHOLOGICAL HETERO-
GENEITY WITH THE SPATIAL VARIABILITY OF THE MATERIAL PROPER-
TIES

As discussed in chapter 3, soil heterogeneity is typically distinguished in: i) inherent
spatial soil variability, which describes the variability of the soil properties, such as
the compressibility or permeability, from one point to another within a layer, and ii)
lithological heterogeneity, which refers to the variation of the stratigraphical information,
such as lithology, unit thickness and the slope of the soil strata.

(a) Model with 
stratigraphical variations 

(b) Model with 
spatial variability of the 

material properties

(c) Model with 
stratigraphical variations

and spatial variability of the 
material properties for soil layer 

Figure 9.2: Schematic illustration of numerical models including (a) lithological soil heterogeneity, (b) the
variability of the soil properties and (c) the combination of the two effects. Similar models could be used to
explore the link between soil heterogeneity and damage to structures.

Figure 9.2 schematically illustrates how the two typologies of soil heterogeneity could be
combined in one model, which could in turn be used to explore the response of structures.
Of course, one challenge is represented by the in-situ investigations required to accurately
depict soil heterogeneity at the scale of one building.

Whereas chapter 3 of this thesis focused on exploring the effect of stratigraphical vari-
ations, further research could address the combined effect of stratigraphical variations
and the spatial variability of the soil properties within each layer. Additionally, the role
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of heterogeneous loading conditions could be explored. These aspects have not been
explored in this thesis due to time limitations.

9.3.2. THE INFLUENCE OF THE HORIZONTAL SOIL STRAINS

The ground surface may experience not only vertical movements but also horizontal
displacements. While the magnitude of the vertical distortions is quantified using the
settlement parameters introduced in section 2.5.3 (namely "differential settlement",
"rotation", "deflection ratio" and "angular distortion") the intensity of horizontal ground
displacements is typically measured by "horizontal strain" (or "lateral distortion"), which
is defined as the average strain between two reference points due to relative horizontal
movement [7]. Horizontal strains generate horizontal stresses, which can lead to tensile
or compressive damage to the building [8].

Significant horizontal components have been associated with ground movements related
to specific sources of settlements, such as mining, tunnelling and open excavation,
in contrast to cases where buildings settle under their own weight [7]. As a structure
experiences increasing lateral strains, its tolerance to differential settlement decreases [7].

While horizontal strains are a key factor in building damage, monitoring data on hori-
zontal ground movements from settlement sources other than mining, tunnelling, and
excavations is currently unavailable. Therefore, further research is needed to assess
horizontal displacements in subsiding areas and their effects on building damage.

In this context, an ongoing project [2] at TU Delft is examining the combined effects of
soil distortion and horizontal strains on building damage.

9.3.3. TIME-DEPENDENT BEHAVIOUR OF MASONRY

Creep identifies the change of dimensions of a material subject to constant actions. The
viscoelastic properties of masonry depend on time and the intensity of the actions applied
to the material [9].

It is well-known that long-term settlements are affected by the effects of creep and re-
laxation of the construction material. Settlements due to land subsidence can develop
gradually over an extended period (e.g., decades). If these settlements progress slowly
enough, creep and relaxation can significantly influence stress redistribution within the
building, potentially allowing the structure to adapt to ground movements and reducing
the risk of damage [10].

However, in the state-of-the-art, only a limited number of studies consider the combined
effects of long-term settlements and material creep. This highlights the necessity for the
characterization of the viscoelastic property of masonry not only at the material level but
also at the scale of the entire structure.

9.3.4. SCALE EFFECT ON THE ENGINEERING PROPERTIES OF MASONRY

The engineering properties of masonry are frequently measured through laboratory tests
on small samples, such as drill cores, couplets, triplets, and window banks. This method
is commonly used as an alternative to in-situ mechanical characterization since both
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destructive and non-destructive tests can still be invasive and more expensive to conduct
for many structures.

Nevertheless, at different scales, masonry exhibits varying mechanical responses due to
factors such as material heterogeneity, imperfections, defects, and existing damage. As
a result, laboratory tests on small samples may not accurately reflect the behaviour of
full-scale structures. Therefore, understanding the scale effect is essential for accurate
modelling and prediction of masonry behaviour.

9.3.5. INTEGRATING OF LABORATORY TESTS, MONITORING DATA, MEASURE-
MENTS AND NUMERICAL ANALYSES

This research emphasized the critical need to integrate laboratory tests, monitoring data,
observations, measurements of existing structures, and numerical analyses to enhance
our understanding of damage in structures affected by subsidence.

Despite this necessity, only a few prior laboratory tests have specifically examined damage
to masonry structures resulting from settlements. This gap underscores the need for
additional experimental campaigns.

Additionally, observational data on existing structures are often limited or unavailable,
and when present, they vary significantly in quality and quantity depending on the
source. It is also essential to gather and make accessible cadastral data related to existing
structures, including details about foundation systems, materials, and openings, for
scientific research purposes.

Monitoring data can offer valuable insights into the progression of ground settlements,
building displacements, and damage.

Finally, while numerical analyses contribute to understanding, incorporating the afore-
mentioned knowledge into these analyses would significantly enhance insights into how
subsidence affects building damage.

9.3.6. MODELLING APPROACHES, NUMERICAL ROBUSTNESS AND CONSTI-
TUTIVE MODELS

In this thesis, semi-coupled non-linear finite element analyses have been used to model
the response of masonry structures on strip foundations, including the soil-structure
interaction.

In semi-coupled analyses, the structural response is assessed without explicitly including
the soil volume but with soil-structure interactions represented by interfaces that account
for bedding, gapping, and friction, as outlined in section 2.6. In contrast, 3D fully-
coupled coupled models integrate the structure with the soil volume, allowing settlements
to be triggered by various soil actions. These coupled models could provide valuable
insights into building damage resulting from factors such as fluctuations in groundwater
levels or the oxidation of organic matter. Moreover, coupled models can enhance our
understanding of the effects of simultaneous actions, improving the representation of
buildings and incorporating 3D effects.

265



C
h

ap
te

r
9

9. CONCLUSIONS AND OUTLOOK

Attention should be directed toward refining the constitutive relationships of the masonry
material utilized in finite element analyses to more accurately depict damage. In this
thesis, the Engineering Masonry Model has been employed for the non-linear represen-
tation of masonry. Although this model adequately includes orthotropy, tensile, shear
and compressive failures, limitations have been observed in capturing the localization of
damage and requires further improvements [11]. Finally, future research could explore
alternative solution methods for non-linear finite element analyses, enhancing the relia-
bility of results and the robustness of the analyses. In incremental-iterative non-linear
finite element analyses, materials characterized by brittle failure, such as masonry and
concrete, often encounter convergence issues that lead to inaccurate outcomes [12].
When masonry structures experience settlements, cracks may initiate, gradually propa-
gate, and then suddenly snap to a free surface; thus, the final fracture becomes localized
and is often highly brittle [12]–[14].

A promising alternative to traditional incremental-iterative non-linear finite element
analyses is the Sequentially Linear Analysis (SLA) procedure. This method simulates
damage in quasi-brittle materials by allowing for one damage event at a time, identifying
a critical integration point in the finite element model with the maximum stress. The
strength and stiffness of this critical point are then reduced according to a discretized
step-wise constitutive relation known as the saw-tooth law [12], [14], [15]. This procedure
has demonstrated greater robustness compared to the traditional incremental-iterative
solutions used in the finite element method [12], [13], [15], [16], and could be further
improved for non-proportional and cyclic loading.

9.3.7. CYCLIC GROUND MOVEMENTS: SETTLEMENT AND UPLIFT

Structures are subject to more than just downward displacement. Seasonal factors, such
as the shrinkage and swelling of clay layers, fluctuations in groundwater levels driven by
droughts or heavy rains, and the periodic extraction of underground resources, subject
structures to alternating cycles of sinking and uplifting.

In order to illustrate the possible effects of the alternation of sinking and uplifting of the
building, an exploratory numerical analysis is presented in the following.

One façade model already adopted in Chapter 7 is used herein: For simplicity, the model
employs the same features described in Chapter 7, and readers are referred there for
further details. The façade is subjected to settlement and uplift. The shape of the ground
movements is obtained with equation 7.5 (Dx = 0.5, xi = 0.5, ι = 1) and the maximum
angular distortion is equal to 1/300.

The loading scheme is applied with the following steps (see Fig. 9.3):

• Step 1: downward movements are applied. This step simulates the initial sinking of
the building;

• Step 2: The imposed movement is reversed, and the displacements are gradually
reduced. In this manner, the building is unloaded.

• Step 3: The façade is subjected to uplift by applying upward displacements.
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• Step 4: The façade is unloaded again;

• Step 3: The downward movements are applied for the second time.

Step 1:
Sinking

Step 2:
Unloading

Step 3:
Uplifting

Step 4:
Unloading

Step 5:
Sinking

Figure 9.3: Loading scheme for the model that explores the effect of shrinkage and swelling alternation.

The results of the analysis are shown in Fig. 9.4. The cracks that open at the end of the first
step (sinking) seal almost completely when the façade is unloaded (step 2). New cracks
open due to the application of uplifting displacements (step 3), and the damage severity
is higher than in the case of sinking. The cracks that open due to uplift do not seal when
the façade is unloaded (step 4). Moreover, when sinking is applied again in step 5, the
damage severity is higher than in the case of the first sinking stage (step 1).

Although the intensity of the applied sinking displacements, quantified by the angular
distortion, is the same in steps 1 and 5, the damage at the end of the analysis is higher
due to the damage accumulation: due to the "pre-existing" damage, herein fictitiously
simulated with steps 1 to 4, the damage at the end of step 5 is higher than in step 1, and
the crack patterns are also different. The results demonstrate how damage accumulates
over time.

For the purpose of simplicity, the analysis assumes that the intensity of the distortions
in sinking and uplift is the same. However, this example proves that cyclic settlement
deformations could lead to the accumulation and aggravation of the damage with every
sink-and-uplift cycle.

9.3.8. THE EFFECT OF EXISTING DAMAGE AND SIMULTANEOUS ACTIONS

In addition to the effect of cyclic settlements, section 9.3.7 indirectly shows the effect of
the existing damage in the assessment of the response of the structure. For instance, in
section 9.3.7 the façade is initially undamaged before the application of the settlements.
Step 1 to Step 5 (Fig. 9.4) represent the results of different cycles of settlement and uplift.
However, in reality settlements could arise when the buildings has already experienced
some damage due to previous settlements along the perimeter of the buildings or due to
the effect of previous or simultaneous actions, such as thermal or chemical actions and
vibrations. Therefore, Step 1, for instance, could represent the condition of a building
with existing damage before settlement occurs.

In this section, the same model adopted in section 9.3.7 is used to further demonstrate
the effect of the existing damage. Two analyses are compared: one, in which the façade
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Step 1: Sinking

Max. crack width = 4.25 mm

Step 2: Unloading

Max. crack width = 0.47 mm

Step 3: Uplifting

Max. crack width = 36.41 mm 

Step 4: Unloading

Max. crack width = 15.35 mm 

Step 5: Sinking

Max. crack width = 7.34 mm 
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Figure 9.4: Crack pattern obtained at the end of each loading step. The contour plot refers to the maximum
crack width. The absolute deformation of the façade is shown with a magnification factor equal to 30.

does not show any damage before the application of the settlement, is compared with
another analysis in which an initial crack pattern is considered. The results are shown in
Figure 9.5.
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Figure 9.5: The crack patterns of two models after the application of the settlement load: one model without
initial damage and another with an imposed pre-damage. The absolute deformation of the façade is shown
with a magnification factor equal to 30.
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Compared to the model without any initial damage, the pre-damage model exhibits
higher damage at the end of the settlement application, both in terms of the number of
cracks and their width. However, the damage in the pre-damage model is more severe
already before the application of the settlement. Therefore, for a consistent approach,
the two models should be compared in terms of damage aggravation, i.e., the difference
between the initial damage and the final one. This can be achieved by comparing the
difference between the initial and the final damage parameterΨ, obtaining the damage
aggravation ∆Ψ, similarly to section 8.1.8 of this thesis.

To achieve this, the increase in damage is determined by the difference between the initial
and final maximum crack widths. Specifically, for the model without initial damage, this
difference equals the final crack width (4.25 mm), while for the pre-damaged model,
the difference is 0.41 mm. Therefore, even though the final damage is greater in the
pre-damaged model, the increase in damage is lower.
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A. Appendix to Chapter 4

A.1. DIFFERENCES FROM THE RESULTS PUBLISHED IN [1]
This section briefly illustrates the differences between the data used in [2] and available
within 4TU.ResearchData [1], and the one used in the Chapter 4 of this Dissertation.

The data collection and analyses were originally carried out between 2020 and 2021, while
the final version was published in 2023 [2]. During the writing of this thesis, a revision
was undertaken to enhance the quality of the results. This data verification has been
published [3], further detailing the existing dataset.

A verification was carried out to ensure that the input information was accurately collected
from the various hard copies. A native Dutch speaker conducted the verification of the
quality of the collected documentary information. This step was conducted to identify
and correct any typos or errors that might have affected the manually gathered data. The
details of this activity are provided in section A.1.1.

In the published paper, a MATLAB algorithm was employed to automatically calculate the
SRI parameters (i.e., differential settlement, rotation, angular distortion, and deflection
ratio) for all the surveyed walls. Enhancements were made to the algorithm, improving
the code and resolving bugs and technical glitches, resulting in slightly different values
for the computed SRI. Moreover, the calculations of the settlement parameters adopted
in the original publication were also checked during the data verification.

It is important to emphasize that both checks were conducted independently of the Au-
thors of the published articles to ensure an unbiased and independent process. However,
the Authors provided the original data and supported the initiative to verify both the data
and calculations, ensuring the quality and accuracy of the dataset.

A.1.1. CORRECTIONS TO THE DATASET

The bed-joint levelling measurements of 615 walls were collected into a digital Database.
The procedure involved collecting the coordinates of the surveyed points along the walls
from hardcopies and from technical drawings, and manually typing it into the MATLAB
dataset [2].

After closer inspection of the dataset, a few typos were found. In order for the reader to
quickly and efficiently identify the cases with typos, it should be noticed that:

• Each dataset item includes an "ID", which corresponds to a label intended just to
differentiate the cases;

• Each dataset item includes a field called "Wall", which is a MATLAB structure that
contains the x- (i.e., the coordinate along each surveyed wall, in meters) and z- (i.e.,
the recorded vertical displacement, in millimetres) coordinates;

Accordingly, Table A.1 reports a list of the cases, walls, and detected typos.
The data verification has not revealed any major issues with the information stored
dataset, although typos or mistakes could be present, they are not expected to have a
major impact on the results and/or conclusion of the published manuscript [3]. No
inconsistencies were detected in the collected data regarding foundation typology, year
of construction, or structural typology.
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ATable A.1: Overview of the typos found among the levelling measurements stored in the dataset [1], [3].

Case Wall Coordinate Mistake Correction
B16 1 Z [−115,−10,−135,−105] [−115,−120,−135,−105]
B28 4 Z [−20,20,−28,−94] [−20,−20,−28,−94]
B31 4 Z [−114,−89,−84,−14] [−114,−89,−84,−114]
B63 3 X [0,3.8,8.4,13.1,17.2,22.1,16.7,30.4] [0,3.8,8.4,13.1,17.2,22.1,26.7,30.4]
B40 3 X [0,2.9,5.8,9.1] [0,2.9,6.2,9.1]

B104 6 Z [-1.71, -0.40, -0.97, 0, -0.31] [ -17.10, -4.00, -9.70, 0,-3.10]
B121 1 X [0,3.69,8.80,12.45,16.10,25.35,285.44, ... [0,3.69,8.80,12.45,16.10,25.35,28.54, ...

34.11,38.70,46.08,50.87,59.90,66.10,72.49] 34.11,38.70,46.08,50.87,59.90,66.10,72.49]
B212 1 X [0,5.27,11.99,18.29,24.73,31.62,37.14, ... [0,5.27,11.99,18.29,24.73,31.62,37.14, ...

3.97,50.19,57,63.36,60.61,75.96,82.6,88.8] 3.97,50.19,57,60.61,63.36,75.96,82.6,88.8]
B245 1 Z [250,237,228,223,254,271,238] [250,237,228,223,254,271,283]
B256 1 Z [−8,−9,0] [−8,9,0]
B376 1 X [0,1,20, ,7.02,14.49,21.20,28.31,35.50] [0,7.02,14.49,21.20,28.31,35.50]

1 Z [0,1,218.68,38.63,27.64,19.48,9.93,0] [21.87,38.63,27.64,19.48,9.93,0]

A.2. DIFFERENCES BETWEEN THE FRAGILITY CURVES
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Figure A.1: Differences between the Fragility Curves presented in [2] (dashed lines) and the ones proposed in
this Dissertation in Chapter 4 (solid lines).

The calculations of the settlement parameters were verified with hand calculations and
using an algorithm. This step did not reveal any issues [3].
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A. Appendix to Chapter 4

Figure A.1 shows the difference between the fragility curves published in [2] and the
ones proposed in this chapter 4 of this thesis, obtained with the "Approach 1" detailed in
section 4.2.5. The differences between the results, due to the corrections, are negligible
and do not affect the main conclusions.
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B. Appendix to Chapter 5

B.1. AN EXAMPLE OF THE CALCULATION OF THE RELATIVE BEND-
ING STIFFNESS FOR THE REFERENCE MODEL IN CH. 5

This section reports an example of the calculation of the relative bending stiffness ρ,
described in section 5.3.7 of Chapter 5, for the reference modelling case. The relative
information of the model assumed as the reference case is the following:

• Masonry Material: M2, Young’s Modulus = 5000 MPa (Tab. 5.1);

• Foundation: Unreinforced Masonry (Fig. 5.4a), Base of the foundation B = 610
millimetres, height of the foundation equals to 600 millimetres;

• Double wythe (i.e., 210 mm) facade with a length and height of 8 and 7 meters
respectively. The opening ratio is 0.27 (Fig. 5.3f).

• Soil A (Tab. 5.4), with a shear modulus G equal to 35 MPa and a Poisson’s ratio ν of
0.30.

First, the Young’s modulus of the soil is obtained as:

E = 2∗G(1+ν)

Which results in the Esoi l being equal to 91 MPa for the selected soil.
The inertia of the foundation is computed as:

I f ound ati on = (0.6[m])3 ∗0.61[m]

12
= 1.10∗10−2 [

m4]
The inertia of the facade is computed considering the different positions of the neutral
axis in sagging and hogging respectively, accordingly:

I f acade,sag g i ng = (7[m])3 ∗0.21[m]

12
= 6.00

[
m4]

I f acade,hog g i ng = (7[m])3 ∗0.21[m]

3
= 24.01

[
m4]

Accordingly, the values of the building bending stiffness EI of the facade are computed
with equation 5.7 considering a reduction factor αr o equals to 0.1 (Opening 27% with
L<2H, Tab. 5.6). Thus, the following values are obtained:

E Isag g i ng = 3.06∗106 [
kN ∗m2]

E Ihog g i ng = 1.21∗107 [
kN ∗m2]
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From which the values of relative bending stiffness ρ are computed with equation 5.6:

ρsag g i ng = 3.06∗106
[
kN ∗m2

]
91

[
N /mm2

]∗1000
(
to conver t i n kN /m2

)∗ (8[m])3 ∗ (0.21[m])
= 0.11[−]

ρhog g i ng = 1.21∗107
[
kN ∗m2

]
91

[
N /mm2

]∗1000
(
to conver t i n kN /m2

)∗ (8[m])3 ∗ (0.21[m])
= 0.42[−]
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C. Appendix to Chapters 7 and 8

C.1. GEOMETRIES OF THE MODELS ADOPTED IN CHAPTERS 7
AND 8

In this section, the geometries of the facades adopted in the numerical analyses in Chap-
ters 7 and 8 are detailed:

7.0 m

1.8 m

1.2 m

1.0 m

masonry lintel 
1.2 x 0.2 m

5.5 m

0.8 m

1.0 m

0.55 m

0.9 m

0.6 m

Figure C.1: Sizes of the facade labelled as "FA" used in the analyses presented in Chapters 7 and 8. The
illustration is not in scale.

17.0 m

12.0 m 5.0 m

5.1 m 1.5 m

3.8 m

0.8 m

0.8 m

1.8 m

1.0 m 1.2 m1.2 m

0.6 m
2.4 m

Figure C.2: Sizes of the facade labelled as "FB" used in the analyses presented in Chapters 7 and 8. The
illustration is not in scale.
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6.8 m

3.7 m

3.4 m

1.9 m

0.75 m

steel lintel 
3.4 x 0.2 m

steel lintel 
2.8 x 0.2 m

masonry lintel 
1.2 x 0.2 m 3.0 m

4.1 m

2.4 m1.0 m

1.0 m

2.0 m

0.4 m
1.0 m

1.5 m

Figure C.3: Sizes of the facade labelled as "FC" used in the analyses presented in Chapters 7 and 8. The
illustration is not in scale.

4.5 m

3.8 m3.65 m

1.1 m

1.0 m

1.0 m

1.0 m

0.65 m
1.1 m

0.3 m
0.1 m

0.85 m

0.35 m

0.55 m

1.85 m

0.75 m

Figure C.4: Sizes of the facade labelled as "FD" used in the analyses presented in Chapters 7 and 8. The
illustration is not in scale.
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5.8 m

3.8 m
1.85 m

0.55 m0.65 m0.35 m

1.0 m

0.3 m

0.1 m

Figure C.5: Sizes of the facade labelled as "FE" used in the analyses presented in Chapters 7 and 8. The
illustration is not in scale.
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1.5 m

3.8 m
2.9 m

1.3 m

1.0 m 1.85 m

0.55 m

0.3 m
0.1 m

Figure C.6: Sizes of the facade labelled as "FF" used in the analyses presented in Chapters 7 and 8. The
illustration is not in scale.
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Figure C.7: Sizes of the facade labelled as "FG" used in the analyses presented in Chapters 7 and 8. The
illustration is not in scale.

3.3 m 1.8 m
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2.4 m 1.4 m 1.4 m 0.4 m

Figure C.8: Sizes of the facade labelled as "FH" used in the analyses presented in Chapters 7 and 8. The
illustration is not in scale.
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C. Appendix to Chapters 7 and 8

C.2. RESULTS OF THE SENSITIVITY ANALYSIS FOR ALL THE SE-
LECTED FACADES

C.2.1. RESULTS FOR HOGGING

In this section, the results of the sensitivity analyses presented in Chapter 7 are shown
with reference to all the selected facades, whereas Chapter 8 focused on the models
labelled as "FA" and "FB".
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Figure C.9: Results of the sensitivity analyses for a hogging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FC".
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Figure C.10: Results of the sensitivity analyses for a hogging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FD".
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Figure C.11: Results of the sensitivity analyses for a hogging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FE".
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Figure C.12: Results of the sensitivity analyses for a hogging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FF".
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Figure C.13: Results of the sensitivity analyses for a hogging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FG".
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Figure C.14: Results of the sensitivity analyses for a hogging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FH".
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C.2.2. RESULTS FOR SAGGING
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Figure C.15: Results of the sensitivity analyses for a sagging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FB".
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Figure C.16: Results of the sensitivity analyses for a sagging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FC".
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Figure C.17: Results of the sensitivity analyses for a sagging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FD".
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Figure C.18: Results of the sensitivity analyses for a sagging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FE".
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Figure C.19: Results of the sensitivity analyses for a sagging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FF".
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Figure C.20: Results of the sensitivity analyses for a sagging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FG".
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Figure C.21: Results of the sensitivity analyses for a sagging settlement pattern in terms of applied and measured
angular distortion against the damage parameterΨ for the facade labelled as "FH".
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Figure C.22: Additional Example 1: Cumulative density functions for different numbers of analyses. In each
plot, the analyses are randomly selected from all the 6912 combinations. This image integrates the results shown
in Chapter 8.
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Figure C.23: Additional Example 2: Cumulative density functions for different numbers of analyses. In each
plot, the analyses are randomly selected from all the 6912 combinations. This image integrates the results shown
in Chapter 8.
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Figure C.24: Cumulative density functions in terms of measured β for each selected masonry material. Dashed
lines represent extrapolations.

C.4.1. THE EFFECT OF HOGGING AND SAGGING SETTLEMENT PROFILES

Measured - [-]

Pr
ob

ab
ili

ty
 [-

]

0 1 2 3
#10-3

0

0.2

0.4

0.6

0.8

1
(a) - Symmetric sagging settlements

0 1 2 3
#10-3

0

0.2

0.4

0.6

0.8

1
(b) - Symmetric hogging settlements

0.5 1.0 1.5 2.0 2.5 3.0
Damage parameter *

Figure C.25: Cumulative density functions in terms of measured β for (a) symmetric sagging and (b) symmetric
hogging (b) settlements respectively. Each plot presents the outcomes of 288 analyses.

C.5. THE INFLUENCE OF THE FOUNDATION SYSTEM
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Figure C.26: Cumulative density functions in terms of measured β for each selected foundation system. Dashed
lines represent extrapolations.
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Figure C.27: Cumulative density functions in terms of measured β for each foundation system subjected either
to symmetric sagging and hogging settlements. Each plot presents the outcomes of 144 analyses.
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Figure C.28: Cumulative density functions in terms of measured β for each soil material. Dashed lines represent
extrapolations.
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C.7. THE EFFECT OF EXISTING DAMAGE
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Figure C.29: Fragility curves in terms of measured angular distortion for models with different values of initial
damageΨ0: (a)Ψ0 = 1.0, (b)Ψ0 = 1.5 and (c)Ψ0 = 2.0.
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Figure C.30: Cumulative density functions in terms of measured β for different L/H ranges. Dashed lines
represent extrapolations.
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APPENDIX D
Supervised MSc Projects

This section provides an overview of the MSc projects supervised by the author that are
relevant to the topic of this PhD research. In the following, a short abstract that outlines
each MSc project is included.

The complete reports are available on the university website repository.tudelft.nl under
the section for “education”.
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D. Supervised MSc Projects

INFLUENCE OF DIFFERENT SUBSIDENCE-RELATED DRIVERS ON DAMAGE TO EXISTING

BUILDINGS

Student: Roy P. Meinen

This Thesis provides insight into the relative influence of different subsidence drivers on
the damage to existing masonry buildings resting on shallow foundations. Numerical
models in PLAXIS 2D are used to compute settlements for various scenarios, including
three soil stratigraphies, three building models, and three subsidence drivers. The focus
of the modelling is on representing soil settlements rather than accurately depicting the
non-linear structural response.

Based on the available literature, two settlement metrics, namely differential settlements
and angular distortion, are used to determine the intensity of the computed settlements
and, in turn, the damage to the structures.

The findings reveal that the soil scenario had the greatest influence on the induced
damage, followed by the subsidence drivers and the building scenarios.

CALIBRATED NUMERICAL MODELS FOR MASONRY BUILDINGS SUBJECTED TO SUBSIDENCE-
RELATED GROUND SETTLEMENTS

Student: Javier F. Guadarrama

This study reviews different state-of-the-art empirical, analytical, and numerical as-
sessment methods relevant to evaluating damage in masonry structures experiencing
settlements.

Based on the literature review, the selected assessment methods are applied to an existing
structure with available levelling measurements and damage information. Therefore, the
chosen case study serves as an empirical benchmark to validate the results.

Particular emphasis is given to the numerical methods, that accurately depict the nonlin-
ear cracking behaviour of masonry structures undergoing settlements.

This Thesis assesses the relative effectiveness of different damage assessment methods
and identifies their limitations.
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APPENDIX E
Datasets

The collected dataset of 386 anonymised buildings used in Chapter 4 is available at:

https://doi.org/10.4121/18279155

The numerical fragility curves developed in Chapter 8, including the ones reported in
Appendix C, are available at:

https://doi.org/10.4121/f4ff95cf-5846-45fc-841b-7df7d74e7e5f

A ReadMe file is included in each repository to detail the additional metadata.
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