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A B S T R A C T   

In the Netherlands, the potential damage to the building stock due to subsidence phenomena has 
recently received increased awareness. However, evaluating and predicting damage to buildings 
in subsiding areas is a complex task that requires associating the vulnerability of exposed 
structures with the intensity of the subsidence hazard. Considering the widespread presence of 
subsidence-related damage to the built heritage, the focus of this study is to provide empirical- 
based insights to assess and forecast subsidence damage to masonry buildings. A rich dataset 
with manual levelling measurements was collected comprising 386 surveyed masonry buildings, 
mainly low-rise (terraced) houses built before 1950. Of the total set of buildings, 122 cases rest on 
shallow foundations and 264 on piled foundations. For each building, the recorded damage is 
related to the settlement, calculated from the bed-joint levelling measurements, using four 
different intensity parameters, namely differential settlement, rotation, relative rotation and 
deflection ratio. These four parameters are appraised in their capacity to effectively predict the 
intensity of the damage. The Receiver Operating Characteristic (ROC) method is used to evaluate 
the relative efficacy of the selected hazard parameters. The rotation, the relative rotation (angular 
distortion) and the deflection ratio are observed as the most accurate when predicting the in
tensity of damage, while the differential settlement appears less accurate. 

Additionally, the dataset was used to generate empirical fragility curves where the probability 
of damage is described as a function of the aforementioned parameters. Thresholds were set to 
distinguish between the light damage and the functional and structural damage state. At a relative 
rotation of 1/500 masonry buildings on shallow foundations were observed to reach or exceed 
light damage with a probability of 13%, and functional and structural damage with 5%. The 
availability of the bed joint levelling measurements made it possible to classify eight recurrent 
settlement profiles, including both symmetric and asymmetric profiles, associated with both the 
overall deformation and the rigid rotations of the surveyed buildings.   

1. Introduction 

Land subsidence is a potentially destructive hazard that is caused by either natural or anthropogenic drivers, or a complex com
bination of both [1]. The progressive lowering of the ground surface (centimeters to decimeters per year) due to widespread subsidence 
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affects many densely populated areas in North America, Asia and Europe [1,2]. The potential consequences of subsidence phenomena 
include increased flood risk, aquifer salinization, reduced aquifer-system storage capacity, storm surges, earth fissures and damages to 
buildings and infrastructure [1,3–12]. 

Among many examples of areas affected by subsidence processes, one of the largest populated areas exposed is that of the coastal- 
deltaic plain of the Netherlands [1,12,13]. More than half of the surface of the Netherlands is covered by sequences of clayey and peaty 
layers of the Holocene age, typical soft soils, which predispose the occurrence of spatially-variable subsidence phenomena [13–17]. 
Previous research in The Netherlands predicted economic losses related to the damage to buildings, on the national scale, ranging from 
€ 5 to 45 billion cumulative by 2050 [2,18–20]. Therefore, a better understanding of how subsidence phenomena lead to damage to the 
built-up heritage is key to address proper risk mitigation strategies. However, damage assessment analyses require detailed infor
mation on the features of the exposed buildings (e.g. material of construction, geometry, type of foundation system), which leads to 
intrinsic uncertainties when dealing with a large number of buildings [21]. In the Netherlands, masonry is the most common con
struction material of the building stock; historical masonry buildings resting either on shallow (e.g., strips, rafts) or deep (i.e., wooden 
piles) foundations can both suffer from settlements associated with land subsidence [5,9,22]. Low ground water levels are maintained 
in low lying parts of the country in order to prevent flooding [4], yet may increase the risk of damage due to settlements for both 
buildings on timber piles and on shallow foundations. Timber foundations may be exposed to oxygen that leads to degradation [9,22] 
or additional negative skin friction, while buildings with shallow foundations follow soil settlements at the foundation level. Earlier 
estimates predict that about 750.000 buildings on wooden piles and 300.000 buildings on shallow foundations have a high risk of 
damage related to foundation problems in the next two decades [23,24]. 

In this context, probabilistic fragility functions can be used to assess and predict the damage for a large set of buildings. Fragility 
curves represent essential tools to establish the relationship between the damage severity level and a hazard intensity parameter for a 
given structural typology, especially when specific detailed information is limited [9,10,25]. In this paper, these functions are retrieved 
for four different subsidence-related intensity parameters (SRI parameters [9,26]) computed from the available settlement measures, 
combined with the observable severity of the damage over a unique set of 386 in-situ damage surveys of masonry buildings in the 
Netherlands. As a novelty with respect to earlier similar studies, the ‘Receiver Operating Characteristic’ (ROC) curves are introduced to 
select the SRI parameters that best fit the damage analysis. The paper begins with a revision in section 2 of the underlying concepts and 
tools employed for the analyses. These are described in detail in section 3 (Method) and their results are presented in section 4 
(Results). The outcomes of the study are then discussed in section 5, whereas section 6 gathers the main conclusions. 

2. Underlying concepts 

2.1. Ground displacement measurements 

During and just after their construction, structures typically experience settlements which can continue throughout the first few 
decades of their lifespan and are not necessarily a symptom of deficiencies [27]. However, buildings that rest on heterogeneous soft 
soils can be subjected to settlement and uplift due to a wide variety of drivers, including the weight of structures, underground leaking 
pipes, broken sewers and malfunctioning drainage systems, tree roots or tree felling activities (inducing swelling in clayey soils), water 
table fluctuations due to seasonal or climate-induced effects, and/or anthropogenic policies (e.g., due to deindustrialization). In this 
context, the term “subsidence” is used to identify the settlements induced by one or multiple of the above-mentioned drivers. Ground 
movements associated with land subsidence may cause structures to “settle”: translate, rotate, and/or deform and, in turn, these may 
cause architectural or structural damage of varying severity, often categorized based on width, length and number of cracks on (part 
of) the building. The availability of measurements and monitoring information on the displacements suffered by buildings is decisive to 
measure the intensity of the ground movements and, in turn, to assess the damage [7,28,29]. 

In engineering practice, conventional level readings along the brickwork courses are often used to measure the magnitude of the 
distortion and the movement of buildings [30–35]. Level readings can be highly demanding in terms of time and manual effort but are 
able to provide accurate measurements of the displacements of the structure [36]. With the bed-joint levelling measurements the 
deformations of a masonry building over its life can be traced back measuring the loss of horizontality of points along the brickwork 
courses, as these were usually laid strictly levelled, thus allowing to reproduce the resulting deformation profile of the building over its 
length due to the ground settlements. 

Innovative air- or space-borne methods, such as images acquired by synthetic aperture radar (SAR) can be used to measure and 
monitor the displacements’ magnitudes and rates on structures [7,37,38] and infrastructure [39,40]. Although air- or space-borne 
methods provide automatically-acquired measurements, they still require significant efforts in the processing and interpretation of 
the data [36]. Moreover, the applicability of air- or space-borne methods may be limited in areas with insufficient time or spatial 
coverage, or when the measurements are insufficiently precise to use them at the length scale of an individual building. Due to the 
relatively recent functioning of these innovative monitoring systems, the time coverage may be limited to one or two decades even in 
areas with sufficient availability of data, if compared with traditional settlement monitoring techniques. 

2.2. Damage assessment 

When dealing with the assessment and prediction of damage, several methods propose threshold values for subsidence-related 
intensity parameters (SRI). The SRI can be: differential settlement, rotation, relative rotation, deflection ratio, tilt, or the induced 
strains in the building [26,41–46]. 

However, the amount of distortions associated with a given damage severity typically varies for each structure depending on its 
features (e.g., wall material, geometry, floor type, number of storeys, age), the foundation type and depth (e.g., shallow or piled 
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foundation), the characteristics of the subsoil on which they are resting, as well as the development of the ground movements over 
time. Moreover, the limiting value depends on the shape of the settlements. Therefore, although placing a limitation on the values of 
some SRI has the advantage of being simple and practical, it may be challenging to confirm the general validity of such limiting values 
[9,47,48]. For instance, in many studies and guidelines a limitation is placed on the value of the angular distortion to avoid the 
occurrence of damage [47–52]. In the Eurocode and in the Dutch norm, the limiting values of angular distortion range from 0.50‰ (or 
1/2000) up to 5.00‰ (or 1/200) depending on the shape of the settlement profile [47,48]. Limiting values for the other settlement 
parameters are proposed less frequently, but can e.g. be found in Refs. [26,45]. 

In the case of quasi-brittle materials such as masonry, a slow development of the settlements may reduce the stress changes due to 
creep and relaxation, allowing the structure to accommodate the imposed deformation without displaying cracks [53–55]. The use of 
fragility functions can provide a promising perspective to deal with the uncertainties in the assessment of the damage of a large number 
of buildings and, in turn, types of loading, in subsiding areas [9,21,51,56,57]. 

2.3. Fragility curves 

Fragility curves are statistical tools that allow to retrieve the relationship between the damage severity level and a hazard intensity 
parameter for a given structural typology [10]. 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 shapes in the literature is described in (1) 
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 [58]: 

F(SRIi, ζi)=Φ
[

1
ζi

ln
(

SRIi

SRIi

)]

(1)  

with SRIi and ζi, respectively representing the median and the standard deviation (or dispersion) of the lognormal distribution. Finally, 
Φ[•] is the standardized normal distribution function. 

2.4. 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 optimum thresholds [59]. The ROC-curve technique has been used in structural health 
monitoring applications, geotechnical and seismic engineering [60–62]. Moreover, ROC curves can be used to compare the predictor 
efficiency of different intensity parameters for which fragility curves are derived (e.g. in Ref. [62]). 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 (Fig. 1a). 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 1 
[60]. 

Accordingly, in Table 1, 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. 

ROC curves are plotted with the true positive rate (TPR) versus the false positive rate (FPR). Each point of a ROC curve represents 

Fig. 1. 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 identified by the sensitivity pair at the minimum distance (dmin) from the perfect classifier (0,1). 
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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. (2) and (3): 

TPR=
TP

O( + )
(2)  

FPR=
FP

O( − )
(3) 

In the ROC space, the sensitivity-pair (0,1) describes a cut-off value that perfectly classifies the data in one of the two outcomes 
(perfect classifier). On the other hand, a random guess would be represented by a point on the diagonal line joining the left bottom to the 
top right corner (Fig. 1b). The closer a sensitivity-pair is to the perfect classifier, the better the considered cut-off value classifies the 
outcome. The optimal threshold value is identified by the sensitivity pair closest to the perfect classifier (Fig. 1b). An additional 
advantage of a ROC analysis is to create ROC curves by retrieving different sensitivity-pairs associated with different values of the 
considered threshold. Accordingly, the Area Under the ROC Curve (AUC) represents a measure of the overall diagnostic performance of 

Table 1 
Contingency table.   

Predicted 

Undamaged (− ) Damaged (+) Total 

Observed Undamaged (− ) TN FP O (− ) 
Damaged (+) FN TP O (+) 
Total P (− ) P (+) N  

Fig. 2. Flowchart of the adopted procedure.  
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a considered model or index. AUC scores takes values from 0 (inaccurate test) to 1 (perfect classifier). A value of 0.5 for AUC is 
associated with the diagonal line and is equivalent to a random guess. 

3. Method 

The procedure followed for the analyses consists of a preliminary data collection phase followed by two analysis phases (Fig. 2). 

3.1. Phase 0 

In the preliminary phase (Phase 0 in Fig. 2), 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). 

3.2. Phase I 

In Phase I (Fig. 2), 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 Ref. [26], and as illustrated in Fig. 3 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 connecting two reference points in the settlement 

profiles;  
- The relative rotation or angular distortion [46] 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 Δ/L, refers to the ratio between the maximum relative deflection and the corresponding length [26,36,47]. 

In the state of the art, the damage severity of masonry buildings undergoing ground movements is typically assessed with the 
classification proposed by Burland et al. [43], later integrated by Boscardin and Cording [42] and at its latest by Giardina et al. [63], 
and Korswagen et al. [64] (Table 2) based on the ease of repair and the cracks’ width. In this study three damage groups were 
considered (Table 2):  

i) “undamaged cases” to cases with no significant observable damage. 

Fig. 3. Typical building damage for sagging and hogging profiles and the definitions of the settlement parameters: maximum settlement ρmax, minimum settlement 
ρmin, differential settlement δρmax, rotation θ, relative rotation (or angular distortion) β, deflection Δ, deflection ratio Δ/L and tilt ω. 
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ii) “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.  

iii) “moderate to severe damage” implies moderate and severe damage that could affect the serviceability of the building or be 
associated with a risk for the structural safety. 

Accordingly, In Phase I (Fig. 2) the collected documental information for each building in the dataset was used to assign the 
observed damage severity level. The decision to consider three damage groups in this study rather than the six damage classes (i.e. 
“Negligible” to “Very Severe” in Table 2) proposed by Burland et al. [43], 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 opening. 

3.3. Phase II 

3.3.1. Fragility curves 
In Phase II (Fig. 2) the parameters SRIi and ζi of the lognormal distribution described in Eq. (1) were estimated by means of a non- 

linear fitting procedure, dividing the buildings according to the foundation system: First, the cumulative probability functions are 
obtained by counting the number 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. Second, the fragility parameters SRIi 
and ζ were computed by fitting the cumulative probability functions by means of a nonlinear Least Squares Estimation (LSE) [65–67], 
through the iterative Levenberg-Marquardt algorithm. 

3.3.2. ROC curves 
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. Addi
tionally, the predicted binary results were calculated by varying the threshold value (or cut-off value) of each considered SRI 
parameter, resulting in the construction of the ROC curves. 

3.3.3. Recurrent settlement shapes 
Additional analyses were carried out to investigate the shapes of the settlement displacements for the buildings’ dataset, based on 

the bed-joint levelling measurements. Empirical preliminary observations were carried out to define the representative shapes of the 
most recurrent settlement profiles. First, all the settlement profiles have been made dimensionless to allow the comparison of the 
shapes among buildings with varying lengths. Eight settlement shapes (Fig. 4) were then computed from a Gaussian curve [68], 
described by equation (6), to idealize the observed recurrent bed joint measurements. 

Sv(x) = −
0.5

(1 − yi)
e

(

− x2
2 xi2

)

(4)  

Where x is the horizontal distance from the symmetric axis of the curve and xi is the distance from the symmetric axis of the curve to the 
point of inflection, while yi is the depth of the inflection point equal to 0.606 times the maximum settlement, assumed to be equal to 1. 

For each settlement profile, the coefficient of determination R2 was calculated with equation (7) for each of the j-th defined 
representative shapes: 

R2
j = 1 −

∑

i

(
yi − fi,j

)2

∑

i
(yi − y)2 (5) 

Table 2 
Damage scale with classification of visible damage based on easy of repair and the crack width (from Refs. [42,43,63,64]).  

Category of damage Damage 
class 

Approximate 
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 5–15 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 15–25 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.  
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Where yi is the vertical displacement of the i-th point while y represents the medial settlement value of each dimensionless bed-joint 
profile. Moreover, fi,j represents the vertical displacement of the i-th point for the j-th proposed settlement profile (Fig. 4). Additionally, 
the R2 of the fit to a horizontal line was performed 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. Results 

4.1. Collected building information 

For the purpose of the presented study, in the preliminary phase (Fig. 1) the information from 386 field surveys over different Dutch 
provinces was collected into a database in MATLAB [69]. Particularly, the damage and foundation information of 262 cases was 
retrieved from a cluster of masonry buildings in a neighbourhood of Schiedam from Peduto et al. [9], jointly with the available 
bed-joint measurements from an in-situ campaign carried out during the year 2003, a decade earlier. 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 in Dutch, BAG, https://bagviewer.kadaster.nl), 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 Ref. [70], based on the structural features 
and the adjacency with other structures. A schematic illustration of the selected building typologies is shown in Fig. 5:  

• Unit House (UH) in Fig. 5a, refers to freestanding houses, (e.g. a single detached house) with an independent foundation system. 

Fig. 4. The selected settlement shapes, conformed to a Gaussian distribution that idealize the most recurrent bed joint levelling measurements 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 
(6) by varying the position of the wall x and the distance of the inflection point xi. 
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• Block Unit Single (UBHS) in Fig. 5b, refers to a single building part of a homogeneous 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 Fig. 5c, refers to a homogeneous building block, with the same foundation system (e.g. a block of 
row houses).  

• Others (OTH) in Fig. 5d, refers to cases not classified in the previous 3 categories (e.g. sheds or warehouses). 

A summary of all the available information is gathered in Table 3 in relation to their location (province). Accordingly, 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. 

In Phase I (Fig. 2), the SRI parameters were computed for each building from the settlement profiles and related to the assigned 
damage level, according to the methodology described in section 3. In the case of buildings with multiple surveyed walls, the SRI 
parameters refer to the maximum among any of the walls. 

Particularly, from the work of Peduto et al. [9], the damage of the 262 cases in Schiedam, originally classified with the system 
proposed by Burland et al. [43], has been aggregated in the three damage groups described in this study in Table 2. In Fig. 6, 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. 

4.2. Fragility curves 

In Phase II (Fig. 2) the cumulative density functions of each damage level relative to computed SRI parameters were determined for 
each foundation system. The fragility curves shown in Fig. 7a, c, e and h for buildings on shallow foundations and Fig. 7b, d, f and h for 
buildings on deep foundations were retrieved by means of the nonlinear least square fitting, according to the methodology described in 
section 3. The estimated SRI and ζ parameters for each fragility curve are reported in Table 4. 

4.3. ROC curves 

The ROC analysis is performed to select the SRI parameter(s) that best fit the damage analysis. 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 Fig. 8 (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. 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 Δ/L for both the foundation typologies. 

Moreover, for each optimized threshold value obtained by means of the ROC technique for each SRI parameter, the probability of 
having or exceeding damage is retrieved with the fragility curves proposed in this study (Fig. 7). The results are summarized in Table 5. 

4.4. Recurrent settlement shapes 

The shapes of the settlement displacements for the building’s dataset based on the bed-joint levelling measurements was compared 
with the idealized shapes discussed in section 3. 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 (Fig. 9) and hogging shapes 
(Fig. 10), further divided by the foundation system. 

Fig. 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). 
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5. Discussion 

5.1. Building dataset 

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. Among all buildings in the set, 334 were built before 1950. Ideally, the analyses 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 presented in this study. Moreover, further 
subdivisions would have resulted in samples too small to be considered in a probabilistic framework. Therefore, this study focusses on 
the distinction between buildings on shallow or deep foundations. 

The buildings’ dataset herein proposed, as any sample of structures collected to address post-disaster analyses, may not represent a 
random sample (in which every building in the Netherlands would have had the same probability of being selected and surveyed for 
the analyses). 

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 (i.e., differential settlement δρmax, rotation θ, relative rotation β, deflection ratio Δ/L) were 
chosen due to their wide usage in codes and regulations. The collection of other parameters, that could also affect the occurrence of 
damage, could be suggested in future studies, such as the horizontal strain [42]; although this parameter may be more suitable for 
studies related to tunnelling-induced, excavation-induced and mining-induced settlements rather than for climate-induced settle
ments. 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 

Table 3 
Summary of building data for some provinces distinguished by foundation type, building typology and year of construction.  

Province Foundation type Building typology (see Fig. 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 4 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  

Fig. 6. 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. 
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levelling readings, thus suggesting that damage appears at higher values of distortion than what could actually be present. 
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 
systems, as the damage was observed from the available documental information and was not quantified by detailed surveys. 

Fig. 7. Fragility curves of buildings resting on shallow and deep foundations for all the SRI parameters.  

Table 4 
Median SRIi and Standard deviation ζ of the lognormal distribution for each considered settlement parameters 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 4508 3.42 7.43 × 106 5.96 

Θ [mm/mm] Light 4.40 × 10− 2 2.44 2.93 × 10− 2 2.11 
Moderate to Severe 6.95 4.63 108.68 4.81 

β [mm/mm] Light 3.88 × 10− 2 2.64 2.33 × 10− 2 2.53 
Moderate to Severe 8.61 4.98 451.46 5.86 

Δ/L [mm/mm] Light 5.75 × 10− 3 2.16 4.82 × 10− 3 2.23 
Moderate to Severe 6.79 × 10− 1 4.28 253.75 6.23  
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Moreover, all the visual damage to the surveyed buildings was assumed to be caused by the settlements, while other possible 
contributing causes were disregarded based on the lack of major influences known to the authors. 

The size of the box plots depicted in Fig. 6 show how the damage of the buildings on shallow foundations (a ,c, e and g) generally 
increased as the mean of the selected SRI parameters increased. The same trend is not observed for buildings on deep foundations (b, d, 
f and h). It should be highlighted that in both cases, the number of buildings classified as “Moderate to Severe Damage” is small (23 and 
11 cases for shallow and piled foundations 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. 

Fig. 8. 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). 

Table 5 
Overview of the probability of damage from the retrieved fragility curves for the opt. threshold values obtained with the ROC curves.  

Damage Probabilities [%] 

Opt. Threshold for Shallow Foundations Opt. Threshold for Deep Foundations 

δρ (88.5 
mm) 

θ (8.76 mm/ 
m) 

β (4.77 mm/ 
m) 

Δ/L (1.23 mm/ 
m) 

Δρ (48.5 
mm) 

θ (5.33 mm/ 
m) 

β (3.67 mm/ 
m) 

Δ/L (0.98 mm/ 
m) 

Light 45.4 25.4 21.4 23.8 25.4 20.9 23.2 23.8 
Moderate to 

Severe 
12.5 7.5 6.6 7.0 2.3 1.9 2.3 2.3  
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5.2. Fragility curves 

The fragility curves for all the SRI parameters shown in Fig. 7 were retrieved by means of the nonlinear least-square fitting pro
cedure (described in section 3.3.1). The proposed fragility curves can be used to retrieve the probabilities of damage of the limiting 
values adopted in the literature. For instance, to avoid the occurrence of serviceability damage [71] (i.e., moderate to severe in 
Table 2), the Dutch standard [48] proposes values of angular distortion ranging from 1.0‰ (or 1/1000, as suggested in the Eurocode 7 
[47]) up to 5.0‰ (or 1/200) depending on the shape of the settlement profile. Similar limiting values are proposed in other studies (e.g. 
Refs. [42,49,57]). Therefore, for a range of values of the angular distortion from 1/2000 up to 1/200 the probability of light damage 
ranges from 5% up to 22% for shallow foundations and from 6% up to 27% for deep ones. These intervals reveal that the retrieved 
fragility curves correspond to conservative estimates of the buildings’ responses. Moreover, the results provide a warning against the 
use of determinist limiting values without a proper characterization of the response of the considered built stock. 

The fragility curves in terms of the differential settlement δρ, rotation θ and deflection ratio Δ/L were compared with the ones 
proposed by Peduto et al. [9], who produced empirical fragility curves by combining SRI parameters derived by space-born acquisition 
over a period of 5 years with in-situ damage survey data on a sample of 706 buildings (180 buildings on shallow foundations and 526 
on deep foundations) (Fig. 11). 

A good comparison was observed in the case of the rotation (c and d) and the deflection ratio (e and f), while in the case of the 

Fig. 9. Nondimensional sagging settlement profiles of the considered surveyed buildings: from (a0) to (d0) Proposed settlement profiles; 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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differential settlement (a and b) the curves herein proposed differ from the ones of the previous study. The comparison highlights that, 
both in the case of shallow and deep foundations, the curves for the light damage lay in the area above the curve representing the 
damage level D3, which is associated with the occurrence of cracks wider than 5 mm. The differences could be attributed to the way in 
which the SRI parameters were derived: whereas in this study, bed-joint measurements were used to trace back the true building 
deformation over its entire lifetime, Peduto et al. [9] reported that the computed SRI values refer to satellite measurements over a 
limited fixed timeframe (of 5 years). Similarly, the location or height on the walls where the measurements are taken could influence 
the recorded displacements. The values of the SRI parameters computed from satellite measurements may be lower than the ones 
computed from the bed-joint measurements of the same building. It should be noted that the differences can also be attributed to the 
damage scale adopted to associate each building to a single severity level (i.e. “No Damage”, “Light Damage” and “Moderate to Severe 
Damage”); 

5.3. ROC curves 

The ROC analyses carried out for all the selected SRI parameters allowed to evaluate the relative efficacy when predicting the 
intensity of the damage (Fig. 8). For buildings on shallow foundations, the differential settlement δρ was superseded as an indicator of 
damage by the rotation θ (by 14%), the relative rotation β (14%) and the deflection ratio Δ/L (7%). Similarly, in the case of deep 

Fig. 10. Nondimensional hogging settlement profiles of the considered surveyed buildings: from (a0) to (d0) Proposed settlement profiles; 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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foundations, the θ (by 6%), the β (3%) and the Δ/L (1%) present higher AUC scores than the δρ. The lowest AUC scores are the ones 
retrieved for the differential settlement δρ both for building on shallow and deep foundations (Fig. 8a and b). 

The values of the optimized threshold obtained with the ROC technique were used to retrieve the probability associated with the 
two damage groups herein adopted (Table 2). The results summarized in Table 5 shows how the optimized limiting values do not 
prevent the occurrence of light damage, as the probabilities range from 21% up to 45%. However, they are associated with low 
probabilities of moderate to severe damage, from 7% up to 13% for shallow foundations and about 2% in the case of deep foundations. 
Therefore, the optimized threshold values herein proposed may be used to prevent the occurrence of serviceability damage [71] (i.e. 
cracks wider 5 mm in Table 2). For instance, for buildings settling under their own weight, Boscardin and Cording [42] proposed a 
value of the angular distortion equal to 3.3‰ (1/300) to prevent the occurrence of moderate to severe damage (Table 2), which 
translates to 5%, for shallow, or 2%, for deep foundations, on the corresponding fragility curve herein proposed. Thus, optimized 
thresholds are in line with limiting values found in literature. 

5.4. Recurrent settlement shapes 

From the analyses of the most recurrent settlement shapes, profiles associated with both deformations and an overall tilt (SAG2 in 
Fig. 9b3 and HOG2 in Fig. 10b3) appear more frequent than profiles without tilt (as for SAG1 and SAG4 for Fig. 9a3 and d3 and HOG1 
and HOG4 for Fig. 10a3 and b3). This agrees with the observation in the study of Charles and Skinner [32], that states “In most practical 
situations, settlement will cause both distortion and tilt” referring to sagging and hogging profiles with a non-uniform tilt. 

6. Conclusions 

The analyses presented in this study allowed for the retrieval of empirical fragility functions between four selected settlement 
intensity parameters and the damage level from a rich dataset of 386 surveyed masonry buildings resting on either shallow or deep 
foundations located in the Netherlands. For an angular distortion equal to 2‰ (or 1/500), the fragility curves herein presented indicate 
probabilities of exceed light damage, with cracks wider than 5 mm, equal to 13% and 17% for buildings on shallow or piled foun
dations respectively. 

The comparison conducted against the fragility curves by Peduto et al. [9] was used to investigate the difference between ‘classical’ 
measuring methods such as the bed-joint levelling along the masonry façade used herein, and ‘modern’ spaceborne monitoring sys
tems. Whereas the classical monitoring systems would be economically unaffordable for a higher number of buildings, 
spaceborne-derived are still limited to a fixed timeframe, leading to lower SRI values for a surveyed building. Nonetheless, it was 
observed that the curves in terms of rotation and deflection ratio are in good agreement. 

The wall deformations were observed to be associated with both an overall tilt and a curvature of the surveyed masonry wall. For 

Fig. 11. Comparison of the proposed empirical fragility curves as a function of the relative rotation SRI parameters with the fragility curves proposed by Peduto et al. 
[9], for building on shallow and deep foundations. 
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the 499 walls displaying a consistent shape deformation, 88% of those (34% on shallow and 54% on deep foundations) present both tilt 
and curvatures; the investigated settlement profiles are observed to conform to a Gaussian curve. 

The relative performance of the selected SRI parameters as classifiers was analysed by means of ROC analyses. Accordingly, the 
rotation is identified as the best predictor of building damage, followed by the angular distortion, the deflection ratio and the dif
ferential 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. 

Nevertheless, the results of the presented study could provide a background for risk analyses associated with land subsidence. Thus, 
they could allow to prioritize areas in which buildings are expected to reach intolerable levels of damage severity. 
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