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ARTICLE

District-scale numerical analysis of settlements related to
groundwater lowering in variable soil conditions
Dario Peduto, Alfonso Prosperi, Gianfranco Nicodemo, and Mandy Korff

Abstract: This study presents a novel framework in which numerical modelling contributes to the performance of district-
scale, subsidence-induced damage assessment in cities where ground settlements affect entire quarters. Therein, the imple-
mentation of expeditious procedures offers geotechnical engineers the possibility of contributing beyond the typical site
scale. For this purpose, several “typified” hydro-geomechanical-loading (HGL) models, which represent (simplified) scenar-
ios of masonry buildings undergoing settlements, were set up to account for different predisposing or triggering factors
(i.e., soil heterogeneity, loading conditions, and groundwater variations) of settlement occurrence in built-up areas. These
models exploit multi-source, wide-area input datasets encompassing the hydro-mechanical properties of geomaterials, in
situ investigations and measurements (e.g., groundwater levels in wells), and innovative remote sensing data (i.e., DInSAR
techniques). With reference to a district in Rotterdam City (the Netherlands), which was built on “soft soils”, the numerical
simulations of different scenarios (i) provide an overview of the comparative role of predisposing or triggering factors on
settlement occurrence and (ii) allow assessments of the expected induced damage to masonry buildings over 30 years with
the exploitation of fragility curves. Considering the widespread diffusion of such geohazards, the proposed approach could
help prioritise (rather expensive) maintenance work to the built heritage within sustainable strategies for subsidence risk
mitigation.

Key words: settlement modelling, building damage assessment, soil variability, groundwater lowering, soft soils.

Résumé : Le but de la présente publication est de présenter un nouveau cadre au sein duquel la modélisation numérique
contribue à la performance de l’évaluation des dommages induits par les affaissements à l’échelle du quartier dans les villes
où les tassements du sol affectent des quartiers entiers. La mise en œuvre de procédures rapides offre ainsi aux ingénieurs
géotechniques la possibilité de contribuer à une évaluation au-delà de l’échelle typique du site. Dans ce but, différents mod-
èles hydro-géomécaniques de chargement (HGL) « typés », permettant de représenter des scénarios (simplifiés) de bâtiments
en maçonnerie subissant des tassements, ont été mis en place pour tenir compte des différents facteurs prédisposants ou
déclencheurs (c’est-à-dire l’hétérogénéité du sol, les conditions de chargement et les variations des eaux souterraines) de
l’apparition des tassements dans les zones bâties. Ce sont principalement les propriétés hydro-mécaniques des géomatér-
iaux, les enquêtes et les mesures in situ (par exemple, le niveau des eaux souterraines dans les puits) et les données de télé-
détection innovantes (par exemple, les techniques DInSAR) qui sont exploitées dans ces modèles. Les simulations numériques de
différents scénarios, en se référant à un quartier de la ville de Rotterdam (Pays-Bas), construit sur des « sols mous », (i) fournissent
une vue d’ensemble du rôle comparatif des facteurs prédisposants ou déclencheurs sur l’apparition des tassements et (ii) permet-
tent d’évaluer les dommages induits attendus sur les bâtiments en maçonnerie sur 30 ans grâce à l’exploitation des courbes de fra-
gilité. Dans le cadre d’une stratégie durable d’atténuation des risques d’affaissement, la démarche suggérée permet de hiérarchiser
les travaux d’entretien (plutôt coûteux) du patrimoine bâti, compte tenu de la diffusion généralisée de ces géorisques. [Traduit par
la Rédaction]

Mots-clés : modélisation du tassement, évaluation des dommages aux bâtiments, variabilité du sol, abaissement de la nappe
phréatique, sols mous.

1. Introduction

Many urbanised areas worldwide have subsided due to the
presence of highly compressible soils (namely “soft soils”; Erkens
et al. 2015; Herrera-García et al. 2021). The occurrence, magni-
tude, and distribution of ground settlements are highly influ-
enced by soil variability (Breysse et al. 2005; Elkateb et al. 2003;

Marache et al. 2009; Popescu et al. 2005), as well as by the ground-
water regime (Guzy and Malinowska 2020; Mas-Pla et al. 2013;
Modoni et al. 2013; Shahriar et al. 2013). This is the case in many
delta countries such as the Netherlands, in which shallow subsur-
face layers consist of fluvial and coastal lowlands of the Holocene age
comprising recent unconsolidated sedimentary deposits (Dufour
2000; van der Meulen et al. 2013). Such geological contexts expose
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structures and infrastructure networks to settlement-induced
damage. In the Netherlands, efforts have been made to predict
the economic losses induced by subsidence-related damage to
buildings; these forecasts range from 5 to 45 billion euros by 2050
(Bucx et al. 2015; Hoogvliet et al. 2012; Leusink 2018; van den Born
et al. 2016). Consequently, subsidence risk is a topic of particular
concern for both the scientific and technical communities when
themost suitable strategies for land-use planning and urbanman-
agement need to be identified.
To predict and prevent land subsidence effects, existing meth-

ods use regression models (Abdollahi et al. 2019; Lee and Park
2013) or hydro-mechanically coupled numerical simulations that
consider both seepage and consolidation (Mahmoudpour et al.
2016; Shen and Xu 2011). However, these approaches generally
require accurate spatially distributed datasets of subsoil features
and hydro-geomechanical soil parameters. Furthermore, in urban
areas, the transmitted loads of structures resting on the subsoil as
well as possible variations in the pore pressure regimen induced
by, for instance, the groundwater table drawdowndue to anthropo-
genic activities (e.g., water withdrawal for civil or industrial use)
need to be accounted for (Guzy andMalinowska 2020).
The above-mentioned aspects indicate that subsidence predic-

tion is generally a difficult task because the results arise from a
complex interplay among subsoil, superstructure, and founda-
tion system (Ferlisi et al. 2020). This complex interaction problem
is often handled by assuming that the subsoil system is composed
of spatially homogeneous layers, thus ignoring the effects of soil
heterogeneity (Frantziskonis and Breysse 2003).
Likewise, the monitoring of the subsidence-induced settle-

ments affecting urbanised areas plays an essential role in structure–
infrastructure performance control (Piciullo et al. 2021; Peduto et al.
2018, 2017b). Indeed, the collection of all the above information can
be challenging when the analysis focuses on a single structure but is
far more demanding when the study deals with a larger area (e.g.,
neighbourhood, city, region, or country). For instance, conventional
monitoring techniques, such as levelling and GPS, can be unafford-
able when the area of interest includes a large number of (infra)
structures. This produces, in current engineering practice, patchy
and discontinuous (over time) information whose assimilation in
geotechnical settlement forecastingmodels can be challenging over
wide areas (Peduto et al. 2017a).
Currently, a valuable contribution to these studies comes from

national–regional datasets that are available to engineers. Among
these, 2D–3D subsoil models (e.g., soil properties and stratigraphy)
at the national/regional scale (e.g., the GeoTOP model in the
Netherlands, www.dinoloket.nl; and the GeoEra 3DGEO-EU
project for Europe, https://geoera.eu/projects/3dgeo-eu/), groundwater
measurements (e.g., the REGIS II in the Netherlands, https://www.
dinoloket.nl; the EPA HydroNet in Ireland, https://www.epa.ie/
hydronet/; and the National Water Information System in the USA,
https://waterdata.usgs.gov), and remote sensing techniques such as
images acquired by spaceborne synthetic aperture radar (SAR) and
processed via differential interferometric techniques (DInSAR)
providing settlement measurements nationwide (Bischoff et al.
2020; Chang et al. 2017) on the regional–urban scale (Rosi et al.
2016) are worth mentioning. In particular, DInSAR represents a
well-established noninvasive tool with submillimetre precision
(Hanssen 2003) or accuracy (Peduto et al. 2018, 2019; Nicodemo
et al. 2017) on the average velocity and subcentimetre accuracy of
the single displacement (Herrera et al. 2009) on structures (Arangio
et al. 2014; Peduto et al. 2017b; Pratesi et al. 2015) and infrastructure
(Ferlisi et al. 2021; Giardina et al. 2019). More recently, this technique
has been used in empirical approaches to assess the vulnerability
of buildings (Fernández-Torres et al. 2020; Nicodemo et al. 2020b,
2020c; Peduto et al. 2019; Raspini et al. 2016) and road assets (Ferlisi
et al. 2021; Nappo et al. 2019) undergoing settlements. Only a few
case studies in the literature present the assimilation of these data

in geotechnical modelling (Ezquerro et al. 2017; Modoni et al. 2013;
Peduto et al. 2017a, 2020).
The analysis of data from monitoring techniques jointly with

the settlements computed via numerical models can help to pre-
dict the damage occurrence in urban areas (Nicodemo et al.
2020a; Wu et al. 2020a, 2020b), using classical or innovative state-
of-the-art tools for damage assessment. In geotechnical engineer-
ing practice, damage assessment is generally carried out using
widely adopted empirical relationships based on the displace-
ments experienced by foundations (Bjerrum 1963; Boscardin and
Cording 1989; Burland and Wroth 1974; Polshin and Tokar 1957;
Skempton and MacDonald 1956). In all encountered cases, the
building damage assessment calls for a combination of threshold
values of subsidence-related intensity parameters (SRI; Peduto
et al. 2019), such as differential settlements, angular distortions,
relative rotations, and deflection ratios, with different severity
levels qualitatively distinguished by word classifications (e.g.,
from negligible to very severe; Burland et al. 1977).
When dealing with the assessment and prediction of damage

to a large number of buildings, probabilistic (analytical, numeri-
cal or empirical, according to the input data source) fragility
curves represent promising tools that relate different SRI param-
eter values to damage severity levels (Ferlisi et al. 2020; Peduto
et al. 2019; Saeidi et al. 2012; Zhang and Ng 2005).
From the perspective of subsidence riskmitigation procedures,

the present study aims to provide an original contribution to
cities in which ground settlements affect entire districts. For this
purpose, by combining multi-source information, a novel proce-
dure developed at the district scale is proposed and applied within
an urban area of the Netherlands. First, information about the spa-
tial heterogeneity of the subsoil, typical loading (transferred by
buildings) conditions, and water table drawdown measurements
were collected from available wide-area datasets and analysed. This
allowed the identification of 225 typical hydro-geomechanical-
loading (HGL) models, resulting from combinations of the most
common scenarios in the selected study area. Then, the defined
HGL models were employed in numerical analyses to identify the
“most critical” scenarios in terms of settlement occurrences and
differential settlements affecting the buildings. At the same time,
the roles played by the main predisposing or triggering factor(s) in
the occurrence, magnitude, and spatial distribution of settlements
in the study areawere investigated. Finally, the outcomes of the nu-
merical simulations (i.e., the differential settlements correspond-
ing to the sample-building footprint) were implemented within
the empirical fragility curves available for masonry buildings in
the study area to forecast the structural damage throughout the
analysed district.

2. Methodology
The procedure followed for the analyses consists of two main

phases preceded by preliminary data collection (Fig. 1). In particu-
lar, the required basic input data, collected over the area of interest
in the preliminary phase (Fig. 1), included (i) hydro-geomechanical
properties of the recurrent soil layers alongwith their stratigraphic
assets, (ii) groundwater-level measurements, and (iii) building fea-
tures (e.g., structural typology, geometry, foundation type and me-
chanical properties of constituentmaterials).
The above data were used in Phase I (Fig. 1) to identify “typified”

HGL scenarios. To this end, the input datasets were homogenised
and examined at the district scale. First, the thicknesses of the
soil types extracted from the investigated boreholes were ana-
lysed. In particular, the mean and standard deviation values of
the cumulative soil thickness of the examined subsoil (i.e., peat,
clay, silt, and sand) were obtained. Then, considering that the
ground displacements associated with the presence of “soft soil”
layers can be highly variable depending on their spatial distribu-
tion and cumulative thickness as well as their compressibility
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(Peduto et al. 2017b), geological cross-sections were drawn across
the boreholes to derive typified subsoil stratigraphy and investi-
gate the role played by the stratigraphic asset. Thus, the relation-
ship between the “soft soil” (i.e., peat and clay) cumulative thickness
along selected sections across the boreholes and the settlement
magnitude under free-field conditions was investigated. For this
purpose, in addition to the base input data collected during the
preliminary phase, settlement monitoring data from innovative
DInSAR techniques were used. In particular, DInSAR-derived set-
tlements on the ground (i.e., in free-field conditions) were inter-
polated using the inverse distance weighted (IDW) method and
compared with the cumulative thickness of “soft soil” extracted

by the boreholes. Likewise, the DInSAR-derived cumulative set-
tlements (years 2009–2014) measured on top of the buildings
were compared with the settlements computed for built loca-
tions by means of simplified mono-dimensional numerical anal-
yses conducted for each borehole considering the loads transferred
by the buildings. In this step, the soft soil creep model (SSC) was
assigned to peat, clay, and silt soils; aMohr–Coulomb (MC) criterion
was assigned to sand, and plastic calculations were carried out
with a constant groundwater level.
The comparison between the computed mono-dimensional set-

tlements and the measured settlements for each borehole allowed
us to fix the soil mechanical parameters used in the following

Fig. 1. Flowchart of the adopted procedure. [Colour online.]
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analyses. In particular, the stratigraphical assets and the chosen
mechanical parameters are jointly referred as geomechanical (Gi)
conditions.
The groundwater level (and its variation) as well as the draw-

down models (hereinafter referred to as the Hi model) were set
up based on the analysis of time series data acquired from the
available piezometric wells. Together with the observed water-
head variation, this allowed for the definition of the time-
dependent lowering functions used in the numerical simulations.
The typical loading conditions (Li) were established considering
a model structure with its own weight, which was varied to repre-
sent the most common building geometries and, in turn, loading
conditions in the district area.
Then, each geomechanical asset (Gi) was combined with all

loading conditions (Li), and for each geomechanical-loading con-
dition (GiLi), all the drawdown models were applied, thus result-
ing in typified HiGiLi scenarios that were used for numerical
simulations at the building scale in Phase II. In particular, finite
element analyses were carried out for each defined HGL scenario
by combining the geometry of the loading conditions (Li), the
stratigraphic assets and the physical–hydro-mechanical proper-
ties of the soil types (Gi), and the groundwater level (Hi) consider-
ing the lowering of the water table as the triggering factor for
settlement occurrence. At this stage, numerical simulations were
conducted by simultaneously considering the full interaction
among deformations, consolidation, and groundwater flow. For
this purpose, fully coupled flow-deformation analyses were carried
out for the consolidation process, using the same constitutive law
assigned in the numerical analyses of the mono-dimensional
behaviour in correspondence of the boreholes (i.e., the SSC model
was assigned to peat, clay, and silt soils, and an MC criterion was
assigned to sand).
The results of the numerical simulation in terms of settlement

troughs and associated differential settlements recorded in
correspondence of the building footprint were then used to assess
the role played by the different factors (i.e., stratigraphy, water
drawdown, and loading conditions) contributing to building settle-
ments. Empirical fragility curves available for the study area
(Peduto et al. 2019) allowed the identification of the HGL scenarios
exhibiting the highest probability of occurrence of themost severe
damage levels corresponding to values of the SRI parameter (i.e.,
differential settlement) derived from the numerical analyses.
Finally, these latter outcomes were used to predict the expected
damage to the built heritage (buildings on shallow foundations)
over the time considered for the numerical simulation.

3. Case study and available datasets
The urban area selected for the analysis was Bloemhof, a densely

urbanised neighbourhood of Rotterdam City, located in the south-
western part of the Netherlands (Fig. 2a), in an area belonging to
the Rhine–Meuse Delta system. Rotterdam City rests entirely on
upper Holocene clayey, peaty, and sandy (fine and middle catego-
ries in Fig. 2b) layers, which reach depths of approximately 20 m,
overlapped with a Pleistocene layer of fine to coarse sands (coarse
category in Fig. 2b) (De Doelder and Hannink 2015). The subsoil in-
formation used in this studywas derived from the “GeoTOPmodel”
(www.dinoloket.nl). The model, which extends down to a depth of
50 m below the ground surface, discretises the Dutch national
territory in millions of voxels, each measuring 100 m � 100 m �
0.5 m (height � width � depth). Each voxel contains information
on lithostratigraphy and lithological classes (including the probability
of occurrence of each class) resulting from a systematic collection
and subsequent geostatistical analysis of hundreds of thousands of
borehole data and cone penetration tests (Stafleu et al. 2011). The
physical–mechanical properties of soils were assumed to be those
provided by the Dutch standards (NEN 9997-1+C2 2017) and are
summarized in Table 1.

Bloemhof (Fig. 2a) is one of the most densely populated dis-
tricts in the city. The neighbourhood was developed in the 1920s
in an area characterised by the presence of soft soils and has been
affected by subsidence (Hooimeijer et al. 2017). The built-up area
presents different construction typologies (Fig. 2c), mostly con-
sisting of 2–3 flooredmasonry buildings (typical row houses) rest-
ing on both shallow and deep foundations (Fig. 2d). Ghodsvali
(2018) reported a few cases of buildings that recorded damage or
even collapsed in the area due to the combined effect of subsi-
dence and poor costruction quality (Fig. 2e).
Groundwater measurements and water-head levels acquired

monthly (Gemeente Rotterdam 2020) in Rotterdam City are
freely available from amonitoring network composed of approx-
imately 2000 wells (30 of which are still operative and were chosen
for the analyses over the study area; Fig. 3a). These measurements
indicate that the groundwater level has been decreasing (an exam-
ple for well W22 is shown in Fig. 3b). In this regard, Koster et al.
(2018) presented a forecast analysis of subsidence potential in the
Rotterdam municipality over a period of 15 and 30 years due to a
groundwater decrease ranging from 0.1 to 0.4m.
Over the study area, satellite DInSAR data, provided by SkyGeo,

derived from the processing of 285 images acquired from 2009 to
2014 by the TerraSAR-X (TSX) satellite constellation on both ascend-
ing and descending orbits are available. The data consist of dis-
placement measures at both the ground (e.g., free-field condition;
Fig. 3c) level and on top of the building (at the roof level; Fig. 3d).
Thesemaps show that free-field displacement rates exceed 5mm/year
in many portions of the analysed district, whereas velocity values
recorded on top of the buildings are rarely higher than 3 mm/year.
Interestingly, as expected, by comparing Figs. 2d and 3d the highest
settlement rates (Fig. 3d) seem to be concentrated in areas
where buildings with shallow foundations prevail. Conversely,
in the northernmost portion where buildings mainly rest on piled
foundations, whichmay have acted as settlement-reducers (de Sanctis
and Mandolini 2006; Randolph 1994; Russo and Viggiani 1998), set-
tlement rates are below 1.5 mm/year (i.e., the accuracy of DInSAR
data in similar contexts; Peduto et al. 2018) and thus are considered
to be rather stable.
Finally, empirical fragility curves are available. These curves,

derived ad hoc for 180 settlement-affected Dutch masonry build-
ings on shallow foundations (Peduto et al. 2019), provide probabilis-
tic relationships between multiple SRI parameters and damage
severity levels. The available fragility curves were used for the dam-
age assessment and forecasting at the district scale.

4. Results

4.1. Preliminary phase
The necessary input data were collected for the study area

according to the proposed procedure (Fig. 1). As for the strati-
graphic assets of the recurrent soil layers and their physical–
mechanical properties, the former were derived from 13 boreholes
that were extracted from the GeoTOP model (Fig. 4a); the latter
were assumed to be those provided by the Dutch standards (NEN
9997-1+C2 2017; Table 1).
The piezometric measurements (Fig. 3a), acquired from 1950 to

2020, were interpolated over the study area (Fig. 4b) using the
IDWmethod on a 100 m � 100 m cell size (in agreement with the
resolution of the GeoTOPmodel).
The buildings in Bloemhof belong to the typical row houses of the

local architecture dating back to the 1920s (see, for instance, Fig. 2e).
These buildings present similar volumes and ages and the same
construction techniques, materials, and number of stories, accord-
ing to the information retrieved by the Addresses and Buildings
key register (Esri Nederland – BAG 3D 2020). In particular, the anal-
ysis presented hereafter focused on those buildings resting on shal-
low foundations that seem to exhibit the highest settlements as
shown in Fig. 3d. The properties of themasonry walls were selected
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Table 1. Physical andmechanical properties of soil types in the study area.

Soil type

Physical and mechanical parameters

g (kN/m3) g sat (kN/m
3) Cc/(1 + e0) E 0 (MPa) f 0(°) c 0 (kPa) cu (kPa) k (m/s) l * k* m* OCR

Anthropogenic soil 18.00 20.00 0.0038 45.0 32.5 0.0 — 1.16� 10–5 — — — 1.00
Holocene sand 18.00 20.00 0.0038 45.0 32.5 0.0 — 1.16� 10–5 — — — 1.00
Pleistocene sand 19.00 21.00 0.0023 75.0 35.0 0.0 — 1.16� 10–5 — — — 1.00
Silt 20.00 20.00 0.092 5.00 27.5 1.0 10 1.08� 10–7 0.0400 0.0080 0.0016 1.90
Clay 17.00 17.00 0.1533 2.00 17.5 5.0 50 3.41� 10–10 0.0667 0.0133 0.0027 1.90
Organic soil (peat) 12.00 13.00 0.3067 0.50 15.0 15.0 2.5 1.77� 10–7 0.1333 0.0267 0.0053 1.90

Note: g , unsaturated unit weight; g sat, saturated unit weight; Cc/(1 + e0), compression ratio; E 0, effective Young’s modulus; f 0, friction angle; c 0, effective cohesion;
cu, undrained shear strength; k, hydraulic conductivity; l *, modified compression index; k*, modified swelling index; m *, modified creep index; OCR, over-
consolidation ratio (from Dutch standards, NEN 9997-1+C2 2017).

Fig. 2. Study area: (a) cumulative thickness of soft soils (organic and clayey) in the Rotterdam area with (b) geological cross-section along
the A–A 0 profile sketched in panel (a) and zoomed along the Bloemhof district (extracted from the portal of the Geological Survey of the
Netherlands — DINOloket, www.dinoloket.nl); maps of (c) building typologies (Esri Nederland – BAG 3D 2020) and (d) expected foundation types
(Funderingskaart 2019) in Bloemhof district; (e) some photos of cracks on building façades. [Colour online.]
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based on the NPR 9998 (2020) clay brickwork (pre-1945) values
(Young’s modulus Em = 3000.00 N/mm2, shear modulus Gm =
1200.00N/mm2, and an average unit weight of 18.00 kN/m3).

4.2. Phase I: setup of the HGLmodels
The analysis of data gathered in the preliminary phase allowed

us to define the equivalent geotechnical and loading models repre-
senting the “typified” HGL scenarios (Fig. 1). For this purpose, start-
ing from the stratigraphy of the 13 selected boreholes (Fig. 4a), the
mean and standard deviation of thickness values of peaty, clayey,
silty, and sandy soil layerswere calculated (Table 2).
To analyse the spatial variability of soft soil layers, the relation-

ship between the “soft soil” (peat and clay) cumulative thickness
and the DInSAR-derived cumulative settlement magnitude in
free-field conditions was investigated. In particular, the vertical
DInSAR-derived settlements at the ground level were computed
by multiplying the average velocity of each coherent DInSAR
benchmark (Fig. 3c) for the observation period (2009–2014). Then,
DInSAR-derived cumulative settlements recorded at ground level
were interpolated using the IDW method on a grid with a cell
size of 100 m � 100 m (in agreement with the resolution of the
GeoTOP model) over the study area, thereby generating the cu-
mulative settlement map during the observation period (Fig. 5a).
Interestingly, looking at the sample section across the B6–B7

boreholes (Fig. 5b), it can be observed that the soft soil (i.e., peat
and clay), silt, and sand thickness did not show significant var-
iations along the selected profile; nevertheless, a variation in
the cumulative settlement profile is observable in borehole B6.
Indeed, the highest recorded settlements at the ground level
can depend on (i) the mutual thickness values (e.g., in borehole
B6 there is an increase in peat and a decrease in clay thickness)
along the section and (ii) the depth of a soil layer in a given location
(e.g., shallower organic soil layers can bemore influenced by a pos-
sible drawdown of the water table, leading to higher settlements).
This is the case for borehole B6 where most of the peat is concen-
tratedwithin a 5mdepth and a localised inclusion of organicmate-
rial (this can lead to abrupt higher gradients of soft soil layer
thickness along a cross section or even under the building founda-
tion that, consequently, can be prone to differential settlements).
Accordingly, the thickness and slope of the soil layers under

the loading area (building footprint) as well as organic soil inclu-
sions were considered in the definition of the most common geo-
stratigraphic (Gi) scenarios present in the study area.
As for the assigned physical–mechanical soil parameters (see

Table 1), an expeditious validation test compared DInSAR-measured
settlements on top of the buildings (derived bymultiplying the aver-
age velocity of each coherent DInSAR benchmark (Fig. 3d) for the
observation period 2009–2014) with the settlements computed

Fig. 3. Groundwater measurements and available DInSAR dataset in the study area: (a) map of the water wells in the study area
(Gemeente Rotterdam 2020); (b) example of the time series of water well level (from the portal Funderingskaart 2019); TSX DInSAR data
on ascending and descending orbit at the ground level (c) and on the top of buildings (d). [Colour online.]
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via simplified mono-dimensional analyses for each investigated
borehole (Fig. 4a), also considering the building loads. The simula-
tions were carried out with Plaxis2D software with a 5 year time
interval, which is equal to the measurement period of DInSAR-
derived cumulative settlements (years 2009–2014). Furthermore,
starting from the map of the water table levels in the study area
(Fig. 4b), wherein the groundwater level ranges between –2.50 and
–1.50 m from the NAP (Normaal Amsterdams Peil) level, an average
level equal to –1.50m from the ground surface— obtained as the dif-
ference between the mean water table level (–2.00 m) and the aver-
age distance of the district surface level compared to the NAP level
(–0.50 m) — was assumed. In this computation, a two-storey ma-
sonry building (with an average masonry wall weight of 18.00 kN/m3)
with wooden floors and a mat foundation system, whose footprint
was equal to 200 m2 (resulting in a mean load equal to 25.5 kN/m2),
was assumed. The results of numerical simulations (d c equal to
Plaxis-2D computed settlement in Fig. 6) were then compared with
DInSAR-measured (dm) cumulative settlements on top of buildings
considering the coherent DInSAR benchmarks fallingwithin a circu-
lar buffer of 100m around each borehole (Fig. 6a). Thus, it was possi-
ble to determine that dm (reported with their mean and standard

deviation in Fig. 6b) and d c (Fig. 6b) settlements exhibit satisfactory
matching. Indeed, the d c values in 10 out of 13 cases fell within the
confidence interval of dmduring theobservationperiod (i.e., 5 years).
Interestingly, the values ofD, computed as (dm – d c), never exceeded
5 mm in 5 years, thus falling within the accuracy of DInSAR data
(1.5mm/year) as shownby Peduto et al. (2019) for similar applications
in the Netherlands. Thus, the mechanical properties of the geotech-
nical model derived from NEN 9997-1+C2 (2017; Table 1) were
assumed to be suitable for subsequent analyses. As for the geome-
chanical (Gi) scenarios, five stratigraphic conditions were defined
based on previous observations (i.e., the mean and standard
deviations of soil thickness values; Fig. 7). To this end, two condi-
tions pertaining to “nearby boreholes” (Fig. 7a) and “distant bore-
holes” (Figs. 7b) were considered in Plaxis2D. In particular, assuming
a building with a façade length equal to “d” that rests on a given soil
scenario, a nearby boreholes condition (Fig. 7a) represents the typi-
cal situation in which a “rapid” change in the soil layer (thickness
and inclination) can occur between two fixed boreholes located at a
distance not greater than d from the middle vertical line of the
building; this means that the two assumed boreholes are at a maxi-
mumdistance of 2d from each other (Fig. 7a). Conversely, the distant

Fig. 4. (a) Position of the 13 considered boreholes (Bi) in Bloemhof with the most probable lithoclass retrieved along the first 20 m of
depth (from the portal of the Geological Survey of the Netherlands — DINOloket, www.dinoloket.nl); (b) spatial variation in the phreatic
water table in Bloemhof derived from the interpolation of piezometric measurements in the period 1950–2020 (from the portal gis.
rotterdam.nl) via the inverse distance weighted (IDW) method. [Colour online.]

Table 2. Mean and standard deviation of soil layer thickness of the analyzed boreholes.

Depth range (m)

Peat Clay Silt

Sand

AnthropogenicHolocene Pleistocene

Mean (m) SD (m) Mean (m) SD (m) Mean (m) SD (m) Mean (m) SD (m) Mean (m) SD (m) Mean (m) SD (m)

0–5 1.50 0.71 0.85 0.59 1.46 0.88 0.19 0.43 0.00 0.00 1.00 0.58
5–10 1.42 1.06 3.35 1.05 0.23 0.48 0.00 0.00 0.00 0.00 0.00 0.00
10–15 0.08 0.19 3.92 1.30 0.62 0.79 0.38 0.74 0.00 0.00 0.00 0.00
15–20 0.08 0.28 1.23 0.44 0.12 0.30 0.00 0.00 3.58 0.73 0.00 0.00
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Fig. 5. Analysis of the stratigraphic conditions in the study area: (a) map of spatial distribution of DInSAR-derived cumulative settlements at the
ground level in the period 2009–2014; (b) correlation between the geolithological cross-section across the boreholes B6–B7 (from the portal of the
Geological Survey of the Netherland — DINOloket, www.dinoloket.nl) and the cumulative thicknesses of soft soils (organic and clayey), silt and sand
vs. DInSAR-derived cumulative settlements along the B6–B7 cross-section. [Colour online.]

Fig. 6. Plaxis2D-computed cumulative settlements vs. DInSAR-measured cumulative settlements: (a) map of coherent DInSAR benchmarks on top of
buildings falling within the circular buffer surrounding the 13 considered boreholes; (b) results of the quantitative comparison. [Colour online.]
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boreholes condition (Fig. 7b) represents the typical situation in
which a “slow” change in the soil layer (thickness and inclination)
occurs between two fixed boreholes that are both located at a dis-
tance greater than d but not exceeding 3d from the middle vertical
line of the building; this means that the two considered boreholes
are at a distance equal to 6d from each other.
Then, based on the above assumptions and considering the

length d of the building façade to be equal to 10 m (Fig. 8b), the Gi

soil scenarios shown in Figs. 7c–7g were obtained. In the first sce-
nario, namely G1 (Fig 7c), horizontal layers were assumed; in partic-
ular, the thickness of the soil layers was set equal to the mean
values of the soil layers in the analysed boreholes (see Table 2). To
define G2–G5 scenarios (Figs. 7d–g), the standard deviation of the
soil thickness (shown in Table 2) was summed to the mean soil
thickness (peat, clay, and silt were increased, whereas sand was
reduced to the same total amount) in the rightmost borehole of the
G1 scenario, thus obtaining two models with inclined layers (G2

with fast variation and G4 with slow variation; see Fig. 7e and Fig. 7d).
The G3 and G5 scenarios (Figs. 7g and 7f) represent an inclusion of

peat; for this purpose, an additional layer of peat (below the clay
layer) with a thickness equal to the value of the standard deviation
of the peat layer thickness (see Table 2) was added for the rightmost
borehole. This allowed us to define two models with peat inclusion
(G3 with fast variation and G4 with slow variation; see Fig. 7g and
Fig. 7f). All Gi scenarios reached a depth of 20 m, representing the
soil stratigraphy to the depth of thefine to coarse Pleistocene sandy
layer of Rotterdam (DeDoelder andHannink 2015) (Fig. 2b).
As for the water table levels (Hi; see Table 3), in addition to the

case of a constant water table at a depth of 1.50 m (H1), which was
already implemented in the simplified numerical models (i.e.,
used for an expeditious validation of the assumed soil parame-
ters), two types of time-dependent drawdowns were defined by
using the flow function in Plaxis2D. In particular, both a linear
drawdown in the time interval of the analysis (30 years) and an
immediate drawdown were considered. For each flow function,
four water-head variations were assigned, starting from the origi-
nal level of –1.50 m (–0.25, –0.50, –0.75, –1.00 m), thus obtaining
eight water table variations (H2–H9 conditions; see Table 3).

Fig. 7. Different soil scenarios Gi considering (a) nearby and (b) distant boreholes for the “rapid” and “slow” soil thickness variation in
the horizontal direction; (c) G1 — horizontal layers; rapid variation; (e) G2 — inclined layers and (g) G3 — peat inclusion; slow variation;
(d) G4 — inclined layers; and (g) G5 — peat inclusion. [Colour online.]

Fig. 8. Five loading conditions derived from (a) the selected building. Symmetrical (b) L1 structure and asymmetrical (c) L2, (d) L3, (e) L4,
and ( f) L5 structures. [Colour online.]

986 Can. Geotech. J. Vol. 59, 2022

Published by Canadian Science Publishing

C
an

. G
eo

te
ch

. J
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

D
el

ft
 U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 0

6/
13

/2
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



With respect to the building loadings (Li), Fig. 8a shows a typical
building in Bloemhof, consisting of a two-unit masonry structure
with a two-floored block resting on shallow foundations, whose
construction dates back to the 1920s, with an almost symmetrical
façade and an average unit weight for masonry assumed equal to
18.00 kN/m3. Starting from this configuration, five (L1–L5) different
loading conditions (representative of the building’s own weight
transmitted to the soil through the foundation system) were con-
sidered, taking into account the most common building geome-
tries (i.e., differences in openings or height) and, in turn, loading
conditions (resulting in asymmetric loads) retrieved over the dis-
trict area. Figures 8b–8f show the considered loading conditions (L1:
symmetrical case; L2 and L3: asymmetry in openings; L4 and L5:
asymmetry in height).
The loading conditions, combined with the geostratigraphic Gi

and water table Hi conditions, allowed us to identify the HiGiLi
scenarios.
In summary, 225 numerical analyses were performed to imple-

ment the typified hydro- (H1–H9) geomechanical- (G1–G5) loading
(L1–L5) models. These analyses encompassed a combination of
(i) ninewater level fluctuations (fromH1 toH9 as reported in Table 3),
(ii) five stratigraphic conditions representing the most common
subsoil scenarios in the study area with fixed geotechnical parame-
ters (from G1 to G5, as shown in Fig. 7), and (iii) five loading condi-
tions accounting for typical variations in the building shape (from
L1 to L5 as shown in Fig. 8).

4.3. Phase II: settlement computation and damage
assessment
In agreement with other studies addressing the assessment of

building damage due to groundwater lowering-induced subsidence

in the Netherlands (Costa et al. 2020; Hoogvliet et al. 2012), a time
interval of 30 years (10950 days) was fixed for the numerical
simulations.
The defined HiGiLi numerical models were implemented within

the PLAXIS2D software in agreement with the assumptions pre-
sented in the Methodology section. Furthermore, the analyses
were carried out considering the soil – (shallow) foundation inter-
action. The latter was modelled as interface elements set in
PLAXIS2D at the base of the building with a virtual zero thick-
ness and properties related to the soil parameters of the surround-
ing soil layer. The stiffness of the interface element was computed
from the properties of the adjacent soil layer, whereas the strength
was manually defined by entering the Rinter parameter (represent-
ing a reduction factor of the interface mechanical properties with
respect to the adjacent soil). Examples of studies available in the
literature on shallow foundation systems suggest a common value
ofRinter equal to 2/3 (Pusadkar andBhatkar 2013; Sarma2016) (a value
of Rinter equal to 1.0 represents a fully bonded interface); therefore
this valuewas chosen for the analyses.
For each HiGiLi combination, the maximum differential settle-

ment was calculated as the difference in the vertical settlement
between the side points of the building’s footprint. Regarding
the deformation boundary conditions, the left and right sides of
the modelled soil volume were set as “normally fixed” (i.e., hori-
zontal displacements are fixed), whereas the bottom line was set
as “fully fixed” (i.e., both vertical and horizontal displacements
are fixed).
Plain strain 15-node triangular elements were used for the dis-

cretization, providing 12 integration points. The use of a 15-node
triangle leads to slow and time-consuming calculations. There-
fore, a preliminary mesh refinement analysis was carried out to

Table 3. The drawdown functions assumed for the water level variation in the
Hi conditions.

Water level variation
(head level) (m)

Water table level
(from ground surface) (m)

Hi conditions

Linear
drawdown

Immediate
drawdown

0.00 –1.50 H1 H1

–0.25 –1.75 H2 H6

–0.50 –2.00 H3 H7

–0.75 –2.25 H4 H8

–1.00 –2.50 H5 H9

Fig. 9. Influence of the mesh coarseness factor (CF) on the computed settlements: an example for H1G2L5 model conditions. [Colour
online.]
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identify the mesh size that allows the optimisation of the required
time for running each numerical analysis. In particular, local
refinements were obtained by customising the coarseness factor
(CF) of the finite elements from a very small coarseness of the sub-
surface soil close to the load (CF = 0.089) to a higher coarseness
(CF = 5.66) in the deeper layers. The influence of the CF on the
results in terms of settlement is shown in Fig. 9 with an example of
the computed settlement profile for the H1G2L5 scenario. Figure 9
shows that the used CF allows the numerical model (namely “cus-
tom”, red line) to provide results that well approximate (in terms of

both themagnitude and the shape of the settlement profiles) those
obtained with different CFs. Therefore, the custom CF was proved
suitable for the analyses. Furthermore, the choice of a variable CF
in the models allowed an optimization of the calculation time. For
the same reason, in the numerical analyses, themaximumnumber
of iterations for the convergence criterion for both the deformation
and the groundwater flowwas fixed at 1� 103 with a tolerance error
of 5� 10–3, with each time step consisting of 180 days.
Figure 10 shows the results with reference to loading condition

L5, soil scenario G2, and groundwater lowering H1–H9. Interestingly,

Fig. 10. Settlement troughs computed via numerical simulations in Plaxis2D: an example for loading condition L5, soil scenario G2, and
H1–H9 water level variation. [Colour online.]
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the plots highlight that the highest settlements were recorded for
H6–H9 scenarios pertaining to immediate drawdown functions (see
Table 3).
A comprehensive comparison of the obtained results for the

225 analysed scenarios over 30 years is synthesised in the histo-
grams shown in Fig. 11, in which, for each Gi and Li condition, the
differential settlements measured under the building footprint
are plotted according to the different Hi (H1–H9) conditions. It can
be observed that the differential settlements in a given soil sce-
nario Gi increase with the higher values of the water-head varia-
tion for both linear and immediate drawdowns. Moreover, the
loading conditions significantly affect the results, as highlighted
by the asymmetrical loadings (L4 and L5; see Figs. 11d and 11e) that
record higher differential settlement values than the other con-
ditions (L1–L3; see Figs. 11a, 11b, and 11e). In the case of the symmet-
ric loading condition L1 (Fig. 11a), the resulting differential
settlements showed slight variations in all the soil conditions;
however, the highest values were observed in the G4 scenario.
Furthermore, L2 and L3 loading conditions (Figs. 11b and 11c) in the
Gi scenarios did not significantly affect the results because they
do not add remarkable localised additional stresses (due only to
asymmetry in building openings), thus limiting themagnitude of
differential settlements. As for loadings L4 and L5, two conditions
present the highest values of differential settlements (i.e., G5 and
G2, respectively). This observation suggests that a combination of
an asymmetrical structure (here modelled as an asymmetric
load) and the heterogeneity of the soil can lead to higher values
of differential settlements, thereby confirming the usefulness of
assuming inclined soil layers rather than horizontal layers in the
half-space, as in the classical approach.

The damage that buildings undergoing the computed differen-
tial settlements may experience was assessed using empirical
fragility curves for masonry buildings on shallow foundations.
Particularly, by entering the curves with the computed differen-
tial settlement over 30 years, it was possible to calculate, for each
scenario, the probability for the building to reach or exceed a cer-
tain damage severity level Di (i.e., D1 = very slight, D2 = slight,
D3 = moderate damage; see Peduto et al. 2019), which was ranked
according to the classification of Burland et al. (1977). Figure 12
shows the results for the L5 loading condition, which the previous
results identified as inducing the highest differential settlements.
All different Hi and Gi conditions are accounted for in Fig. 12. In
agreement with the previous observations, the highest probabil-
ities of recording the highest damage severity level (D3) on the
building can be observed in the G2 (inclined layer with rapid
thickness variation) soil scenario. Furthermore, Fig. 12c shows
lower differential settlements when compared with Fig. 12b
because the most loaded section of the building and the section
of the soil with the highest thickness of peat and clay are on op-
posite sides. A similar behaviour is displayed in Fig. 12e, in which
the building load and variability of the soil thickness led to the
lowest differential settlements, as if the two conditions compen-
sated for each other.
Interestingly, in Figs. 12b and 12c, it can be observed that in the

case of the highest soil variability (G2–G3), an immediate lowering
of the water table (H6–H9) can bring higher differential settle-
ments than the linear drawdown over time (H2–H5) and, in turn,
higher potential damage to the buildings.
Finally, the expected damage severity level (D) was assessed

over 30 years for each building resting on a shallow foundation

Fig. 11. Computed differential settlements for each typified hydro- (Hi) – geomechanical- (Gi) – loading (Li) scenario: (a) L1, (b) L2, (c) L3,
(d) L4, and ( f) L5 loading conditions. [Colour online.]
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(Fig. 2d) in the Bloemhof district. For this purpose, the buildings,
considered as undamaged at the initial time of the numerical anal-
ysis, were classified according to the defined loading L1–L5 (Fig. 13a)
conditions, and differential settlements were considered as those
associated with both a groundwater lowering of 0.25 m (H2, the
most common observed value in the study area) and the worst-case
scenario in the considered soil assets (G2). The D level was derived
considering the mean expected level of damage severity (ED) by
adapting eq. 1 proposed by Pitilakis and Fotopoulou (2015):

ð1Þ EDðSRIÞ ¼
X1

i¼0

pidi

where ED can be estimated as the weighted sum of the discrete
damage probability (pi) associated with the occurrence of the ith
expected damage severity level (Di), which can be retrieved from
the fragility curves in correspondence of the computed value of
the selected SRI parameter (i.e., expected differential settlement
over 30 years) multiplied by a numerical index (di) whose value

Fig. 12. Assessment of the possible damage to buildings undergoing differential settlements using the empirical fragility curves proposed
by Peduto et al. (2019). An example for the L5 loading condition resting on (a) G1, (b) G2, (c) G3, (d) G4, and (e) G5 soil scenarios for the
different Hi water level variations. [Colour online.]
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changes according to the considered expected Di (e.g., assumed
equal to 0.20, 0.40, 0.60, 0.80, and 1.0 for, respectively, D1, D2, D3,
D4, and D5 of Burland et al.’s (1977) classification). ED ranges
between zero and 1. The expected damage (D) was assumed equal to
D0 for ED = 0, D1 for 0 < ED ≤ 0.20, D2 for 0.20 <ED ≤ 0.40, D3 for
0.40<ED ≤ 0.60,D4 for 0.60<ED ≤ 0.80, andD5 for 0.80< ED ≤ 1.
For the selected combination, the results (Fig. 13b) show that

within the next 30 years, for the total number of 1398 buildings
on shallow foundations, 375 were not expected to show any sig-
nificant damage (D0), 896 buildings were estimated to show very
slight aesthetic damage (D1), and 127 buildingsmay present slight
damage (D2). The relatively small D levels are in agreement with
the relatively low values of displacements measured on top of
buildings in the study area (Fig. 3d), and the D computed in these
analyses is underestimated because the current maintenance
state of buildings was not taken into account.

5. Discussion and conclusion
This study presented an innovative approach that, based on a

combination of information on the subsoil settings, groundwater
regime, and building loading conditions, set up 225 simplified HGL
scenarios to represent typical geotechnical conditions of buildings
in a subsiding district. These models were then implemented in
numerical simulations for settlement computation and building
damage assessment. The availability of a well-organised database of
subsoil and groundwater in the Netherlands, in combination with
extensive DInSAR-derived settlement measurements, provided a
sound base for the analyses carried out in the chosen district.
The analyses allowed us to investigate the role of three main

factors (i.e., soil heterogeneity, loading conditions, and ground-
water variations) on both the magnitude and spatial distribution
of settlements in the study area, thus representing a step forward
in the evaluation of the effects of soil variability in the analyses
and predictions of settlement-induced damage to buildings.
The obtained results show that, although the lowering of the

water table in the study area is considered the main triggering
factor of subsidence, both the loading conditions and soil vari-
ability are capable of amplifying the differential settlements and,
in turn, the damage suffered by the buildings.

The results of the numerical simulationswere also used in combi-
nation with fragility curves to assess the building damage. This was
possible because of the availability of empirical fragility curves,
whichwere specifically derived for buildings with similar structural–
foundation typology and in the same hydro-geolithological context.
Obviously, the proposed approach is more reliable in areas where
settlement-induced damage to buildings is not associated with
local geotechnical–structural weakness but involves large areas
under similar conditions (as in the Netherlands). An improvement
of the presented analyses should deal with advanced geostatistical
analyses to account for the uncertainties related to the synergistic
use of multi-source datasets to infer the reliability of risk analyses.
Furthermore, the current state of building maintenance should
also be accounted for; this was not possible in this study because
the available fragility curves used for damage forecasting did not
include this information.
For the selected district, the displacement magnitudes meas-

ured on top of the buildings were rather limited; notwithstanding,
in case of a lack of countermeasures, with the passing of time an
increase of differential displacements is likely to bringmore severe
damage.
Importantly, a lack of information can be a limitation for this

type of analysis. Indeed, the proposed procedure was tested
under very favourable conditions (e.g., a flat area, reliable subsoil–
groundwater data, very-high-resolution DInSAR data, buildings
with homogeneous characteristics in the chosen area, and rich
datasets); consequently, the quality of the available data influenced
the achievement of the obtained results. Moreover, the application
of the procedure over wider areas (e.g., on a city, region, country
scale) may require time-consuming data collection, where avail-
able, as well as more demanding efforts to identify the considered
“typified” scenarios.
It is necessary to emphasise that these analyses should be consid-

ered propaedeutic for detailed investigations of single buildings
for which the highest differential settlements were computed and
themost severe expected damagewas assessed. For these identified
cases, building damage analysis requires a thorough modelling of
the soil–foundation–superstructure interaction, which in the pre-
sented approach was simplified because of the extent of the study
area. In addition, investigating the subsoil system heterogeneity
would require (i) an insight into the spatial–time dependency of

Fig. 13. Map of masonry buildings with shallow foundations in the Bloemhof district distinguished according to (a) the defined (L1–L5)
loading conditions and (b) the expected damage severity level over 30 years. [Colour online.]
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the groundwater regime (e.g., the implemented drawdown func-
tions represent a uniform lowering of the phreatic water table,
although fluctuations and differential lowering of the water table
are observable in the measurements) and (ii) a detailed analysis of
the soil property spatial variability.
Finally, taking into account that in the Netherlands, such phe-

nomena are widespread and both expensive investigations and
maintenance works are carried out yearly, the adoption of wide-
area approaches could allow the expeditious modelling of the
building performance at the municipal–neighbourhood scale.
This could represent an efficient way for geotechnical engineers
to provide institutions, territorial agencies, and private owners
with an overview of subsidence-related criticalities and to pro-
mote specific interventions from the perspective of sustainable
subsidence riskmitigation.
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