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The Quay Walls of Amsterdam, Netherlands: An Approach
for Collapse Risk Mitigation at the Municipal Scale Based
on Multisource Monitoring and Surveying Data

Case Study

Davide Luongo'; Gianfranco Nicodemo?; Arjan Venmans?®; Mandy Korff*;
Luca Sartorelli®; Hanno Maljaars®; and Dario Peduto”

Abstract: The City of Amsterdam is responsible for the maintenance of 600 km of historic quay walls, most of which are over 100 years old
while others are 300 years old and are experiencing stability and degradation problems. A lack of knowledge about the as-built information
and the current conditions of the retaining structures and their foundation systems exists, and very limited guidelines for the assessment of
quay walls are available. Predicting the time when the quay walls are no longer safe is a key challenge in their end-of-life assessment. For this
purpose, monitoring of the quay walls via conventional techniques (e.g., in situ surveys, topographic levelling and tachymetry) combined
with satellite Multi-temporal Interferometric Synthetic Aperture Radar (MT-InSAR) data provides updated information on the displacements
affecting the retaining structures and/or their foundations. This paper develops a multiscale methodology, consisting of three phases, that
allow (1) the prioritization of the most exposed retaining structures (quay walls) at the municipal scale, (2) the retrieval of empirical relation-
ships between different damage/movement indicators and quantitative displacement descriptors obtained via in situ surveys and terrestrial
monitoring data, and (3) the identification of the most probable collapse mechanism by jointly analyzing the wall crack patterns and mon-
itoring data. The results show that this approach could play a fundamental role to set up sustainable risk mitigation strategies at the municipal
scale. DOI: 10.1061/JGGEFK.GTENG-12981. © 2024 American Society of Civil Engineers.

Author keywords: Quay walls; Monitoring; Failure mechanisms; Damage; Multi-temporal interferometric synthetic aperture radar

(MT-InSAR); Retaining structures.

Introduction

In the Netherlands physical infrastructure is under increasing pres-
sure from underinvestment, the demands of population growth, ex-
posure to natural hazards, climate change, and degradation due to
ageing. The City of Amsterdam alone is responsible for the main-
tenance of over 850 bridges and 600 km of historic quay walls.
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Occasionally, one of them fails, for example the Grimburgwal in
2020 (Korff et al. 2022). Most of the quay walls are over 100 years
old while others are 300 years old. No or limited as-built informa-
tion is available. Each of these quay walls and objects or sections is
unique; they consist of several different materials and have many
uncertain properties such as geometry, past and present loading and
strength characteristics including degradation over time. These re-
taining structures are built (at least partly) in the ground with lim-
ited access, so inspections are challenging (and expensive) tasks.
A lack of knowledge about the as-built information and the cur-
rent conditions of the structures exists, and in addition very limited
guidelines for the assessment of quay walls are available. Quay
walls can fail due to many different failure mechanisms, whose ori-
gin and evolution are not fully understood (de Gijt and Broeken
2013). Predicting the time when the retaining structures are no lon-
ger safe is an important challenge in their end-of-life assessment.
To understand quay wall failure mechanisms in detail, tests have
been performed (Hemel 2023). However, for large scale prioritization
and assessment, a different, more widespread approach is necessary.
For this purpose, monitoring and surveys can play a fundamental role
for risk mitigation. This paper highlights how, conventional mon-
itoring of the quay walls using techniques such as in situ surveys,
topographic levelling and tachymetry combined with the results de-
rived from the processing of images acquired by spaceborne syn-
thetic aperture radar (SAR) sensors via interferometric techniques
(persistent scatterers + distributed scatterers InSAR) provide up-
dated information on the displacements of the retaining walls un-
der consideration. In particular, multitemporal SAR interferometry
(MT-InSAR) represents a well-established noninvasive tool with
submillimeter precision (Hanssen 2003) or accuracy (Nicodemo
et al. 2016; Peduto et al. 2018, 2019) on the average velocity and
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subcentimeter accuracy of the single displacement (Herrera et al.
2009) on structures (Peduto et al. 2017) and infrastructure (Giardina
et al. 2019; Ferlisi et al. 2021). To date, few studies in the literature
addressed Amsterdam quay walls (Venmans et al. 2020; Korff et al.
2022; Sharma et al. 2023). Accordingly, the link between deforma-
tion, damage and/or degradation of the materials and quay wall fail-
ure is not or only partly quantifiable at this moment, and this paper
aims to make a start on this.

The Case Study

Geology and Geotechnical Settings

The territory of the Netherlands, almost entirely flat, consists of 60%
Holocene river and coastal plains. The rest consists of predomi-
nantly sandy soils of Pleistocene age sloping toward the north and
west, with an average elevation between 10 and 20 m above mean
sea level and only exceeding 100 m in the extreme southeast (Van
der Meulen et al. 2013). The Geological Survey of the Netherlands
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systematically produces 3D subsurface models resulting from thou-
sands drilling surveys (Van der Meulen et al. 2013; DINOloket
2023). Several geo-models are available such as the layered digital
geological model (Gunnink et al. 2013), a stacked grid model con-
sisting of raster surfaces representing the lithostratigraphic units in the
Dutch onshore subsurface down to a depth of ca. 500 m (Gunnink
etal. 2013; Van der Meulen et al. 2013); the GeoTOP model, which
is a multipurpose stochastic 3D model that schematizes the subsur-
face into voxels of 100 x 100 x 0.5 m (X, y, z) down to a maximum
depth of —50 m NAP (Dutch Ordnance Datum = mean sea level)
(Stafleu et al. 2011, 2012), provides information about the geological
units and their lithological properties based on the ever-increasing
acquisition of archived surveys from the Data en Informatie van de
Nederlandse Ondergrond (DINO) database.

Amsterdam [Fig. 1(a)], the capital of The Netherlands, is located
on the Holocene coastal deltaic plain of the western Netherlands,
where the small river Amstel joins the 1J bay (De Gans 2015). The
typical subsoil profile in Amsterdam city center starting from the
ground surface to approximately 20 m depth includes: anthropo-
genic fill, mostly sandy; Holland Peat; soft clay (Oude Zee klei);
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Fig. 1. Study area: (a) location of Amsterdam in Netherlands. Amsterdam city: (b) geological setting (DINOloket 2023); (c) lithological class derived
from the GeoTOP model at 0.30 m depth (DINOloket 2023); (d) lithological cross-section along A-A’ profile (DINOloket 2023); and (e) geotechnical
features: example of CPT test results, in blue q. (tip cone resistance) and in green R; (friction ratio), along A-A’ section.
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Holocene intertidal sand layer (Wadzand); medium clay (Hydrobia);
basal peat; first and second sand layer intersected by a silty clay
layer (Allerod). Soils are typically normally to only slightly over-
consolidated; their physical-mechanical properties are reported in
NEN 9997-1+C2 (NEN 2017). Consequently, the thickness of
anthropogenic deposits nowadays generally reaches up to 6 m,
whereas, beneath the city center, the natural surface can nowadays
be found at ca. —3 to —5 m NAP. As a result, the presence of highly
compressible soils (namely soft soils; Den Haan and Kruse 2007,
Erkens et al. 2015; Herrera-Garcia et al. 2021; Nicholls et al. 2021;
Peduto et al. 2022), combined with the city development and as-
sociated adaptations to the water system, led to persistent ground
subsidence, in turn affecting buildings and infrastructure (Van der
Meulen et al. 2013). The geological setting of Amsterdam city is
shown in Fig. 1 (DINOloket 2023). Particularly, Fig. 1(b) was
drawn using the data acquired from the NGR Portal (2023) and
the portal of the municipality of Amsterdam (Amsterdam Portaal
Inspectie 2022); the information acquired through the GeoTOP
model (DINOloket 2023) allowed deriving the lithologies as
shown in the map (referred to a depth of —0.30 m) in [Fig. 1(c)].
The most probable lithological class derived from GeoTOP model
along the cross section A-A’ [Fig. 1(c)] is shown in [Fig. 1(d)].
From a geotechnical point of view, [Fig. 1(e)] shows the result
of a typical cone penetration test (CPT) located in Krom Booms-
sloot, along the quay KBS0301, with the identification code CPT -
BRO-ID: CPT000000175968 acquired via DINOloket (2023). As it
can be seen, down to the first 10-15 m there are layers of soft soil
(weak clay and peat) characterized by a very low/low cone tip re-
sistance [q. in Fig. 1(e)]; therefore, more than 99% of the struc-
tures, such as buildings, quay walls and bridges, are generally
supported by pile foundations standing in the first sand layer
(Dorst and Vervoorn 2017; Gavin et al. 2021). The ground water
level (maintained canal level) is NAP — 0.4 m. The piezometric
head in the deeper sand layers is generally lower, NAP — 1 m
to NAP — 3 m, due to the deep polders surrounding Amsterdam.

Amsterdam Quay Walls, Related Problems, and Plans
for Risk Mitigation

Since 2010 the historic center of Amsterdam with its canals, in par-
ticular the Canal Ring from the 17th century, has become part of the
UNESCO heritage ICOMOS 2009; Korff et al. 2022). Nowadays,
the City of Amsterdam is responsible for the management and
maintenance of 600 km of masonry and concrete quay walls, green
quay walls and slopes paved with a stone revetment. The main chal-
lenge is that about 200 km of these retaining structures are founded
on timber piles and there is not enough information available on
their current condition and the load they can still bear (Amsterdam
Gemeente 2019).

The present study focused on 357 quay walls (about 50 km)
belonging to the historic center of Amsterdam [highlighted in red
in Fig. 2(a)].

The most common type of quay wall in the inner city of
Amsterdam is the gravity wall supported by pile foundations.
We can distinguish the vertical surface of the quay wall, referred
to as the wall fagcade, and the horizontal surface behind the quay
wall called as apron [Fig. 2(b)]. We highlight this difference be-
cause in the following paragraphs we will refer to the damage con-
ditions of the two surfaces. Generally, a masonry wall is placed on
a timber floor against the backfill with a foundation of timber piles
about 12 m long (Korff et al. 2022). Usually, the height of the quay
wall from the quay wall floor up to the surface level is in the order
of 3 m, while the length of the quay wall floor is in the order of
4 m. In between the foundation piles and the floor, timber cross
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beams called kespen are placed. The masonry wall carries most of
the horizontal earth thrust and transfers it, via the floor and the
cross beams, to the piles. However, it also sustains vertical pres-
sure arising from the weight of backfill above it, as well as external
forces acting on this backfill. The floor also transfers forces from
the wall to the cross beams, which in turn provides support to the
floor during construction and ensures an even distribution of forces
to the timber piles below. The cross beams are normally connected
to the timber piles via mortise and tenon joints. The structural
blocks of quay walls are divided via expansion joints, which are
sometimes filled with mortar [Fig. 2(b)]; the timber piles support
the whole system and are driven to reach the first sand layer (Sas
2007; Sharma et al. 2023).

Today many quay walls in Amsterdam are experiencing stability
and degradation problems. Firstly, the changing type of economic
activity and functions in Amsterdam had impacts on the quay wall
structure. Furthermore, timber elements (generally most of the tim-
ber in Amsterdam comes from spruce and pine trees, Honardar
2020) can lose their load-bearing capacity and degrade over a hun-
dred years, due to the variation of the water level, putrefaction,
fungi, bacteria, overload and due to negative skin friction (de Gijt
et al. 2012) [Fig. 2(d)]. Recent evidence has shown that besides
fungal deterioration also anaerobic bacteria can seriously deterio-
rate timber (Marchi et al. 2006; Klaassen 2008; Biscontin et al.
2009). The severity of the timber deterioration effect depends on
piling characteristics such as pile length diameter and spacing, as
well as the soil stratigraphy. As the timber deteriorates and loses its
stiffness, the stresses are transferred to the soil increasing the dis-
placements (Bettiol et al. 2016; Van de Kuilen et al. 2021). Other
problems can be encountered due to scour as a result of the turbu-
lence caused in the canals by boats (Hamill et al. 1999) or related to
the growth over the years of the roots of trees adjacent to the quays.
A further factor in wall deterioration is the variation in temperature
and salt content. This is especially true for historic quay walls that
were built with a variety of materials, which react differently to
temperature fluctuations (Cork and Chamberlain 2015). The statis-
tics show a tendency toward a higher precipitation deficit in the
years leading up to 2050 (Klein Tank et al. 2014). Waterfront struc-
tures that are put under stress by the fluctuating hydraulic pressures
on each side of the wall may also be affected by drought. Variations
like this raise the possibility that the quay wall constructions would
age more quickly than expected.

The municipality of Amsterdam has developed a program Rou-
tekaart Amsterdam Klimaatneutraal 2050 (Roadmap Amsterdam
Climate Neutral 2050) (Amsterdam Gemeente 2020) to reduce
the impacts of climate change. In recent years, several quays have
reached collapse; notable examples are the Entrepotdok (Van Belzen
2017) and the Marnixstraat in 2017 (AT5 2017), the Nassaukade in
2018 (AT5 2018) and the Grimburgwal in 2020 shown in Fig. 2(c)
(Korff et al. 2022).

There are several phases that lead to the possible replacement of
the quays. First, mitigation measures aimed at reducing the magni-
tude of the transfer loads are used when the presence of heavy loads
on the land side of the quay wall poses the main risk for the stability
of the wall. Alternatively, temporary measures, such as the instal-
lation of sheet piles [Fig. 2(e)], are used when the quay wall struc-
ture must be supported from the water side to guarantee its stability.
When the quay wall and the waterfront are no longer safe, the re-
place measure is applied; the old wall structure and waterfront be-
hind must be demolished. The process of replacing inner-city quay
walls is complex, because of the limited working space on both land
and water (think of the presence of houseboats), and many functions
and interests have to be taken into account. The traditional method,
which involves the creation of a building pit in which the old wall is
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Fig. 2. (a) Map of quay walls in Amsterdam city center (map data © OpenStreetMap); (b) typical quay wall structure; (c) example of collapsed quay
wall in Grimburgwal in 2020; (d) decay of wooden piles (reproduced with permission from van Maarschalkerweerd 2022); and (e) example of

temporary intervention in May 2022.

demolished and replaced with the installation of vibrating sheet
piles, drainage and excavation (Dorst and Vervoorn 2017), is in-
creasingly complemented with innovative methods, for example
the EZ-flow procedure (Kade 2.020 2023), which reduces incon-
venience and time. The objective of the original 2019 plan and its
update for 2023 remains to have a quay repair rate of 2 km/year
(Amsterdam Gemeente 2023). It is thus expected that 60 km of
quays will need to be repaired over the next 30 years.

Ground-Based Displacement Monitoring

Currently, quay walls that show signs of incipient deterioration are
monitored by the Amsterdam municipality via a conventional mon-
itoring network. The network is mainly made up of total station
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measurements to monitor 3D displacements of the quay walls, and
diving inspections to check the conditions of the wooden structures.
The procedure used entails placing brass bolts with a diameter of
6 mm on both the head and the fagade of the quay wall; these are
accompanied by topographic prisms positioned on the facade. The
monitoring system consists of three vertical levels of measurements:
at the joints with the abutments of the side bridges and two levels in
the central part of the wall. In general, the measurement points are
distributed over the entire length of the quay. Typically, measure-
ments are carried out 5 to 12 times a year. Two categories of mea-
surements are provided: (1) displacements referred to the initial
measurement (alarm value for horizontal displacements: 10 mm; in-
tervention value: 25 mm); and (2) monthly deformation rate (alarm
value for horizontal displacements: 5 mm/month; intervention value:
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Fig. 3. Monitoring data sets of quay walls in Amsterdam: (a) map of quay walls monitored via total stations; (b) zoom on Geldersekade GDK0203
quay wall; and (c) spatial distribution of low MT-InSAR points on ascending and descending orbit of TerraSAR-X provided by SkyGeo company.

(Map data © OpenStreetMap.)

10 mm/month). The alarm and intervention values were defined by
the administrators of the municipality of Amsterdam; the exceed-
ance of these values would indicate that the quay wall is in poor
condition and, therefore, safety measures are necessary.

The monitoring data used in this study have a maximum time
span ranging from July 2020 to February 2023. On average, the
time span was 2 years. Data derived from total stations (acquired
through the Amsterdam portal), available for a sample of 57 in-
vestigated quay walls, are shown in Fig. 3(a) with a close-up view
in Fig. 3(b). With reference to Amsterdam municipality, high-
resolution data acquired by the TerraSAR-X (TSX) radar sensor
in the period spanning from March 2016 to December 2022—
processed via proprietary SkyGeo software (PS and DS InSAR
approach)—are available on both ascending and descending orbits
[Fig. 3(c)]. For the purpose of the present analysis, only the per-
manent scatterers (PS) points on the ground level falling within the
identified polygons (including the quay and the road behind) were
used [Fig. 3(b)].
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Amsterdam Procedure to Assess the Maintenance
State of Quay Walls

The municipality of Amsterdam conducts three types of inspec-
tions for assessing the condition of their assets: (1) an annual vis-
ual inspection; (2) every three to four years, a condition inspection
for assessing condition and performance; and (3) every 7 years, a
maintenance inspection for early identification of risks and defin-
ing maintenance actions. The condition inspection is conducted
according to Dutch standard NEN2767 (NEN 2019). This standard
uses six classes to describe the condition of different elements of
the quay walls: excellent, good, reasonable, moderate, poor, and
very poor. Out of the 200 km that are known to be at risk, 135 km
(67.5%) do not comply with regulations for safety and durability
(Amsterdam Gemeente 2019).

In 2019, the municipality of Amsterdam launched the program
called Aanpak bruggen en kademuren (Approach to bridges and
quay walls) (Amsterdam Gemeente 2019) to increase the knowledge
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on the conditions of the quays and implement monitoring, evalu-
ation and renewal actions of the quays in order to safeguard the city
center. This program has produced additional procedures for im-
proving assessment of quay walls and bridges (C. W. Van der Peet,
personal communication, 2024). The Amsterdam Risk assessment
of quay walls (ARK) is a qualitative assessment procedure based on
multiple parameters such as deformation measurements, scour, con-
dition of foundation piles, cracking, age and construction type. The
weighted average of the scores will determine if the quay wall be
monitored, reconstructed or demolished and rebuilt. The Assess-
ment Procedure for Amsterdam Quay Walls (TAK) is a quantitative
assessment of the safety level of the construction. This quantita-
tive assessment is only done if the risk assessment requires further
elaboration.

Methodology

The adopted methodology (Fig. 4) consists of three phases aimed at
pursuing different cascading goals. Phase I focuses on the identi-
fication and prioritization of the exposed elements (Amsterdam
quay walls) through the integration of multi-source data including
topographic map, information on the maintenance state derived
from the Amsterdam portal, and remote sensing MT-InSAR data.
Phase II investigates the relationships between different movement/
damage indicators with quantitative displacement descriptors re-
trieved via in situ surveys and terrestrial monitoring data for the
single structural block comprising the most exposed quay walls (as
result of Phase I). Phase III deals with the identification of the most
probable collapse mechanism and the analysis of the wall crack

Amsterdam
portal
information

Topographic map

Analyzed

PHASE I

A

Index of Movement
elements : (im)
(Quay wall + road) ]
: [20<IM<30

A

MT-InSAR data

.

.

Geometric
features

Moving PS S samnay s e - e rm ¥ -
Exposed elements
Not moving PS ,I

Exposed
Quay wall blocks

Maintenance .

Cross correlation \
state \

IM <20 ‘
Negligible g Low )

[ Damage classification ]

R S

e Yl
Ty

w

%)

§ dire(c)tion dir?t:;ion

z y
Q Wmagz (Mm) Ymaz (mm)
Sw(mm) Sy(mm)
Sw/L Sy/L

Terrestrial | Displacement parameters | Vo | In situ survey
monitorin : o
onitoring ' Vertical Horizontal i
H ' Damage Movement
1 o

Empirical
cause - effect
relationships

Indicators W\ Indicators

X Cross correlation .
Apron Tilting
Wall facade Bulging

Detection of possible
collapse mechanisms

Quay wall Crack patterns
Fact-sheets interpretation

-
=
9
S

Numerical
modeling

Fig. 4. Flowchart of the adopted methodology. In the flowchart, PS means persistent scatterers.
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pattern (based on the results of both Phase II and numerical mod-
eling available in literature) with the purpose of supporting the
selection of the most appropriate works and strategies for risk
mitigation.

Phase |

The first step of Phase I dealt with the definition, at municipal scale,
of polygons comprising the quay walls based on the information
acquired from the urbanized area map and the online Amsterdam
municipality portal. In this phase of the analysis, the quay wall was
considered as a single element (i.e. single polygon) including
all constituent blocks. Particularly, the size of the polygon [see
Fig. 3(b)] was determined by considering the map of quay walls
provided by Amsterdam municipality, in which the quay walls are
identified as segments with a unique code, thus allowing us to de-
rive the length of the polygon. Then, a buffer of 4 m centered on
the segment was drawn to account for possible errors of geoloc-
alization of both the PSs and the topographic map; finally, the ad-
jacent stretch of road (including the apron) was considered to set
the width of the polygon. Then, the maintenance state information
(available from the Amsterdam portal) and the average LOS (along
the sensor-target line of sight) velocity of PSs were associated with
each predefined polygon. To this aim, only the PSs at “ground
level” (excluding those falling on buildings) were considered. The
PSs associated to each quay wall were subsequently divided, based
on LOS velocity thresholds available in literature, into moving and
not moving PSs.

Particularly, the threshold value adopted in the analysis was se-
lected as the one that best fit the maintenance state of Amsterdam
portal (using the ROC curves that are tool used to evaluate and
compare the performance of binary classifiers). For this purpose,
considering that TPR (True Positive Rate) = TP/P, the True Positive
(TP) has been identified as moving quays with a reasonable, mod-
erate, poor and very poor maintenance state, whereas the positive
(P) are the quays with a maintenance status reasonable, moderate,
poor and very poor; then, to compute the FPR (False Positive Rate =
FP/N) the False Positive (FP) have been identified as moving quays
with an excellent and good maintenance state, whereas the negative
(N) are the quays with an excellent and good maintenance status.

The thresholds were used to rank the quay walls based on an
index of movement (Iy;) defined as [Eq. (1)]

Nr.moving PS

1,1%] =
) = = o ps

x 100 (1)
where Nr. Moving PS = number of moving PSs according to the
tested thresholds and Nr.Tot.PS = total number of PSs falling
within the identified polygon associated to the ith considered quay
wall.

According to the Iy value, four classes were defined (Iy <20 =
Negligible; 20 < Iy <30 = Low; 30 < I; £ 60 = Moderate, and
60< Iy £ 100 = Severe). The defined ranges and the associated
quay wall ranking were then validated, using receiver operating
characteristic (ROC) curves as described previously.

Phase Il

Phase II aims at investigating empirical cause-effect relationships
by combining displacement data acquired via terrestrial monitoring
and damage data collected during in situ surveys with reference to
single blocks comprising the quay walls (i.e. the portion of the quay
wall included in between two structural joints). Particularly, the
methodology used to identify the joints of the quay wall blocks
involved the combined use of technical reports from the Amsterdam
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portal (where available); the consultation of topographical measure-
ments (i.e., two adjacent benchmarks typically indicated the pres-
ence of a structural joint in between the two points belonging to
two adjacent blocks), and data acquired during site surveys carried
out by the authors. When the previously mentioned information was
missing a maximum length of 20m was assumed for a single block.
In Phase II, the attention focused only on those quays that, from the
analysis at the municipal scale (Phase I), exhibited an Iy; value fall-
ing into the Moderate and Severe classes (Fig. 4) and for which de-
tailed geometric information and terrestrial monitoring data were
available (e.g., from the Amsterdam portal). On these selected quay
walls, information about the damage condition and kinematics was
acquired through in situ visual inspections and then classified ac-
cording to the ranking matrix shown in Figs. 5(a and b) (see both
the sketches and the corresponding explanatory tables). Two dam-
age indicators and two movement indicators with four severity lev-
els were considered: Negligible [ = 0; Low [ = 1; Moderate | = 2;
Severe I = 3. Particularly, the damage indicators damage on apron
(DA;) and damage on wall facade (DW;) were used to check the
maintenance condition in terms of deformations and cracks of the
paved up-wall area and the fagade of the quays, respectively. As for
the movement indicators, tilting (T;) and bulging (B;) allowed,
through visual inspections, to rank the conditions of the quays in
terms of rotation and horizontal bulging.

Once the damage and movement indicators jointly with their
severity levels were associated to each investigated structural block
comprising the quay wall, a correlation analysis between the dif-
ferent damage/movement indicators was performed. In particular,
for the quay wall blocks affected by the contemporary presence of
damage and movement indicators, the frequencies of occurrence
were analyzed using contingency tables and the correlation degree
evaluated adopting the Goodman-Kruskal () index (Goodman and
Kruskal 1963) by the Eq. (2)

7Nc_Nd

NN 2
TTN.IN, @)

where N, = total number of pairs (damage/movement indicator)
that rank (severity level) the same (i.e., concordant pairs); while
N, is the number of pairs that do not rank the same (i.e., discordant
pairs). The significance of the obtained Goodman-Kruskal (v) in-
dex values, ranging between —1 (perfect inverse correlation) and 1
(perfect positive correlation) was assessed adopting the statistical
Z-test by the Eq. (3) where n is the considered sample size

Nc+ Nd

n(1=7) .

="

Then, due to lack of temporal overlapping between time series
of the terrestrial monitoring (i.e. total stations) measurements on
some quay walls, for each measurement point the average velocities
in both vertical (z) and horizontal (y) directions of the time series
were calculated. Subsequently, the displacements were obtained by
multiplying the average velocities calculated for the average obser-
vation time of 2 years. Only the measurement points located on the
head of quay walls were considered in the assessment of six dis-
placement descriptors (three in the vertical direction and three in the
horizontal direction) as shown in Fig. 5(c) (see both the sketch and
the explanatory table). In particular, along the vertical direction, the
maximum cumulative settlement (w,,,, ), the differential settlement
(6w)—obtained as the difference between w,,, and w,,;,—and the
rotation (/3), defined as 3 = éw/L (where L is the distance between
the maximum and minimum point of settlement), were considered.
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Fig. 5. Damage, movement and displacement descriptors of quay walls: (a and d) damage (on Apron DA; and on Wall facade DW;); (b and €) move-
ment indicators (Bulging B; and Tilting T;), each ranked in four different levels as results of in situ surveys [see photos in (d and e) for the descriptions
of different severity levels]; and (c and f) displacement descriptors (derived from total station monitoring along the horizontal and vertical direction),
and total station benchmarks (red points).
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Similarly, along the horizontal direction (i.e. orthogonally to the
quay facade), the maximum orthogonal displacement (y,y), the
differential horizontal displacement dy and the rotation («), defined
as a = dy/L, were evaluated. Finally, the derived displacement de-
scriptors were plotted against the severity level of both damage and
movement indicators in order to investigate possible (if any) em-
pirical cause-effect relationships.

Phase Il

Phase III dealt with the identification of the most probable collapse
mechanisms of the quay wall blocks and the detailed crack pattern
interpretation to be used for the selection of appropriate risk mit-
igation strategies.

As for the collapse mechanisms, the results in terms of damage
severity levels collected during in situ surveys on the single blocks
comprising the quay wall were integrated with the cumulative dis-
placement time-series acquired by the terrestrial monitoring in both
vertical (z) and horizontal (y) directions, considering the position
(level) of the measurement benchmark along the wall height. Gen-
erally, three measurement points located in the lower, middle and
upper part of the quay wall block are available.

Therefore, considering the displacement values recorded at dif-
ferent heights along the quay wall and the presence (or not) of dis-
placements along both the vertical and horizontal directions as well
as the severity level of corresponding damage/movement indicator,

Vi Vil

the most probable collapse mechanisms affecting each quay wall
block were assigned.

For this purpose, the most common failure mechanisms were
selected based on the different categories proposed by Roubos et al.
(2013) according to the ultimate limit state of the Eurocode 7: geo-
technical (GEO), structural (STR), hydraulic (HYD), equilibrium
(EQU), and uplift (UPL). The possible failure mechanisms con-
sidered for each block in Amsterdam city are shown in Fig. 6:
(1) exceeding of geotechnical pile compression capacity (GEO),
(2) structural failure of foundation piles (STR), (3) overturning
(EQU), (4) quay wall displaces across the foundation piles/floor
(STR), (5) structural failure of construction due to displacement or
failure of cross beam (STR), (6) soil failure due to horizontal forces
on pile foundation (GEO), (7) structural failure of retaining wall
(STR), and (8) structural failure of the timber floor causing material
transport (STR).

The previously mentioned mechanisms were then attributed to
each block based on the prevalence of horizontal translation, ver-
tical settlement and/ or rotation observed by the measurements (see
the Table in Fig. 6). Subsequently, based on the table in Fig. 6, the
analysis of the prevailing vertical settlement, horizontal translation,
rotation or a combination allowed identifying, on each individual
block, the most probable collapse mechanisms or a combination of
two or more of them. Accordingly, four failure scenarios (FS), cor-
responding to the observed combinations of collapse mechanisms,
were identified (Table 1).

Mechanism ::: r:l:lgtnit:rl] s:t;:::Lt Rotation

I no yes no

11 yes yes yes

11 no no yes

1\ yes no no

\'% no no yes

VI yes no no

VI yes no no
VIII yes yes yes

Fig. 6. Schemes I-VIII showing typical collapse mechanisms of quay walls. In the table, the predominance of vertical or horizontal displacements is

shown (adapted from de Gijt and Broeken 2013).
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Table 1. Failure scenarios and related combination of most probable
collapse mechanisms (the collapse mechanisms are shown in Fig. 6)

Horizontal Vertical Collapse
Scenario translation  settlement  Rotation mechanisms
FS-1 No Yes No 1
FS-2 No No Yes III or V
FS-3 Yes No No IVor VI or VII
FS-4 Yes Yes Yes 1I or VIII
Stable blocks No No No —
No data N/D N/D N/D No data

The last step of Phase III entailed the analysis of the crack pat-
tern of a selected quay wall against the results of numerical mod-
eling from the literature (Van Hulten 2021). To this aim, a summary
factsheet was prepared, including information acquired from the
Amsterdam portal, terrestrial and remote monitoring data, damage
and movement indicators including the most probable collapse
mechanisms as resulting from the previous analysis.

The collected information was then compared with the results
derived from the numerical modeling conducted by Van Hulten
(2021) in terms of crack pattern. The latter derived from a 3D mod-
eling of a single quay wall by using a parametric analysis coded in
Python to run simulations with finite element method. Specifically,
the masonry was simulated using a smeared cracking model (mac-
romodel). Long-term deterioration of quay walls was simulated by
changing the material properties of each respective component.
Three deterioration conditions were analyzed:

e Nonuniform pile degradation: application of broken piles, simu-
lated by removal of those piles from the model. This is subdivided
into two categories: removal of entire rows (a row consisting of a
front, middle and end pile) and removal of front piles only.

* Non-uniform soil removal/scour: formation of soil pits at the
foundation level, which result in decreased bedding around
the foundation piles.

e Uniform degradation: application of uniform pile deterioration
along a stretch of quay walls.

Results

Phase |

The necessary input data for the study area were collected accord-
ing to the proposed procedure (Fig. 4). Phase I focused on 357 quay
walls in the inner city of Amsterdam that were identified from the
topographic map. Polygons including both the quays and the back
streets were then drawn and used for MT-InSAR data analysis, set-
ting a minimum threshold of 3 permanent scatterers (PSs) for each
polygon to be included in the analysis. First, four line-of-sight
MT-InSAR velocity thresholds (see the Table in Fig. 7) were se-
lected for the PSs falling within the previously described polygons,
thus allowing for the distinction between moving (above threshold)
and not moving PSs. Then, by combining the information on the
PS velocity with the maintenance state (available for a sample of
83 quay walls from Amsterdam portal), ROC curves [Figs. 7(a—d)]
were generated to identify the best velocity threshold to be used for
moving and not moving PS distinction and, consequently, for the
computation of the index of movement. As shown in Fig. 7(c) (see
also the table therein), based on the ROC curves, the best velocity
threshold turned out to be 1.50 mm/year [commonly indicated in
literature as the accuracy of MT-InSAR data (Peduto et al. 2018,
2019)]. Particularly, the pertaining curve exhibits an optimal cut
point of 0.21 and an AUC (Area under the curve) of 0.72. This
indicates good discrimination, considering that the AUC ranges
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] 20 - 30 % (Low)
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Fig. 7. Empirical ROC curves showing area under the curve (AUC), false positive rate (FPR) and true positive rate (TPR) for four different
MT-InSAR velocity thresholds used for movement index calculation: (a) 1.00 mm/year; (b) 1.25 mm/year; (c) 1.50 mm/year; (d) 1.75 mm/year;
(e) map of quay walls ranked according to the index of movement with a movement threshold for MT-InSAR velocity equal to 1.5 mm/year

(map data © OpenStreetMap); and (f) distribution of ranked quay walls.
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are as follows: 0.50-0.60 poor discrimination; 0.60-0.70 fair dis-
crimination; 0.70-0.80 good discrimination; 0.80-0.90 very good
discrimination; 0.90-1.00 excellent discrimination (Hosmer et al.
2013).

This means that an index of movement of less than 21% defines
quay walls as not moving. Conservatively, it was decided to assume
an index of movement of 20%. Subsequently, four index of move-
ment classes were defined (0%—20%, negligible; 20%—-30% low;
30%—-60% moderate; 60%—100% severe, see also “Phase I of the
Section Methodology”), and the 83 sample quay walls were clas-
sified accordingly. Finally, the computation of the index of move-
ment was extended to classify the remaining 274 quays, for which
no maintenance state data were available. The results obtained for
357 (i.e. 83 plus 274) are shown in the map of Fig. 7(e) with the
associated frequency histograms of Fig. 7(f).

Phase Il

Based on the values of the index of movement computed in Phase I,
124 quay walls were included in the moderate and severe classes.
Considering that the terrestrial monitoring data were available for
57 out of the 357 quay walls, only 26 monitored quay walls resulted
with moderate and severe classes of the index of movement. There-
fore, in Phase II the analysis focused on the latter sample shown in
Fig. 8(a). The analysis of the indicators defined in Fig. 5 was car-
ried out through in situ surveys and measurements deriving from
the total stations. In this phase, it was possible to identify the joints
on the quay walls and, therefore, to single out each independent
structural block.

A total of 179 blocks comprising the 26 quay walls was iden-
tified. Damage indicators (damage to apron, DA;; damage to wall
fagcade, DW;) and movement indicators (bulging, B;; tilting, T;)
were associated with each block. Importantly, for some blocks it
was not possible to assess the damage and movement indicators be-
cause of, for instance, the presence of boats moored along the quay
walls or the temporary inaccessibility of the quay; in Figs. 8(b—e)
this group of blocks is classified as N.E. (not evaluable, colored
in gray).

Fig. 8(f) provides an example of the analysis of the tilting along
with the distribution of its severity levels, and the summary table of
all the indicators along the blocks of the quay wall GDK0203 lo-
cated in Geldersekade 101; Figs. 8(g—i) displays some photos taken
during the in situ investigations highlighting the presence of dis-
placements and cracks at points A and B on the dock GDK0203.

Then, using contingency tables, cross correlations were tested
between the levels of the damage indicators and the levels of the
movement indicators (Fig. 9); n is the number of blocks for which
information on both indicators was available. Bulging (B;) was not
analyzed because, as shown in Fig. 8(c), there is a prevalence of
blocks falling in the BO class. To assess the degree of correlation,
the Goodman-Krustal y-index was used and then a z-test was per-
formed to understand its significance (setting a critical p-value
at 0.05).

According to the practical rule of Rea and Parker (1992), who
reports the following |4l intervals: (0.00-0.10 negligible; 0.10-0.20
weak; 0.20-0.40 moderate; 0.40-0.60 relatively strong; 0.60-0.80
strong; 0.80-1.00 very strong), the results show (see the table in
Fig. 9) a good and significant correlation between the tilting versus
damage on wall fagade and the damage on apron versus damage on
wall facade. Conversely, there is no significant correlation between
tilting and damage to apron.

Then, for the 26 blocks investigated through in situ surveys, the
damage and movement indicators assigned were correlated with
the displacement descriptors defined in “Phase II of the Section
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Methodology.” The latter were derived from the data acquired from
the total stations, using only the points located at the head of the
wall, over a 2-year period [see Fig. 5(c)].

This allowed the derivation of empirical relationships between
damage indicators, movement indicators and displacement descrip-
tors with reference to both the vertical and horizontal directions as
shown in Figs. 10 and 11. Specifically, Fig. 10(a) shows no increas-
ing trend in either direction between Bulging severity levels and
displacement indicators. Alternatively, the increase of tilting se-
verity levels well match with both the increase of y,,,, and dy
(in the horizontal direction) and, to a lesser extent, with the increase
of éw (in the vertical direction) [Fig. 10(b)]. As for the damage to
apron indicators, Fig. 11(a) shows a general increasing trend both
in the vertical and horizontal directions, except for éy and éw/L.
Finally, the damage on the wall facade indicator [Fig. 11(b)] seems
to match better the increasing trend of the descriptors pertaining to
the horizontal direction than those on the vertical direction.

Phase Il

In Phase III, the displacement time series derived from the total
stations at three different heights (top, medium, low) on the block
fagcade were analyzed for all 179 blocks comprising the sample of
26 quay walls that showed displacements. Fig. 12(a) shows the spa-
tial distribution of the failure scenarios associated with each block
and the corresponding collapse mechanisms. Fig. 12(b) highlights
that the most frequent failure scenarios in Amsterdam result FS-2
(combination of /Il and V, accounting for the 39.7%) and FS-3
(combination of 1V, VI, VIII, accounting for 25.7%). In addition,
19% out of the 179 blocks show a stable condition. Figs. 12(c—e)
report an example of the procedure applied to the GDK0203 quay:
the cumulative vertical/horizontal displacement series for the three
levels of benchmarks measured by the total stations [Fig. 12(c)], the
subdivision of the quay into structural blocks (numbered from 1 to
5), all associated with FS-2 [Fig. 12(d)] and the pertaining collapse
mechanisms [Fig. 12(e)]. For each of the 26 quay walls analyzed,
a factsheet was finally drawn up including: information acquired
from the Amsterdam portal, photos taken during in situ surveys,
damage assessment and movement indicators for each block, the
cumulative displacement on both horizontal and vertical plane along
the longitudinal section derived from the total stations measure-
ments, and the associated collapse mechanisms. An example of
factsheet is reported in Fig. 13 with reference to the KBS0301
quay wall in Krom Boomssloot. As last step of Phase III, Fig. 14
shows the detailed analysis carried out on KBS0301 quay wall in
Krom Boomssloot (see also Fig. 13) that aimed at identifying the
possible cause of the associated collapse mechanism based on the
analysis of the crack pattern of the quay wall facade.

Fig. 14(a) shows the quay under analysis, divided into three
structural blocks and the measuring points of the total stations.
Through reports acquired in the AMS portal, it was possible to
identify the structural typology of the blocks constituting the quay.
Fig. 14(b) reports a front view of the quay with the blocks, their
structural typology and the cracks on the facade. Particularly, the
block 3 consists of a masonry wall and is affected by visible cracks;
blocks 1 and 2, reconstructed during the early 2000s, consist of re-
inforced concrete walls with no cracks. Figs. 14(c, d, f, and g) show
some photos of both the cracks found on the facade of block 3
[Fig. 14(b)] and the corresponding measuring points of the total sta-
tions. After analyzing the crack pattern, in particular of block 3, the
analysis of the collapse mechanisms was deepened by using the re-
sults derived from FEA numerical modeling by Van Hulten (2021).
Fig. 14(e) identifies the different deterioration conditions and the
associated behaviors resulting from the FEA model. In particular,
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Fig. 8. (a) Map of 26 surveyed quay walls (map data © OpenStreetMap). Frequency of severity level with reference to: (b) damage to apron
(DA)); (c) bulging (B;); (d) damage to the wall facade (DW;); and (e) tilting (T;). (f) Example of tilting severity levels on different blocks
of the quay wall GDKO0203 (located in Geldersekade 101; map data © OpenStreetMap) and summary table of damage and movement indi-
cators for each block comprising the GDK0203 quay wall; and (g—i) photos of the first two blocks (taken during the in situ survey dated August
2022).
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analyzed is indicated with n.

the results for block 3 show that the possible tilting mechanism
(see the matrix in Fig. 13 where tilting is ranked T3) could be
caused by a problem with the first row of foundation piles [this
condition is highlighted in red in the table of Fig. 13(e)].

In Fig. 14(h), the structural scheme with the corresponding
cracking pattern deriving from the FEA model and the associated
section A-A showing the effect of tilting of the quay wall toward
the channel is shown. Importantly, this result agrees with the cumu-
lative displacements along the z and y directions of the total stations
available for three different heights as shown in Fig. 13. On this
block diving inspection detected damage to the kespen and deterio-
ration of timber piles; in this regard, cores for strength test have
been taken.

Discussion

The results of the analysis show that conventional monitoring of the
quay walls using techniques such as in situ surveys, topographic
leveling and tachymetry combined with the results derived from the
processing via interferometric techniques (persistent scatterers +
distributed scatterers InSAR) of images acquired by spaceborne
SAR sensors can provide insight in the displacements of the quay
walls and subsequently support the recognition of ongoing failure
mechanisms.

At the municipal scale, the integration of topographic map, in-
formation on the maintenance state available for 83 quay wall sec-
tions from the Amsterdam portal, and remote sensing MT-InSAR
data, allowed distinguishing the moving (and not moving) persis-
tent scatterers based on a threshold velocity value of 1.5 mm/year
that is exceeded in 20% of the PS points falling within a moving
quay wall. Particularly, the minimum threshold of movement was
chosen using ROC curves, which allowed us to control the best
fit between SAR velocity data and the information on quay wall
maintenance status. Applying the 1.5 mm/year threshold to the
whole Amsterdam quay wall data set for which MT-InSAR data
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was available (357 sections), it turned out that almost half of the
sections (48%) are not moving, whereas the remaining sections are
exceeding the threshold value in various degrees (17% low move-
ment, 29% moderate and 6% severe). In this regard, it is worth
stressing that from a scientific perspective, the best threshold is the
one with the highest area under the curve (AUC) and lowest false
positive rate that in this study was determined as 1.5 mm/year.
However, from an asset manager perspective, it could be more im-
portant to consider the threshold with the highest true positive rate
(TPR, 1.25 mm/year). This will permit the identification of the
most critical cases because missing one of them could be worse than
having more false positives. Importantly, for this step of the analysis
the MT-InSAR velocity along the line-of-sight was used because the
available coverage on the walls did not allow the decomposition of
the velocity vector along the orthogonal direction with respect to the
quay wall. Ideal for this purpose would be having PSs from both
orbits in the same grid cell in which the wall is schematized. How-
ever, in the future, as more data are derived from more sensors, it
may be possible to account for the horizontal component of dis-
placement, which is expected as the prevailing component result-
ing from the effect of the earth thrust on the structure.

Taking into account the widespread distribution of the problems
affecting the quay walls of Amsterdam, the identification of the
most exposed retaining structures resulting from the first phase of
the analysis may be useful for the prioritization and management of
the interventions by the municipality and, eventually exported to
other cities dealing with the same problem in The Netherlands and
elsewhere.

Phase II investigated, at a greater detail, the kinematic behavior
of the most exposed quay walls by deriving empirical relationships
between quantitative displacement parameters, obtained through
monitoring data (total stations), and damage/movement informa-
tion acquired through in situ surveys with reference to the constitu-
ent structural blocks. Particularly, for the moderately and severely
moving quay wall sections, four indicators were used (damage on
wall facade, damage on apron, tilting, and bulging) in order to rank
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Fig. 10. Relationships between movement indicators and displacement descriptors.
them according to levels of severity (negligible to severe) of their By cross correlation between damage indicators and movement
state. The evaluation of damage/movement indicators through in indicators—using contingency tables—a significant correlation was
situ surveys was not easy to carry out (as shown by the frequencies found between the indicators of tilting versus damage on wall facade
of related damage levels in “Phase II of the Section Results”) due to and the damage on apron versus damage on wall facade. Further-
the presence of boats docked along the quays or temporary closures more, no significant correlation was found between tilting and dam-
for maintenance/restoration works. In addition, the assessment of age to apron. In addition, the impossibility of retrieving correlations
bulging turned out to be not easy because of the difficulty in iden- with the movement indicator (bulging) emerged for the reasons pre-
tifying the spalling in the horizontal plane. viously described.
© ASCE 05024014-14 J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2025, 151(2): 05024014



Downloaded from ascelibrary.org by Technische Universiteit Delft on 12/18/24. Copyright ASCE. For personal use only; all rights reserved.

DAMAGE INDICATORS

DAO0O DA1 DA2 DA3 DAO0O DA1 DA2 DA3 DA0O DAl DA2 DA3
0 0 ) 0 7 o
i~\\ g [ 2 E ] T=- -—--g-__g
o} ° TT-HE-- st TE--Bel o —131 7 5
—_ = 'g - 8 @ E ] ° 8 o
g g 9 . £10 8 ° E27
—;{20 T § 8 © é o o
£ >15 1 . o i 31 ) .
307 ° R 20 4 8 g 041
o Data g o Data o ] oData
40 0 25 0 5 3 r 0
¥ ts Ly - LIJ i
—_ £5 — E =
T 10 g £ 7; 1 E
—l£Dev.st. 1158 I+ Dev.st. I 10 E  |4:pevst. F g
Median + 20 Median Median E —
% M Average 25 B Average 15 M Average E o
E DAO0O DA1 DA2 DA3 DAO0O DAl DA2 DA3 o - DA0O DAl DA2 DA3
< B4 § CTE- é e [
i ~< o ' SN ]
SR 8 “a 8 o -a ELT 8
3 — 4 o
£10 4 o £ ° 8 §| %z °
=15 1 ° 8 E ° E27 ¢
x o o )
£ 3 < ©
220 r S 010 + N
25 o o o 3T ©
1 oData o Data o o 1 o Data
30 4§ I;I ? |_I—_| 0 15 g 0 4 r o
5 L _
£ E £
—t Dev.st. 1 10 .§. H+ Dev.st I 10 .E. —t Dev.st. g
Median Median Median [ =
W Average 15 W Average 15 B Average [ 1
(a)
0 DW0O DW1 DWw2 DW3 0 DW0O DW1 Dw2 DWw3 0 - DW0 DW1 DW2 DW3
Te.: . il IS N
S ~~o 3 51 ---g\ 8 =51 -
—101 © - N o - E .
E. 1 8 T E10 T d g ® H °
E o 8 o Ea41
P 7 ° 5 ¢ S
>y5 1 >
w6 T
20 F g
30 ¥, pata o Data
35 — 0 25 0 8
P I PP L
+ 10 — —_ ’E‘
w I T E +10E £
o — £ Dev.st. I 20— —l+ Dev.st. = |zDev.st. £
s Median I s Median T 15 Median +3 E
E W Average 30 W Average 20 W Average 4
3
S DW0 DwW1l DWwW2 DWw3 0 DWO DW1l DW2 DWw3 o DWO DW1 DW2 DW3
o B — E T === =_
B---B g ®---8 - I
51 © o el - g S8 o 1 - 8 -
_ . o 5 =~ g1t
£ =5t © ° ~ o o
EN T o £ £
= . £ E27 o
o7 8101 8 s °
20 1 o o o 3T
1 o Data o Data o . 1 oData
25 3 0 15 0 4 r 0
! T T T
110 Is 41
—t Dev.st. .g — £ Dev.st. r é. —t Dev.st. E
Median T 15 Median [ Median £
B Average 20 B Average [ 10 B Average 2

(b)

Fig. 11. Relationships between damage indicators and displacement descriptors.

Then, the damage indicators were also correlated with the hori-
zontal, vertical and differential displacements derived from terrestrial
monitoring in order to investigate possible empirical cause-effect re-
lationships. The strongest relations are found between Apron dam-
age and Wall facade damage with horizontal displacement (yax)
and, to a lesser extent, with vertical displacement (w) and both differ-
ential displacements (dy and dw). Bulging severity does not seem to

relate to any of the metrics used. Tilting, as expected, is identified by
horizontal and differential displacement more than the vertical ones.

To go more in depth with the kinematic behavior of the quay
walls and retrieve more robust relationships, monitoring data over
longer time spans would be necessary. However, the relationships
obtained, despite their temporal limitations, can be a first step in
developing vulnerability analyses using probabilistic approaches.
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Fig. 12. (a) Spatial distribution of the collapse mechanisms on the 26 investigated quay walls (map data © OpenStreetMap); (b) distribution of
collapse mechanism and their different combinations (failure scenarios, FS); (c) example of vertical and horizontal displacement plot and identifica-
tion of possible collapse mechanism for each block comprising GDK0203 quay wall; (d) Zoom on GDK0203 (map data © OpenStreetMap); and

(e) collapse mechanisms assigned to GDK0203 quay wall.
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SECTION 1: Location area and quay wall information

Municipality
Address
KBS0301 Coordinates
Lenght (m)
AMS Code/Condition

Structural Tipology

Construction Age
Interventions

Field survey

Interference

Terrestrial monitoring

SAR coverage

Amsterdam, Netherlands

Krom Boomssiloot, 1011

Lon. 52°22'16.2"N, Lat.4°54'06 4"E

66 m

KBS0301 / Moderate

Masonrywall (22 m) and Concrete wall (44 m)
19th century

not present but requested from 09/ 2019
11/08/2022

none

from Nov.2020 to Feb.2023

yes

SECTION 3: Damage field survey

S

Se

SECTION 3: Monitoring data
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Fig. 13. An example of the factsheet of quay wall KBS0301 located in Krom Boomssloot. (Map data © OpenStreetMap.)
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Fig. 14. Example of crack pattern interpretation of damaged quay wall (KBS0301) using FEA model by Van Hulten (2021): (a) identification of
KBS0301 quay wall; (b) front view of quay wall and front view of the quay wall with structural blocks, typology and crack pattern; (c, d, f, and g)
photo of cracks derived by in situ surveys; (e) deterioration conditions deriving from FEA model; and (h) the structural scheme and the corresponding
cracking pattern deriving from the FEA model with associated section A-A showing the effect of tilting.

Furthermore, provided that MT-InSAR data availability is expected
to increase over these structures, a follow-up of the present study
would deal with the investigation of empirical cause-effect relation-
ships by combining MT-InSAR displacement data and damage
data; this could be useful for quay walls that do not (yet) have ter-
restrial monitoring.

Phase III of the methodology aimed at identifying the possible
collapse mechanisms of the blocks constituting the walls by inter-
preting the available monitoring data (total stations) along three
height levels. The collapse mechanisms were grouped according to
the prevailing displacement components, and this allowed the iden-
tification of 4 failure scenarios (FS). Particularly, among the sections
identified as moving moderately to severe based on MT-InSAR data,
about 25.7% of the sections show horizontal translation (FS-3),
39.7% show rotation (FS-2), 3.4 % show vertical displacements
(FS-1), 7.8% show a combination of all the previous three (FS-4),
and 19.0% are stable and not moving according to the terrestrial
data; 4.5% of the sections had no data. These deformations can be
linked to failure mechanisms, albeit not 1:1 as several mechanisms
show similar deformation patterns.

Finally, a detailed analysis was proposed on a single quay wall,
with the aim of investigating the possible collapse mechanism
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based on the analysis of the crack pattern and the comparison
with the results of FEM modeling available in literature. This as-
pect deserves follow-ups as more results from numerical analyses
come out.

Conclusions

The study focused on the quay walls in the historic center of
Amsterdam, of which detailed information on structural and dam-
age conditions currently lacks. With the purpose of providing in-
formation on the current status of these retaining structures and
potential ongoing failure mechanisms, a procedure based on multi-
source multitemporal surveys/monitoring data was presented.

Main results obtained in the present study can be summarized as
follows: (1) the prioritization of the quay walls that are the most
exposed to collapse risk at the municipal scale, (2) the retrieval
of empirical relationships between different damage/movement
indicators and quantitative displacement descriptors obtained via
in situ surveys and terrestrial monitoring data, and (3) the identifi-
cation of the most probable collapse mechanism by jointly analyz-
ing the wall crack patterns and monitoring data.
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The proposed approach could play a fundamental role to set up
and prioritize sustainable risk mitigation strategies at the municipal
scale and predict the time when the retaining structures are no longer
safe. Currently, Amsterdam, which is the city in The Netherlands
with the highest extension of quay walls, is on the forefront with the
largest program for assessment and renovation, thus informed de-
cision making could enhance targeting money allocation for inves-
tigations and engineering solutions. The potential applicability of
this study is even more relevant if one considers that there are many
other Dutch cities such as Rotterdam, The Hague, Zwolle, Utrecht,
and Dordrecht dealing with the same problem.
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reasonable request.
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