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Abstract

The inner-city of Amsterdam contains a large network of vulnerable, historic quay walls. Most of these quay
walls consist out of masonry gravity walls placed on wooden relieving floors and wooden foundation piles.
Due to the changing surface loading conditions behind the wall and the degradation of the masonry and
wooden structures over the last century, the safety of the quay walls is in critical condition. Insight into the
behaviour of the masonry wall tilt and its relationship with several failure mechanisms is still limited.
Therefore, the objective of this thesis is to provide this insight into the behaviour of historic quay walls and
the tilting they experience approaching failure in the center of Amsterdam. Additionally, the use of
monitoring data from SmartBrick devices (an inclination monitoring device developed by Althen) is
analyzed to assess the value of quay wall inclination monitoring.

Using PLAXIS 2D, quay wall models are made aimed to create a sensitivity analysis towards the wall tilt using
multiple variations in quay structure dimensions and parameters. These variations investigate the wall
height, wall thickness, floor length (and the amount of pile rows), the canal depth and the pile diameters
based on a typical Amsterdam soil profile.

For the tested geometry variations, there is a linear relationship seen between the wall tilt and the
horizontal wall displacement towards the canal, during the addition of the surcharge load behind the wall.
The relationship between the wall tilt and the surcharge load is predominately linear at lower/realistic
surface loads, at higher loads, towards failure, the wall tilt becomes exponentially larger, this is also seen by
setting the varied dimensions towards failure scenarios. The most sensitive variations for inclination are the
change in the masonry wall height and thickness, the pile distribution underneath the floor and the addition
of a surcharge load directly behind the masonry wall.

The failure mechanism describing the horizontal displacement of the masonry wall and the piles is
recognized by increasing the height of the masonry wall and by decreasing the pile diameters (pile
degradation). By increasing the wall height, the quay structure also settles vertically, which in combination
with the horizontal displacement, initiates wall tilt. During the addition of the surcharge load, the
crossbeam (kesp) and the piles can deform, and their bending moments can exceed their bending capacity,
indicating another failure mechanism with initiates wall tilt. The failure mechanism describing rotation of
the masonry wall on the floor towards the canal is activated by decreasing the wall thickness and therefore
decreasing its lateral capacity. This causes the masonry wall to fall over.

Damage to the foundation elements has an important impact on the tilt of the wall, due extensive axial
displacements of the front pile row or cracks in the masonry wall. This could cause the wall tilt to be five
times higher than predicted in the PLAXIS models over the lifespan of the structure.

To compare the SmartBrick inclination and PLAXIS inclination, it is important to know the exact
degradation, erosion and loading conditions during the time between two SmartBrick measurements. The
linear relation between the wall inclination and the wall displacement is useful for SmartBrick because it
shows that monitoring the inclination also predicts the wall displacement and the state of the quay wall.

Pile degradation and canal erosion only give a small wall tilt increase, but a larger increase in horizontal
displacement of the wall is seen. These lateral displacement changes are often in decimeters towards failure
compared to the 0.1 degrees in wall inclination changes. Therefore, high measuring accuracy and resolution
are necessary to monitor only the wall tilt.

To conclude, approaching quay wall failure shows that wall tilt in combination with horizontal displacement
is expected, this behaviour can be monitored using SmartBrick. High wall tilt is often a first consequence of
the exceedance of the bending capacities in the wooden elements.
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1
Introduction

1.1. Problem definition
The municipality of Amsterdam contains roughly 600 km of quay walls under its responsibility in the city
center. Most of these structures are historic quay walls older than one hundred years supported by a wooden
piled foundation. During the construction and design of the quay walls, the traffic conditions consisted of
light carriages and small temporary carts. Today, the quay structures have to endure an increase in heavy
vehicles and permanent loads, for which they were not initially designed. Additionally, an increase in
groundwater pumping around the subsiding polders near Amsterdam cause the wooden foundations to
become susceptible to bacteria, which causes the wood to rot and degrade.

Due to these changes over the last century and also due to the lack of available, detailed archive drawings
and documents, from about two hundred kilometers of the quay walls in Amsterdam the structural state,
timber degradation, safety, and the amount of load it can manage is unclear. City councils avoided research
into the quay walls and only conducted repairs when the walls were threatened to collapse or when it was
already too late, figure 1.1.

A change in the policy regarding the bridges and quay structures caused more active monitoring, research,
and risk analysis regarding quay wall deformations of the quay structures and bridges in Amsterdam and
imposed more traffic restrictions, de Cleen (2021). This resulted in the municipality of Amsterdam initiating
the program ’Aanpak bruggen en kademuren’ (Gemeente Amsterdam, 2020) to monitor and assess the quay
walls and bridges and maintain a safe and accessible inner-city, Jaeger (2020). This program raised more
awareness to the need for more information about the soil, foundations, and the entire quay structure,
which can give insight into the current state of the quay walls and the amount of load it can manage.

According to the municipality of Amsterdam and the TU Delft, the insight into historic quay wall failure
mechanisms is still limited. Some failure mechanisms start with tilting and horizontal movement of the
masonry quay wall, which could therefore be recognized before the full failure occurs. This horizontal
displacement and tilt/inclination (both terms will be used as synonyms in this research) can already be seen
in some quay walls, figure 1.1. It is still unclear how much inclination occurs during various failure
mechanisms of these inner-city quay walls. Therefore, monitoring could be helpful. Current inclination
measurements are available but it is uncertain what should be done with this data and if/how it can be
linked to failure. By means of a combination between active monitoring and numerical modelling it could
be possible to examine which monitoring signs give insight into different failure mechanisms of quay walls,
including the tilting of the wall.

1



1.2. Research objective and questions 1. Introduction

(a) Extensive horizontal displacement of the quay wall at the Prinsengracht (b) Forward tilt of the quay wall at the Singel, Althen Sensors

(c) Collapsed quay wall at Grimburgwal, (Korff et al., 2022)

Figure 1.1: Critical state of quay walls in Amsterdam

In the majority of the known failure mechanisms, inclination of the quay wall should be seen, which can
be monitored. To monitor this inclination in a cheap, innovative, and effective way, SmartBrick is developed
by Althen Sensors and Controls. SmartBrick is a new IoT-sensor for affordable, precise monitoring for civil
infrastructure. In this application, it monitors the inclination and other physical parameters of the quay
walls daily, in order to describe the state of quay walls and detect early, potential failure mechanisms in
combination with numerical studies. The concept of SmartBrick currently has to be validated before it can
be used on a large scale. This gives potential for a two-way validation for both SmartBrick and numerical
models done by means of finite element simulations.

1.2. Research objective and questions
The objective of this thesis is to gain insight into the behaviour of the historic quay walls and the tilting they
experience in the center of Amsterdam. Could the amount of tilt and the corresponding horizontal
displacement of the wall be an indication for possible failure mechanisms? For the SmartBrick monitoring
data it is necessary to gain insight into the value of this inclination sensing to give insight into the current
state of the quay wall, to predict more unstable quay walls in the area of Amsterdam, so that quick
precautionary measures can be taken.
(Note: both the word tilt and inclination are used to describe the angle of the masonry wall)

This divides the project into two sub-questions related to the main question. The first part aims to answer
the numerical modelling elements for quay walls and the second parts discusses the added value of
inclination monitoring. From this objective the following main research question is defined:
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What is the relationship between the tilt of the masonry quay wall and the state of the quay wall structure
approaching failure?

To answer this main research question, the following sub-questions are discussed:

1. How can the link between quay wall tilt and failure mechanisms be predicted in finite element
modelling as seen in Amsterdam’s city center?

• What are typical quay wall geometries in Amsterdam that are sensitive to wall inclination?

• What is the displacement pattern of the front quay wall before failure?

2. To what extent is inclination monitoring using SmartBrick able to give insight and recommendations
to predict the state of the quay wall?

• How should the finite element model results be interpreted as a tool to proof the concept of
inclination sensing in SmartBrick as an indication for further inspection?

• What is the uncertainty of inclination monitoring with SmartBrick?

1.3. Research method
In this study the finite element software PLAXIS 2D will be used for the numerical simulations. The
SmartBrick monitoring data is used at Althen using their expertise and online dashboard. The PLAXIS 2D
simulations are based on a sensitivity analysis for typical quay wall geometries, soil information and the
environment in the Amsterdam city center. The quay wall models will be compared with an actual case
study quay wall and available SmartBrick inclination data on existing quay walls. It is valuable for numerical
models to be validated to obtain an accurate representation of the reality, and for the SmartBrick data it is
necessary to gain insight into which failure mechanisms can be accurately measured by the inclination data.
An overview of the research structure and objective is shown in figure 1.2.

Figure 1.2: Objective flow diagram

1.3.1. Scope and Limitations
This study is mainly focused on masonry brick quay walls and soil conditions in the center of Amsterdam,
this is the location where currently the SmartBrick monitoring sensors are placed. The results of this project
will therefore mainly be applicable for masonry gravity walls with a relieving platform and foundation piles.

To perform a numerical analysis, information about the behaviour of the structures needs to be known.
The quay walls consist out of masonry bricks, which react differently to displacement than concrete L-walls.
Other factors that play a role in making a realistic model are knowledge about the geometry of the quay wall
structure, the subsurface and structural properties. Modelling always aims to be as close to reality as
possible but is not feasible to include every detail in practical numerical models projects, therefore some
simplifications and assumptions have to be made about, for example, the material models, material
parameters and the soil-structure interactions (Ma et al., 2006).
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1.3. Research method 1. Introduction

1.3.2. Research flow diagram
The approach to answering the main- and sub-questions is elaborated by the following chapter overview.
The report consists out of four main parts. In the first part the theoretical framework and background
knowledge for quay wall modelling is explained by a literature analysis. Thereafter, the setup of the PLAXIS
2D model with the used soil and structural parameters is elaborated, followed by the methodology for
answering the research questions. Next, the application of the PLAXIS simulations is shown, and the results
of different cases are presented in a sensitivity analysis for both the monitoring data and PLAXIS data. An
extra model is made regarding a real quay wall, the case study. These results are evaluated based on their
applicability for failure mechanisms in the discussion. In the conclusion, the research questions are
answered related to the problem definition. This thesis lay-out is visualized in a flow diagram, figure 1.3.

Figure 1.3: Research flow diagram
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2
Theoretical Framework For Quay Wall

Modelling

In this chapter the purpose and the theoretical framework for the project is described. This is done by means
of a literature analysis related to the structural and geotechnical elements of quay structures, calculation
methods and monitoring availability.

2.1. Quay walls in Amsterdam’s city center
Amsterdam is famously known for its large, narrow network of canals within the city center contained by their
quay walls. These historic, masonry quay walls can be over one hundred years old and are therefore primarily
build according to past conditions and usage. In the present-day, more vehicles drive through the city center,
large construction machines are located along the canals and heavier storage units are placed in top of the
quay walls. This results in larger surcharge loads on the quay structure.

Additionally, the historic quay foundations are made of wooden elements, such as piles and crossbeams.
These wooden elements can lose their bearing capacity and degrade over a span of one hundred years, due
to varying water levels, rotting, bacteria, overloading and due to negative skin frictions (SBRCURnet, 2012).
As a result of these changes over time, the state of the structural conditions of about two hundred kilometers
of quay walls in Amsterdam is uncertain and needs further research or inspection. This research can be
aimed towards simulations for loads and typical quay dimensions, to predict the state of the quay walls in
real-life.

The quay wall structures in the city center are designed for several key functions. The main function is to
retain the soil and water pressure on both sides of the wall, the retaining function. Additionally, the vertical
surcharge loads, caused by permanent and variable loads such as traffic and storage, should be safely
transferred from the ground level to the subsurface, the supporting, traffic, and storage function.
Furthermore, the ships should be able the moor along the quay wall without causing failure, a mooring
function. Lastly, the historic quay walls play a significant role in conserving the image of the city of
Amsterdam and its monumental value, the surrounding function.

Over the years, four main types of quay walls have been designed to fulfill the mentioned functions of
the quay walls, namely: gravity walls, sheet pile walls, structures with relieving platforms and open berth
quays. An adaptation of these main types is made to distinguish four classes of quay wall structures which
are present in Amsterdam, SBRCURnet (2014). These structures are divided into the following classes:

1. Gravity wall on a shallow foundation.

2. Gravity wall on pile foundations.

3. L-wall on pile foundations.

4. Steel or concrete sheet pile walls.
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The most common and currently most unstable class in Amsterdam is class 2, where the gravity wall
consists out of brick masonry. A typical cross section of this design in Amsterdam is shown in figure 2.1. The
most important parts consist out of:

1. Masonry wall with a capstone

2. Timber foundation piles

3. Timber crossbeam

4. Wooden floor

5. Soil backfill

The more detailed properties and functions of these elements will be further discussed in section 2.5.

Figure 2.1: Typical quay wall in Amsterdam. (Gemeente Amsterdam, 2021c)

2.2. Failure mechanisms for quay walls
The uncertain physical state of the inner-city quay walls can over time lead to the collapse of the structure.
An analysis to which factors correspond to this failure is useful to identify possible failure mechanisms of
quay walls. Knowledge of the types of failure mechanisms will give insight in potential early triggers, which
indicate the start of failure. As an example, in a study about the collapse of the Grimburgwal (Korff et al.,
2022), the local deepening of the canal and the increase in surcharge load due to street renewal caused the
wooden quay piles to break. This gives therefore one of the likely triggers to model for a failure mechanism,
namely the horizontal bending of the piles. The behaviour of these failure indications can be modelled in
simulations and detected using monitoring equipment.

Following the CUR211, the handbook of quay walls (SBRCURnet, 2013), the failure modes for a gravity wall
on piled foundations are distinguished based on geotechnical (GEO), structural (STR) and hydraulic aspects
(HYD). The municipality of Amsterdam has made ten sketches of known failure mechanisms specific for
their typical masonry wall on wooden piles in ’Toetskader Amsterdamse Kademuren’ (Gemeente
Amsterdam, 2021c). A combination of the failure categories according to SBRCURnet (2013) and the
municipality of Amsterdam is listed and shown in figure 2.2, sub listed with elements to check for its
initiation:

1. Exceedance of the geotechnical bearing capacity of the structure (GEO)

• Subsidence of weak soil

2. Horizontal displacement of the masonry wall from the crossbeam (STR)

• Failure of the connection between the crossbeam and the wall

3. Structural failure of the masonry wall (STR)
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4. Structural failure of the timber foundation piles (STR)

• Bending moment or shear force capacity exceeded

• Tension or compression strength exceedance (Van Tilborg, 2016)

• Failure of entire pile rows

5. Tilting of the masonry wall (STR)

• Positive tilt (towards the waterside) of the masonry wall and floor, also in combination with failure
mode ten

6. Exceedance of the general stability (GEO)

• Occurrence of a circular sliding plane

• Soil heave underneath the water, failure of the passive soil wedge (Van Tilborg, 2016)

• Negative tilt (towards the streetside) of the structure

7. Structural failure of the crossbeam (STR)

8. Failure caused by internal erosion or piping (HYD)

9. Structural failure of the floor (STR)

10. Horizontal displacement of the masonry wall and failure of the soil due to lateral pressures (GEO)

• Extensive horizontal displacement of the floor and the masonry wall (negative displacement is
towards the waterside)

• Extensive deformation of the foundation pile

• In combination with positive tilt, failure mode five

Figure 2.2: Cross-sections of typical failure mechanisms in Amsterdam. (Gemeente Amsterdam, 2021c)

In reality, multiple failure mechanisms can be active at the same time for quay wall failure. Within the
framework of this project in the center of Amsterdam, a selection is made out of the ten failure mechanisms.
This is done to select only the ones which are most critical to occur according to past failure reports (Kuiper
et al., 2020) and are expected to experience tilt of the masonry wall as failure indication. These mechanisms
are labeled with a green circle in figure 2.2 and will be analyzed through monitoring and numerical modelling
in this project. Based on initial site inspections and research, van Hulten (2021), the selected failure modes
are accompanied by horizontal movement of the structure towards the water side due lateral forces caused
by the soil pressures.
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This selection is chosen because of their relationship between failure and inclination of the wall (which
can be monitored by inclination sensing), the feasibility to model the mechanism in PLAXIS 2D and current
available calculation/monitoring methods to evaluate the state of these elements (which is not available for
floor and retaining screen failure and for the connection between the pile and the crossbeam).

Due to the surcharge load increase over the last one hundred years in Amsterdam, more quay wall failure has
occurred. Therefore, it is expected that the quay wall structure is not always able to redistribute the increase
in vertical load on the surface in a safe way, namely the resulting lateral forces and axial forces. Depending
on the geometry and material properties of the quay wall structure and the soil conditions, this surcharge
load will be an important driving force for movement and inclination in the failure mechanisms. The other
important time-dependent driving factor is the degradation of the timber elements. This can be simulated
by a change in pile diameter and strength, giving larger deformations. The methodology for creating the
triggers in activating a failure mechanism resulting in tilt of the wall is further discussed in section 4.

2.3. Calculation methods for quay walls
The theoretical behaviour of quay walls can be calculated using several methods with relation to the
soil-structure interaction. The three main methods; analytical models, spring models and finite element
modelling, are described in this section. Within the framework of this project, finite element modelling in
PLAXIS 2D will be used.

2.3.1. Analytical model
The most used analytical model for retaining walls is the method of Blum (Blum, 1931). Blum uses the concept
related to the beam theory, schematizing a retaining wall and surrounding soil. This gives a statically defined
system and a calculation method which assumes equilibrium around the retaining wall.

The equilibrium of the retaining wall is defined by the straight failure surfaces of the active and passive
zones. In the active zones the retaining wall is being pushed by the soil, and in the passive zones the soil is
pushed by the structure. The acting earth pressures of both these zones are determined by Coulomb’s
theory. Displacement and deflection of the wall is governed by the lateral active and passive earth pressure
distribution, which results in a bending moment distribution or rotation around the toe. Based on this
distribution the minimum depth of soil penetration can be calculated to ensure a stable structure.

The advantages of using Blum’s method is that it is easy to use, and it has been validated during 70 years
of usage. It is a good method to understand the mechanics of the retaining wall and to perform fast, simple
initial calculations to give a rough estimation of the penetration depth. Its disadvantages are that it does not
give realistic or accurate predictions of the displacement and deformations. The effect of the construction
phases is not taken into account and there is no solution for more than two anchors. Therefore, it is not
typically used for the final design. With the use of more sophisticated calculation methods, more factors
could be taken into account and the designs can be further optimized.

2.3.2. Spring models
Spring supported beam methods are mainly used for simple quay walls. The model describes the soil
behaviour by uncoupled (non)-linear springs. As such, piles are modelled as beams on springs, according to
Winkler spring models (Hetényi and Hetbenyi, 1946). These models are based on the following formula:

E I d 4w

d x4 +k(x, w)∗w = f (x)

This formula relates the lateral deflection and position of the structure to the beam rigidity (bending
stiffness), the elastic foundation or soil response (modulus of subgrade reaction and spring supports (earth
springs and elastic anchors)) and external loads.

A schematization is depicted in figure 2.3. Non-linear behaviour and heterogeneous soil are modelled
using the p-y curve. In this curve, p is the soil reaction per unit length and y is the pile-soil displacement.
Each spring has its own p-y curve which depends on the soil properties, depth, and pile dimensions, Hemel
et al. (2022).
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(a) Soil-Spring graph

(b) Schematized spring calculation model. (Korff et al., 2021)

Figure 2.3: Spring model

The main advantages (SBRCURnet, 2013) using this method are shorter calculation times, a simple
interface, well adjustable for draft designs, a fully incorporated safety approach, clear soil schematization
and easily verifiable results. Moreover, it is possible to include the building phases of the structure, include
multiple anchors, give the normal forces in the retaining wall and it shows a more realistic relation between
the soil reaction and the pile displacement, EAU (2004). The disadvantages related to quay walls are that the
method provides only a rough estimate of deformations, no surface deformation and no displacements
included behind the wall, the impact of inclined surfaces and walls is overestimated or not included, only
the soil-structure interaction of the front wall can be covered, undrained behaviour is usually not included,
and the severe soil simplifications may give large differences in results.

2.3.3. Finite Element Modelling (FEM)
With 2D finite element modelling, more complex, coupled geometries can be modelled. It is used to
investigate the combination of soil stress/strain distribution and structural elements. In the context of quay
structures, it is primarily done for quay walls with relieving platforms. This method integrates complex
pile-soil interaction, advanced soil behaviour, structural elements, and the stress history during installation
in one model.

The soil is described by the equilibrium of the stress-strain-deformation relationship and forces, in a
system of partial and ordinary differential equations. The deformation in structural elements, such as the
wooden elements in a quay structure, are expressed by equations concerning their bending behaviour and
axial and lateral forces. In the interface between the soil and the structural elements, the sliding behaviour
can be defined. All these equations are connected, which creates a system of equations with unknown node
displacement. This can be solved numerically which results in the displacement field, the stress envelope in
the soil, and the bending moments and forces in the structural elements, Korff (2018).

A widely used finite element software for solving these sets of equations in geotechnical applications is
PLAXIS (2D/3D). Using such software, it is therefore possible to calculate deformations and stresses in both
the structural elements and geotechnical sections to solve for the global stability of the structure and soil
mass.

The finite elements typically consist out of triangles or rectangles connected by corner nodes, dividing
the soil mass in small sections called elements. Together, these elements create a mesh which represents the
soil. The displacement of the nodes with respect to each other describes the stress/strain situation inside an
element, based on the material properties. The behaviour of the soil is non-linear and can be described by
choosing between constitutive models, which each define a set of soil parameters, section 3.
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The results of the simulations are effected by the geometry and dimensions of the soil/structure model,
the schematization of the construction stages, the constitutive models with its soil parameters and the
magnitude and discretization of the mesh. A finer mesh usually gives more accurate results; however, this
implies a longer calculation time.

The main advantages (SBRCURnet, 2013) by using this method are its fundamental approach, no geometry
limitations, extensive soil-structure interactions of all elements, consolidation analysis, undrained/drained
soil behaviour and deformation behind and in front of the retaining walls. Moreover, it is able to analyze
geotechnical failure mechanisms, sectional forces in structural elements and global stability and
deformations of a quay wall, Korff (2018). The results from finite element modelling are reliable and show
accurate deformations of soil and the effects on piles and all stability verifications are performed in one
calculation.

The disadvantages consist mainly of needing higher knowledge of the soil behaviour and verification
methods and the incorporation of safety approaches is less straightforward. Also, the computation time can
be long if a fine mesh, with high accuracy is adapted. Therefore, an optimal mesh size for the needed
accuracy should be determined.

When comparing a PLAXIS finite element model with analytic calculation methods such as Blum (1931),
bending moments and anchor forces are typically more overestimated with these analytical methods. This is
due to Blum not taking the vertical arching into account and it neglects the structural rigidity of the wall and
the backfilling of the soil, Roubos (2019).

The advantage of using PLAXIS 2D is that the soil displacement around the masonry wall,
crossbeams/floors and the foundation piles can be calculated during the multiple construction phases of
the quay structure. These objects are sensitive to the soil deformation and can be linked to the tilt of the
masonry wall, which is calculated from the results, (Mourillon et al., 2017).

2.3.3.1. Embedded beam row
Using FEM in PLAXIS allows the timber foundation piles to be modelled as embedded beam rows. The
embedded beam row interaction in PLAXIS 2D has been developed to model a more realistic pile-soil
interaction compared to other methods such as plates or node-to-node anchors. It combines the advantages
of these traditional methods by separating the pile from the soil. This allows for soil movement along and in
between the pile rows and the addition of lateral soil properties, these are not simulated in node-to-node
anchors. The piles are modelled as rows by using spacing factors. Embedded beam rows can only be solved
with finite elements software due to their high degree of freedom.

This beam element describes infinite, equally spaced embedded pile rows out-of-plane on top of the 2D
mesh, creating a 2.5D model. This means that the embedded beam is connected to the mesh but not present
in the mesh. Therefore, the embedded beam rows create a simplified method to take the 3D stress state and
deformation around piles into account. According to Sluis et al. (2013) and Bentley (2022), the horizontal
forces along the shaft of the pile are more realistic than at the top of the pile.

In PLAXIS, the embedded beam rows create both a geometry line and the embedded pile itself. The mesh
elements are generated around the geometry line, duplicated, and connected with interface elements. This
connection is represented by horizontal and vertical springs to interact with the soil, as presented in figure
2.4. Pile properties can be assigned to these beams and springs, such as the stiffness, diameter, base
capacity, and axial/lateral resistance values. The simulated deformation behaviour between the soil and the
pile is described by the interaction between the pile stiffness, soil stiffness and the interface stiffness, Sluis
et al. (2013).
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Figure 2.4: Schematization of the Embedded Beam Model. (Sluis et al., 2013)

2.4. Geotechnical site conditions in the inner-city of Amsterdam
This section describes the typical soil profile, water levels and surcharge load by use of available
geotechnical measurements.

The most probable lithology classes underneath the city center of Amsterdam, according to borehole
information and CPTs in DINOloket (2022a), is shown in figure 2.5 and 2.6 respectively. From this
cross-section and CPT can be seen that the top part of the subsurface consist out of a fill layer, followed by a
peat layer. This fill layer consists out of sand and pavement. Following the peat layer, an alternation between
two clay and two sand layers is present. Based on this data, a simplified soil profile around a quay wall, near
the Ceintuurbaan, is shown in figure 2.6, with the Dutch names of the layers. The detailed soil profile and
parameters used for modelling is given in chapter 4.

For historic buildings and quay walls in Amsterdam, it was typical to drive the piled foundation into the first
sand layer around NAP -10 meters. For modern buildings, the second sand layer, starting around NAP -20
meters is used for the piled foundations, de Gans (2011). The water level in the canals is typically NAP -0.40
meters, according to the ’Toetskader Amsterdamse Kademuren (TAK)’ (Gemeente Amsterdam, 2021c). The
canal depth can vary for each quay wall group, but it is usually around NAP -2.4 meters with a 1:2 slope
towards the landside.

Figure 2.5: Subsurface cross-section in the center of Amsterdam. (DINOloket, 2022b)
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(a) CPT results within the inner-city of Amsterdam, CPT000000181452.
(DINOloket, 2022a)

(b) Simplified soil model based on the CPT and cross-section.
(Frankenmolen, 2006)

Figure 2.6: Soil lithology in Amsterdam

2.4.1. Surcharge loads
Since a quay wall is constructed near existing infrastructure, multiple surface loads on top of and near a
quay wall can be present. These surcharge loads can be divided into permanent loads and variable loads.
Permanent loads are the self-weight of the quay wall, ground/water loads and parking/storage loads. Variable
loads could be the traffic loads and wind/tree loads, Voortman (2021).

A representative value for permanent loads (storage and parking) and variable loads (traffic loads) is
between the 5-10 kPa and 10-20 kPa respectively, according to CUR166 (CURNET, 2008) and the TAK
(Gemeente Amsterdam, 2021c).

2.5. Structural elements of masonry quay walls
The most critical structural elements and their function in the quay structures are discussed in this section.
These elements of the structure can be divided into timber foundation elements and the brick masonry wall.

2.5.1. Masonry wall
The masonry wall consists out of stacked bricks held together by mortar. It is the most clearly visible part
of the quay wall structure and will therefore give the first indication about the state of the entire structure.
The main function is to retain the water and soil on both sides. Additionally, it has a structural bearing and
aesthetical function, SBRCURnet (2012). The bricks typically do not degrade as much as the timber elements
in the structure, but they do show more brittle behaviour. Therefore, cracks such as dilation joints can be
observed over time, which result in a lack of cohesion. In the longitudinal direction, the masonry wall carries
most of its own weight due to arching effects, Sas (2006). The weight of the wall is transferred through the
floor and crossbeam to the foundation piles.

2.5.2. Wooden elements
The other elements of the quay wall structure are made out of wood which are most of the time fully
submerged. The crossbeam (kesp) provides the connection between the piles and the rest of the structure
and creates an even distribution of the forces, Sas (2006). Moreover, it gives stability during the construction
phases.

The wooden foundation piles support the crossbeam and provide geotechnical bearing capacity. These
piles are in longitudinal rows with a defined center-to-center distance. Usually, the number of piles in a
cross section is between three to four. The piles penetrate the soil through the soil layers into a suitable deep
sand layer to provide the bearing capacity. Depending on the canal depth, the piles are subjected to material
degradation, therefore losing their structural capacity, such as their bending capacity.

The function of the wooden floor is to distribute the weight of the soil and the loads over the crossbeam.
From quay wall inspections the dimensions and state of the floor are most of the time unknown, therefore
this element is not modelled in PLAXIS, within PLAXIS the crossbeam can take over this role. The ’sloof’
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(horizontal beam) in front of the masonry wall gives the wall horizontal constraint, this element has lost a lot
of it structural capacity or is completely gone over the years (Jaeger, 2020), therefore this element is not taken
into account in PLAXIS. If the sloof is present, it would prevent the wall from sliding into the water from the
crossbeam, this can also be simulated by using a friction interface between the wall and the crossbeam.

A wooden scour protection screen is sometimes present after the first pile row or after the last pile row.
From quay wall inspections this screen is often broken, allowing erosion underneath the floor and water
intrusion. Moreover, the properties and connection type between this screen and the floor are uncertain,
which gave reason to not model it in PLAXIS and use an eroded water gap underneath the quay floor.

2.6. Monitoring of quay structures in Amsterdam
This section gives a description of the current ways of monitoring the quay structures in Amsterdam and the
reason for SmartBrick.

In the past, the deformation rate of quay walls has been determined by levelling of markings on the
building facades. Over time (at least two years) this gives a time series with can predict the deformation of
the structure, Venmans et al. (2020)

The municipality of Amsterdam is encouraging innovative techniques to monitor their quay walls to
determine their current state. These innovations are assessed on their robustness, scalability, accuracy,
reliability, convenience, and financial feasibility (Wolfert, 2019). The monitoring methods are used to
evaluate which quay walls should be repaired and to determine the cause of failure. A widely used
monitoring technique currently is tachymetry. With this technique, reference points in the quay structure
are bored and these are measured once a month using infrared light. The data shows the movement and
deformation of the quay wall in the defined x-y-z planes (Jaeger, 2020). These are manual measurements
which require a lot of surveying equipment and are therefore slow and expensive.

One of the new techniques is using satellite images with InSAR data (Permanent Scatterer Interferometric
Synthetic Aperture Radar), SkyGEO (2022). With this technique, large areas can be monitored for quay wall
displacement over an already existing considerable time span, with millimeter accuracy. This technique is
however only capable of measuring the horizontal displacement and settlement of the quay walls. A case
study done by Venmans et al. (2020) showed that the deformation rate of structures using InSAR
measurements are significantly higher than measurements using levelling. Moreover, the standard deviation
of this deformation rate is much lower due to the higher number of satellite measurements with respect to
levelling methods.

The purpose of this project is to predict the state of the quay wall by its current inclination. For most
failure modes, it is still uncertain how much inclination of the quay wall occurs. The occurrence of tilting has
been observed in a test location in Overamstel and several quay walls in the inner-city. This quay wall tilt can
be measured in real-life using inclination sensors. Such an inclination sensor is SmartBrick (AlthenSensors,
2022) developed by Althen Sensors and Controls, and is used in this project as an addition to numerical
modelling. SmartBrick is a cost effective, highly scalable, and easy to implement system for quay and bridge
monitoring. An example of two SmartBricks installed on an unstable quay wall is shown in figure 2.7.

By allowing improved monitoring measurements, more insight into the quay wall limits can be set. These
limits can indicate when the displacement or inclination is too much, so that safety measures have to be
taken. These measures could be the closure of parking spots or traffic, removal of trees, placing an emergency
structure and quay wall renewal. This means that better risk analyses can be performed, giving an overview
of the unwanted events and their probability.

Figure 2.7: Installed SmartBricks around a displaced quay wall in Amsterdam
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3
Modelling Methodology - Parameters

Implementation

This chapter gives an overview of both the geotechnical and structural best estimate parameters needed to
represent the subsurface of Amsterdam and implement them in a PLAXIS model.

3.1. Geotechnical properties
This section discusses and shows the methodology to obtain the needed soil and water properties for the
study. Additionally, it will show the used best estimates parameters that will be applied in the PLAXIS model.

3.1.1. Constitutive model
As has been mentioned in section 2.3.3, the soil behaviour in PLAXIS can be described by various constitutive
models. Such models consider the effect of change in stress state on the soil stiffness. A widely used model is
the Mohr-Coulomb model, which is linear elastic perfectly-plastic. This model is mainly used for a first order
approximation calculation, it does not take different stiffness moduli into account. To consider more moduli
for different soil stress states and stiffness, the Hardening-Soil (HS) model is developed.

In this model the soil stiffness is described more accurately by using different input stiffness parameters
such as E50, Eur and Eoed . In relation to the normal Harding Soil model, two additional parameters, namely
the small-strain shear modulus and the strain level at which the shear modulus has reduced to seventy
percent of the small-strain shear modulus are introduced in the Hardening Soil with small strain stiffness
(HS-small) model, Vakili et al. (2013). Therefore, the HS-small includes increased stiffness at small strains,
which results in more reliable deformations, SBRCURnet (2013). It does however not include creep and
gradual softening during cycling loading. This creep can occur in the wooden foundations and in the soil
since the wall deformations happens over a long time period, giving extra deformations. However, for this
study the creep behaviour has been neglected. The behaviour of creep in the timber foundation has been
analyzed by the work of Spannenburg (2020). Failure in the HS-small model is according to the
Mohr-Coulomb criterion:

τmax = c ′cos(φ′)+psi n(φ′)

Using this model, results in more accurate results, but more knowledge about the conditions is needed.
Stiffness parameters need extensive laboratory tests to be accurately determined. For this project, values are
taken according to available literature in the study area and have been adapted to use in the HS-small model.

Figure 3.1, includes an overview of all the existing material models and their application. From this, it
shows that the HS-small model is a reliable choice for retaining structures such as quay wall modelling. The
HS-small model is useful for a second-order approach of soil behaviour in general and is most suitable for
retaining structures. Compared to the Mohr-Coulomb model (Brinkgreve, 2021), it has better non-linear
formulation of the soil behaviour, distinction between primary loading and unloading, memory of
pre-consolidation stress, and it is well suited for unloading simulations in excavation, such as quay wall
structures. An overview of the model parameters for the HS-small model are presented in 3.1.

14



3.1. Geotechnical properties 3. Modelling Methodology - Parameters Implementation

Figure 3.1: Comparison of different constitutive model applications. (PLAXIS Material Models Manual Bentley (2022))

Table 3.1: Soil parameters for the HSsmall material model. (Brinkgreve, 2019) and (SBRCURnet, 2013)

Parameter symbol Description

Er e f
50 Secant soil stiffness for a reference stress in triaxial test

Er e f
oed Tangent stiffness for a reference stress in oedometer test

Er e f
ur Unloading-reloading stiffness for a reference stress

γ0.7 Shear strain level at which the shear modulus has reduced to seventy percent compared to its small-strain value

Gr e f
0 Shear stiffness at small strains

m Rate of stress dependency in stiffness behaviour
vur Poisson’s ratio in unloading/reloading
c’ Effective cohesion
φ′ Effective friction angle
ψ Dilatancy angle
γsat Saturated soil weight
γunsat Unsaturated soil weight
Ri nt Interface strength ratio

3.1.2. Soil profile
Typical soil profiles for Amsterdam haves been elaborated in section 2.4. The subsurface near the
Rechtboomsloot in Amsterdam, shows the most similarities for the general subsurface of Amsterdam.
Therefore, this soil profile is taken as a reference (De Boer et al., 2022) and it has been adapted using
parameters and layers from Frankenmolen (2006), figure 3.2. An overview of the relevant soil parameters
corresponding to the HS-Small material model are given in table 3.2. The values of these soil parameters
have been adapted from a study along the Noord-Zuidlijn in Amsterdam, Frankenmolen (2006), with help
from Arcadis (De Boer et al., 2022) and with reference to table 2b in NEN9997 with general geotechnical soil
parameters, appendix figure C.1.
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Figure 3.2: PLAXIS soil profile

Table 3.2: General soil parameters for Amsterdam

Layer Top [m NAP] γd [kN/m3] γw [kN/m3] c’ [kN /m2] φ′[◦] Er e f
50 [kN /m2] Er e f

oed [kN /m2] Er e f
ur [kN /m2] γ0.7 [-] Gr e f

0 [kN /m2]
Pavement 1.25 18 20 0.5 32.5 20000 20000 60000 0.0001 89500
Deposited sand (backfill) 0.75 17 19 1 30 17134 15000 50000 0.0001 81000
Clay fill -1.40 13.9 13.9 7.1 20 4284 2200 15000 0.0002 15000
Dutch peat -2.10 10.5 10.5 3.6 18 2000 1085 7000 0.0002 7000
Old sea clay (Clay deposit) -5.00 16.5 16.5 5 26 7500 3780 20000 0.0002 47000
Wad sand (Clayey sand) -6.70 17.9 17.9 1.4 27 10000 5890 25000 0.0001 53500
Hydrobia clay (Sandy clay) -8.90 15.2 15.2 5.7 27 5000 2850 10000 0.0002 33000
First sand layer -12.30 16.6 19.7 0.1 33 35000 20000 100000 0.0001 121500

3.1.3. Ground and water level
The surface level near the inner-city canals of Amsterdam should be determined using average values in
’Actueel Hoogtebestand Nederland’ (AHN, 2019). The water level in the canals is −0.4 meters below NAP,
according to the TAK (Gemeente Amsterdam, 2021c). The groundwater level is around −0.35 meters below
NAP and the phreatic groundwater height of the first sand layer is between the −2.0mN AP and −2.5mN AP ,
this is estimated using groundwater monitoring wells, figure 3.3a and a contour map of the phreatic height in
the first sand layer, figure 3.3b. The depth of the canals in Amsterdam is on average between the −2.4mN AP
and −3.0mN AP .

(a) Typical groundwater monitoring well in Amsterdam, Waternet (2022)

(b) Contour lines of the phreatic groundwater level of the first
sand layer in Amsterdam, Waternet (2005)

Figure 3.3: Groundwater levels in Amsterdam
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3.2. Structural properties
This section describes the material properties and the implementation into PLAXIS of the elements that have
been used for the quay wall base model. The structural elements consist out of the masonry wall, the wooden
crossbeam and wooden foundation piles, the floor/pile connection, and the interfaces. The properties of
the elements have been compared with a study done concerning the Grimburgwal (Korff et al., 2022), the
Overamstel (Kuiper et al., 2020), the project of Voortman (2021) and with Arcadis (De Boer et al., 2022).

3.2.1. Masonry Wall
The masonry wall is modelled as a linear elastic soil polygon with non-porous characteristics, its properties
are shown in table 3.3. It is a gravity wall on piled foundations with the crossbeam acting as relieving
platform. A typical height is chosen according to the average surface level and archive drawings (Gemeente
Amsterdam, 1902). The corresponding thickness is estimated using the rule of thumb values provided in the
TAK (Gemeente Amsterdam, 2021c) which depends on the surface level and the wall height.

Table 3.3: Parameters for the masonry wall

γd [kN/m3] Stiffness (Em) [kN /m2] Height [m] Thickness [m] Poisson’s ratio (v) [-] Material type Drainage type

20.0 8.0∗106 2.35 0.8 0.2 Linear elastic (Mohr coulomb for tension cut-off interface) Non-porous

3.2.2. Wooden Crossbeam (Kesp)
The crossbeam is modelled as an elastic plate. The properties are shown in table 3.4. The plate has been set
to elastic behaviour; this means that the bending moments can exceed the bending capacity while still being
elastic. This is done to reduce to computation time and to see the full conceptual effect of the geotechnical
behaviour and the maximum values before structural failure, a manual check is done to see if the bending
moment is exceeded.

Table 3.4: Parameters for the crossbeam

γ[kN/m2] Stiffness (Em) [kN /m2] Height [m] Width [m] Area [m2] Inertia [m4] Poisson’s ratio (v) [-] Material type Wood class

0.187 11.0∗106 0.2 0.22 5.0∗10−2 1.67∗10−2 0.35 Elastic C24

3.2.3. Wooden foundation piles
The wooden foundation piles are modelled as embedded beam rows. For the wooden piles, C24 timber is
applied. This has a bending capacity of 24 N /mm2 with a stiffness of 11000N /mm2. The centre-to-centre
spacing between the piles in the out-of-plane direction is set to 1 meter. Table 3.5 shows the material
properties of the wooden piles. The figure in appendix C.2 shows the typical timber properties for different
wood strengths, these values have been adapted with some modifications in discussion with Arcadis.

The wooden piles do not have a constant diameter over their length, they show a tapered form. Diving
inspections regarding the pile diameter have been performed near the top of the piles. The maximum
bending moment and shear forces along the pile occur above 3/4 of the pile length in the base model
(De Boer et al., 2022). Therefore, an average pile diameter above this depth of the pile length has been
chosen using the pile taper table, figure 3.4, of wooden piles in Amsterdam. For the same reasons as the
wooden plates, the embedded beam rows have also been set to elastic behaviour.

Figure 3.4: Taper progression of wooden piles in Amsterdam. (De Boer et al., 2022)

Table 3.5: Parameters for the wooden piles (Embedded beam rows)

γ[kN/m3] Stiffness (Em) [kN /m2] Diameter [m] Spacing [m] Area [m2] Inertia [m4] Poisson’s ratio (v) [-] Material type Wood class

4.25 11.0∗106 0.221 1.0 3.84∗10−2 1.17∗10−4 0.35 Elastic C24
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3.2.3.1. Axial/Lateral resistance
The axial and lateral skin resistance along the pile length should be defined in the material set. The
deformation of the pile depends on lateral and axial behaviour. This is governed by the resistance of the pile
to the soil. As a result of axial pile deformation, soil settlement and negative skin friction can be triggered
(Korff et al., 2016). Using a multi-linear resistance, a table of skin resistance is made where the shaft capacity
can be related to the strength properties of the surrounding soils over the length of the pile (Wang, 2019).

Within PLAXIS, a multi-linear resistance is opted where the axial skin resistance is calculated using
Koppejan’s method for the part of the pile within the first sand layer. In this equation, the maximum pile
shaft friction is calculated using the pile installation factor (αs ), the cone resistance (qc ) and the area of the
pile tip (At i p ).

psha f t =αs ∗qc ∗ At i p

The lateral resistance is calculated over the length of the pile using Brinch-Hansen’s method for the
ultimate lateral capacity. This is calculated using the earth pressure coefficients (Kq and Kc ), the vertical soil
pressure (σ′

v ) and the cohesion (c).

σp = Kq ∗σ′
v +Kc ∗ c

The detailed calculations, with the intermediate steps, for these methods is shown in appendix C.3, based
on available CPT data. For the base resistance a value of 100kN /pi l e is applied, as recommended by the TAK
(Gemeente Amsterdam, 2021c), this value is usually not reached in the PLAXIS calculations.

3.2.4. Soil-Structure Interfaces
Using interfaces between structures and the soil in the PLAXIS geometry allows to model the soil-structure
interaction. This creates a transition zone which transfers the displacements and forces from the stiff
structure to the weaker or stronger soil. This can be done by using a strength reduction factor for the
adjacent soil or another material. The reduced interface value (Rinter) gives reduced friction (wall frictions)
and interface cohesion (adhesion) compared to the friction angle and the cohesion in the adjacent soil. The
interface is weaker and more flexible than the surrounding soil giving the Rinter a value less than 1.

Interfaces have been placed between:

• The masonry wall and the soil

• The masonry wall and the crossbeam

– This introduces a tension cut-off between the wall and the wooden floor. This means that the wall
is able to tilt freely from the floor, so it is not stuck to the floor.

– Also, to ensure that the wall does not slide of the crossbeam/floor. This represents the wooden
’sloof’.

• The crossbeam and the backfill

• The crossbeam and the clay fill layer

• An extra interface, acting as a fictive soil retaining wall, is placed at the end of the floor. This is done to
improve the mesh and increase the computational behaviour

3.2.5. Pile-crossbeam connection
The connection between the piles and the crossbeam is modelled as an elastic spring, with a spring constant
of 400 kN m/m/rad. This stiffness corresponds to a connection between a fixed connection and a free hinge.
This behaviour is often seen and recommended in quay wall calculations according to the TAK (Gemeente
Amsterdam, 2021c).
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4
Modelling Methodology - Quay Wall Model

Description

4.1. Base model setup
This section gives a visualization of the base model in PLAXIS 2D with all the construction phases, table 4.1
and figure 4.1.

The detailed geometry of the base model in PLAXIS is shown in figure 4.2. The dimensions for this model
are shown in table 4.2. The base model represents a typical cross-section for a quay wall in Amsterdam, this
cross-section is based on the sketches made by the municipality of Amsterdam (figure 2.2) in the TAK
(Gemeente Amsterdam, 2021c), diving inspections (Nebest Duikinspectie B.V., 2021b), Arcadis safety
inspection (De Boer et al., 2022) and a combination of quay wall specifications in archive documents from
the municipality of Amsterdam (Gemeente Amsterdam, 1887) (this includes specifications around, among
others, the RechtBoomsloot street (Gemeente Amsterdam, 1988) and the Singel street in Amsterdam
(Gemeente Amsterdam, 2021a)). Quay walls in Amsterdam have usually around three to four pile rows
underneath the floor. For the base model three pile rows have been chosen to see the impact of the wall tilt
better, since four piles usually give a more stable structure.

Table 4.1: Staged construction phases for the base quay wall model

Phase 0 Initial phase (K0 procedure)
Phase 1 Lowering groundwater table
Phase 2 Excavating of the building pit and canal
Phase 3-4 Installation of the piles, wall, and the crossbeam
Phase 5-6 Final backfill and rising of the (ground)water table
Phase 7 Canal erosion (dredge profile)
Phase 7.5 Degradation of the piles (only for the sensitivity analysis)
Phase 8 Activation of the surcharge loads
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Figure 4.1: Step by step phases in PLAXIS 2D for the base quay wall model

Table 4.2: Base model geometry

Base model
Dimension Value
Wt (Wall thickness) 0.8 [m]
Wh (Wall height) 2.35 [m]
C Bl (Crossbeam length) 3.55 [m]
Z (Canal depth) -2.5 [m]
Pd (Pile diameter) 0.221 [m]
Amount of piles 3 [-]
Pile spacing 1.2 [m]
Surcharge load 20 [kPa]

Figure 4.2: Geometry of the base model in PLAXIS
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4.2. Inclination Sensitivity Setup
This section explains the sensitivity variations with respect to the base model. These geometries are chosen
to simulate potential quay wall failures where high inclination or horizontal displacements occur.

4.2.1. Geometrical analysis
Figure 4.3 gives an overview of the quay structure elements for which certain dimensions can be altered.
From these elements, five sensitivity analyses, table 4.3, have been made which will be modelled in PLAXIS
to compare their impact towards inclination and failure. For each case, the values that are not changed are
kept the same as in the base model, table 4.2. In table 4.3, a description of the cases is also briefly elaborated.

Figure 4.3: Geometry parameters to vary in the analysis

Table 4.3: Concept cases

Conceptual cases
Case Varied dimension Comment
1 Wh (Wall height) Together with the height of the sand backfill (surface level)
2 C Bl (Crossbeam length) Together with the number of piles
3 Z (Canal depth) The slope is kept the same
4 Pd (Pile diameter) Diameter reduction to simulate pile degradation
5 Wt (Wall thickness) To better analyze the tipping over of the wall and the wall height/thickness ratio

4.2.2. Surcharge load
The surcharge load is assumed to be 20 kPa at a distance between 1.5 to 5 meters behind the quay wall. This is
usually the largest surcharge load near the quay wall, which therefore gives a complete picture of the potential
failure mechanisms. This load is activated in the last phase of the construction. Tree loads have been ignored
for this project. They could have an impact due to the wind force on the tree, causing a horizontal force on the
quay wall through the roots. This wind effect is most of the time not that large due to the buildings blocking
the wind. In the quay wall safety study done by Arcadis (De Boer et al., 2022) the tree loads did not have a
significant impact on the wall tilt.
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5
Inclination Sensitivity Analysis

This chapter gives the results of the analysis done with the base model and sensitivity models, to see the
effect of the wall inclination and the relation to the failure mechanisms for each case. This is done by
plotting the wall tilt against the top horizontal displacement of the quay wall and against the surcharge load
development. A positive tilt means an inclination towards to canal. A negative horizontal displacement
means horizontal movement towards the canal. In the discussion, chapter 8, the sensitivity analysis is
compared and the underlying behaviour for the inclination is discussed.

5.1. Base model: Inclination behaviour
The base model is the start model from which all the other cases and applications in PLAXIS are built. It
follows the construction phases and dimensions mentioned in section 4.1.

In figure 5.1, the relation between the wall tilt and the horizontal displacement of the top of the wall is
plotted. After the construction of the quay structure (after rising the water level), the wall already experiences
a small tilt and displacement. During the addition of the surcharge load behind the wall, this tilt linearly
increases together with the horizontal displacement. In figure 5.1 can be seen that for high surface loads, the
tilt and displacement become exponentially more.
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(a) Top wall horizontal displacement against the wall tilt (b) Surcharge load (20 kPa) against the wall tilt

(c) Surcharge load (20 kPa) against the top wall horizontal displacement

Figure 5.1: PLAXIS output for the base model

In the base model, failure of the quay structure is not reached. This means that the displacements are
still stable. In figure 5.2 can be seen that most of the displacement around the quay structure occurs behind
the masonry wall and underneath the floor. The top of the piles shows the largest displacement towards the
canal, which also moves the floor and the masonry wall. The floor/crossbeam bends downward (figure 5.4),
this displacement is the largest underneath the masonry wall, which partially causes the wall to tilt forward,
in addition to the lateral pressure behind the wall.

(a) Total displacement of the soil around the quay wall (b) Total displacement behaviour of the quay wall structure

Figure 5.2: Quay structure displacement during the final phase
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The maximum value of the bending moments (figure 5.3) occur in the sea clay layer, and the minimum
(negative) bending moments at the connection between the piles and the floor. This connection is not
hinged; therefore, a bending moment can accumulate. The bending moment in the piles and in the
crossbeam (figure 5.4) do not exceed their bending capacity, so no structural failure is expected. The more
detailed effect of different connection types is shown in appendix figure A.3.

(a) Bending moment distribution during the final phase (b) Total displacement during the final phase

Figure 5.3: PLAXIS output for the foundation piles

(a) Bending moment distribution during the final phase (b) Total displacement during the final phase

Figure 5.4: PLAXIS output for the crossbeam
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5.2. Geometrical Variations: Inclination behaviour
The results of the analysis by generating a sensitivity cases are given in this section. These plots include the
tilt of the quay wall against the horizontal displacement for multiple loads and geometries. The red points,
lines and values in the tables and graphs show that failure has been reached before or at 20 kPa, which can
indicate that the wall falls over.

The table for each case shows the varied dimension and if for that case the maximum bending capacity
in the pile or crossbeam has been reached before the maximum surcharge load is applied, this point is also
marked for some variations in the load-tilt curves (star-shaped points). The development of this bending
moment in a few piles is shown in appendix figure A.4, where the amount of load active during the
exceedance of the bending capacity is seen. A more detailed effect of the implementation of a maximum
bending capacity (elastoplastic behaviour) is shown in figure A.5 in the appendix

For some of the sensitivity models, the results of noticeable soil and structural behaviour as seen in PLAXIS
2D is presented, which help to understand and explain the inclination behaviour. These are images such as
the displacement and bending stiffness in the piles, floor, and soil body.

5.2.1. Case 1: Wall Height
The masonry wall height is increased together with the height of the soil backfill. The thickness of the wall is
kept the same, resulting in a ratio between the wall height and wall thickness, table 5.1. The results for the
first geometry case are shown in figure 5.5 and 5.6. The development of the bending moments in the piles for
wall height 2.6 meters and 2.9 meters is shown in appendix figure A.4.

Table 5.1: Case 1: Wall height variation

Case 1: Wall height variation
Wh (Wall height) Ratio Wh/Wt Pile Bending capacity reached Crossbeam bending capacity reached
1.0 [m] 1.3 [-] No No
1.6 [m] 2.0 [-] No No
1.95[m] 2.4 [-] No No
2.35 [m] 2.9 [-] No No
2.6 [m] 3.3 [-] Yes No
2.9 [m] 3.6 [-] Yes Yes
3.1 [m] 3.9 [-] Yes Yes
3.2 [m] 4.0 [-] Yes Yes

The relationship between the height of the wall and the maximum wall tilt (figure 5.5) shows that by
setting a height closer to failure, the tilt becomes exponentially more until the wall falls over or the entire
quay structure collapses. The behaviour between the wall tilt and the wall displacement is linear for all
height variations, figure 5.6. Most of this tilt is activated during the loading phase. For a wall height reaching
its maximum height before failure, a larger increase in wall tilt per loading step is seen, showing a more
plastic behaviour.

For a wall height of 3.2 meters or a Wh/Wt ratio of 4.0, the PLAXIS model indicated failure. In figure 5.6
only a small part of this curve has been shown. In appendix figure A.6 the entire development of the curve for
a Wh/Wt ratio of 4.0 during failure is shown. These graphs indicate that at a certain surcharge load, the tilt
rapidly increases, and the horizontal displacement approaches a constant value, indicating that the wall falls
over.
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Figure 5.5: Wall height versus wall inclination, also shown as ratio (Wh /Wt ) with the wall thickness of 0.8 meters.

(a) Wall inclination versus the horizontal displacement for different
wall heights

(b) Surcharge load versus the wall tilt for different wall heights.
The star-shaped dots indicate the points when the bending
capacity in the piles is exceeded

Figure 5.6: Inclination output for case 1

5.2.1.1. Crossbeam behaviour
Figure 5.7, shows the scaled-up crossbeam structure deformation for two different wall heights. The
masonry wall typically follows and rotates due to this curvature, causing the wall tilt. In case 1-4, more
vertical deformation in the crossbeam gives more wall tilt. By increasing the vertical load on top of the
crossbeam and by erosion, this vertical displacement increases. This effect is also seen in the other
sensitivity models.
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(a) Crossbeam deformation for a wall height of 2.6 meters (Wh /Wt = 3.3[−]) (b) Crossbeam deformation for a wall height of 2.9 meters (Wh /Wt = 3.6[−])

Figure 5.7: Crossbeam deformation for different quay wall height, in case 1-4, more vertical displacement gives more wall tilt

5.2.2. Case 2: Crossbeam length
This section presents the results of the second geometry case. In this case the crossbeam length is changed
and in doing so, the amount of piles is also increased or decreased, table 5.2 and table 5.3. In the graphs,
green lines/points mean 2 pile rows, black lines/points mean 3 pile rows and orange line/points are 4 pile
rows underneath the floor. A symmetric pile distribution means that the piles have an even distance to each
other and to the front and end of the crossbeam. An asymmetric distribution means that the distance from
the last pile to the end of the crossbeam is different from the distance from the first pile to the start of the
crossbeam, figure 5.8, or the piles are placed at different spacing, so out of balance.

A C Bl /Wt ratio less than 2 also gives an unrealistic quay wall configuration, where the wall is almost as
long as the crossbeam. This would already result in failure during the construction of the quay wall.

Table 5.2: Case 2: Crossbeam length variation symmetric pile distribution below the crossbeam

Case 2: Crossbeam length variation (Symmetric)
C Bl (Crossbeam length) Ratio C Bl /Wt Pile Bending capacity reached Crossbeam bending capacity reached Pile spacing Number of piles
1.85 [m] 2.31 [-] Yes Yes 0.75 [m] 2
2.17 [m] 2.71 [-] Yes Yes 1.03 [m] 2
2.35 [m] 2.94 [-] Yes Yes 1.2 [m] 2
2.95 [m] 3.69 [-] Yes Yes 1.5 [m] 2
3.55 [m] 4.44 [-] No No 1.2 [m] 3
4.75 [m] 5.94 [-] No No 1.2 [m] 4

Table 5.3: Case 2: Crossbeam length variation asymmetric pile distribution below the crossbeam

Case 2: Crossbeam length variation (Asymmetric)
C Bl (Crossbeam length) Ratio C Bl /Wt Pile Bending capacity reached Crossbeam bending capacity reached Number of pile rows Comment
2.65 [m] 3.31 [-] Yes Yes 2 Longer distance between the last pile and end of the crossbeam
2.95 [m] 3.69 [-] Yes Yes 2 Longer distance between the last pile and end of the crossbeam
3.55 [m] 4.44 [-] No No 3 Two piles directly underneath the wall, third pile further away
4.15 [m] 5.19 [-] No No 3 Longer distance between the last pile and end of the crossbeam
3.55 [m] 4.44 [-] No No 4 Extra pile for the base model
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Figure 5.8: Asymmetric distribution of the piles along the crossbeam

Figure 5.9 shows the maximum wall inclination for different crossbeam lengths. A larger crossbeam length
results in more piles and a more stable quay wall. Reaching a C Bl /Wt ratio around 2 rapidly increases the
maximum wall tilt. Any ratio higher than this, gradually and linearly decreases the wall tilt towards a stable
quay structure configuration. For the crossbeams with only two pile rows, the bending capacity in the wooden
elements is already reached before the maximum surcharge load could be added. This would result in failure
of the structure before the predicted wall tilt is reached. An asymmetric distribution of the piles underneath
the floor gives a higher wall tilt for the same ratio’s. Only when more piles are placed directly underneath the
wall, the maximum tilt becomes lower.

Figure 5.10 shows a similar behaviour to case 1 (wall height variation), namely a linear relation between
the wall displacement and wall tilt. Not only is the tilt more for shorter crossbeams with less piles, but also the
horizontal displacement of the wall becomes more. A long crossbeam with four piles shows the most stable
configuration, with only 10 cm of displacement and 0.1 degrees of tilt. For a crossbeam length reaching its
shortest length before an unrealistic configuration is made, a larger increase in wall tilt per loading step is
seen, showing a more plastic behaviour. This tilt increase per loading step is smaller and more constant
compared to the wall height variations.

Figure 5.9: Ratio crossbeam length over wall thickness (0.8 meters) (C Bl /Wt ) against the maximum wall inclination
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(a) Wall inclination versus the horizontal displacement (ux) for
different floor lengths

(b) Surcharge load versus the wall tilt for different floor lengths. The star-shaped
dots indicate the points when the bending capacity in the piles is exceeded

Figure 5.10: Inclination output for case 2

5.2.2.1. Effect of pile rows on the quay wall stability
Figure 5.12 and 5.12 show the scaled-up quay wall structure deformation and the corresponding bending
moment for two different crossbeam lengths. In these graphs can be seen that four pile rows give a more
stable quay wall structure, with less horizontal displacement, wall inclination and less bending moments.
In appendix figure A.2 the effect of the removal of the front pile row is plotted. This increases the wall tilt
significantly, but it gives an unrealistic representation of reality.

(a) Quay wall deformation for a crossbeam length of 2.65 meters (C Bl /Wt = 3.31[−]) (b) Quay wall deformation for a crossbeam length of 4.75 meters (C Bl /Wt = 5.94[−])

Figure 5.11: Deformation of the quay wall with different crossbeam length
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(a) Front pile bending moment for a crossbeam length
of 2.65 meters (C Bl /Wt = 3.31[−])

(b) Front pile bending moment for a crossbeam length
of 4.75 meters (C Bl /Wt = 5.94[−])

Figure 5.12: Front pile bending moment of a quay wall with different crossbeam length

5.2.3. Case 3: Canal Depth
In the third case the depth of the canal is increased. This simulates the time-dependent effect of canal
bottom erosion, table 5.4. The slope from the quay wall towards the bottom of the canal is kept the same in
the variations. This means that for a deeper canal the slope starts more towards the end of the crossbeam,
exposing more piles. Eroding the canal with 1.6 meters gives an increase in wall tilt of 0.243 degrees,
however the exact time span during which this inclination occurs is not known.

Table 5.4: Case 3: Canal depth variation

Case 3: Canal depth variation
Z (Canal Depth) Ratio Z /C Bl Depth increase Pile Bending capacity reached Crossbeam bending capacity reached
-2.4 [m] 0.68 [-] 0 [m] No No
-2.65 [m] 0.75 [-] 0.25 [m] No No
-2.9 [m] 0.82 [-] 0.50 [m] No No
-3.15 [m] 0.89 [-] 0.75 [m] No No
-3.4 [m] 0.96 [-] 1.00 [m] Yes No
-3.55 [m] 1.00 [-] 1.15 [m] Yes No
-3.8 [m] 1.07 [-] 1.40 [m] Yes Yes
-4 [m] 1.13 [-] 1.60 [m] Yes Yes

The relation between the canal depth increase (and therefore also the starting point of the slope) and the
difference in maximum wall tilt for each of the steps, is shown in in figure 5.13. This relation is shown for
erosion happening when the maximum surcharge load is already active and erosion before the addition of
the surcharge load. As seen in the plot, this does not change much in the maximum wall tilt. Typically, an
increase in depth results in more wall tilt. This wall tilt is not as high when reaching failure compared to the
other cases. This means that for observing the wall inclination during erosion, small values can be expected.

Again, linear behaviour between the horizontal displacement of the wall and the wall tilt is predicted in
the PLAXIS model and this tilt exponentially increases during the addition of the surcharge load, as seen in
figure 5.14. For deeper canals, the bending capacities are reached in the piles before the wall reaches its
maximum inclination.
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(a) Ratio canal depth over floor length (3.55 meters) (Z /C Bl ) against the
maximum wall tilt (b) Increase in wall tilt per canal erosion step

Figure 5.13: Inclination output for case 3: Canal Erosion

(a) Top wall horizontal displacement against the wall tilt during the loading phase (b) Surcharge load (20 kPa) against the wall tilt. The star-shaped dots
indicate the points when the bending capacity in the piles is exceeded

Figure 5.14: Inclination output for case 3

In figure 5.15, the increase/decrease of the wall tilt is plotted without any surface load active. These graphs
show that during the erosion phase, the wall only tilts and moves slightly forward. For shallow canals, the wall
tends to tilt slightly towards the street side. This shows that the surcharge load has an important impact on
the final wall displacement.

(a) The canal depth against the inclination difference wall tilt with respect to
the initial depth of -2.4m (b) Top wall horizontal displacement against the maximum wall tilt for several depths

Figure 5.15: Displacements during deepening of the canal for PLAXIS output case 3

31



5.2. Geometrical Variations: Inclination behaviour 5. Inclination Sensitivity Analysis

5.2.3.1. Soil displacement underneath the floor
The effect of the movement of the slope towards the end of the crossbeams is shown in figure 5.16. For a
deeper slope, the amount of soil pushing up along the piles is less, resulting in more forward tilt, more about
this in chapter 8.

(a) Soil deformation along the piles and the crossbeam for a canal depth
of -2.65 meters (Z /C Bl = 0.75[−])

(b) Soil deformation along the piles and the crossbeam for a canal depth of -3.80
meters (Z /C Bl = 1.07[−])

Figure 5.16: Soil deformation along the piles and the crossbeam for different canal depths

5.2.4. Case 4: Pile degradation
The pile degradation is a time-dependent analysis where the pile diameters reduce over time, table 5.5. It
is assumed that the volume of the wooden piles stays the same after degradation, the reduction in diameter
only has an impact on the moment of inertia of the wooden piles. This is because the outer shell of the piles
loses its structural strength, but it does not disappear, it becomes a soft outer shell. It has also been assumed
that the bending capacity for the degraded piles stays constant at 24 kN m/m, therefore no structural failure
is seen in this analysis.

Table 5.5: Case 4: Pile diameter variation

Case 4: Pile degradation (diameter variation)
Pd (Pile diameter) Percentage of original Pd Pile Bending capacity reached Crossbeam bending capacity reached
0.221 [m] 100 [%] No No
0.175 [m] 79 [%] No No
0.150 [m] 68 [%] No No
0.125 [m] 57 [%] No No
0.100 [m] 45 [%] Yes No

Figure 5.17 shows the maximum wall tilt and maximum horizontal displacement for different degradation
percentages. It also shows the difference in wall tilt for each step where the displacement is set to zero after
the final surcharge load. The relation between the degradation and the tilt and displacement is nearly linear
for the first 30% reduction, whereafter a more significant increase in the wall tilt and displacement is seen
towards failure. Degrading the piles to a stable 56% of its original diameter gives an increase in wall tilt of
0.095 degrees and towards failure, when 45% of its diameter is left, an increase in wall tilt of 0.25 degrees is
seen.
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(a) Pile diameter reduction against the maximum wall tilt
(b) Pile diameter reduction against the maximum top wall displacement

(c) Difference in pile diameter reduction steps before adding the load

Figure 5.17: Inclination output case 4: Wall reaction to different pile diameter reductions

The behaviour of the wall tilt during the pile degradation phase, before the addition of the surcharge load,
is shown in figure 5.19. It shows that the pile degradation of all piles has little to no effect on the wall tilt. The
exact time span during which this occurs is not certain. These are very small and hard to measure accurately.
More difference is seen in the horizontal displacement of the wall during the pile degradation, this reaches
values towards the 1-meter displacement.

The linear relationship between the wall tilt and wall displacement is again observed in figure 5.18. The
addition of surcharge load has a more noticeable effect on the horizontal wall displacement than on the wall
tilt and increases exponentially.
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(a) Top wall horizontal displacement against the wall tilt for different pile
diameter reductions (b) Surcharge loads against the wall tilt for different pile diameter reductions

(c) Surcharge loads against the wall horizontal displacement for different pile
diameter reductions

Figure 5.18: Horizontal displacement and tilt behaviour during loading

Figure 5.19: Phase displacement of the wall during the pile degradation phase (before the surcharge load)

5.2.5. Case 5: Wall thickness
In case five, only the thickness of the wall is varied, keeping the same height as the base model. From table 5.6,
it can be seen that no bending capacity is reached. This means that failure happens due to the soil pressures
on the quay wall, so at 0.5 meters thickness or 4.7 Wh/Wt ratio, the wall tips over on its own.

The ratio between the wall height and wall thickness is shown in figure 5.20. These ratio’s approach the
same ratio values towards failure compared to case 1. Decreasing the wall thickness, relates nearly linear to
the increase in wall tilt before failure. At failure, the wall tips over and high inclination values are observed.

34



5.2. Geometrical Variations: Inclination behaviour 5. Inclination Sensitivity Analysis

Table 5.6: Case 5: Wall thickness variation

Case 5: Wall thickness variation
Wt (Wall thickness) Ratio Wh/Wt Pile Bending capacity reached Crossbeam bending capacity reached
1.2 [m] 2.0 [-] No No
1.0 [m] 2.4 [-] No No
0.8 [m] 2.9 [-] No No
0.65 [m] 3.6 [-] No No
0.575 [m] 4.1 [-] No No
0.535 [m] 4.4 [-] No No
0.5 [m] 4.7 [-] No No

Figure 5.20: Wall thickness against the maximum wall tilt, for a wall height of 2.35 meters (Wh /Wt )

Figure 5.21 shows that when the wall reaches failure by increasing the surcharge load, the tilt rapidly
increases in a more plastic way, without much more horizontal displacement. In this case the wall tilt is
more noticeable than the wall displacement. For more stable quay wall configurations, the wall tilt and the
horizontal displacement behave linearly with each other. From figure 5.21a can be seen that by varying the
thickness, the horizontal displacement stays roughly constant at about -0.25 meters. Therefore, the
horizontal displacement of the wall is less sensitive to the wall thickness, compared to the other sensitivity
cases, where a larger change has been noticed in the variations.

(a) Top wall horizontal displacement against the wall tilt for different wall thickness (b) Surcharge load (20 kPa) against the wall tilt for different wall thickness

Figure 5.21: Inclination output for case 5

5.2.5.1. Wall tilting
In figure 5.22 can be seen that a thin wall tips over on top of the crossbeam. It does this without exceeding the
bending capacity in the crossbeam or in the piles. The vertical displacement in the crossbeam is not the main
driving factor for the wall tilt, which is different from the rest of the cases, figure 5.23. This indicates that the
wall independently rotates on top of the crossbeam due to the stress behind the wall, not predominately due
to the vertical deformation of the crossbeam, figure A.8.
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(a) Wall tilt and displacement of a 0.5 meters thick wall (Wh /Wt = 4.7[−]) (b) Wall tilt and displacement of a 1.0 meters thick wall (Wh /Wt = 2.4[−])

Figure 5.22: Wall tilt and displacement for different wall thickness

(a) Crossbeam vertical deformation for a wall thickness of 0.5 meters
(Wh /Wt = 4.7[−])

(b) Wall tilt of a 0.5 meters thick wall (Wh /Wt = 4.7[−])

(c) Crossbeam vertical deformation for a wall thickness of 1.0 meters
(Wh /Wt = 2.4[−])

(d) Wall tilt of a 1.0 meters thick wall (Wh /Wt = 2.4[−])

Figure 5.23: Relation between the crossbeam deformation and the wall tilt. Only in case 5 (wall thickness), for a higher crossbeam vertical
deformation, a lower wall tilt is seen, meaning that the tilt is due to the lateral pressure behind the wall
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5.3. Inclination Sensitivity Conclusions
The following key findings have been gained from the PLAXIS inclination sensitivity analysis in the base
model and the geometrical variations:

• The activation of the surcharge load is the predominate factor in increasing the wall predominately tilt
and top horizontal wall displacement and shows an exponential increase in tilt.

• The relationship between the wall tilt and the top horizontal wall displacement is linear in all
geometrical variations.

• The changes in top horizontal wall displacement are in the order of decimeters, while the wall tilt is
often less than one degree.

• The dimension changes in most sensitivity cases give both a notable change in horizontal displacement
and in wall tilt. Only for the wall thickness, this horizontal displacement stays roughly constant in the
variations and shows more increase in wall tilt.

• In most cases, the bending capacities in the wooden elements are exceeded before the maximum wall
tilt is reached.

• The vertical deformation of the crossbeam plays a key role in the wall tilt.

• By decreasing the wall thickness, the wall tips over on the floor, without exceeding bending capacities
in the wooden elements.

• The canal erosion and pile degradation only show a slight increase in wall inclination towards failure.

• Towards failure, the wall tilt becomes significantly larger compared to stable configurations.

• Manual measurements of the quay wall show that over the full lifespan of the structure, the wall tilt is
five times higher than predicted in the numerical models, further elaborated in chapter 6 and chapter
7.
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6
SmartBrick Application

This chapter describes the workflow for using and applying the SmartBrick data. It discusses how the data
is analyzed, what corrections have to be done to make it usable for actual predictive applications, how it is
presented in a dashboard, and it introduces the location and data for the case study.

6.1. Inclination Monitoring using SmartBrick
This section gives an explanation of the functionality, accuracy, and purpose of SmartBrick, their advantages
and limitations and their relation to this project.

The SmartBrick contains, amongst other things, an inclination sensor with can be glued on the water side
of the masonry quay wall. From that point on it measures the change in tilt of the wall over a specified time
interval. The zero measurement is the tilt of the wall at the time of placement. This initial tilt mainly depends
on the orientation of the individual masonry bricks and is not representative for the entire masonry wall. The
inclination measurements have an accuracy of 0.05 degrees (Althen Sensors and Controls, 2022). This data
is directly and wirelessly sent to the online SmartBrick platform, where an inclination versus time curve is
produced. Currently, it measures four times each day and has a life span of ten years.

In addition, it also measures the temperature of the sensor. Since the measured wall inclination correlates
to the current temperature, this needs to be compensated for, because it could be due to the sensor itself or
natural wall movement due to the temperature. This natural movement can be noticed if one uses a very
high accuracy and high-resolution sensor. An automatic way to compensate for the temperature is still being
developed by Althen. For the time being, a manual compensation can be done by comparing measurement
points with the same temperature.

6.1.1. Amsterdam’s city center SmartBricks
A manual analysis has been done to check the data for inclination change in quay walls over time. This has
been done using the same temperature method to remove the effect of temperature. The first results are
shown in figure 6.1, which gives the monitored quay walls in Amsterdam and their inclination change. These
values can be used to determine a suitable location to make a real-life numerical model of a certain quay wall.
Most of these values have been obtained during 6 months of measuring. Most values of SmartBrick reach the
edge of measuring the background noise, large inclination over time give more accurate results.
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Figure 6.1: Monitored inclination change with SmartBricks

6.1.2. Online Dashboard
The data measured by SmartBrick is sent to the online platform BlockBax. In this platform, a dashboard can
be made to create an overview of the SmartBricks per city area and per canal. The battery, inclination and
the active status are monitored, figure 6.2. For each SmartBrick a ’trigger’ can be set to monitor when the
inclination exceeds the critical value. This means that a warning message is given when too much inclination
is detected, more specific analysis on site is thereafter advised.

The map of Amsterdam with the placed SmartBricks is depicted in figure 6.3. This map shows
SmartBricks with high inclination in red, other warnings in orange, and OK SmartBricks in green. The
SmartBricks have been placed all around Amsterdam to give a complete picture of the potential critical quay
walls. More specific SmartBricks are placed on quay walls where already a large horizontal displacement or
wall tilt is seen, or where cracks are visible on the masonry wall.

(a) Dashboard per city district (b) Dashboard per canal

Figure 6.2: BlockBax monitoring dashboard
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Figure 6.3: Amsterdam area with the placed SmartBricks

6.2. SmartBrick Case Study Data
Based on figure 6.1, a few locations show significant inclination with SmartBrick. The Nieuwe Herengracht,
Singel and the Da Costakade show significant inclination differences over time. To make a relatable
case-study of a quay wall, a location has to be picked which also has a lot of available data regarding its
degradation and geometry, more about this in chapter 7, which provides more information about the
chosen case-study. The Singel canal (SIN0401) has been chosen as case-study quay wall.

On the SIN0401 quay wall, two SmartBricks are placed, figure 6.4. Both bricks are on the historical quay
walls with a masonry gravity wall and a wooden crossbeam and piles. The temperature dependent
inclination data over the past year is shown in figure 6.5 and figure 6.6. From these graphs can be seen that
the temperature is almost inversely proportional to the wall tilt. An increase in temperature gives a more
negative tilt, which means more tilt towards the waterside. This temperature dependence can be caused by
the behaviour of the sensor itself and/or partly due to the natural quay wall movement due to the
temperature.

The temperature compensated inclination change over 4 months is shown in table 6.1. This gives an
indication of the actual inclination change around this area. The canal erosion or pile degradation during
this 4 months is not known, only during one diving inspection data within the last few years. Compared to
available tachymetry data, an average tilt of 0.13 degrees in 7 months is measured. This gives an inclination
rate of 0.019 degrees per month for tachymetry and 0.011 degrees per month for SmartBrick. However, it is
difficult to compare both methods, due to limited data, different measurement frequencies, uncertain
measurement accuracy for tachymetry and tachymetry measures only the horizontal displacement of the
wall. However, high horizontal displacement measured by tachymetry also give high wall inclination values
measured by SmartBrick.

Table 6.1: Wall inclination change over about 4 months

SmartBrick temperature compensated data: SIN0401
SmartBrick Date 1 Date 2 Wall angle 1 [◦] Wall angle 2 [◦] Temperature 1 [C ◦] Temperature 2 [C ◦] Inclination change [◦]
147379 13-Dec 26-March 5.243 5.2 8.5 8.6 0.043
147376 8-Dec 10-April -2.74 -2.704 5.9 5.8 0.036
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Figure 6.4: Location of the two SmartBricks placed on the SIN0401 quay wall

Figure 6.5: Wall tilt and temperature against the time for SmartBrick 147379

Figure 6.6: Wall tilt and temperature against the time for SmartBrick 147376
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7
Case Study: Modelling Setup and Analysis

This chapter describes the results from the case study from a real quay wall in Amsterdam: the Singel quay
wall (SIN0401). This case study will be compared with monitoring data from SmartBrick and with the
sensitivity analysis.

7.1. Case Study Modelling Setup
For the Singel quay wall enough archive data about the specifications, diving inspections and damage analysis
was available to create a representation of the quay wall in PLAXIS. Therefore, quay wall SIN0401 has been
chosen as case study, the location is shown in figure 7.1. Two SmartBricks have been placed on this wall. One
SmartBrick is placed on section B (figure 7.1) and one on section C. The dimensions of this quay wall are
shown in table 7.2, based on figure 7.3 and archive documents. The detailed calculation and the sources of
these values are shown in appendix C.4.

The quay wall has shown visual horizontal displacements of about 15 cm and a wall tilt around 4-5 degrees
at some places, figure 7.2. This visual inspection shows that the quay wall is in critical condition. Therefore, a
retaining structure has been placed since September 2022. The analysis of the quay wall in this project is done
before this retaining structure is placed. The construction phases for implementing the model in PLAXIS are
shown in figure 7.4 and table 7.1.

(a) Location SIN0401, part B consists out of the historic quay wall configuration (b) Satellite image of the study location

Figure 7.1: Location of the canal and quay wall SIN0401 in Amsterdam
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(a) Quay wall horizontal movement and tilt, a tilt between 4-5 degrees
has been observed.

(b) Quay wall horizontal displacement, around 15 cm.

Figure 7.2: Quay wall damage observations, Gemeente Amsterdam (2021b)

.

(a) Expected quay wall geometry according to Gemeente Amsterdam (2021a)

(b) Excepted initial dimensions of the quay wall according to Nebest Duikinspectie
B.V. (2021a)

Figure 7.3: Expected initial geometry of the SIN0401 quay wall

Table 7.1: Staged construction phases for SIN0401

Phase 0 Initial phase (K0 procedure)
Phase 1 Lowering groundwater table
Phase 2 Excavating of the building pit and canal
Phase 3-4 Installation of the piles, wall, and the crossbeam
Phase 5-6 Final backfill and rising of the (ground)water table
Phase 7 Current canal erosion (3D laser scan)
Phase 8 Permanent loads (5 kPa)
Phase 9 Degradation of the pile(s)
Phase 8 Activation of the traffic loads (10 kPa)
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Figure 7.4: PLAXIS geometry of the SIN0401 quay wall, soil model based on a CPT near the quay wall, figure C.6

Table 7.2: SIN0401 geometry

SIN0401
Dimension Value
Wt (Wall thickness) 0.84 [m]
Wh (Wall height) 2.02 [m]
C Bl (Crossbeam length) 3.26 [m]
Z (Canal depth) -2.72 [m]
Pd (Relevant pile diameter) 0.177 [m]
Pdeg r aded (Relevant degraded pile diameter) 0.083 [m]
Street level +0.88 NAP [m]
Water level -0.40 NAP [m]
Amount of piles 4 [-]
Pile spacing 0.74-1.07-1.04 [m]
Pile length 12.05 [m]
Parking load 5 [kPa] over 4 [m]
Traffic load 10 [kPa] over 4.2 [m]

7.1.1. Modelling time dependent factors
During the lifespan of the quay wall, surrounding factors could have been changed over the years. These
are factors such as the water levels, the surcharge loads behind the wall, the degradation of the piles and the
masonry wall and the erosion of the canal bottom. In this case-study, only the effect of the pile degradation
and the deepening of the canal is taken into account as time-dependent factors.

This pile degradation can be done on all the piles (as done in 5.2.4) or by only degrading the front pile row,
figure 7.5. To analyze the degraded pile diameters, a diving inspection has been done (Nebest Duikinspectie
B.V., 2021a), the detailed results are shown in appendix C.4 and figure C.5. A 3D scan of the canal depth has
been done using a multibeam echosounder, figure C.5.

7.1.2. Assumptions
• The volume of the wooden piles stays the same after degradation. The outer shell of the wooden piles

becomes soft and loses its structural strength. Therefore, the reduction in diameter only has an impact
on the moment of inertia of the wooden piles.

• Only the front pile rows have been inspected. It is assumed that all the piles degrade the same. An extra
model is made where only the front pile diameter is reduced, which would cause the wall to tilt more.
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Figure 7.5: Front pile row degradation SIN0401

7.2. PLAXIS inclination behaviour SIN0401
This section analyses the output based on the PLAXIS model of the case study.

Figure 7.6 and figure 7.7 show the development of the wall tilt during the quay wall construction for a
parking load of 5 kPa and a traffic load of 10 kPa. In this case, the pile degradation is compared for all piles
and for only the front pile row. If only the front pile row degrades more wall tilt is seen. An increase in this
parking load to 10 kPa, also increases the total inclination of the quay wall, as shown in appendix figure B.1.

As can be seen, the relation between the wall tilt and the horizontal wall displacement is linear, which
corresponds to the models in the sensitivity analysis.

The structural output images, such as the crossbeam displacement, pile displacement and bending
moments are shown in appendix B.2. The behaviour during the addition of the surface loads, the pile
degradation and canal erosion is in line with the expected behaviour based on the geometry variations in
the sensitivity analysis. An interesting addition is the variable traffic load, which is modelled as undrained.
The traffic load occurs at a further distance from the wall than the parking loads. The accumulation of this
surcharge load at this distance has as consequence that it has a smaller impact on the wall tilt, but a larger
impact on the horizontal wall displacement. This is seen by comparing the green and orange parts of the
curve in figure 7.6.

In the case where only the front pile row degrades, the wall tilt during this phase is 0.047 degrees. This
inclination change is comparable with the inclination change measured by SmartBrick. However, this means
that this pile degradation would have happened within 4 months, which is not expected. Therefore, this
SmartBrick measured inclination is due to other external factors, which have not been modelled in PLAXIS,
section 7.2.1.

(a) Wall tilt against the horizontal top wall displacement for SIN0401 (b) Wall tilt against the horizontal top wall displacement for SIN0401, where only the
front pile row is degraded

Figure 7.6: Inclination graphs for the quay wall: SIN0401

45



7.2. PLAXIS inclination behaviour SIN0401 7. Case Study: Modelling Setup and Analysis

(a) Quay wall displacement after the traffic loads, all piles degrade (b) Quay wall displacement after the traffic loads, only the front pile row degrades

Figure 7.7: Quay wall displacement after the traffic loads: SIN0401

7.2.1. Prescribed pile displacement
The diving inspection has observed significant damage to the wooden crossbeams and piles. The damage in
the wooden crossbeams cause a downward axial force on the piles according to Nebest Duikinspectie B.V.
(2021a). It is not possible to model this effect naturally in PLAXIS, therefore a manual prescribed
displacement is set to see the effect of such an axial displacement on the quay structure, figure 7.8,
representing a settlement due to axial loading of the piles. Figure 7.9 and figure 7.10 show the structural
displacement in the floor and piles. It can be seen that a large downward movement of the crossbeam and
the front pile is initiated underneath the wall. This causes the wall to settle and tilt forward. During this
displacement, the bending moments are exceeded, however this is expected from the visual damage in the
elements.

From manual tilt measurements the inclination of the quay wall is around 5 degrees. This tilt is achievable
by setting a vertical displacement in the front pile of -7.25 cm and a displacement of -2 cm in the second pile,
more about this in chapter 8. In this case, the crossbeam is already broken, the bending capacity is exceeded,
so the effect after the damage (during failure) is simulated. The horizontal displacement is more in line with
the measured displacement in figure 7.2. By introducing a vertical pile displacement larger than -20 cm the
masonry wall will fall over at a tilt of 17 degrees and exceed the bending capacity in the second pile (figure
B.9). In appendix B.3, a prescribed displacement onto the wall is introduced to simulate a potential structural
loss due to cracks in the masonry wall.

(a) Wall tilt against the horizontal top wall displacement for SIN0401
with the prescribed pile displacement

(b) Quay wall displacement with the prescribed pile displacement.

Figure 7.8: Quay wall tilt and displacement with the prescribed pile displacement of -7.25 cm and second pile axial displacement of -2
cm

46



7.3. SmartBrick and Case-Study Conclusions 7. Case Study: Modelling Setup and Analysis

(a) Total vertical crossbeam displacement (b) Total pile displacement

Figure 7.9: Quay wall pile and crossbeam displacement with the prescribed pile displacement of -7.25 cm and second pile axial
displacement of -2 cm

(a) Quay wall displacement with the prescribed pile displacement, close up
indicating the tilt

(b) Total normal stress distribution in underneath the wall, indication the contact area

Figure 7.10: Tilting behaviour of the wall with prescribed pile displacements of -7.25 cm in the front pile and -2 cm in the second pile

7.3. SmartBrick and Case-Study Conclusions
The following key findings have been gained from the case study analysis in PLAXIS and with SmartBrick:

• Horizontal displacement more than 15mm measured by tachymetry also resulted in detectable
indications for wall inclination change measured by SmartBrick. A moving quay wall is often
associated with wall tilt.

• The SmartBrick measurements have only gathered data for 6 months and have to be compensated for
the temperature. This temperature dependence can be caused by the behaviour of the sensor itself and
partly due to the natural quay wall movement due to the temperature.

• The behaviour and relationship between the wall inclination and the horizontal displacement in the
case-study similar to the sensitively analysis.

• The simulated maximum wall tilt is not comparable with the monitored and measured quay wall tilt.
The simulated wall tilt is an order of magnitude smaller than the tilt measured by SmartBrick. The
horizontal displacement is more in line with the visual displacements of the quay wall. The SIN0401
quay wall showed a wall tilt of 5 degrees, while the numerical models only showed less than 1 degree
wall tilt.

• Introducing only a degradation at the front row of piles, increases the maximum wall tilt significantly
more, than by degrading all the piles.
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• Adding a surcharge load further behind the quay wall mainly increases the horizontal wall
displacement.

• Damage in the floor and the piles (seen by diving inspections) may cause the wall to tilt significantly
more than simulated in the PLAXIS model. This can cause axial pile capacity loss and additional vertical
displacements in the piles.

• An addition of a vertical prescribed displacement (representing a settlement due to axial loading of the
piles) in the front pile can represent this damage and approach the measured wall tilt.
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8
Discussion and Limitations

8.1. Evaluation of results
This section evaluates the results regarding the reliability of the numerical models and compares the
indicators for failure with the standard failure mechanisms.

8.1.1. Failure indications from the sensitivity analysis
The sensitivity cases are edited from the initial base model. The base model shows that during the lifespan
of the quay wall, the inclination of the wall predominately comes from the surcharge load on the street-side
of the wall. This load gives an increase in the soil pressure behind the wall, along the wooden piles and the
crossbeam. Therefore, these elements tend to approach instability and reach their structural capacity. In the
base model, these limits have not been reached and the quay wall is stable. Therefore, this behaviour and
the values of tilting are safe. The purpose of the sensitivity analysis is to approach an unstable quay wall
configuration by changing the dimensions and properties of the elements and see what the impact is on the
wall tilt and horizontal displacement. The results of the sensitivity analysis are compared to the failure
mechanisms (figure 2.2). The most important failure mechanisms that have been observed during the
analysis are presented in figure 8.1.

Figure 8.1: Relevant Failure Mechanisms, edited from figure 2.2

8.1.1.1. Case 1 (Wall height) and Case 5 (Wall thickness)
The results regarding the wall height show that an increase in wall height approximates a square root
relationship with the maximum wall tilt. By increasing the wall height, the thickness of the backfill sand also
increases. Together, this gives more downward pressure onto the crossbeam and piles and more lateral
stress behind the wall. This causes the crossbeam to bend underneath the wall, partly initiating the wall
rotation. These high pressures exceed the bending capacity in both the crossbeam and the piles, which will
break. The simulations assume an elastic behaviour in the wooden elements, which allows the piles to keep
bending past their capacity. Introducing a bending limit in the piles, figure A.5, shows that after reaching the
limit, the inclination stays nearly constant, only the horizontal displacement of the wall increases rapidly.
Assuming the elastic behaviour, around a wall height over wall thickness ratio of 4, the quay wall becomes
unstable, and the tilt reaches values more than 1 degree.

By only changing the thickness of the wall (case 5), the pressure on the wooden elements do not exceed
their capacity. The wall tilt is caused predominately as a reaction to the lateral soil pressure on the active
side, causing it to tip over on the crossbeam and showing less settlement due to the deforming crossbeam.
This ratio of wall height over wall thickness reaches 4.5 before failure at a wall tilt higher than 1 degree, which
is roughly similar to case 1. However, these ratio’s are not directly comparable since a wall height increase

49



8.1. Evaluation of results 8. Discussion and Limitations

also adds more sand backfill. The horizontal displacement of the wall is less sensitive to the wall thickness
compared to the other sensitivity cases. Wall thickness is more sensitive to the wall tilt.

The failure mode in case 5, closely resembles to failure mechanism 5 (figure 8.1) and the failure mode in
case 1 corresponds to a combination of failure mechanisms 10 and 1 (figure 8.1).

8.1.1.2. Case 2 (Crossbeam length)
In case 2, the tilt of the wall is approximately inversely proportional to the crossbeam length. The wall
rapidly inclines around a crossbeam length of less than 2 meters (C Bl /Wt < 2.71), towards values higher
than 1 degree and large horizontal displacements. A longer crossbeam length results in a more stable quay
wall configuration, with less displacement and tilt. An important driving factor in these configurations is the
amount of piles present. Longer crossbeams tend to have more pile rows, resulting in a more stable quay
structure. The distribution of these piles underneath the crossbeam has an important impact on the tilt. If
more piles are present directly underneath the wall, the tilt will be less. If the piles are asymmetrically
distributed underneath the floor, the tilt will be more, and the structural limits will be reached.

Typically, a quay wall in Amsterdam has three or four pile rows, where the crossbeam is around 3 meters
(C Bl /Wt = 3.70). Quay walls with only 2 piles rows always resulted in an exceedance of the bending capacity
in both the crossbeam and the piles towards reaching a surcharge load of 20 kPa, no matter the pile spacing.
By setting a limit on the bending capacity, the tilt becomes constant after the limit is reached and the quay
wall only moves more towards the waterside until it reaches failure at a certain surcharge load.

For more than three pile rows, the piles tend to push the front of the crossbeam up in the phase before
loading, this reduces the inclination towards the waterside. Within the PLAXIS models, stability failure has not
been reached while keeping realistic dimensions. A crossbeam length less than 1.85 meters (C Bl /Wt < 2.31)
would already fail during the construction of the wall. Compared to the failure mechanisms, case 2 would be
close to failure mode 4 (figure 8.1), where the wall tilt is a consequence of the failure in piles.

8.1.1.3. Case 3 (Canal depth)
Deepening of the canal corresponds, in this case, also to less soil underneath the floor and more piles
exposed. The relationship between the wall tilt and the canal depth is less apparent than in other cases, but
it follows the expectation that a deeper canal is less stable while keeping the same quay structure geometry.

The soil displacement underneath the floor shows that for a shallow canal, more soil is pushed up than
for a deeper canal. This upward movement also causes the piles to push up against the crossbeam, reducing
its downward bending. Therefore, the wall also tilts less towards the waterside since it reacts with the moving
crossbeam. For a shallow canal depth, this means that the inclination is negative, meaning the wall tilts
towards the street, before the surcharge load is applied, during the erosion phase (figure 5.15). More erosion
of the canal and the slope, causes the wall to tilt more towards the water. However, the tilt during erosion is
very small compared to the total lifespan of the quay wall. Most of the inclination comes during applying the
surcharge load, all variations are stable before this load is applied.

Soil body failure is reached at a depth of -4 meters (Z /C Bl = 1.13[−]) with a surcharge load of 17 kPa ,
where the entire crossbeam is not embedded anymore in the soil. In this case it only reaches a tilt around
0.4 degrees and a horizontal displacement of 47 centimeters. The canal depth does not clearly resemble a
failure mechanism according to figure 8.1 with an indication of inclination. For shallow canals, with the slope
ending at the front of the quay wall, a small indication of failure mechanism 6 (figure 8.1) can be seen, tilting
the wall backwards (figure A.7). Furthermore, it can cause structural failure in the piles according to failure
mechanism 4 (figure 8.1).

8.1.1.4. Case 4 (Pile degradation)
The pile diameter against the tilt behaves nearly linear until failure was reached. The difference in maximum
tilt between each degraded pile diameter is very small, around 0.03 degrees and towards 0.09 degrees when
45% of its original diameter is left. A larger effect is seen in the horizontal displacement of the front wall,
which reaches the most displacement towards the waterside compared to the other cases. A decrease in
diameter, results in a higher horizontal wall displacement, until it reaches failure, around -1 meters. This
horizontal displacement is caused by the lateral forces on the piles, they move horizontally towards the
waterside. Therefore, the piles also cause the crossbeam and masonry wall to move. This reaction is
recognized in failure mechanism 10 (figure 8.1), without showing much wall tilt. A larger effect from the pile
degradation towards the tilt could be that only the front pile degrades, which is analyzed in the case study.
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8.1.2. Comparison between the sensitivity analysis and the case study
The quay wall along the Singel consist out of four pile rows underneath the floor. For this floor length in case
2, usually three piles rows are enough for a stable configuration. As has been seen in case 2, adding an extra
pile underneath the wall will reduce the maximum tilt of the masonry wall to under the 0.18 degrees at 20
kPa. The canal is shallow with a gentle slope, causing only the top of the front two piles to be exposed from
the soil, which will result in less forward tilt, according to case 3. Moreover, the surcharge load is more
realistic for the parking and traffic loads, which only reach 5 kPa next to the wall and 10 kPa on the street.
The traffic load accumulation causes the wall to move horizontally towards the water. The combination of
these factors results in the small wall tilt observed in the PLAXIS model. The inclination difference observed
during the pile degradation phase is similar to the inclination measured by SmartBrick in 4 months, however
it is not expected that this degradation occurs in just 4 months.

From the diving inspection, only the front piles rows could be reached and measured. It is uncertain how
degraded the other pile rows are. For this reason, an additional configuration of SIN0401 was made, where
only the front pile rows has degraded. This causes an increase in the wall tilt, since the front pile moves more
downwards and forward than the rest of the piles, causing the crossbeam with the wall to bend towards the
water.

In reality, a wall tilt around 4-5 degrees had been measured by hand. These values have not been reached
in the case study model or the sensitivity models. The results from the diving inspection reported that the
wooden foundations show signification damages. These damages consist out of cracked and severely
displaced crossbeams and damage to the connection of the pile and the floor. These displaced crossbeams
are reported (Nebest Duikinspectie B.V., 2021a) to compress the first and second foundation pile rows, which
leads to the forward tilting of the quay wall. The cracks in the wooden elements are hard to model in PLAXIS.
However, a prescribed axial displacement in the front two piles is set to simulate and amplify the effect of the
damaged crossbeam and pile in the model (representing a settlement due to axial loading of the piles). To
reach a wall tilt around 5 degrees, a vertical displacement of -7.25 cm in the first pile and a vertical
displacement of the -2 cm in the second pile should be present. This results in a stable PLAXIS configuration
with a settlement of the quay wall at the surface. However, this configuration is made by trail-and-error and
is not a good predictive simulation of the quay wall, for this the actual axial displacement in the piles should
be known.

Within the masonry wall, vertical cracks are also observed together with displacement along the
horizontal axis. The wall is modelled as an uniform, solid soil element in PLAXIS which does not allow it to
deform. As a response, the loss of structural capacity due to cracks in the masonry wall might cause that it
tips over easier due to the lateral forces behind the wall. A simulation of this is made in PLAXIS by adding a
prescribed horizontal displacement of -22 centimeters, causing the wall to rotate independently from the
vertical crossbeam deformation towards a tilt of 5 degrees, B.8.

The SIN0401 quay wall has been chosen because it is currently being renovated due to critical damage to
the wall. The damage in the wooden elements is large and the wall showed significant tilt. Geotechnically
speaking this quay wall is representative for more quay walls in Amsterdam, but from structural point of view
is does not represent all quay walls, it acts as an extreme case.

8.1.3. Comparison between modelling and monitoring
The SmartBrick inclination sensors are only reliable when measuring the change in tilt over time. The initial
tilt value during placement depends on the orientation of the masonry brick it has been placed on, which
could be different for each brick. Therefore, it is not possible to measure the total tilt from the masonry
wall from construction until today, which is something that PLAXIS results indicate. The tilt over time is an
important indicator for the prediction of the quay wall condition. It can predict how much inclination the
wall can still manage based on the past measurements. This time-dependency is not directly modelled in
PLAXIS 2D. Therefore, a direct comparison between SmartBrick and the FEM models would not be possible.

An indirect time-dependency is modelled in PLAXIS by introducing a degradation of the piles, an erosion
of the canal and an increase in the surcharge load. As seen from case 3 (canal erosion), the canal deepening
increases the wall tilt towards the waterside, but very little. The same behaviour is noticed during the pile
degradation. An increase of the surcharge load has the largest effect on the wall inclination. For this reason,
one of the first mitigated measures for quay failure is to close off the parking loads and reduce the amount
of traffic. The inclination differences during the pile degradation steps and the canal erosion steps are in the
same order of magnitude as inclination measured by SmartBrick in 4 months, however it is not expected that
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this degradation and erosion occurs in only 4 months.
Another key phenomenon is the horizontal displacement of the quay wall. In all cases this shows

significant values towards the waterside, where the wall tilt shows small angles. Measuring only the tilt with
SmartBrick gives a linear relation with the horizontal displacement but does not always give the full extent of
the of the quay wall condition. This horizontal displacement could be measured using InSAR or tachymetry.
The inclination monitoring acts as a first order measurement system for failure, if high tilt is noticed, other
methods can be applied for more detail.

The SmartBrick measurements for the SIN0401 quay wall showed a value around 0.040 degrees inclination
over 4 months. Over the full lifespan, this quay wall tilt is five degrees. It is difficult to know where in the
horizontal displacement-tilt graph the SmartBrick has been installed and what the pile conditions are at that
point of placement. This should be known to compare the inclination seen in PLAXIS between those phases.
The SmartBricks in the city center of Amsterdam have only been installed since December 2021, which is too
recent to measure quay walls that have approached failure by tilting.

The purpose of quay wall inclination modelling in PLAXIS was to prove the concept and behaviour of
inclination towards failure in inner-city quay walls, from which SmartBrick could be validated. The
sensitivity cases have shown that wall tilt increases linearly with the top horizontal displacement of the wall
when approaching several failure mechanisms.

8.1.3.1. Additional SmartBrick applications
From the PLAXIS simulations it is shown that the tilt of the quay wall is associated in most cases with the
bending of the crossbeam and the piles. These displacements often reach their structural limit before the wall
falls over during the accumulation of the surcharge load. This indicates that the quay structure is unstable
and can fail according to failure mechanism 4. Therefore, this inclination of, for example, the first wooden
foundation pile could also be monitored to assess the state of the quay wall.

The latest version of SmartBrick has been assessed for underwater connectivity. SmartBrick is able to
measure the tilt up to 1 meters below the water level without using an external antenna. For deeper
measurements, an external antenna can be used. For some quay walls the first pile is exposed from the soil
underneath the floor. Consequently, SmartBrick could then be placed on the wooden pile to measure its
inclination and gain data about the state of the quay wall. However, it is important to know the connection
between the pile and floor, as these are easily damaged. This application could be investigated in further
research.

During the testing phase of SmartBrick, the surcharge load values behind the quay wall have been increased
at a remote location, Overamstel. These surcharge loads are not reached in the inner-city of Amsterdam. In
the city center, there are more houses and variable loads near the quay wall. It could be useful to evaluate
the effect of large trucks passing the quay wall on the wall displacement using the SmartBrick data.

8.1.3.2. SmartBrick and FEM Uncertainty
• The SmartBrick data sensor has to be compensated for the temperature. The raw data shows a near

inversely proportional relationship between the temperature and the wall tilt. Higher temperature
results in more tilt towards the waterside. For this project, a simple manual temperature
compensation has been done, by looking for two or three points with the same temperature over a
certain time period. More advanced algorithms are currently being developed by Althen to
compensate for the temperature more effectively.

• The SmartBrick measures the inclination currently with an accuracy less than 0.05 degrees. This means
that for the SIN0401 quay wall the inclination data approaches the background noise. More reliable
measurements occur at quay walls with more inclination over time.

• During the degradation of the piles and the canal erosion, the wall tilt increases in steps smaller than
0.05 degrees, which makes it difficult to measure the change accurately with SmartBrick.

• From the PLAXIS models can be seen that by applying the surcharge load, the wall inclination change
is simulated well within the 0.05 degrees accuracy of Smartbrick, most inclination changes are larger
than 0.05 degrees.
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• The order of magnitude of the horizontal displacement is higher than for the wall tilt, due to the entire
wall also moving forward. The changes are simulated in centimeters, which therefore require a less
precise monitoring device. For the inclination, a high-resolution sensor should be used.

• A medium mesh size is chosen in the PLAXIS models, with a finer mesh near the crucial elements. This
gives a good balance between the computation time and the accuracy of the results.

• Best estimate values for the soil have been applied in the model. No design approaches or partial factors
have been used, which could make the model more reliable.

8.2. Assumptions and Limitations
During the calculations in the models a number of limitations are observed based on assumptions made.
These are described in the following list:

• The values for the wall tilt and horizontal displacement in the sensitivity cases are based on the
dimensions of the base model. Not every dimension is changed in all the cases. This could mean that
for other quay wall configurations, the maximum tilt before failure could be different. However, the
behaviour should be the same according to the results.

• The maximum tilt is determined from the accumulation of 20 kPa surcharge load, which is reasonably
high for Amsterdam. More representative values for the wall tilt can be found around 10 kPa, which can
be determined from the surcharge load against wall tilt graphs. However, with this load, failure has not
been reached in the cases.

• For the pile degradation, only the moment of inertia is reduced based on the reduction in the diameter.
The surface area is kept constant in the degradation steps, because the soft, outer shell of the wooden
piles is still present, but it has lost its structural value.

• Pile degradation and canal erosion are time-dependent processes, which happens over a long time
period. In the models this degradation/erosion is instantly initiated in the next phase, while in reality
it is more gradual. Also, the effect of creep in the foundations and soil has not been taken into account.

• The representative diameter of the piles has been based on the tapering tables, at a depth of 3/4 of the
pile length. This depth could be different for different soil profiles.

• It has been assumed that the total bending capacity and axial capacity in the piles does not change
during the degradation.

• The wooden elements are assumed to be linear elastic. This has been done to focus more on the total
behaviour in the piles and the wall. In reality the elements reach their structural capacity, after which it
breaks and behaves differently.

• The pile-floor connection resembles a hinge with a stiff spring constant of 400 kNm/m/rad. A looser
connection behaves more as a hinged connection, causing a lower tilt and more horizontal
displacement, figure A.3

• The masonry wall is modelled as a solid element on top of the wooden floor. In reality, the masonry
wall can develop cracking, which may cause it to behave differently in the modelled cases.

• Damage in the wooden foundation and in the masonry wall is hard to model in PLAXIS. Still, these
effects could have a significant impact on the wall tilt, as seen in the case study.

• In the PLAXIS models the geotechnical factors are more accurately modelled than potential structural
factors, which causes differences with reality.

• This analysis is done in 2 dimensions. In 3D, when failure is reached or a pile breaks, the forces can
redistribute over the quay structure, causing the wall to displace or tilt more before the entire structure
eventually fails.

• PLAXIS 2D is more accurate for verification or feasibility calculations, with intact structural elements
and variations in geotechnical factors, such as the soil thickness and amount of piles. Broken structural
elements should be analyzed more in 3D.
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Conclusion

9.1. Research questions
This section gives a summary of the most important findings and relate this to the research questions in order
to give the best advice for quay wall inclination sensing in Amsterdam.

9.1.1. Sub-question 1
How can the link between quay wall tilt and failure mechanisms be predicted in finite element modelling as
seen in Amsterdam’s city center?

To answer this question, five sensitivity models have been made with different geometry configurations and
pile properties. In addition, a case study has been modelled about an actual quay wall in Amsterdam, the
Singel quay wall (SIN0401). The displacement and tilt patterns of the front quay wall are analyzed by these
FEM models towards failure.

• Changing the height of the masonry wall and the thickness of the wall has a clear impact on the wall
tilt. A higher wall, tilts increasingly more when adding surcharge loads. A thinner wall tips-over around
a wall height/thickness ratio of 4.5. Both cases approach a combination of failure mechanism 1, 5 and
10 (figure 2.2).

• The dimension variations in most sensitivity cases give a significant change in horizontal displacement
and in wall tilt. Only for the wall thickness this horizontal displacement stays roughly constant in the
variations and shows more increase in wall tilt.

• The amount of piles underneath the floor has an important impact on the stability and structural
capacity of the structure. Shortening the crossbeam and removing piles underneath the masonry wall
increases the wall tilt. However, high tilt corresponds to an already other activated failure mechanism
where the crossbeam or piles break, failure mechanism 4 (figure 2.2).

• Erosion in the canal can cause the soil underneath the crossbeam to also erode away, exposing the
piles. Shallow canals tend to tilt the quay wall slightly towards the street-side, deeper canals tilt the wall
towards the canal.

• A degradation of all piles underneath the floor, does not result in high wall tilt values. The more
important failure feature is the horizontal displacement of the front wall towards the canal, indicating
failure mode 10 (figure 2.2). Degradation of just the front pile row gives more wall tilt, as seen in the
case study.

• The case study showed that it is important to know the damage of the foundation elements such as the
masonry wall and wooden beams. These damages can cause the foundation piles to move downwards
(representing a settlement due to axial loading of the piles), which therefore activate the tilt in the wall.
However, not all these effects can be modelled correctly in PLAXIS 2D. This could explain why the
monitored wall tilt over the full lifespan of the structure is sometimes five times higher than the 1
degree predicted in the numerical models.
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• The activation of the surcharge load has the largest effect on the wall tilt, causing it to move towards the
canal.

• When reaching failure in the sensitivity analysis, both the wall tilt and the horizontal displacement
increase significantly and show a more plastic behaviour.

Therefore, to answer sub-question 1, to predict the link between failure mechanisms and the wall tilt in
finite element modelling, a sensitivity analysis based on several quay wall geometry variations should be
made. The most sensitive variations towards inclination are the change in the masonry wall height and
thickness, the pile distribution underneath the floor and the addition of a surcharge load directly behind the
masonry wall.

The displacement pattern before reaching failure where the wall falls over or the structure collapses, gives
a linear correlation between the wall tilt and the top horizontal wall displacement. Adding a surcharge load
exponentially increases the wall tilt in unstable quay walls. This relationship is seen in all sensitivity analysis.
The resulting tilt can be explained by the behaviour of all elements in the quay wall in combination with
failure mechanism 4, 5 and 10.

9.1.2. Sub-question 2
To what extent is inclination monitoring using SmartBrick able to give insight and recommendations to
predict the state of the quay wall?

To answer this question, the SmartBrick data is assessed on its feasibility for quay wall tilt in the inner-city of
Amsterdam. Moreover, it is compared to the finite element models to validate the concept of tilting as failure
indication.

• The measurements of the SmartBrick quay wall tilt values are not monitored long enough yet to show
failure. The highest inclination is around 0.5 degrees over 5 months.Pile degradation should occur over
a longer time period.

• In stable quay walls (not approaching failure), the tilt caused by degradation is approximately equal to
the measurement background noise. SmartBrick should be installed on quay walls with visible cracks,
horizontal displacements and/or a subsided street to monitor the inclination rate.

• High inclination values from SmartBrick over time, are predominately caused by the high surcharge
load. This is seen by the effect of surcharge load on the wall tilt in the PLAXIS models. This load should
be reduced as first mitigation measure.

• The time-dependency of monitoring methods is not as effectively feasible in PLAXIS. The moving
quay wall over time is difficult to model PLAXIS. It is not always known what the initial and latest quay
structure conditions are between monitoring measurements. Extra factors such as creep,
consolidation and different loading conditions could also play a key role in this. The exact lifespan of
the quay wall structure with the wood degradation, canal erosion and surface loads are difficult to
determine. For a future prediction, only assumptions can be made based on past inspections, which
are limited. An indirect comparison with pile degradation and erosion steps has to be modelled,
which shows only small wall inclination intervals.

• The SmartBrick senor for quay wall tilt is inversely proportional to the temperature, for which it has to
be compensated.

• A combination of quay wall tilt sensing with SmartBrick and horizontal displacement measuring with
another method (InSAR) could give a more complete picture of potential failure.
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Therefore, to answer sub-question 2, inclination sensing using SmartBrick can give insight into the state
of the quay wall. Due to the linear relationship between the wall tilt and the horizontal displacement during
time-dependent factors such as the degradation of the piles and the erosion of the canal, an increase in wall
tilt also is associated with further displacement until failure, normally measured by other monitoring
methods.

However, the extend of this displacement is difficult to predict by only measuring the wall tilt, a high
accuracy is needed to measure this inclination change. A direct comparison between SmartBrick and FEM
was not possible, but the FEM results can be interpreted to predict the behaviour of the wall reaching failure,
which can be compared to the behaviour seen in SmartBrick. Therefore, inclination monitoring can be used
as an extra first order monitoring technique to locate potential quay wall failures using clear and easy routine
measurements in Amsterdam or potential other cities.

The uncertainty in SmartBrick is due to its measurement precision of 0.05 degrees. The wall inclination
change due to the parking or traffic loads in PLAXIS is well within this accuracy. However, during the pile
degradation, the simulated wall tilt approaches the noise level of SmartBrick. It is advised to respond to the
changes an order of magnitude larger than the 0.05 degrees.

9.1.3. Main question
What is the relationship between the tilt of the masonry quay wall and the state of the quay wall structure
approaching failure?

To answer the main research question, the relationship between the tilt of the masonry wall and the state of
the quay wall structure approaching failure, is that a linear correlation between the wall tilt and the top
horizontal wall displacement is seen approaching failure. By changing the geometry of the quay wall and by
increasing the surcharge load, the wall tilt becomes exponentially larger for more unstable structure
configurations. Therefore, approaching certain failure mechanisms, show that wall tilt in combination with
horizontal displacement is expected. Reaching the maximum tilt values give that the quay wall often is
already failing, due to exceeding bending capacities in the wooden elements. The structural elements in the
quay structure reach their capacity first before the quay wall falls over.

Inclination sensing is a good first order monitoring technique to automatically check the state of the quay
wall. When large tilt is observed, also high horizontal displacements are seen.

Failure where only the masonry wall tilts separately from the crossbeam, does not occur often in the
models. The wall typically moves and rotates due to the vertical deformation in the crossbeam, causing the
tilt. Only with an increase in lateral pressure behind the wall (or a decrease in lateral resistance of the wall),
tipping-over is observed.

9.2. Recommendations
The value of wall tilt monitoring for the assessment of quay wall failure has not been done to a great extent
before. It has been shown that the wall tilt behaves linearly with the horizontal wall displacement.
Therefore, measuring the wall tilt can give insight into the state of the quay wall, which could be used as
additional knowledge in the current ’Programma Bruggen en Kademuren’.

Amsterdam contains a lot of different quay wall configurations, some are concrete L-walls, others are
masonry gravity walls. It is not possible to make one general model which can be applied for Amsterdam.
Using monitoring methods such as SmartBrick, a large amount of walls can be monitored easily, and the
most critical areas can be selected. From this, a detailed numerical verification and future feasibility model
can be made, using available archive data and inspections. This gives information about the amount and the
condition of the piles and the masonry wall dimensions, which gives insight into the expected tilt behaviour.

SmartBrick can be placed on several places on the quay structures, not only the masonry walls, but also the
wooden piles or floors to measure their inclination. These places are often the driving factors for the wall tilt
and the state of the quay wall.

In SmartBrick, a wall inclination change over 0.2 degrees in a week has been set as inspection trigger. This
trigger could be due to the addition of the surcharge load behind the wall or by damage in the structural

56



9.2. Recommendations 9. Conclusion

elements. Further inspection can be done with other monitoring techniques after this trigger is active in
SmartBrick so that preventative measures can be taken.

9.2.1. Future work
• More research towards the geometry and structural properties of the quay wall should be done before

a SmartBrick is installed so that the inclination behaviour towards failure can be predicted more
accurately. For example, the connection types between the floor and the piles can be an important
factor in amount of wall displacement and tilt.

• The inclination changes predicted by PLAXIS are very small, which would need a very sensitive sensor
to measure. In reality, higher wall tilts are measured and observed. Therefore, it is recommended to
do more analysis towards the behaviour of the quay structure over time and the effect of the damaged
structural elements in quay walls, also including creep and partial factors.

• 3D analysis towards the effect of pile failure, crossbeam cracks and masonry wall cracks on the stability
of the quay wall, can improve the tilt behaviour, to be more comparable with SmartBrick. A 2D study
about this is done by Voortman (2021).

• A quay wall reaching a tilt of 1 degree, usually results in quay wall failure based on the numerical
models. It is not certain in which time span this maximum tilt is achieved. It can be useful to do an
additional true time-dependent analysis in PLAXIS or in another software.

• A SmartBrick combination with satellite images can be explored to monitor both the tilt and the
horizontal displacement and is advised for a full safety assessment. By measuring only the tilt, it is
difficult to predict the order of magnitude for the horizontal displacement and the damage in the
foundation.

• Revisiting the SmartBrick data after a few years of monitoring in Amsterdam can be helpful to check
if some quay walls approached failure, and if this data can be compared the sensitively simulations or
with a different model.
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A
Additional Sensitivity Analysis

This appendix gives additional graphs and simulations from the sensitivity analysis to further support the
inclination behaviour described in the main text.

A.1. Base model
The following output images, figure A.1, give more information about the behaviour of the soil and the wall tilt
during the addition of the surcharge load. In Figure A.1a, the effective stress distribution along the interface
between the masonry wall and the crossbeam is shown. It can be seen that due to the tension cut-off, no
tension occurs (compression is negative). This stress distribution shows the area of the wall that is still in
contact with the crossbeam, over which the wall tilts.

In figure A.1b, the development of a shear strain zone behind the wall is depicted. This zone shows a
potential sliding or failure plane of the quay structure during the accumulation of the surcharge load.

(a) Effective stress development near between the wall and the crossbeam,
no tension occurs due to the tension cut-off, meaning the wall tips
over along the shown stress zone

(b) Deviatoric strain along the quay wall structure

Figure A.1: PLAXIS output of the base model for the effective stress and strain

A.1.1. Front pile row removal
In figure A.2 the output is shown when the front pile row is completely removed from the base model. This
situation could represent a broken pile or a failed connection between the pile and the floor. In this phase,
the bending moments in the second and third pile are exceeding their capacities. Therefore, the maximum
wall tilt value is not very representative for the real-life situation. It does show that the front pile row has an
important effect on the amount of tilt of the masonry wall.
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A.2. Pile-floor connection effect A. Additional Sensitivity Analysis

(a) PLAXIS wall displacement plot which shows the inclined masonry wall
(b) Maximum wall tilt against the horizontal wall displacement during the pile row
removal phase and the succeeding loading phase

Figure A.2: PLAXIS output of the base model during the removal of the front pile row

A.2. Pile-floor connection effect
For the connection between the piles and the floor, a hinge connection with a spring constant is used. A
higher value of this spring constant results in a more fixed connection. Figure A.3 shows that changing the
connection to a more hinged connection, it decreases the wall tilt and increases the horizontal displacement.
A more fixed/rigid connection gives higher maximum wall tilt (more bending moments at the tip of the pile)
and lower horizontal wall displacement.

(a) Effect of on the maximum wall tilt for different pile-floor connections (b) Effect of on the maximum wall horizontal displacement for different pile-floor
connections

Figure A.3: Connection type behaviour after the loading phase (20 kPa)

A.3. Elastic behaviour in the piles
The material model in the embedded beam rows is modelled as elastic. In reality there is a maximum and
minimum bending capacity for each pile. This bending capacity for C24 wood is 24 kN m/m. In order to
check if this capacity has been exceeded in the loading phase, the development of the bending moment is
plotted, figure A.4. In these plots can be seen at which surcharge load value the bending capacity is exceeded.
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A.3. Elastic behaviour in the piles A. Additional Sensitivity Analysis

(a) Bending moment development in the front pile during loading,
wall height 2.6 meters

(b) Bending moment development in the front pile during loading,
wall height 2.9 meters

Figure A.4: Elastic bending moment development in the front piles during the surcharge loading phase, case 1. When the amount of
surcharge loads exceeds the bending capacity, the pile breaks

A.3.1. Elastoplastic behaviour in the piles
The material model in the embedded beam rows can also be modelled as elastoplastic. This allows to set the
bending capacity in the piles. This material model has not been used in the analysis since the running time
is very long and only plotting the behaviour until failure is the most useful. Setting the piles to elastoplastic
results in the same linear behaviour between the horizontal displacement and the wall tilt until a certain
surcharge load value, after that, the wall tilt becomes nearly constant, and the wall only displaces horizontally,
figure A.5.

(a) Quay wall behaviour using a bending capacity of 24 kPa in the piles, for a
wall height of 2.6 meters

(b) Quay wall behaviour using a bending capacity of 24 kPa in the piles, for a
crossbeam length of 2.65 meters with two piles

Figure A.5: Inclination and displacement behaviour using elastoplastic behaviour with a bending capacity of 24 kPa in the wooden piles
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A.4. Case 1: Wall Height A. Additional Sensitivity Analysis

A.4. Case 1: Wall Height
In the sensitivity analysis for the wall height, the quay wall fell over at a height of 3.2 meters (or a (Wh/Wt ) ratio
of 4.0). In that section only a small part of that full curve has been shown. In figure A.6 the entire development
of this curve during failure is shown. These graphs indicate that at a certain surcharge load, the tilt rapidly
increases, and the horizontal displacement approaches a constant value, indicating that the wall falls over.

(a) Wall tilt versus the horizontal displacement for a wall height of 3.2 meters,
(Wh /Wt ) ratio of 4.0, indicating failure

(b) Wall tilt versus the surcharge load for a wall height of 3.2 meters, (Wh /Wt ) ratio of
4.0, indicating failure

Figure A.6: Wall tilt development curves for a wall height 3.2 meters, (Wh /Wt ) ratio of 4.0, indicating failure

A.5. Case 3: Canal Depth
During shallow canal depths, the strain development in the soil begins to show a circular sliding plane
exceeding the general stability, this tends to tilt the structure towards the street (negative tilt), figure A.7.

Figure A.7: Incremental deviatoric strain development during loading, canal depth -2.4 meters
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A.6. Case 5: Normal Stress distribution underneath the wall A. Additional Sensitivity Analysis

A.6. Case 5: Normal Stress distribution underneath the wall
By reducing the wall thickness, the wall rotates on the wooden floor, initiating the wall tilt. For a thin wall,
the tilt is high, the wall rotates at the edge of the masonry wall and the compression normal stress is high,
figure A.8. For a thicker wall, this compression zone is wider, more centered underneath the wall and results
in lower normal stresses, which gives less wall tilt.

(a) Smaller stress area, indication of a higher wall rotation around this zone for
a 0.5 meters thin wall

(b) Wider stress area, indication of a lower wall rotation around this zone for 1 meters
thick wall

Figure A.8: Normal effective stress distribution underneath the wall, indicating the wall rotation zone
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B
Additional Case-Study Analysis

This appendix gives additional graphs and simulations from the case-study to further support the inclination
behaviour described in the main text.

B.1. Inclination behaviour case-study SIN0401
Figure B.1 shows the behaviour of the wall tilt and horizontal wall displacement during the construction of
the quay wall. In this case, a higher parking load is applied (10 kPa). This results in more wall tilt during the
accumulation of this parking load and therefore a higher maximum wall inclination after applying the traffic
loads.

(a) Wall tilt against the horizontal top wall displacement for SIN0401
(b) Wall tilt against the horizontal top wall displacement for SIN0401, where only the
front pile is degraded

Figure B.1: Inclination graphs for the quay wall: SIN0401 with a parking load of 10 kPa

B.2. SIN0401 Structural output images
In this section additional output images for the SIN0401 quay wall are presented, these are the bending
moments and displacements in the piles and in the crossbeam.

In figure B.2 the maximum bending moments in the piles are shown after the addition of the traffic load.
It can be seen that for degraded piles the bending moments are lower. The capacity is not exceeded due to
the stable distribution underneath the floor and low surcharge loads.
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B.2. SIN0401 Structural output images B. Additional Case-Study Analysis

(a) Bending moment distribution, all piles degraded (b) Bending moment distribution, only front pile degraded

Figure B.2: Bending moment distribution for SIN0401

In figure B.3a can be seen that the piles all move with the same magnitude left and down, giving a small
tilt in the piles. In figure B.3b can be seen that with one degraded pile, the displacement angle in the piles
is steeper, resulting in more wall inclination. The result of this effect in the piles is seen in figure B.4, in the
crossbeam. A steeper angle of the crossbeam underneath the masonry wall is created when only the front
pile diameter is reduced.

(a) Pile displacement, all piles degraded (b) Pile displacement, only front pile degraded

Figure B.3: Pile displacement for SIN0401

(a) Crossbeam vertical displacement, all piles degraded (b) Crossbeam vertical displacement, only front pile degraded

Figure B.4: Crossbeam vertical displacement for SIN0401
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B.3. SIN0401 Prescribed wall displacement B. Additional Case-Study Analysis

The distribution of the normal stress in the interface between the masonry wall and the crossbeam is
shown in figure B.5. The compressive stress is low compared to the base model and the sensitivity analysis.
Moreover, the stress zone is very wide, almost the entire width of the masonry wall, which indicates that it
does not rotate independently from the crossbeam, and the inclination is mainly due to the bending of this
crossbeam, so low wall tilt values are expected.

(a) Normal stress distribution underneath the wall, all piles degraded (b) Normal stress distribution underneath the wall, only front pile degraded

Figure B.5: Normal stress distribution underneath the wall for SIN0401, indication of the area of rotation, no tension occurs

B.3. SIN0401 Prescribed wall displacement
An extra prescribed wall displacement is introduced in the case-study. In figure B.6, a situation is created
where a horizontal force is pulling at the front of the quay wall or pushing behind the quay wall. This force
could be due to damage in the masonry wall, tree and wind loads or mooring forces. A displacement of -22.5
cm gives a wall tilt around 5 degrees, which is measured in reality. Figure B.8 shows that in this case the wall
rotates freely on the crossbeam.

(a) Wall tilt against the horizontal top wall displacement for SIN0401
with the prescribed wall displacement

(b) Quay wall displacement with the prescribed wall displacement

Figure B.6: Quay wall tilt and displacement with the prescribed wall displacement of -22.5 cm
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B.3. SIN0401 Prescribed wall displacement B. Additional Case-Study Analysis

(a) Total vertical crossbeam displacement (b) Total pile displacement

Figure B.7: Quay wall pile and crossbeam displacement with the prescribed pile displacement of -22.5 cm

(a) Quay wall displacement with the prescribed wall displacement, close-up
indicating the tilt

(b) Total normal stress distribution in underneath the wall, indication the contact area

Figure B.8: Tilting behaviour of the wall with prescribed wall displacement of -22.5 cm, no tension occurs

B.3.1. Prescribed displacement until failure
By adding a vertical displacement of -20 cm in the front pile, the wall tilts towards an angle of 17 degrees. In
figure B.9 can be seen that this creates an unrealistic situation where the wall will fall over. Additionally, the
bending moments in the piles and crossbeam are exceeded. However, this is expected because the
displacement is simulated due to the damage observed in the diving inspections.
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B.3. SIN0401 Prescribed wall displacement B. Additional Case-Study Analysis

(a) Wall displacement (b) Crossbeam bending moments

(c) Pile bending moments

(d) Wall tilt against the horizontal wall displacement

Figure B.9: Prescribed displacement of -20 cm, where the wall will fall over at 17 degrees
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C
Input parameters and calculations

This appendix gives the source of some input parameters and the detailed calculations made for the
implementation into PLAXIS 2D.

C.1. Characteristic soil parameters
Using table 2b from the NEN9997 (figure C.1), the soil parameters are evaluated based on the findings by
Frankenmolen (2006). This table shows the characteristic soil parameters used for geotechnical purposes.

Figure C.1: General soil parameters, table2b NEN9997 (NEN, 2017)
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C.2. Characteristic timber parameters C. Input parameters and calculations

C.2. Characteristic timber parameters
The table in figure C.2, helps to gain insight into the properties for the wooden piles and the wooden
crossbeam, namely their bending capacity, density and young’s modulus.

Figure C.2: Timber material properties. (NEN-EN-1912, 2012)
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C.3. Axial/lateral resistance C. Input parameters and calculations

C.3. Axial/lateral resistance
The calculations for the axial and lateral resistances in the piles are done in Excel, figure C.3, with a template
from Arcadis. This is done for the base model and the case-study. It also calculates the degraded pile diameter
and moment of inertia based on the pile tapering values.

Figure C.3: Excel sheet with axial and lateral resistance calculations, both for the base model and SIN0401
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C.4. SIN0401 geometry calculations C. Input parameters and calculations

C.4. SIN0401 geometry calculations
The detailed geometry values and calculations have been done based on available archive documents and
visual inspections. The calculations are done in Excel and an overview of all the dimensions and the results
from the diving inspections towards the pile diameters is shown in figure C.4.

Figure C.4: Excel sheet with the geometry calculations and values for SIN0401
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C.5. SIN0401 Diving inspections C. Input parameters and calculations

C.5. SIN0401 Diving inspections
The analysis towards the pile degradation is done based on diving inspections and measuring the intact pile
diameter. Figure C.5a, shows a typical result of a degraded pile. In this case, it can be seen that the light green
material is still intact, the dark green part has been degraded. The current underwater canal profile is scanned
using a multibeam echosounder, figure C.5b. This profile is recreated in PLAXIS to make the SIN0401 model.

(a) One of the degraded piles according to the diving inspection of the front
pile of the SIN0401 quay wall

(b) Underwater canal profile, done with a multibeam echosounder

Figure C.5: Diving inspection and 3D point cloud - SIN0401

C.6. SIN0401 CPT
The following CPT is obtained from Dinoloket, near the Singel quay wall. The soil profile obtained from this
CPT almost similar to the soil profile used in the base model. Figure C.6 also shows the depth of the second
sand layer, at 20 meters depth. This layer is not taken into account in the PLAXIS models.

Figure C.6: CPT near SIN0401 (DINOloket, 2022a)
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