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Summary
Six cyclic settlement models for sand are evaluated to analyse the settlement of automatic stacking
crane (ASC) rail tracks at the Rotterdam World Gateway (RWG) container terminal. During Phase 1 of
the RWG container terminal settlement of the rail tracks occurred at multiple locations after the ASCs
became operational. This has repeatedly led to (unplanned) downtime of parts of the RWG container
terminal due to rail track maintenance. Settlements are caused by densification of the sand fill, which
is a result of the cyclic load applied by ASCs moving continuously over their rail tracks.

The aim of this research is to contribute to prevent unplanned downtime in Phase 2 of the RWG con
tainer terminal due to rail track settlements. Also, reliable settlement predictions can be used to de
termine the intensity and extent of the ground compaction that are needed to meet the settlement
requirement of 20 𝑚𝑚 for ASC rail tracks.

The cyclic settlement models, which have been validated to predict the cyclic settlement of rail tracks
and shallow foundations, are obtained from literature. The available soil data include CPT’s, boreholes
and standard laboratory soil testing. In addition, settlements of the ASC rail tracks in Phase 1 had been
measured for a period of almost one year. The cyclic settlement models are evaluated at six different
locations, where the sand is medium to very dense and settlements up to 32𝑚𝑚 have been measured.
The load is modelled as a quasistatic load equivalent to a vertical stress of 60 to 90 𝑘𝑃𝑎 applied to
the ballastsand interface. The model parameters of the cyclic settlement models are determined by
correlation, (FE) modelling of the first load cycle, extrapolation and estimation.

The zone of influence was found to reach around 6 𝑚 below the shallow foundation. Densification of
the sand fill is substantial within the entire zone of influence. The maximum densification was found
not to coincide with the minimum void ratio, it is a variable that depends on the initial state of the sand
and the loading and soil conditions. After order 104 load cycles densification of the sand was found to
become negligible. To meet the settlement requirement for ASC rail tracks the sand fill must consist of
sand layers with a minimum and average relative density of at least 65% and 85%, respectively.

Cyclic settlement increases with the number of load cycles, amplitude of the load and extent of the zone
of influence and decreases with relative density, stiffness of the sand and volumetric threshold strain.
However, correlations used to calibrate the model parameters lead to model predictions that are over
or insensitive to parameters that affect the cyclic settlement. The cyclic settlement predictions of the
terminal density model are most reliable and match best with the settlement measurements, for loose
and medium dense sand the model predictions underestimate the settlement.

Instead of using correlations to obtain the model parameter values and decrease their uncertainty it is
recommended to measure the:

• disturbance of the sand fill underneath the ASC rail tracks due to construction;

• maximum densification of the sand underneath ASC rail tracks in Phase 1 at locations where rail
track settlement has stopped, i.e. where the sand reached its maximum densification;

• model parameters that characterise the cyclic densification behaviour of sand in cyclic soil tests.

This will improve the reliability of the cyclic settlement predictions of ASC rail tracks constructed on a
sand fill. To validate the cyclic settlement models for ASC rail tracks on sand, measurements of the
settlement with depth as function of the number of load cycles are needed.
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Samenvatting
Zes cyclische zakkingsmodellen voor zand zijn geëvalueerd om de zakking van automatic stacking
crane (ASC) rails op de Rotterdam World Gateway (RWG) container terminal te voorspellen. Tijdens
Fase 1 van de RWG container terminal zijn op meerdere plekken rails verzakt nadat de ASCs in bedrijf
werden genomen. Hierdoor moest er (ongepland) onderhoud worden uitgevoerd aan de rails waar
door de container terminal meerdere keren (gedeeltelijk) uit bedrijf is geweest. Zakkingen van de rails
worden veroorzaakt door verdichting van het zandpakket, dit is het resultaat van de cyclische belasting
die wordt uitgeoefend door de continu passerende ASCs.

Doel van dit onderzoek is om (ongepland) onderhoud aan ASC rails in Fase 2 van de RWG container
terminal, veroorzaakt door verzakkingen, te voorkomen. Betrouwbare zakkingsvoorspellingen kunnen
worden gebruikt om de intensiteit en diepte van de grondcompactie te bepalen die moet worden uit
gevoerd om te voldoen aan de zakkingseis van 20 𝑚𝑚 voor ASC rails.

De cyclische zakkingsmodellen zijn afkomstig uit de literatuur en zijn gevalideerd om zakking te voor
spellen van rails of funderingen op staal. De beschikbare gronddata omvat sonderingen, grondborin
gen en data uit standaard geotechnisch laboratorium onderzoek. Daarnaast zijn zakkingen van de ASC
rails in Fase 1 gemeten voor een periode van bijna één jaar. Zes locaties in Fase 1 zijn uitgekozen
om de cyclische zakkingsmodellen te evalueren, het zand is hier matig tot zeer vast gepakt en er zijn
zakkingen gemeten tot 32 𝑚𝑚. De belasting is gemodelleerd als een quasistatische belasting gelijk
aan een verticale spanning tussen 60 en 90 𝑘𝑃𝑎 aangebracht op het grensvlak van het ballastbed en
de zandlaag. De waarden van de model parameters van de cyclische zakkingsmodellen zijn bepaald
door correlatie, (EE) modelleren van de eerste belastingwisseling, extrapolatie en te schatten.

De zone van invloed reikt tot ongeveer 6 𝑚 onder de fundering. De diepte neemt toe met de amplitude
van de belasting en neemt af met de stijfheid van het zand en de drempelwaarde van de schuifrekam
plitude. Verdichting van het zandpakket is aanzienlijk in de hele zone van invloed. Het stopt zodra de
maximale verdichting bereikt is. Het is bepaald dat dit niet overeen komt met het minimum poriënge
tal. Verdichting van het zand na meer dan 104 belastingswisselingen is verwaarloosbaar. Om aan de
zakkingseis voor ASC rails te voldoen moet het zandpakket in de zone van invloed bestaan uit zand
met een minimale en gemiddelde relatieve dichtheid van ten minste 65% en 85%, respectievelijk.

Cyclische zakking neemt toe met het aantal belastingwisselingen, amplitude van de belasting en om
vang van de zone van invloed en neemt af met de relatieve dichtheid, stijfheid van het zand en de drem
pelwaarde van de schuifrekamplitude. De zakkingsvoorspellingen door het ‘terminal density model’ zijn
het betrouwbaarst en corresponderen het best met de zakkingsmetingen, echter voor los en matig
gepakt zand worden de zakkingen onderschat. De correlaties die zijn gebruikt om de waarden van de
model parameters te bepalen zorgen ervoor dat zakkingsvoorspellingen over of ongevoelig worden.

In plaats van gebruik te maken van correlaties om de waarden van model parameters te bepalen en
om de onzekerheid ervan te verminderen wordt aanbevolen om:

• verstoring van het zandpakket onder de ASC rails door de constructiewerkzaamheden te bepalen;

• maximale verdichting van het zand onder de ASC rails te meten op plekken in Fase 1 waar het
zakken van de rails is gestopt, oftewel waar het zand de maximale verdichting heeft bereikt;

• model parameters te meten in cyclische oedometer en triaxiaaltesten.

Dit resulteert in betrouwbaardere zakkingsvoorspellingen van ASC rails geconstrueerd op zand. Om
de cyclische zakkingsmodellen te valideren voor ASC rails op zand moeten zakkingen met de diepte
en het aantal belastingwisselingen gemeten worden.
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1
Introduction

Settlement is the vertical downward movement of the ground. Settlement occurs when for instance a
static load is applied onto the ground, e.g. settlement induced by the weight of an embankment or a
building. Periodically recurring or cyclic loads can also induced settlement, e.g. the settlement under
neath rail tracks induced by train movements. The structure itself and its foundation settle along with
the deformation of the soil. Uneven settlement between two adjacent points is referred to as differential
settlement and it might lead to tilting of a structure. The maximum allowable (differential) settlement
of a structure mainly depends on the type of structure. Eventually, settlements can become too large
and it is no longer possible to (safely) operate the structure. The structure needs to be maintained or
demolished and rebuild, which can lead to high costs. For container terminals also costs of downtime
must be considered, which are especially high for unplanned downtime. A reliable prediction of the
settlement with time is required in order to design a construction that can operate safely and efficiently
throughout its lifetime.

At the RotterdamWorld Gateway (RWG) container terminal in the Port of Rotterdam automatic stacking
cranes (ASCs) move over one million containers per year [8]. The moving cranes apply a cyclic load
to the soil underneath ASC rail tracks. A result is that the ground is settling. The container terminal,
officially open since September 2015, has already been taken out of service several times for main
tenance of the ASC rail tracks. This has led to high costs. Recently an expansion of the container
terminal was proposed. This expansion will include the addition of multiple ASC rail tracks. Before the
ASC rail tracks are designed a better understanding of cyclic settlement of sand underneath ASC rail
tracks is desired. An improved geotechnical design of the ASC rail tracks should reduce maintenance
costs and (unplanned) downtime of the container terminal. This study is about the prediction of the
settlement of the sand layer underneath rail tracks for ASCs induced by a high number of load cycles
as a result of the movements of ASCs.

1.1. Rotterdam World Gateway container terminal
Maasvlakte 2 (MV2) is a westward expansion of the Port of Rotterdam into the North Sea. It is a re
claimed land mass with a surface area of 2000 hectares in front of the coast of Rotterdam. MV2 is
connected to Maasvlakte 1 (MV1), an area reclaimed from the North Sea during the 1970s (Figure
1.1). Construction of MV2 started in 2008, in 2011 the project was completed. MV2 is developed for
port related industries, primarily container terminals. The RWG container terminal is one of the new
container terminals located at MV2. In Figure 1.1 the RWG container terminal is indicated in green.

The RWG container terminal is a stateoftheart container terminal. World’s biggest container ships
moor here to load and unload containers. At the landside trains and trucks arrive to load and unload
containers. Located in between is an area where the containers are temporarily stored by ASCs. In
this area settlement of the ASC rail tracks accumulated. The area is divided into container stacks.
The RWG container terminal consists of 25 stacks and each stack is about 330 meters long, 10 or 12
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Figure 1.1: MV1 and MV2. The RWG container terminal is indicated by the green bottomsideup left trapezoid [22] .

containers wide, and can be up to 5 containers high.

The entire process is automated and managed from a control room. After a container is unloaded from
a ship by a shiptoshore (STS) container crane, it is lifted onto an autonomous guided vehicle (AGV).
The AGV transports the container over a small distance to an ASC. The ASC stores the container
temporarily in its stack. Figure 1.2 shows a photo of a few container stacks and ASCs at a terminal
similar to the RWG container terminal. At each stack two ASCs are installed. The second ASC will lift
the container from the stack and moves it to the other end of the ASC rail track. Here the container
is loaded onto a truck or train and transported inland. A container that arrives at the container termi
nal by truck or train will undergo the same process, but in the opposite order. The system at the RWG
container terminal is designed by Kalmar [6], an info graphic of this system can be found in Appendix F.

The RWG container terminal has reached its full capacity of 2.35 million TEU (twentyfoot equivalent
unit) per year. A result of the container market volume growth in the Port of Rotterdam [7]. Conse
quently, RWG has been looking to expand its container terminal, preparations commenced recently.
The expansion of the container terminal is referred to as Phase 2. Figure 1.3 presents an aerial view
of the current layout of the RWG container terminal, referred to as Phase 1 (Fase 1), and the location
for Phase 2 (Fase 2).

During the test and startup period of Phase 1, settlement underneath the rail tracks was observed
at multiple locations after the ASCs started moving. However some settlements were expected, the
magnitude of the (differential) settlements that occurred made maintenance of the crane rail tracks
necessary. The rails had to be levelled in order to enable the operations of the ASCs. It was concluded
by several investigations that cyclic loads as a result of the movements of the ASCs (partially) induced
the settlements of the rail tracks. It is known that cyclic loads can induce densification of a sand pack
ing (see Figure 1.4). Compaction work has been carried out before construction of the rail tracks, this
was however, executed locally and only at shallow depths. Due to strict (differential) settlement re
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Figure 1.2: Photo of a few stacks at the Dubai Ports World London Gateway terminal. Each stack contains two ASCs. The
containers are temporarily stacked underneath the ASCs. The same system is employed at the RWG container terminal [6].

Figure 1.3: Aerial view of the RWG container terminal, Phase 1 (Fase 1) and Phase 2 (Fase 2) are indicated. Phase 1 was
completed in 2014, preparations for Phase 2 have started [32]
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quirements for ASC rail tracks, maintenance was required several times during the terminal’s startup
period. Currently the ASC rail tracks are maintained annually to prevent derailment. The amount of
settlement has become less with time.

Figure 1.4: Densification of a sand layer induced by a cyclic load.

To improve operation of the ASCs in Phase 2 compaction of the first 5𝑚 of the sand fill is foreseen in
order to decrease the (differential) settlements and to keep them within the limits set by the require
ments for ASC rail tracks. A small part of the area of Phase 2 has recently been improved using the
Cofra dynamic compaction (CDC) method 1.5. The CDC method and its effect on a sand packing
are illustrated by Figures 1.6 and 1.7. Application of this method involves dropping a heavy weight
20 to 60 times per minute onto a metal footing for a maximum of a few minutes. Impact of the weight
onto the footing generates a vibration into the subsurface. The sand particles contract which causes
compaction of the sand layer. This method is also known as the rapid impact compaction (RIC) method.

Figure 1.5: Compaction of the Phase 2 area at the RWG container terminal with the CDCmethod. In the background the
operating RWG container terminal (Phase 1).
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Figure 1.6: The CDCmethod [5].

Figure 1.7: Compaction mechanism in sand during application of a CDCmethod [5].

1.2. Problem
In order to decrease maintenance of ASC rail tracks as a result of (differential) settlements in Phase
2, influence of an ASC’s movements on the settlement was predicted using different cyclic settlement
models. Existing cyclic settlement models however, are still in development. The models used show a
wide range in settlement predictions.

Arcadis used two different cyclic settlement models to predict the settlement in Phase 2. The com
paction / liquefaction (C/L) model [46] and the Hergarden model [25]. These models have been se
lected because they are relatively simple to implement and validated for applications involving cyclic
loads. Both methods are strongly empirical. Based on the model predictions compaction of the first
5𝑚 of the sand fill underneath ASC rail tracks was suggested.

Although both models predict that settlement induced by cyclic loads will occur, variation between the
model predictions is relatively large. Furthermore, reliability of the predictions are unknown. This is
caused by uncertainties related to the sensitivity of the cyclic settlement models. As a consequence it
is not possible to accurately determine the extent (depth) and intensity of compaction that is needed to
meet the (differential) settlement requirements for ASC rail tracks.

1.2.1. Settlement requirements
The very strict (differential) settlement requirements that apply to ASC rail tracks make a reliable pre
diction of the cyclic settlement important. Settlement requirements for ASC rail tracks are based on the
operation tolerances defined in Table 7 of ISO 124881: tolerances for wheels and travel and traversing
tracks of cranes [26]. Table 7 and also Table 1 of ISO 124881 are attached in Appendix F. This docu
ment describes tolerances for safe operation, or the serviceability state, of crane rail tracks. These are
stricter than the tolerances for ASCs that define the serviceability and ultimate limit state of an ASC.
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The operation tolerances for crane rail tracks are therefore decisive in this research.

ASC rail tracks belong to tolerance class 1. This class consists of rail tracks for cranes travelling over
50.000 𝑘𝑚 during their lifetime. For ASC rail tracks that fall in tolerance class 1 the ’tolerance of hor
izontal straightness of rail head at each point of the rail track’ and the ’tolerance of height related to
opposite measuring points at right angles at each point of the track’ are both ±10 𝑚𝑚. The tolerances
are indicated by symbols 𝐵𝑤1 and 𝐸𝑤1 in Table 7 of ISO 124881, respectively. They are translated to
an absolute settlement requirement for the whole length of the ASC rail tracks of 20 𝑚𝑚.

1.2.2. Densification and compaction
Densification and compaction both mean the permanent decrease in porosity of a sand as a result
of rearranging grains under the influence of a load [49]. The result is an increase of the density of
the sand. In this report the term densification is used to describe the increase in density of the sand
underneath the ASC rail tracks induced by a cyclic load as a result of the movements of the ASCs.
Compaction will be used to refer to an increase in density of the sand as a result of construction works
and ground improvements.

1.2.3. Cyclic behaviour of sands
A sand subjected to a (cyclic) load deforms. Strains accumulate in the sand. Behaviour of sand under
the influence of a cyclic load depends on the level of strain induced by the applied load. Below the elas
tic threshold strain this leads to elastic strains at the sand grain contacts. When the load is removed
(at the end of a load cycle) the sand grains take their original shape and position. Fabric of the sand
has not changed. For strains larger than the elastic threshold strain and below the volumetric threshold
strain, fabric of the sand changes permanently. This is caused by rearrangement of the sand grains
but without permanently changing the volume of the sand [55]. Vertical plastic strain, and consequently
settlement, might accumulate under these conditions as a result of accumulation of deviatoric plastic
strain. This will be a relatively small amount of settlement. For strain levels, above the volumetric
threshold strain, volume of the sand changes permanently. Volumetric plastic strains accumulate. This
results in settlement of the sand [39]. The threshold strain values depend on the type of sand and are
independent of the density of the sand.

Longterm behaviour with regards to shear strain accumulation in sands is described by shakedown
or ratcheting. Shakedown means that shear strain accumulation within a load cycle decreases till zero
with increasing number of load cycles. In contrast, ratcheting is the continuous accumulation of shear
strains in sand [39].

Density of a sand evolves asymptotically towards a stable value under the influence of a constant
cyclic load. At this density the strain level induced by a constant cyclic load becomes smaller than the
volumetric threshold strain. The volumetric plastic strain within a load cycle becomes zero [37]. In a
ratcheting state shear strains will continue to accumulate while density of the sand remains stable. In
a shakedown state also shear strains within a load cycle become zero.

1.3. Objective and research questions
The aim of this research is to contribute to prevent unplanned downtime in Phase 2 of the RWG con
tainer terminal due to rail track settlement. Themain research objective is to evaluate a cyclic settlement
model that can make reliable predictions of the settlement induced by a cyclic load as a result of the
movements of ASCs at the RWG container terminal. This cyclic settlement model will be used to predict
settlement of ASC rail tracks of the Rotterdam World Gateway container terminal Phase 2. Based on
this settlement prediction the extent and intensity of the compaction of the sand layer is determined in
order to minimise (differential) settlement of the sand layer and decrease (unplanned) downtime at the
RWG container terminal.



1.4. Methodology and approach 7

The following questions will have to be answered to carry out the research objective:

1. Which parameters (soil properties, load parameters) affect densification of a sand layer (and
resulting cyclic settlement) induced by a cyclic load as a result of the movements of automatic
stacking cranes?

2. How reliable are the cyclic settlement predictions made by the evaluated model for the Rotterdam
World Gateway container terminal Phase 2 and how do the results compare to the (differential)
settlement requirements for automatic stacking crane rail tracks?

3. How should the cone penetration test profile of a sand fill look like in order to meet the (differential)
settlement requirements for automatic stacking crane rail tracks?

1.4. Methodology and approach
In this study three research methods are combined, a literature study, data analysis and modelling. In
Figure 1.8 the work flow adopted in this research is schematised.

Figure 1.8: Flowchart of this research.

1.4.1. Literature study
A lot of research related to cyclic settlement of sand has been carried out in the (recent) past. Nu
merous cyclic settlement models are described in literature. These models have been developed for
various applications including vibratory sheet piling, seismicallyinduced settlements and settlement
underneath roads, highways, runways and rail tracks. The literature study consists of an inventory of
existing cyclic settlement models and a study of the relevant background information. A summary of
the literature study is added to the report. It describes six cyclic settlement models that are evaluated
during this research to predict settlement of sand underneath ASC rail tracks.

1.4.2. Data analysis
The data that describe the local conditions at the RWG container terminal is acquired from site inves
tigations that were carried out years ago for the purpose of constructing MV2 and the RWG container
terminal. It is made available for this research and consist primarily of soil investigation data and re
ports, design reports, internal memo’s and measured rail track settlement. The gathered data from
the RWG container terminal are analysed in order to determine the local conditions and to estimate
the model parameter values of the cyclic settlement models. Secondly, model predictions from the six
cyclic settlement models are analysed and compared with the settlement measured in Phase 1 of the
RWG container terminal. Finally, one of the cyclic settlement models is used to predict the settlement
in Phase 2 of the RWG container terminal. Based on the results the extent (depth) and intensity of
compaction of the sand in Phase 2 of the RWG container terminal is determined.

1.4.3. Modelling
The modelling part of this research consists primarily of implementation of the cyclic settlement models
from the inventory. For each model its equations are converted into a computational method which
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outputs a prediction of the settlement. Additionally, small improvements are implemented in the mod
els. The first load cycle is simulated in an FE model and with the improved Schmertmann method. The
improved Schmertmann method is a settlement model for sands under the influence of a static load
[52]. The cyclic settlement models and improved Schmertmann method are implemented in Python,
a computer programming language [3]. During this research Python version 3.7 is used in a Spyder
environment [4].

1.5. Thesis outline
This thesis report is a summary of the research that is conducted in order to give a reliable prediction of
the cyclic settlement underneath ASC rail tracks as a function of the number of load cycles. Six cyclic
settlement models are evaluated in this research. They are implemented in Python and the model
parameter values are estimated based on the input data. The current chapter gives an introduction of
the problem and the research.

Chapter 2 summarises six cyclic settlement models that are obtained during the literature study that
is carried out. These models are developed to determine settlement of sand induced by a cyclic load.
The improved Schmertmann method is explained.

In Chapter 3 the gathered data are described. Data are gathered during several site investigations that
have been carried out for the purpose of constructing MV2 and the RWG container terminal. Model
parameter values are determined by the data.

Chapter 4 starts with a discussion about the uncertainty of the input data, model parameter values and
model predictions of the cyclic settlement models. Preliminary results that follow from the literature
study, gathered data and simulation of the first load cycle are presented and discussed. Subsequently,
model predictions of the cyclic settlement models is presented and discussed. Model predictions of
the cyclic settlement models is compared to settlement measurements. One cyclic settlement model is
selected to predict the settlement underneath the ASC rail tracks of Phase 2. Based on the settlement
predictions extent and intensity of compaction of the sand fill is determined.

Finally, in Chapter 5 the research questions are answered and recommendations are presented. A
distinction is made between recommendations related to the research objective and recommendations
related to construction and operation of ASC rail tracks at the RWG container terminal. The first group
of recommendations focuses on gathering data in order to decrease uncertainty of the model param
eters of the cyclic settlement models in order to obtain more reliable model predictions. The second
group gives recommendations related to the extent and intensity of compaction of the sand before con
struction of ASC rail tracks.



2
Settlement models for cyclic loaded sand
Many (cyclic) settlement models have been developed and validated specifically for one, or possibly a
few, applications. To the author’s knowledge no specific models have been developed for settlement
underneath rail tracks of ASCs. The cyclic settlement models that are evaluated in this research have
been initially developed for different applications. The concept behind each of the selected cyclic set
tlement models is summarised in this chapter.

Whether a model is suitable to predict the settlement is case dependent and is determined by multiple
factors, including:

• soil conditions;

• loading conditions;

• desired output;

• available data.
For example, there are models suitable to predict the settlement underneath an embankment on top
of a saturated clay with a low hydraulic conductivity. Other models are more suitable to predict the
settlement in (dry) sands under drained conditions near vibratory sheet piling. When the settlement is
the result of a cyclic load, a prediction of the settlement as a function of the number of load cycles is
desired and not just the total settlement. Moreover, in engineering practice, the choice for a settlement
model is also driven by the available data. When a model parameter of the settlement model cannot
be determined from the available data its value will be estimated. This will increase the uncertainty of
the settlement prediction.

Each settlement calculation involves roughly three steps [49]:
1. determine the zone of influence;

2. determine the stress within the zone influence;

3. calculate the plastic strain according to the selected settlement model.
The amplitude of the load is related to the applied load. Due to damping the amplitude of the load
decreases with distance from its source and at a certain distance becomes too small to induce plastic
strains. The extent of the domain wherein plastic strains occur induced by the load is the zone of influ
ence. Its depth is called the depth of influence. The final step involves applying the settlement model
to calculate the plastic strains inside the zone of influence and subsequently the settlement.

This research focuses on cyclic settlement models for sands. These models are developed to predict
the response of sands to a large number of load cycles. For this research they are evaluated to predict
the settlement of the sand underneath the ASC rail tracks as a result of the cyclic load applied by the
ASCs at the RWG container terminal. Cyclic settlement models can be divided into three groups based
on their approach [35]:

9
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1. density increase until the maximum densification is reached;

2. calculate the strain within each load cycle;

3. calculate the plastic strain at the end of each load cycle.

The first group of cyclic settlement models assumes a maximum increase in density as a result of the
applied load cycles. These cyclic settlement models output the total plastic strain (as the number of
load cycles 𝑁 → ∞), but not as a function of the number of load cycles. This is indicated in Figure 2.1
by the black dot. Depending on the model the maximum density is a function of the initial state of the
soil, soil conditions including the minimum and maximum void ratio, stiffness and volumetric thresh
old strain and the loading conditions. The cyclic settlement models in the second group compute the
behaviour of the sand within each load cycle based on the evolution of the stresses and strains. Ad
vanced numerical soil models are used to compute this behaviour. The strain generated in the loading
phase is partially reversed in the unloading phase. With increasing number of load cycles the plastic
strain increases. The wave form of the solid line in Figure 2.1 represents the evolution of strain within
each load cycle, which consists of elastic and plastic strains. This approach involves multiple compu
tational steps per load cycle. Especially in problems that involve a large number of load cycles this
costs substantial computational effort. Secondly, in each computational step a small numerical error
is introduced, for a large number of load cycles this error becomes significantly large and the output
becomes unreliable. The third group of cyclic settlement models does not consider the strain within
each load cycle but only describes the plastic strain at the end of each load cycle. This is displayed in
Figure 2.1 by the dashed line. The plastic strain is given as a function of the number of load cycles.
The majority of the cyclic settlement models evaluated in this research belongs to the third group. The
Hergarden model, described in Section 2.2, belongs to the first group. No cyclic settlement models
from the second group are considered in this research due to the large number of load cycles involved
in this problem, the numerical error would become too large.

Figure 2.1: Cyclic densification of a dry sand modelled by the three different groups of cyclic settlement models. The maximum
plastic strain at 𝑁 → ∞ is indicated by the black dot (group 1), the strain within each load cycle by the solid line (group 2) and

the plastic strain at the end of each load cycle by the dashed line (group 3) [46].

The total plastic strain consists of the volumetric plastic strain and the deviatoric plastic strain. The
cyclic settlement models output is given either in terms of vertical plastic strain, which is related to the
settlement, or in volumetric plastic strain. In the latter case, the vertical component of the volumetric
and deviatoric plastic strain will need to be determined. Combined they make up the vertical plastic
strain which is needed to calculate the settlement.

In the upcoming sections the plastic strain calculations of six selected cyclic settlement models is de
scribed. The settlement models are described each in its own section. This is followed by a description
of the improved Schmertmann method. This method is used to calculate the vertical strain in a sand
as a result of a static load. This method is used to estimate the vertical plastic strain after one load
cycle. In the final section the cyclic settlement models are compared to each other and an overview of
the model parameters of the six models is given.
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2.1. Compaction / Liquefaction model
A cyclic load applied to a sand induces densification of the sand. Densification is defined as the per
manent decrease in porosity:

Φ = Δ𝑛
𝑛0

(2.1)

with

Φ = densification, [],
Δ𝑛 = 𝑛0 − 𝑛 = change in porosity, [],
𝑛0 = initial porosity, [].

The Compaction / Liquefaction (C/L) model describes densification of dry and saturated sands in
drained conditions as a function of the number of load cycles (for saturated sands in undrained condi
tions it describes the pore pressure generation as a function of the number of load cycles) [46]. The C/L
model is based on the analysis of the mechanical behaviour of several different particulate materials,
such as sands, in cyclic simple shear and cyclic oedometer tests. A result is that two versions of the C/L
model exist. The C/L model for cyclic shear describes densification of sands induced by cyclic (sim
ple) shearing [45] [46]. The C/L model for cyclic oedometer compression describes the densification
of sands under cyclic uniaxial lateral constrained compression [48] [49]. In both versions densifiction
increases with increasing number of load cycles and amplitude of the load. The rate of densification
decreases with the number of load cycles. This is described by:

𝑑Φ
𝑑𝑁 = 𝐷1𝐽𝑒−𝐷2Φ (2.2)

with

𝑁 = number of load cycles, [],
𝐷1, 𝐷2 = material constants, [],
𝐽 = second invariant of the strain or stress tensor, [].

In the C/Lmodel for cyclic shear 𝐽 becomes the second invariant of the strain tensor. In the C/Lmodel for
cyclic oedometer compression 𝐽 becomes some invariant of the stress tensor. Integration of Equation
2.2 over 𝑁 gives:

Φ = 𝑐1𝑙𝑛(1 + 𝑐2𝑧) (2.3)

with

𝑐1 =
1
𝐷1

= material constant related to 𝐷1, [],
𝑐2 = 𝐷1𝐷2 = material constant related to 𝐷1 and 𝐷2, [],
𝑧 = 𝐽𝑁 = variable related to the invariant 𝐽 and the number of load cycles, [].

In Figure 2.2a the results from three cyclic oedometer tests on a medium dense ’Leighton Buzzard’
sand with varying vertical stress amplitude are plotted as a function of the number of load cycles. In
Figure 2.2b the same data is plotted in the Φ, 𝑧plane. In this plane it is possible to fit one curve through
all the data, called the ’common compaction curve’. The same can be done with data from cyclic simple
shear tests with varying cyclic shear strain amplitude. The ’common compaction curve’ characterises
the densification properties of a sand. The material constants 𝑐1 and 𝑐2 (and 𝐷1 and 𝐷2) are determined
by fitting Equation 2.3 to the ’common compaction curve’.

The ’common compaction curve’ and the values of the material constants 𝑐1 and 𝑐2 of the same sand
type vary between the two versions of the C/L model. The behaviour of a sand in cyclic simple shear
tests is different compared to its behaviour in cyclic oedometer tests, as a result of the different load
ing and boundary conditions. The material constants should therefore be determined with a cyclic
test that best mimics the loading and boundary conditions of the case analysed. According to the C/L
model densification of a sand is uniquely determined by the type of sand, its initial relative density, the
type of loading and the boundary conditions. This does not include the amplitude of the load. The
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(a) Densification plotted as a function of the number of load
cycles.

(b) Densification plotted in the Φ, 𝑧plane together with the
’Common compaction curve’.

Figure 2.2: Densification of a medium dense ’Leighton Buzzard’ sand in three cyclic oedometer tests with varying vertical
stress amplitude [48]. In this figure Φ and 𝑧 from Equation 2.3 are indicated with 𝜀𝑝 and 𝜉, respectively.

C/L model assumes that densification of a sand under the influence of a load with a large amplitude
is the same under the influence of a load with a small amplitude but after a larger number of load cycles.

2.1.1. C/L model for cyclic shear
In the C/L model for cyclic shear the second invariant of the strain tensor 𝐽 in Equation 2.3 becomes a
function of the cyclic shear strain amplitude:

𝐽 = 1
4𝛾

2
0 (2.4)

with

𝐽 = second invariant of the strain tensor, [],
𝛾0 = cyclic shear strain amplitude, [].

The cyclic shear strain amplitude is half of the difference between the maximum shear strain during
the loading and unloading phase. The strains and also the cyclic shear strain amplitude, induced by
a cyclic force can be determined with a finiteelement method (FEM) computation [46]. Note that the
cyclic shear strain amplitude and the invariant have a unit 10−3 and 10−6, respectively. Substitution of
the second invariant 𝐽 into Equation 2.3 gives:

Φ = 𝑐1𝑙𝑛(1 + 𝑐2
𝛾20𝑁
4 ) (2.5)

with

Φ = densification, [].

The volumetric plastic strain as a result of the densification is calculated as follows:

𝜀𝑝𝑣𝑜𝑙,𝑁 = −Φ ⋅
𝑛0

1 − 𝑛0
= −Φ ⋅ 𝑒0 (2.6)

with

𝜀𝑝𝑣𝑜𝑙,𝑁 = volumetric plastic strain after 𝑁 load cycles, [],
𝑒0 = the initial void ratio, [].

Densification and volumetric plastic strain both have unit 10−3.

Equation 2.5 shows that densification increases with the number of load cycles, the cyclic shear strain
amplitude and the material constants 𝑐1 and 𝑐2. The first two model parameters comprise the load
parameters. The cyclic shear strain amplitude increases with the amplitude of the load. The material
constants comprise the soil parameters. The material constants increase with decreasing initial relative
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density, reflecting that densification is larger for loose sands than for dense sands. To obtain the volu
metric plastic strain the densification is multiplied by the initial void ratio in Equation 2.6. The volumetric
plastic strain increases with increasing void ratio, again reflecting that the settlement is larger for loose
materials. The initial void ratio gives the initial state of the sand.

2.1.2. C/L model for cyclic oedometer compression
In this version of the C/L model the invariant J from Equation 2.3 becomes a function of the vertical
stress amplitude:

𝐽 = 𝜎𝑧 − 𝜎𝑥 (2.7)

with

𝐽 = invariant of the stress tensor, [102 𝑘𝑃𝑎],
𝜎𝑧 = the stress in the vertical direction, [102 𝑘𝑃𝑎],
𝜎𝑥 = the stress in the horizontal direction, [102 𝑘𝑃𝑎].

Due to the zerolateral strain boundary condition only vertical strains accumulate. Densification is
therefore equal to the vertical plastic strain. Substituting 𝜀𝑝𝑣,𝑁 and Equation 2.7 into Equation 2.3 gives:

𝜀𝑝𝑣,𝑁 = 𝑐1𝑙𝑛(1 + 𝑐2(𝜎𝑧 − 𝜎𝑥)𝑁) (2.8)

The vertical plastic strain has unit 10−3 and the stresses unit 102 𝑘𝑃𝑎.

The total vertical plastic strain calculated in Equation 2.8 increases with the number of load cycles, the
amplitude of the stresses and the material constants 𝑐1 and 𝑐2. The number of load cycles and the
amplitude of the stresses comprise the load parameters. The amplitude of the stresses increases with
the amplitude of the load. The material constants comprise the soil parameters of the sand. The ma
terial constants increase with decreasing initial relative density, reflecting that densification is larger for
loose sands than for dense sands. The material constants can be determined with a cyclic oedometer
test. Implicitly they incorporate the initial state of the sand. Equation 2.8 does not contain a parameter
which explicitly defines the initial state of the sand.

2.2. Hergarden model
The Hergarden settlement model is developed by R. Hergarden to predict the settlement of the sur
rounding ground level during vibratory sheet piling [25]. This model is described by CUR166 [17] and
is evaluated by Meijers [34]. The third step of the settlement calculation, the plastic strain calculation,
is based on work from D.D. Barkan [11]. In the Netherlands the Hergarden model is used to predict the
settlement of sandy soils induced by the vibrations generated during installation or removal of sheet
pile walls [38].

A propagating vibration causes deformation of the sand, which returns partially to its original shape
after the vibration has passed. Figure 2.3 shows a wave generated by an ASC propagating vertically
through the sand. A large number of vibrations can cause significant deformation of the sand surround
ing the vibratory source. To calculate the corresponding densification the magnitude of the vibration is
expressed in terms of acceleration. This is the acceleration of the sand grains induced by the propa
gating vibration. At depths at which the amplitude of the acceleration, normalised by the acceleration
of gravity, lies above the threshold acceleration an increase in the relative density will occur:

Δ𝐷𝑅 = {
𝑒−𝛼𝐵𝜂0 − 𝑒−𝛼𝐵𝜂 , if 𝜂0 < 𝜂
0, if 𝜂0 ≥ 𝜂

(2.9)

with
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Δ𝐷𝑅 = increase in relative density, [],
𝛼𝐵 = Barkan parameter (value varies between 3 to 5), [],
𝜂 = amplitude of the acceleration of the vibration normalised by the acceleration of the gravity, [],
𝜂0 = threshold acceleration, [].

The amplitude of the acceleration of the vibration normalised by the acceleration of the gravity (𝜂) and
the threshold acceleration (𝜂0) are defined below:

𝜂 = 𝑎
𝑔 (2.10a)

𝜂0 =
𝑙𝑛(1 − 𝐷𝑅,0)

𝛼𝐵
(2.10b)

with

𝐷𝑅,0 = initial relative density, [],
𝑎 = amplitude of the acceleration of the vibration, [𝑚 ⋅ 𝑠−2],
𝑔 = acceleration of the gravity, [𝑚 ⋅ 𝑠−2].

Figure 2.3: A vibration generated by an ASC vertically propagating through a sand layer. The amplitude of the acceleration of a
vibration is decreasing with distance from its source due to material and geometric damping.

The Hergarden model assumes that the vibration continues until densification is complete. The sand
evolves to a denser state and additional densification can only be induced by vibrations that are stronger
compared to the initial vibrations. Based on the increase in relative density induced by the vibrations
the volumetric plastic strain is determined:

𝜀𝑝𝑣𝑜𝑙 = Δ𝐷𝑅
𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛
1 + 𝑒0

(2.11)

with
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𝜀𝑝𝑣𝑜𝑙 = volumetric plastic strain, [],
Δ𝐷𝑅 = change in relative density, [],
𝑒𝑚𝑎𝑥 = maximum void ratio, [],
𝑒𝑚𝑖𝑛 = minimum void ratio, [],
𝑒0 = initial void ratio, [].

The Hergarden model differs from the other models discussed in this chapter because it is the only
model that does not determine the densification as a function of the number of load cycles and there
fore only outputs the maximum densification. Moreover, it is the only cyclic settlement model described
here which considers the dynamic effects of a load. This can be recognised by the different terminology
and model parameters that describe the model, such as amplitude of the acceleration of the vibration
instead of amplitude of the load. The dynamic effects of the load are incorporated in the amplitude of
the acceleration of the vibration. The other cyclic settlement models model the load as a quasistatic
(cyclic) load and neglect the dynamic effects.

Densification (increase in relative density) increases with the amplitude of the acceleration of the vibra
tion, according to Equation 2.9. The amplitude of the acceleration is a load parameter and it increases
with the amplitude of the load applied by the ASC and its velocity and acceleration. The Hergarden
model assumes that the amplitude of the load uniquely determines the densification, in contrast to the
C/L models. The threshold acceleration in Equation 2.10b becomes more negative with increasing
initial relative density. This results in less densification. The initial relative density gives the initial state
of the sand. Further, the threshold acceleration decreases (densification of the sand increases) with
increasing Barkan parameter. This parameter varies between 3 and 5. A Barkan parameter equal to 3
corresponds to high stress levels and strengths of the sand; its value is equal to 5 for low stress levels
and strengths of the sand. The studied literature about the Hergarden model does not specify what
is considered as low or high stress levels and strengths. The Barkan parameter is considered a soil
parameter because it determines the soils resistance against deformation. The volumetric plastic strain
corresponding to the change in relative density is calculated with Equation 2.11. The volumetric plastic
strain increases with increasing difference between the minimum and maximum void ratios. Together
with the Barkan parameter, the minimum and maximum void ratios comprise the soil model parameters
of the Hergarden model.

2.3. Terminal density model
The terminal density of a soil is defined as the density at which the soil under the given loading and
boundary conditions remains constant (terminal stands for final in this context and is not related to con
tainer terminal). The density of a soil at its terminal density does not change as long as these remain
constant. The terminal void ratio is the void ratio corresponding to the terminal density. The range of
terminal densities of a granular material is defined by its boundaries, the very dense state, and the state
that is very loose. Examples of known soil states that fall under this definition of the terminal density
are the minimum and maximum void ratio [16] [37] [39].

Under the influence of a cyclic load the density of a sand will evolve asymptotically with number of load
cycles towards the corresponding terminal density, this is displayed in Figure 2.4. It shows the densifi
cation as a function of the number of load cycles of a medium dense (initial relative density is 44%) and
a dense (initial relative density is 86%) sand sample in a cyclic oedometer test. The void ratios of the
two samples decrease with the number of load cycles. The change in void ratio in the first load cycle
is significantly larger compared to the other load cycles, for both samples. With increasing number of
load cycles the rate at which the void ratio evolves towards the terminal void ratio decreases, i.e. the
plastic strain per load cycle decreases with increasing number of load cycles. A sand reaching its ter
minal density under the influence of a cyclic load will display zero plastic strain during the subsequent
load cycles. The data also shows that the initial void ratio influences the terminal void ratio. The dense
sample has a lower terminal void ratio compared to the medium dense sample. However, the change
in void ratio to reach the terminal void ratio is smaller for the dense sample, i.e. densification of the
dense sample is smaller
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Figure 2.4: The evolution of the void ratio with the number of load cycles in a cyclic oedometer test of a medium dense sand
(blue), initial relative density is 44%, and a dense sand (red), initial relative density is 86% [39].

The terminal density model is based on the mechanical behaviour of sand in a stresscontrolled cyclic
oedometer tests [39]. It describes the evolution of the void ratio towards the terminal void ratio with
increasing number of load cycles:

𝑒𝑁 = 𝑒𝑇 + (𝑒1 − 𝑒𝑇)[1 + (
𝑁 − 1
𝑁∗ )𝑚]−1 (2.12)

with

𝑒𝑁 = void ratio after 𝑁 load cycles, [],
𝑒𝑇 = terminal void ratio, [],
𝑒1 = void ratio after one load cycle, [],
𝑁 = number of load cycles, [],
𝑁∗ = characteristic number of load cycles, [],
𝑚 = fitting parameter, [].

Equation 2.12 calculates the void ratio after 𝑁 load cycles, which lies in between the initial and the
terminal void ratio. The volumetric plastic strain after 𝑁 load cycles is:

𝜀𝑝𝑣𝑜𝑙,𝑁 =
𝑒𝑜 − 𝑒𝑁
1 + 𝑒0

(2.13)

with

𝜀𝑝𝑣𝑜𝑙,𝑁 = volumetric plastic strain after 𝑁 load cycles, [],
𝑒0 = initial void ratio, [].

Densification increases (void ratio decreases) with the number of load cycles, according to Equation
2.12. The number of load cycles is the only explicitly defined load parameter in the terminal density
model. The amplitude of the load is implicitly incorporated in the terminal density model. The void ratio
after one load cycle and the terminal void ratio decrease with increasing amplitude of the load. The am
plitude of the load therefore uniquely determines the densification. The void ratio after one load cycle
and the terminal void ratio also depend on the initial state of the sand, they decrease with decreasing
initial void ratio. However, in this model these void ratios are considered as soil parameters, because
they characterise the densification behaviour of the sand. The terminal void ratio can be determined
in a cyclic soil test. The model given in Equation 2.12 is based on oedometer tests. In order to use
this equation the terminal density can best be determined from a cyclic oedoemeter test. The terminal
density is reached when the plastic strain in a load cycle becomes zero. Note that this is the terminal
density under the given conditions. For a different amplitude of the load or under the influence of dif
ferent loading and boundary conditions the terminal density will be different. The parameters 𝑚 and
𝑁∗ determine the rate at which the void ratio evolves towards the terminal void ratio and are therefore
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also soil parameters. 𝑚 is a fitting parameter, its value is 𝑚 = 0.45± 0.05. At 𝑁 = 𝑁∗ +1 the sand has
reached half of its total densification. In very loose sands 𝑁∗ → 1000 and in very dense sands 𝑁∗ → 1
[39]. In a very dense sand the total densification is small, half of the densification occurs in the first two
load cycles. In looser sand the total densification is larger and the number of load cycles before half of
the densification has occurred increases. Note that the densification in the first load cycle in the loose
sand will be larger compared to the dense sand. The difference between the initial void ratio and the
terminal void ratio defines the maximum densification. The initial void ratio gives the initial state of the
sand.

2.4. Seismic induced strain model
During a number of straincontrolled cyclic simple shear tests with varying cyclic shear strain amplitudes
on several types of sand it was observed that [21]:

1. vertical plastic strain increases with the number of load cycles;

2. vertical plastic strain per load cycle decreases;

3. most of the total vertical plastic strain accumulates during the first few load cycles;

4. during the first 10 to 15 load cycles the shear stress has to increase in order to maintain a constant
cyclic shear strain amplitude, thereafter the cyclic shear stress remains constant.

This behaviour is displayed in Figure 2.5 which shows three plots of the cyclic shear strain, cyclic shear
stress and the total vertical plastic strain versus the number of load cycles of a typical dry sand in a
straincontrolled cyclic simple shear test.

Figure 2.5: Behaviour of a dry Silica No.2 sand with a relative density of 60% in a straincontrolled cyclic simple shear test
during the first 25 load cycles; a) cyclic shear strain vs. number of load cycles; b) cyclic shear stress vs. number of load cycles;

and c) vertical strain vs. number of load cycles [21].

Accumulation of the vertical plastic strain in Figure 2.5c is described by two equations, which have been
used to estimate the settlement of a sand layer induced by seismic shaking [54]. The first equation gives
the relation between the vertical plastic strain after 15 load cycles and the cyclic shear strain amplitude:



18 2. Settlement models for cyclic loaded sand

𝜀𝑝𝑣,𝑁=15 = 𝑎(𝛾0 − 𝛾𝑡𝑣)𝑏 (2.14)

with

𝜀𝑝𝑣,𝑁=15 = vertical plastic strain after 15 load cycles, [],
𝛾0 = cyclic shear strain amplitude, [],
𝛾𝑡𝑣 = volumetric threshold strain, [],
𝑎 = material constant depending on the type of sand and its relative density, [],
𝑏 = material constant depending on the type of sand and its relative density, [].

The vertical plastic strain after 15 load cycles depends on the applied cyclic shear strain amplitude, the
type of sand and the initial relative density of the sand. It increases with the cyclic shear strain amplitude
and decreasing relative density. The second equation is a relation between the vertical plastic strain
after 15 load cycles and the total vertical plastic strain after 𝑁 load cycles:

𝐶𝑁 =
𝜀𝑝𝑣,𝑁
𝜀𝑝𝑣,𝑁=15

= 𝑅 ⋅ 𝑙𝑛(𝑁) + 𝑐 (2.15)

with

𝜀𝑝𝑣,𝑁 = vertical plastic strain after 𝑁 load cycles, [],
𝑁 = number of load cycles, [],
𝐶𝑁 = strain ratio after 𝑁 load cycles, [],
𝑅 = slope parameter, [],
𝑐 = intercept parameter, [].

𝐶𝑁 increases with the number of load cycles, its value increases from 0 to 1 in the first 15 load cycles.
For 𝑁 > 15 the value of 𝐶𝑁 continues to increase at a decreasing rate. The plot of 𝐶𝑁 as a function of
the number of load cycles in a loglinear plot is a straight line. The slope of this line gives the value of
parameter 𝑅. Because for 𝑁 = 15 the ratio between 𝜀𝑝𝑁 and 𝜀𝑝𝑁=15 becomes 1, the value of parameter
𝑐 = 1 − 𝑅 ⋅ 𝑙𝑛(15). This is the value where the line with slope 𝑅 intersects the 𝑁 = 1 vertical axis.
Substitution of parameter 𝑐 into Equation 2.15 gives:

𝐶𝑁 = 1 + 𝑅 ⋅ 𝑙𝑛(
𝑁
15) (2.16)

Rewriting Equation 2.15 and substituting Equations 2.14 and 2.16 results in an equation for the vertical
plastic strain after 𝑁 load cycles:

𝜀𝑝𝑣,𝑁 = {
𝐶𝑁 ⋅ 𝜀𝑝𝑣,𝑁=15 = (1 + 𝑅 ⋅ 𝑙𝑛(

𝑁
15)) ⋅ (𝑎(𝛾0 − 𝛾𝑡𝑣)

𝑏), if 𝛾0 > 𝛾𝑡𝑣 ,
0, if 𝛾0 ≤ 𝛾𝑡𝑣 .

(2.17)

Vertical plastic strain increases with the number of load cycles and the cyclic shear strain amplitude,
which comprise the loading parameters. Vertical plastic strain will only accumulate when the cyclic
shear strain amplitude is larger than the volumetric threshold strain. Only elastic volumetric strains
develop during a load cycle when its value lies below the volumetric threshold strain. The volumetric
threshold strain depends on the type of soil. Its value is estimated at 10−4, a typical value for sands [55].
Together with parameters 𝑎, 𝑏 and 𝑅, the volumetric threshold strain comprises the soil parameters.
Parameters 𝑎 and 𝑏 are material constants that can be determined during cyclic simple shear tests.
Their values depend on the type of sand and its initial relative density. The vertical plastic strain of loose
sands after 15 load cycles is larger than of dense sands, therefore the values of 𝑎 and 𝑏 decrease with
increasing initial relative density, reflecting that densification is larger in loose sands (Equation 2.14).
The initial state of the sand is implicitly incorporated in this model through these parameters. For most
of the tested sands parameter 𝑅 has a value between 0.24 and 0.34 [21].
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2.5. Cumulative plastic strain model
The cumulative plastic strain model is developed to predict the contribution of subgrade soils to the total
plastic deformation of a pavement system (e.g. rail tracks or highways) induced by a cyclic load [36].
The pavement structure consists of a ballast, subballast and subgrade layer. On top of the ballast
the rail track is constructed. A granular material such as sand is typically used as subballast material,
the subgrade layer normally consists of the insitu soil. The cumulative plastic strain model calculates
the vertical plastic strain of a (subgrade) soil as a function of the number of load cycles. It is based on
the results from cyclic triaxial tests with varying amplitudes of the cyclic load on a silty clay, a typical
subgrade soil. The vertical plastic strain increases with the number of load cycles and the amplitude
of the load. The vertical plastic strain per load cycle decreases with the number of load cycles and is
largest in the first load cycle. A power model relationship of the vertical plastic strain as a function of the
number of load cycles can be fitted through the data from the cyclic triaxial tests using a leastsquares
method:

𝜀𝑝𝑣,𝑁 = 𝐴𝑁𝑏 (2.18)

with

𝜀𝑝𝑣,𝑁 = vertical plastic strain after 𝑁 load cycles, [],
𝑁 = number of load cycles, [],
𝐴 = material constant depending on the soil type, initial state and deviatoric stress, [],
𝑏 = material constant depending on the soil type (0 < 𝑏 < 1), [].

For 𝑁 = 1 parameter 𝐴 becomes equal to the vertical plastic strain after one load cycle (𝐴 = 𝜀𝑝𝑣,𝑁=1),
substitution into Equation 2.18 gives:

𝜀𝑝𝑣,𝑁 = 𝜀𝑝𝑣,𝑁=1𝑁𝑏 (2.19)

with

𝜀𝑝𝑣,𝑁=1 = vertical plastic strain after one load cycle, [].

Parameter 𝑏 is determined in cyclic triaxial tests. The results of a large number of cyclic triaxial tests
on various types of soils conducted by several researchers have been compiled [30]. It was concluded
that parameter 𝑏 depends on the soil type. Its value ranging between 0.06 and 0.29, with the smaller
values corresponding to silts and sandy soils and the larger values to clays. The vertical plastic strain
after one load cycle depends on the soil type, its initial state and the deviatoric stress applied to the
soil, which increases with the amplitude of the load. Parameter 𝑏 and the vertical plastic strain after
one load cycle are considered soil parameters in this model, their values depend on the type of soil
and they characterise its densification behaviour. However, the vertical plastic strain after one load
cycle also implicitly incorporates the initial state of the soil and the amplitude of the load. It increases
with decreasing initial relative density, reflecting that densification is larger in loose sands, and with the
amplitude of the load. The number of load cycles is the only explicitly defined load parameter in the
cumulative plastic strain model.

2.6. The improved Schmertmann method
The Schmertmann method [50] is not a cyclic settlement model. The Schmertmann method is devel
oped to determine the vertical strain as a result of a static load:

𝜀𝑧 =
𝑝
𝐸 𝐼𝑧 (2.20)

with

𝜀𝑧 = vertical strain at depth 𝑧, [],
𝑝 = stress on the foundation, [kPa],
𝐸 = stiffness of the sand, [kPa],
𝐼𝑧 = strain influence factor at depth 𝑧, [].
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Similar to the elastic theory, the vertical strain depends on the applied stress and the stiffness of the
sand. However, in contrast to this theory, the Schmertmann method assumes a different distribution of
the vertical strain with depth compared to the equations governing traditional stress distribution curves,
like the Boussinesq stress distribution [15]. According to the Schmertmann method the vertical strain
directly underneath the shallow foundation has a value (close to) zero, which increases till it reaches
its maximum value at a depth that can be related to the width of this foundation. After the vertical strain
reached its maximum value it decreases with depth to zero. This distribution of the vertical strain is
observed during (computer) modelling of static loaded shallow foundations on sand [50].

The vertical strain distribution assumed by the improved Schmertmann method is defined by the im
proved strain influence factor diagrams [52]. Figure 2.6 shows the simplified 𝐼𝑧 distributions of a square
and a rectangular shallow foundation with a lengthwidth ratio larger than 10. The vertical axis repre
sents the depth below the shallow foundation normalised by its width. The depth below the foundation
at which the simplified 𝐼𝑧 distribution reaches its maximum or peak value varies between a half and
one time the width of the foundation. The depth below the foundation to which vertical strains occur as
a result of the stress 𝑝 on the foundation (depth of influence) varies between two and four times the
width of the foundation. Both depths depend on the dimensions of the foundation. The peak value of
the simplified 𝐼𝑧 distribution depends on the applied stress on the foundation and the initial effective
vertical stress (before construction of the foundation) at the depth corresponding to the peak value:

𝐼𝑝 = 0.5 + 0.1√
𝑝
𝜎′𝑣,𝑝

(2.21)

with

𝐼𝑝 = peak value of the influence factor, [],
𝜎′𝑣,𝑝 = Initial effective vertical stress at the depth corresponding to 𝐼𝑝, [].

The two distributions in Figure 2.6 define the boundaries of the simplified 𝐼𝑧 distribution. A shallow
foundation with different dimensions (1 < 𝐿/𝐵 < 10) will have a simplified 𝐼𝑧 distribution which will lie
in between these two distributions, in Figure 2.6 an example is indicated by the green line.

Figure 2.6: The boundaries (indicated by the two black lines) and an example (indicated by the green line) of the simplified 𝐼𝑧
distribution below the center of a loaded shallow foundation on sand. Figure obtained from Gavin et al. [42].

According to Equation 2.20 the vertical strain decreases with stiffness of the sand. It increases with
foundation stress, which increases with the amplitude of the load, and with the strain influence factor.
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The strain influence factor depends on the dimensions of the foundation. With increasing width of the
foundation it becomes more square, consequently the depth of the influence factor (depth of influence)
decreases from four times (for 𝐿/𝐵 > 10) towards two times (for 𝐿/𝐵 = 1) the width of the foundation.
However, at the same time the depth of the influence factor increases with the width of the foundation.
Further, the applied foundation stress decreases with increasing foundation size, because the load is
divided over a larger area. This will decrease the peak value of the strain influence factor according
to Equation 2.21. Although it is not directly obvious from the formulation of strain influence factor, it is
expected that an increase in the width of the foundation will lead to less vertical strain, considering that
the amplitude of the load and the stiffness of the sand remain fixed.

The Schmertmann method will be used to estimate the vertical plastic strain with depth after one load
cycle. This is one of the model parameters of the cumulative plastic strain model. The vertical plastic
strain after one load cycle is also used to determine the void ratio after one load cycle, which is one of
the model parameters of the terminal density model. Note that the improved Schmertmann method is
a static method, therefore it determines the total vertical strain, which also includes the elastic vertical
strain. Furthermore, the total vertical strain is the sum of the vertical strain components of the volumet
ric strain and the deviatoric strain.

2.7. Comparison cyclic settlement models
In Table 2.2 (at the end of this chapter) the six cyclic settlement models discussed in this chapter are
summarised. The main equations, model parameters and output are given together with the concept
of each cyclic settlement model. The cyclic settlement models differ from each other in model param
eters, equations, output, method to determine the depth of influence, whether densification continues
indefinitely with increasing number of load cycles or evolves to a maximum density, the laboratory ex
periments that constitute their theoretical basis, loading conditions and in their applications.

Between the cyclic settlement models also similarities exist. Each model assumes densification in
creases with increasing number of load cycles. The rate of densification decreases with increasing
number of load cycles. Consequently, most of the densification is accumulated in the first few load
cycles. Although its prediction of the densification is not a function of the number of load cycles this is
assumed by the Hergarden model as well. Furthermore, rate of densification increases with the am
plitude of the load. All six cyclic settlement models assume that densification decreases with (initial)
relative density of the sand. Densification is larger in a loose sand compared to a dense sand.

The model parameters of the six cyclic settlement models evaluated in this research can be divided
into three groups: load parameters, initial state or soil parameters. In Table 2.1 the model parameters
of the cyclic settlement models are assigned to these groups. Load parameters (grey row) describe
the loading conditions, for example the number of load cycles or a parameter that is related to the am
plitude of the load. Initial state parameters (top yellow row) describe the initial state of the soil. In the
evaluated cyclic settlement models this is described by the initial relative density or the initial void ratio.
The soil parameters (bottom yellow row) describe the densification properties of the soil, for example
material constants or the minimum and maximum void ratios. Their values are often determined in
cyclic laboratory tests and depend on the type of sand and sometimes its initial state. The material
constants 𝑐1 and 𝑐2 in both C/L models for example. These constants describe the densification char
acteristics of the sand. However, their values depend also on the initial relative density. Besides the
densification properties, some of the soil parameters also describe the initial state of the soil. Moreover,
not every cyclic settlement model has a model parameter in each of the three groups. The C/L model
for oedometer compression, seismic induced strain model and cumulative plastic strain model do not
have a model parameter that explicitly describes the initial state of the soil. The soil parameters that
depend on the initial relative density implicitly incorporated the initial state. Furthermore, the Hergarden
model is not a function of the number of load cycles. Therefore the amplitude of the acceleration of
the vibration is the only load parameter in this model. In the terminal density model and the cumulative
plastic strain model the number of load cycles is the only load parameter. The amplitude of the load is
implicitly incorporated in the soil parameters of these models.
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Table 2.1: Overview of the model parameters per cyclic settlement models that are evaluated in this research.

The terminal density model and the Hergarden model determine a maximum density as a function of
the load and soil parameters and the initial state of the sand. The density of the sand evolves towards
this maximum density during densification. Densification stops when this maximum density is reached.
Due to changing loading and / or boundary conditions the maximum density might increase and densifi
cation proceeds until the newmaximum density is reached. The other cyclic settlement models assume
that densification continues indefinitely with increasing number of load cycles. At depths where the am
plitude of the load is larger than the threshold value settlement accumulates indefinitely. According to
the C/L model for cyclic shear and the seismic induced strain model settlement will accumulate indefi
nitely at depths where the cyclic shear strain amplitude is larger than the volumetric threshold strain of
the sand, also in case the initial relative density is (more than) 100%. Eventually densification per load
cycle becomes negligible because the rate of densification decreases with the number of load cycles.
According to the C/L model for cyclic oedometer compression and the cumulative plastic strain model,
which do not include a threshold value, accumulation of the settlement will occur when the amplitude
of the load is larger than zero, regardless of the relative density of the sand. According to these models
cyclic settlement will accumulate indefinitely within the zone of influence, even under the influence of
a small load and in sands with a relative density that is (more than) 100%. Eventually densification
per load cycle becomes negligible because the rate of densification decreases with the number of load
cycles.

The C/L model for cyclic shear and the seismic induced strain model are based on straincontrolled
cyclic simple shear tests. The cumulative plastic strain model is based on stresscontrolled cyclic tri
axial compression tests. The C/L model for cyclic oedometer compression and the terminal density
model are based on cyclic oedometer tests. During these laboratory tests a quasistatic cyclic load is
applied to the samples that are tested. The cyclic settlement models that are based on the mechanical
behaviour of the soil samples do not consider dynamic effects of the load. Consequently, the load pa
rameters in these models only depend on the amplitude of the load or the number of load cycles. It is
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unclear which (laboratory) tests the Hergarden model is based on, the model does however include the
dynamic effects of a load. The acceleration of the amplitude of the vibrations depends on the amplitude
of the load and the velocity and acceleration of an ASC.

The C/L models, seismic induced strain model and cumulative plastic strain model assume that densi
fication of the sand can continue indefinitely with increasing number of load cycles. In theory any given
amount of densification can be reached, regardless of the amplitude of the load. According to these
cyclic settlement models the amount of densification is therefore not uniquely determined by the am
plitude of the load, i.e. densification of a sand under the influence of a load with a large amplitude will
also occur under the influence of a load with a small amplitude but after a larger number of load cycles.
Note that the depth of influence increases with the cyclic shear strain amplitude, which increases with
the amplitude of the load, the settlement output from the C/L model for cyclic shear and the seismic in
duced strain model is therefore uniquely determined by the amplitude of the load. The terminal density
model and the Hergarden model determine a maximum density which increases with the amplitude of
the load. The amplitude of the load uniquely determines the densification, i.e. under the influence of
a load with a large amplitude more densification occurs compared to a load with a smaller amplitude.
For all six cyclic settlement models densification is not independent of the amplitude of the load, the
rate of densification increases with the amplitude of the load.

One of the reasons why the cyclic settlement models differ from each other is that they have been de
veloped for different applications. Most of the cyclic settlement models have been applied to estimate
the settlement of a shallow foundation and / or a pavement system. Both correspond more or less to
the problem that is considered in this research, the settlement of ASC rail tracks. Rail tracks are a
typical example of a pavement system. The ASC rail tracks are constructed on concrete rail road ties
on a ballast bed, this represents a shallow foundation.

2.7.1. Depth of influence
Different methods are adopted by the cyclic settlement models to estimate the depth of influence of
the cyclic load. The Hergarden model determines the depth of influence as the largest depth where
the acceleration of the amplitude of the vibration is larger than the threshold acceleration. The seismic
induced strain model compares the cyclic shear strain amplitude to the volumetric threshold strain. The
largest depth where the cyclic shear strain amplitude is larger than the volumetric threshold strain is the
depth of influence. The C/L model for cyclic oedometer compression estimates the depth of influence
based on the friction angle of the sand and half the width of the foundation. For 30° friction angle, typical
value for sands, this becomes around 1.7 times half the width of the foundation. The depth of influence
determined with the improved Schmertmann method is adopted by the cumulative plastic strain model.
The vertical strain after one load cycle estimated with the improved Schmertmann method is one of the
model parameters of the cumulative plastic strain model. In the improved Schmertmann method the
depth of influence is related to the width of the foundation. Based on the dimensions of the shallow
foundation the depth of influence varies between two and four times the width of the foundation. That
is thus at least more than twice and up to five times the depth of influence determined by the C/L model
for cyclic oedometer compression. The literature about the C/L model for cyclic shear and the terminal
density model do not specify a method to determine the depth of influence. The C/L model for cyclic
shear adopts the method that is used by the seismic induced strain model. In both models the cyclic
shear strain amplitude is a model load parameter. The output of the improved Schmertmann method
is used to determine the void ratio after one load cycle, one of the model parameters of the terminal
density model. The terminal density model will therefore adopt the depth of influence determined by
the improved Schmertmann method, like the cumulative plastic strain model.

2.7.2. Cyclic settlement
The C/L model for cyclic shear, Hergarden model and terminal density model output the volumetric
plastic strain. The C/L model for cyclic oedometer compression, seismic induced strain model and
cumulative plastic strain model output the vertical plastic strain. The settlement in a soil element (or
layer) related to the vertical plastic strain is:
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𝑆 = 𝜀𝑝𝑣 ⋅ Δ𝐻 (2.22)

with

𝑆 = settlement, [𝑚],
Δ𝐻 = layer thickness, [𝑚].

Note that the vertical plastic strain output of the C/L model for cyclic oedometer compression has unit
10−3. The settlement in a soil element becomes:

𝑆 = 𝜀𝑝𝑣,𝑁 ⋅ 10−3 ⋅ Δ𝐻 (2.23)

with

𝑆 = settlement, [m],
𝜀𝑝𝑣,𝑁 = vertical plastic strain, [],
Δ𝐻 = layer thickness, [m].

The total settlement is equal to the combined settlement of all elements over the same vertical.

The volumetric plastic strain is not directly related to the settlement. For the cyclic settlement models
that output the volumetric plastic strain, first the vertical plastic strain needs to be determined before
the settlement can be calculated. The vertical plastic strain consists of the vertical component of the
volumetric and the deviatoric plastic strain:

𝜀𝑝𝑣 = 𝜀𝑝𝑣,𝑣𝑜𝑙 + 𝜀𝑝𝑣,𝑑𝑒𝑣 (2.24)

with

𝜀𝑝𝑣,𝑣𝑜𝑙 = vertical component of the volumetric plastic strain, [],
𝜀𝑝𝑣,𝑑𝑒𝑣 = vertical component of the deviatoric plastic strain, [].

Practically it is difficult to determine the vertical components of the volumetric and the deviatoric plastic
strain. Instead the vertical plastic strain could be estimated. For example, determine the ratio be
tween the vertical and the volumetric plastic strains, the ’verticalvolumetric strain ratio’ (VVSR), based
on a FEM analysis. The vertical plastic strain is then approximated by multiplying this ratio with the
volumetric plastic strain:

𝜀𝑝𝑣 = 𝑉𝑉𝑆𝑅 ⋅ 𝜀𝑝𝑣𝑜𝑙 (2.25)

with

𝑉𝑉𝑆𝑅 = ratio between the vertical and the volumetric strains, [],
𝜀𝑝𝑣𝑜𝑙 = volumetric plastic strain, [].

After the vertical plastic strain is determined based on the volumetric plastic strain, Equation 2.22 is
used to calculate the settlement. Note that the volumetric plastic strain of the C/L model for cyclic shear
has unit 10−3, Equation 2.23 must be used to calculate the settlement.
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Table 2.2: Overview of the six cyclic settlement models that are evaluated in this research.





3
Soil profile and relevant data

Data relevant for the prediction of settlement induced by a cyclic load as a result of the movements of
ASCs describe the soil conditions and loading conditions. The soil conditions at the RWG container
terminal are described by the geotechnical data that is obtained during site investigations. Both insitu
and laboratory tests were executed. In the area of the ASC rail tracks the soil has been investigated
more extensively. Due to excavation, construction and compaction that were carried out at container
terminal soil conditions underneath the rail tracks have changed. This is described in Section 3.2.
The following section the loading conditions at the container terminal are described. Six locations are
selected for the evaluation of the cyclic settlement models. At each location the settlement has been
measured and a CPT was executed. The CPTprofiles are presented in Section 3.4. Disturbance of
the soil after the CPTs were executed is minimal at the six locations.

3.1. Soil conditions underneath the ASC rail tracks
The RWG container terminal is located at MV2, this is a 2000 hectares piece of reclaimed land in the
port of Rotterdam (see Figure 1.1). MV2 consists of a hydraulic sand fill extending up to a depth of 20
𝑚, therefore the soil conditions are defined by the construction of MV2. Several soil investigations, in
the laboratory and insitu, have been carried out at the RWG container terminal in order to determine
the local conditions.

3.1.1. Construction timeline of MV2 and the RWG container terminal
MV2 is a manmade piece of land, consisting of sand dredged from the North Sea and deposited next
to the mouth of the river Meuse in front of the coast of Rotterdam. The RWG container terminal is
located on a strip of land at MV2. Figure 3.1 gives a timeline of the construction of MV2 and the RWG
container terminal. Below the horizontal axis the milestones of this project are indicated. Above the
horizontal axis the most relevant soil investigations and the construction steps that have influenced the
local soil conditions are indicated.

Construction of MV2 commenced in 2008, it was completed in 2011. In 2009 and 2010 site investiga
tions were carried out at the RWG container terminal, consisting of shallow and deep cone penetration
tests (CPTs), boreholes, sampling and laboratory soil tests. In 2012 construction of the container ter
minal started. In 2013, just before construction of the rail tracks started, over 300 CPTs till 7 𝑚 depth
were executed in the area of the ASC rail tracks. Relatively weak shallow sand layers were compacted.
In the beginning of 2014 the RWG container terminal was completed and the ASCs could be installed.
This was carried out from the beginning of 2014 till the beginning of 2015. After installing each of the
ASCs was tested. Settlements underneath the rail tracks of the moving ASCs were observed during
the test phase. The first settlements were measured in the summer of 2014. For almost a year, until
March 2015, settlements of the ASC rail tracks have been recorded. In September 2015 the RWG
container terminal officially opened [8].

27
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Figure 3.1: Timeline of the construction of MV2 and the RWG container terminal.

3.1.2. Lithology
Before construction of MV2, the area was part of the North Sea and the sea bed level was located at
about 12 to 15 𝑚 𝑁𝐴𝑃. During construction the area was raised to about 5 𝑚 𝑁𝐴𝑃. An overview of
the layers below the sea bed to a depth of 45 𝑚 𝑁𝐴𝑃 is given by Table 3.1. The first layer, consisting
of fine sand, has a thickness between 0 to 5 meters, depending on the initial sea bed level. To raise
the area to 5𝑚 𝑁𝐴𝑃 about 15 to 20𝑚 sand was placed. This sand was dredged from the North Sea [41].

Layer Geological age Soil type Depth [𝑚 𝑁𝐴𝑃]
I Holocene fine sand 10 to 15
II Holocene sand, silt, clay 15 to 20
III Holocene clay, peat 20 to 23
IV Late Pleistocene sand, silt, clay 23 to 25
V Middle Pleistocene coarse sand 25 to 45
VI Early Pleistocene clay below 45

Table 3.1: Lithology of the area before construction of Maasvlakte 2 [14].

3.1.3. Sand fill
After its construction the soil conditions of the sand fill have been investigated to check whether the
construction requirements were met. Later additional soil investigation were carried out for the con
struction of the RWG container terminal. This included twelve boreholes drilled up to 20 meters depth.
Their locations are indicated on a map of the RWG container terminal in Figure 3.2. Wet sieve analyses
were conducted on 110 samples that were taken from these boreholes at 2 𝑚 intervals. In Appendix
A documentation of the sieve analysis of two samples is included. The corresponding grain size distri
bution curves are plotted in Figure 3.3. It is clear that almost all samples contain less than 10% fines,
only one of the investigated samples has a larger fines content. The principal fraction of all samples is
sand. The average sand fraction percentage of the 110 samples is 96.5%. This means that the soil at
RWG can be classified as sand according to the USDA soil texture triangle [9]. The samples contain a
(very) small fraction of fines and most also contain a small fraction of gravel. In Table 3.2 a summary of
the 110 grain size distributions is given together with their classification. The finest sample is classified
as sandy loam, the other samples are classified as sand.
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Figure 3.2: Location of the boreholes at the RWG container terminal Phase 1 (indicated with D1). In the small picture: the light
green area represents MV1 and the light blue area MV2.

Figure 3.3: Grain size distribution diagrams of 110 soil samples taken at the RWG container terminal.

In Table 3.3 the sand median, the coefficient of uniformity and the coefficient of curvature of the two
finest, the coarsest and the average of the 110 samples are given. In the last column their gradation
is given. The sand at the RWG container terminal is classified as a medium to coarse uniform (poorly)
graded sand.
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Sample Clay [𝑤%] Silt [𝑤%] Sand [𝑤%] Gravel [𝑤%] Soil class

Finest 19.4 20.2 59.8 0.6 Sandy loam
Second finest 4.4 3.9 91.7 0.0 Sand
Coarsest 0.0 1.7 84.3 14.0 Sand
Average 0.2 2.4 96.5 0.9 Sand

Table 3.2: Percentage by weight of the clay, silt, sand and gravel fractions of the two finest and the coarsest samples and the
average of the 110 samples. The corresponding classification is based on the USDA soil texture triangle [9].

Sample 𝑀63 [𝑚𝑚] 𝐶𝑢 𝐶𝑐 Gradation

Finest 0.252 1.9  Medium uniformly graded* sandy loam
Second finest 0.211 2.5 1.2 Medium uniformly graded sand
Coarsest 0.421 3.0 0.9 Coarse uniformly graded sand
Average 0.265 2.0 1.0 Medium uniformly graded sand
∗ gradation based on the sand fraction.

Table 3.3: The sand median (𝑀63) and the coefficients of uniformity (𝐶𝑢) and curvature (𝐶𝑐) of the two finest and the coarsest
samples and the average of all samples together with the corresponding gradation [19].

3.1.4. Minimum and maximum void ratio
Near the quay walls, indicated by the grey track in Figure 3.2, an extensive site investigation was car
ried out. Geotechnical data from this investigation comprises CPT’s, borehole data and laboratory test
results from a.o. sieve analyses and triaxial testing. Sieve analyses show that the sand near the quay
wall with an average 𝐶𝑢 = 2.0 and 𝑀63 = 0.255 is comparable with the sand at other parts of the
container terminal (compared to the values in the bottom row in Table 3.3). Properties of the sand
determined for the sand near the quay wall can be extrapolated to the sand underneath the ASC rail
tracks. This includes the minimum and maximum void ratio and stiffness of the sand.

The minimum and maximum unit weights of dried samples of the sand fill were measured as part of the
triaxial tests that were carried out. Based on thesemeasurements theminimum andmaximum void ratio
of the sand are determined. In Appendix A documentation of the measurements is presented. Unfor
tunately, it is not specified which standard has been followed to determine the minimum and maximum
void ratios. The range of values for 𝑒𝑚𝑖𝑛 and 𝑒𝑚𝑎𝑥 are 0.472  0.680 and 0.721  1.032, respectively.
This does not correspond to Figure 3.4. Sand from the North Sea is in general (sub)rounded. For a
sand with 𝐶𝑢 = 2.0 the minimum and maximum void ratio should lie around 0.4 and 0.7, respectively.
These values lie outside the range of measured minimum and maximum void ratios. An 𝑒𝑚𝑖𝑛 of 0.50
and an 𝑒𝑚𝑎𝑥 of 0.80 are selected for this research. This corresponds to sand with subangular grains.

3.1.5. CPT data
At the RWG container terminal a large amount of CPT data has been gathered using standard CPTs.
A standard CPT measures the cone tip resistance and the sleeve friction. Especially in the area near
the quay wall and at the ASC rail tracks a large amount of CPT data is available. The CPTs carried
out near the quay wall extent till a maximum depth of 40 𝑚 𝑁𝐴𝑃. The CPT data validates that the first
20 meter (from 5 till 15 𝑚 𝑁𝐴𝑃) consists of sand. In the top part of the sand layer till a depth of 2
𝑚 𝑁𝐴𝑃 the cone tip resistance is relatively high, indicating well compacted sand, however the cone tip
resistance varies strong laterally and also with depth. At some locations less compacted sand layers
are present in the top part of the sand fill. In many of the CPTs it is observed that at a depth between
0 and 2 𝑚 𝑁𝐴𝑃 the cone tip resistance decreases significantly, indicating that the sand layer at this
depth is less compacted. This sand has been deposited below water level, which could be the reason
why it is less compacted compared to the sand deposited above the water level. With depth the cone
tip resistance increases gradually. Between 5 and 15 𝑚 𝑁𝐴𝑃 less and well compacted sand layers
occasionally occur. At around 15 𝑚 𝑁𝐴𝑃, the initial sea bed level is located and the soil type changes
to finer material such as silt and clay. In nine of the CPTs executed near the quay wall also the pore
pressures were measured. In the sand fill static pore water pressures are present. In Appendix A three
deep CPTs are attached, including one with a pore water pressure measurement.
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Figure 3.4: Minimum and maximum void ratio as a function of the coefficient of uniformity and the grain shape [57].

To get a better picture of the top layer of the sand fill in the area of the ASC rail tracks, over 300
additional shallow (till a depth of 2 𝑚 𝑁𝐴𝑃) CPTs were executed along the proposed ASC rail tracks.
The spacing between the shallow CPTs is 25 meters. Some adjacent CPTs showed large differences
in the measured cone tip resistance, indicating strong variability of the sand compaction. Note that
these shallow CPTs were carried out before construction of the ASC rail tracks, but after construction
of the subsurface infrastructure (Figure 3.1). At some locations, variability of the sand compaction
can be attributed to the excavation works. Stretches of sand of 8 by 25 𝑚2around the shallow CPTs
that showed low values of cone tip resistance were compacted till a depth of 3 𝑚 below the surface
level. As a result these CPTs do no longer represent the real state of the sand. For this research six
locations are selected that have not been compacted since the corresponding CPT data does not show
alarming values of the cone tip resistance. The settlement that was measured after the ASCs started
moving was not anticipated. The cone tip resistance, sleeve friction and friction ratio of one of the CPTs
corresponding to the selected locations is plotted in Figure 3.5a. Plots of the CPTs corresponding to
the other locations can be found in Appendix A.

Relative density
The relative density can be approximated by using a correlation between the cone tip resistance and
the relative density. The output of this type of correlation is a (near) continuous profile of the relative
density with depth. Figure 3.5b gives a plot of the relative density with depth approximated by the
correlation of Baldi[10]:

𝐷𝑅 =
1
3.29𝑙𝑛(

𝑞𝑐
86(𝜎′𝑣0)0.53

) (3.1)

with

𝐷𝑅 = relative density, [],
𝑞𝑐 = cone tip resistance, [𝑀𝑃𝑎],
𝜎′𝑣0 = vertical effective stress, [𝑘𝑃𝑎],
𝐶0, 𝐶1, 𝐶2 = material constants, [].
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(a) The measured cone tip resistance (𝑞𝑐), sleeve friction (𝑓𝑠) and
friction ratio (𝑅𝐹)

(b) The measured cone tip resistance and the relative density (𝐷𝑅), the
dashed line indicates that the relative density is estimated.

Figure 3.5: The measured data by CPT 9R4 and the relative density determined based on this data using the correlation of
Baldi [10].

In Table 3.4 the unit weights of the sand and water that are used to determine the vertical effective
stress are given.

Material Unit weight [𝑘𝑁/𝑚3] Depth [𝑚 𝑁𝐴𝑃]
Dry sand 18 5 to 0.63
Saturated sand 20 0.63 to 15
Water 10 0.63 to 15

Table 3.4: Estimate of the unit weights of the materials in the sand fill. These values are used to determine the vertical effective
stress.

The correlation of Baldi will be used in this research to approximate the relative density of the sand
underneath the ASC rail tracks. This correlation has given good estimates of the relative density for
a sand with similar minimum and maximum void ratios as determined for the sand fill (0.5 vs. 0.490
and 0.8 vs. 0.821) [43]. Moreover, in Appendix B a few common cone tip resistance  relative density
correlations, including the correlation of Baldi given in Equation 3.1, are compared. Especially in dense
sands the differences between the correlations become negligible.

Figure 3.5b shows that the initial relative density of the sand in the top 7 meters at the location corre
sponding to CPT 9R4 is dense to very dense. It varies between 75 and 100%. Beyond the extent of
the CPT, that is deeper than 2 𝑚 𝑁𝐴𝑃, it is assumed that the relative density has a lower value. This
is based on the decreasing cone tip resistance at this depth observed in the deeper CPTs taken near
the quay wall. The relative density of the sand is estimated at 65%, corresponding to a medium dense
sand. This is plotted in Figure 3.5b. To indicate that the relative density is estimated it is plotted with a
dashed line.

3.1.6. Stiffness
Stiffness of the sand fill defines its resistance to deformation induced by an applied force, for example
the load applied by an ASC. It is measured in a triaxial tests. Samples of the sand fill with varying
relative density were tested to determine its stiffness. The samples are taken from varying depths from
different boreholes near the quay wall. In total 21 samples were taken. In Appendix A documentation
of the results from the triaxial tests of three samples is attached.
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Stressdependent stiffness
Stiffness increases with confining pressure. This dependency is described by a parameter 𝑚, rate of
stress dependency of the stiffness. For the sand fill parameter𝑚 is determined at 0.7. This is the aver
age value of parameter𝑚 of the 21 tested sand samples. A typical value for sands is 0.5. In Appendix A
is explained how this parameter is determined. In Figure 3.6 the secant stiffness of the sand fill for a ref
erence confining pressure of 100 𝑘𝑃𝑎 is plotted as a function of the relative density. Stiffness increases
with relative density. The sand has been divided into five groups based on its relative density: loose,
medium dense, dense, very dense and densified. For medium dense to very dense sands the values
correspond well to a correlation between the relative density and stiffness of another sand [29]. In Ta
ble 3.5 the stiffness of the sand for each category for a reference confining pressure of 100 𝑘𝑃𝑎 is given.

Figure 3.6: Secant stiffness (blue) and unloading/reloading (orange) stiffness for a confining stress of 100 𝑘𝑃𝑎 as a function of
the relative density for samples from the sand fill. The green line gives a correlation between the relative density and stiffness
for a confining stress of 100 𝑘𝑃𝑎 [29]. The unloading / reloading stiffness is about 4 times higher than the secant stiffness.

Density sand 𝐷𝑅 [%] 𝐸𝑟𝑒𝑓50 [𝑘𝑃𝑎] 𝐸𝑟𝑒𝑓𝑢𝑟 [𝑘𝑃𝑎]
Loose sand 35 35E3 150E3
Medium dense sand 65 40E3 160E3
Dense sand 80 45E3 165E3
Very dense sand 90 50E3 170E3
Densified sand 100 55E3 175E3

Table 3.5: The secant stiffness and the unloading / reloading stiffness for a confining stress of 100 𝑘𝑃𝑎 of the sand fill at
different relative densities.

Unloading / reloading stiffness
During the triaxial tests the unloading / reloading stiffness of the sand was measured as well. In Figure
3.6 the unloading / reloading stiffness of the sand fill for a confining pressure of 100 𝑘𝑃𝑎 is plotted as
a function of the relative density. It is observed that for the sand fill the unloading / reloading stiffness
is 3.5 to 4.5 times the secant stiffness. In Table 3.5 the unloading / reloading stiffness of the sand for
a reference confining pressure of 100 𝑘𝑃𝑎 is given for the five categories. In Appendix A is explained
how the unloading / reloading stiffness and the unloading / reloading stiffness for a confining pressure
of 100 𝑘𝑃𝑎 are determined.

Straindependent stiffness
Figure 3.7a shows the dependency of the shear modulus of a soil normalised by its small strain shear
modulus (𝐺0 or 𝐺𝑚𝑎𝑥) on the shear strain level. The shear modulus decreases with increasing shear
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strain. The Sshaped curve is called the shear modulus reduction curve, it describes the dependency
of the shear stiffness on the shear strain. The exact shape of the shear modulus reduction curve is
soil type dependent. Figure 3.7b presents two different shear modulus reduction curves of a sand and
gravel. The shear modulus reduction curve can be used to determine the dependency of the stiffness
of the sand fill on the (shear) strain, because the shear modulus is related to the stiffness:

𝐺 = 𝐸
2(1 + 𝜈) (3.2)

with

𝐺 = shear stiffness or shear modulus, [𝑘𝑃𝑎],
𝐸 = stiffness, [𝑘𝑃𝑎],
𝜈 = Poisson’s ratio, [].

The level of shear strain in conventional soil testing, for example triaxial testing, is larger than the shear
strain level typical for (cyclic) loaded foundations. This suggests that the behaviour of the sand under
neath the ASC rail tracks will be stiffer compared to its behaviour measured in the triaxial tests.

(a) Shear modulus reduction curve, for certain geotechnical applications is the level of
shear strain typically involved indicated [12].

(b) Two examples of the shear modulus reduction curve
of a sand and a gravel [53].

Figure 3.7: Shear modulus reduction curves.

The shear strain level in the triaxial tests is estimated based on the axial strain and the volumetric strain
measured during the triaxial tests:

𝛾 ≈ 𝜀𝑎 −
𝜀𝑣
3 (3.3)

with

𝛾 = shear strain, [],
𝜀𝑎 = axial strain, [],
𝜀𝑣 = volumetric strain, [].

The axial strain and the volumetric strain have an average value of 0.4% and 0.2%, respectively. The
shear strain in the triaxial tests is estimated at almost 0.35%. Together with the measured secant stiff
ness the shear modulus reduction curve can be calibrated to determine the strain dependency of the
stiffness of the sand. A shear strain of 0.35% corresponds to a normalised shear modulus of 0.17
(≈ 1/6), considering the shear modulus reduction curve for sands in Figure 3.7b. For a shear strain
of 0.1%, 0.01%, 0.001% and 0.0001% the sand behaves roughly two, four, five and six times stiffer,
respectively. Table 3.6 gives an overview of the estimated stiffness of the sand at different relative
densities at different levels of shear strain and corresponding axial strain. In the final column the small
strain stiffness, for a shear strain of 0.0001%, is given.

The small strain stiffness can also be determined based on the maximum shear modulus estimated
using the graphs plotted in Figure 3.8. The solid line indicated with 0.1 estimates the maximum shear
modulus for granular soils with round grains for a confining pressure of 100 𝑘𝑃𝑎 as a function of the void
ratio [24]. Its value for the range of void ratios 0.5  0.8 varies between 70 and 130 𝑀𝑃𝑎. According to
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Density sand 𝐷𝑅 [%] 𝑒 []
𝐸𝑟𝑒𝑓50 [𝑀𝑃𝑎] 𝐸𝑟𝑒𝑓 [𝑀𝑃𝑎] 𝐸𝑟𝑒𝑓 [𝑀𝑃𝑎] 𝐸𝑟𝑒𝑓 [𝑀𝑃𝑎]

𝐸𝑟𝑒𝑓0 [𝑀𝑃𝑎](𝛾 ≈ 0.35%) (𝛾 ≈ 0.1%) (𝛾 ≈ 0.01%) (𝛾 ≈ 0.001%)
(𝜀𝑎 ≈ 0.4%) (𝜀𝑎 ≈ 0.1%) (𝜀𝑎 ≈ 0.01%) (𝜀𝑎 ≈ 0.001%)

Loose 35 0.70 35 70 140 175 210
Medium dense 65 0.61 40 80 160 200 240
Dense 80 0.56 45 90 180 225 270
Very dense 90 0.53 50 100 200 250 300
Densified 100 0.50 55 110 220 275 330

Table 3.6: Estimate of the stiffness of the sand at several levels of small strain, in the last column the estimated small strain
stiffness is given. These values correspond to a reference stiffness of 100 𝑘𝑃𝑎.

Equation 3.2, this is a stiffness between 170 and 310 𝑀𝑃𝑎, for a Poisson’s ratio of 0.2, a typical value
for sands. This corresponds well with the small strain stiffness in the final column of Table 3.6.

Figure 3.8: Small strain shear modulus as a function of the void ratio. The solid line is for sands with rounded grains and the
dashed line is for sands with angular grains [24]

3.1.7. Measured settlement
Despite the local compaction of the less compacted layers the ASC rail tracks have been settling.
Settlement accumulated both at locations where local compaction has and has not been carried out.
Settlements of the rail tracks were measured from July 2014 till March 2015. At the six locations that
are selected to evaluate the cyclic settlement models no local compaction has been carried out. It is
assumed that CPT data still represents the soil conditions at these locations. In Table 3.7 the settlement
measured at the six selected locations is given. Each value represents a settlement measurement of
the rail track. The settlement measurements were taken at the surface. At location 4, corresponding to
CPT 8R4, two settlement measurements of the rail track were taken. The first measured settlement
was 11𝑚𝑚 and a month later 21𝑚𝑚. After each measurement the rail track is maintained and levelled
to its original height. The locations of the two settlement measurements seem to overlap, however it
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is possible that this is not the case. That would mean that the settlement at location 4 is 21 𝑚𝑚 and
directly adjacent to it 11 𝑚𝑚. Note that only observed settlements are measured. This means that
even though no settlement was measured at certain locations, settlement still might have occurred. It
is assumed that the settlement at locations where no settlement was measured will lie between 0 and
4 𝑚𝑚, since the smallest settlement that was recorded is 4 𝑚𝑚.

Location CPT Settlement [𝑚𝑚]
1 4L6 14
2 4R3 27
3 9R4  *
4 8R4 32 (21) **
5 12R3  *
6 10L3 8
∗ At locations 3 and 6 no settlement was measured
∗∗ At the location corresponding exactly to the location of CPT 8R4 the mea
sured settlement might be 21𝑚𝑚

Table 3.7: Settlement at the six selected locations during the period July 2014  March 2015.

Settlement of the rail tracks continued after March 2015, but the settlement measurements were not
executed anymore. According to one of the container terminal operators, maintenance of the ASC rail
tracks as a result of settlements is still carried out once per year per rail track. The severity of the cor
rections of the rail tracks has diminished over time (P. Hogesteeger, personal communication, January
20, 2020). It indicates that settlements are still accumulating, but at decreasing rates.

3.1.8. Geohydrology
MV2 is surrounded by seawater, due to groundwater mounding the groundwater level lies above the
seawater level. The groundwater level is determined at +0.63 𝑚 𝑁𝐴𝑃 [33]. Data from the nine CPTu
measurements showed static pore water pressures in the 20 𝑚 thick sand fill layer. The hydraulic
conductivity of the sand fill is estimated at 4 ⋅10−2 𝑚/𝑠, this is a typical value for poorly graded medium
coarse sand [28].

3.2. Construction of the ASC rail tracks
The ASC rail tracks are constructed on a shallow foundation. Construction commenced not long after
the execution of 300 shallow CPTs and the local ground improvements (Figure 3.1). A result of the
work that was carried out in the area of the ASC rail tracks is that the soil conditions, at least the top
part of the sand fill, have been disturbed.

3.2.1. The ASC foundation
The first step in the construction of the shallow foundations was levelling the sand fill to 5.0 𝑚 𝑁𝐴𝑃. At
locations where the sand fill surface lied above 5.0𝑚 𝑁𝐴𝑃 this meant that up to 1𝑚 of the sand fill had
to be removed. This sand was placed at locations where the sand fill surface lied below 5.0 𝑚 𝑁𝐴𝑃. At
the rail tracks more sand was removed, till a depth of 4.3 𝑚 𝑁𝐴𝑃. This sand was replaced by ballast.
Before placing the ballast the sand was compacted with a vibratory plate. The ballast bed itself was
also compacted by a vibratory roller [33]. This rail track foundation is indicated by ’Gebied I’ in Figure
3.9.

The ASCs are installed on a rail track similar to a train rail track. However, only one rail is placed in
the middle of a concrete railroad tie, instead of two rails at both ends of the railroad tie for train rail
tracks. The other rail is located at a distance equal to the width of an ASC, which 30 𝑚 to 40 𝑚. The
shallow foundation of an ASC consists of the rail, the concrete railroad ties and the ballast bed. The
top of a railroad tie is located at 5 𝑚 𝑁𝐴𝑃. Underneath and around the railroad ties ballast is placed.
The railroad ties have a length of 1.2 𝑚 and a width and height of 0.3 𝑚, the centertocenter (c.t.c.)
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Figure 3.9: Crosssection of the shallow foundation of the rail tracks of two adjacent container stacks and the subsurface
underneath. The left rail track is the right rail track belonging to the container stack on the left. The right rail track is the left rail

track belonging to the container stack on the right.

distance between two adjacent railroad ties is 0.7 𝑚 (into the page). The bottom of the foundation lies
at a depth of 4.3 𝑚 𝑁𝐴𝑃. Figure 3.9 shows a crosssection of the foundations of one rail track of two
ASCs installed at neighbouring container stacks. The left rail track is the right rail track belonging to
the container stack on the left. The right rail track is the left rail track belonging to the container stack
on the right. The c.t.c. distance between these two rail tracks is 3.0 𝑚.

3.2.2. Disturbance of the sand
The influence of the compaction works on the state of the sand below the ballast bed has not been
measured and therefore needs to be estimated. Relatively simple techniques, a vibratory plate and a
vibratory roller, were used to compact the sand. These techniques typically have an extent of around
80 𝑐𝑚 [1]. It is assumed that till a depth of 3.5 𝑚 𝑁𝐴𝑃 the ballast bed and the sand reached their max
imum compaction as a result of the construction of the ASC rail tracks. This zone comprises ’Gebied I’
and ’Gebied II’ in Figure 3.9, the relative density is estimated here at 100%. It is assumed that at larger
depths the effect of the construction works becomes negligible. Below 3.5𝑚 𝑁𝐴𝑃 the state of the sand
is still represented by the CPT data. The actual extent could be deeper or less deep. Furthermore, the
increase in relative density of the compacted sand might have gradually decreased with depth.

In Figure 3.10 the measured cone tip resistance and the correlated relative density of CPT 4L6 are
plotted by the red and blue solid lines, respectively. Till a depth of 3.5 𝑚 𝑁𝐴𝑃 the solid blue line is
made transparent, to indicate that the relative density has changed. Above this depth an estimate of
the current relative density is plotted by the dark and light brown dashed lines to indicate the ballast
bed and the compacted sand, respectively. At depths below the extent of CPT 4L6 the relative density
is estimated at 65%, which is indicated by plotting it with a dashed blue line.

The relative density after construction of the ASCs, but before the ASCs started moving, is thus plotted
till a depth of 3.5𝑚 𝑁𝐴𝑃 by the dark and light brown dashed lines. Below that depth the relative density
is plotted by the blue solid and dashed lines. This is the estimated relative density after zero load cycles
and is referred to as the initial relative density. The profile of the relative density before construction is
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plotted over the whole depth by the light and dark blue solid and dashed lines. To distinguish between
the two profiles of the relative density, the relative density before construction of the ASC rail tracks will
be referred to as the virgin relative density.

Figure 3.10: The measured cone tip resistance and the relative density correlated with the correlation of Baldi (Equation 3.1)
for CPT 4L6. Above the ’Compact sand’line the blue line is transparent, indicating that the relative density has changed. The

new relative density is indicated by the light and dark brown dashed lines. Below the CPT’s extent the relative density is
estimated, indicated by the blue dashed line. The ballast bedsand interface and the estimated depth of the compacted sand

lies at 4.3 and 3.5𝑚 𝑁𝐴𝑃, respectively.

3.3. Loading conditions
The repeated or cyclic load as a result of the movements of ASCs induces densification of the sand
and subsequently settlement of the rail tracks. The loading conditions underneath the ASC rail tracks
are defined by the amplitude of the load, spreading of the load through the foundation and the sand,
the number of load cycles and the frequency of the vibrations that are generated. The hydraulic con
ductivity of the sand is high and pore water pressure will not accumulate in the sand. The conditions
at the RWG container terminal are drained.

3.3.1. Number of load cycles
The c.t.c. wheel distance between two adjacent wheels, part of the same leg of an ASC, is 1.2 𝑚. This
distance is small enough to consider the four wheels in the same ASC leg as one linear load. The
c.t.c. wheel distance between the rear wheel of the front leg and the front wheel of the rear leg (the
two closest wheels of two different legs on the same rail track) is 5.4 𝑚. This distance is large enough
to consider them as separate loads. This means that every time an ASC passes, the sand underneath
the rail tracks experiences two load cycles. Further, it is assumed that per transported container an
ASC is passing twice along the whole container stack. That is one time while carrying a container and
one time without. The number of load cycles applied to the sand underneath the ASC rail tracks is in
that case equal to four times the amount of transported containers per container stack.
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Unfortunately, the number of transported containers per container stack has not been measured, this
number will need to be estimated in order to estimate the number of load cycles. A distinction will be
made between the settlement measurement period, which took place before the official opening of the
RWG container terminal from July 2014 till March 2015 (Figure 3.1), and the period afterwards.

Number of load cycles during the settlement measurement period
Each container stack contains two ASCs. Before an ASC is ready to transport containers it will need to
be tested. The testing procedure of an ASC involves driving it multiple times along its rail tracks. The
testing procedure included lifting up containers filled with sand weighing up to 40 tonne and transporting
them along the container stack. The first settlement underneath the rail tracks was already measured
during testing of the ASCs. The number of times an ASC drives along its rail tracks as part of a typical
test procedure is unknown.

After testing the ASCs they could start transporting containers. It is unknown howmany containers were
transported in this period, except that it is a low number. Consequently, the number of load cycles will
also be relatively low. In January 2015 the first commercial container ship arrived at the RWG container
terminal and 150 containers were transported through the terminal [8]. Towards the end of the settle
ment measurement period, in February and March of 2015, more containers were transported through
the container terminal. The majority of these containers was transported through container stacks 3
to 10, which at the time was referred to as the ’miniterminal’. The number of load cycles is therefore
largest for container stacks 3 to 10.

Unfortunately not much (more) is known about the movements of the ASCs during the settlement mea
surement period. It is estimated that the number of load cycles as part of the testing procedure lies
in the range one thousand. The number of load cycles to transport the first badges of containers is
slightly higher. For the container stacks 3 to 10, the ’miniterminal’, the total number of load cycles is
estimated between 10 and 50 thousand. For container stacks 11 to 27 the total number of load cycles
in this period is estimated between 1 and 10 thousand. This is summarised in Table 3.8.

Container stacks Number of load cycles

3  10 10.000  50.000
11  27 1.000  10.000

Table 3.8: Estimate of the number of load cycles applied to the sand underneath the ASC rail tracks per container stack during
the settlement measurement period.

Number of load cycles during operation of the RWG container terminal
During operation of the container terminal the number of load cycles can be estimated as four times
the estimated number of the transported containers per container stack. The capacity of the RWG con
tainer terminal is 2.35 million TEU (Twentyfoot equivalent) [8]. In 2019 the RWG container terminal
was operating almost at its full capacity [20]. It is assumed that on average the container terminal is
operating at 90% capacity and that the containers are being distributed evenly over the 25 container
stacks. This results in 50.000 containers per container stack per year being transported through the
RWG container terminal, which is about 200.000 load cycles per year. About 100.000 load cycles while
carrying a container and 100.000 load cycles without a container. The derivation of these numbers is
given in Appendix B. In Table 3.9 the estimated number of load cycles for different periods of time are
given.

3.3.2. Amplitude of the load
Two types of ASCs are installed at the RWG container terminal, the ASC and the ASCC. The ASCC
spans more rows of containers stacked next to each other (10 versus 12) and is therefore wider and
heavier. The ASC is weighing 236 tonne and the ASCC 295 tonne. The two ASC types are very
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Time [𝑦𝑒𝑎𝑟] Total number of Number of load cycles Number of load cycles
load cycles with container without container

1 2E5 1E5 1E5
5 1E6 5E5 5E5
10 2E6 1E6 1E6
25 5E6 2.5E6 2.5E6
50 10E6 5E6 5E6

Table 3.9: Estimate of the number of load cycles applied to the sand underneath the ASC rail tracks per container stack after
the settlement measurement period.

similar. Both types can carry a container weighing up to 40 tonne. The contact area between the rails
and the wheels is the same for both types and therefore their load is spread out over the same surface
area. It is assumed that the weight is distributed evenly over the four legs of the ASCs.

In Table 3.10 a few of the specifications of the two ASC types, including the estimated weight of an
ASC per leg, are presented. Depending on the ASC type and whether it is carrying a 40 tonne con
tainer, the load on one leg varies between 579 and 822 𝑘𝑁. Since containers can weigh less than 40
tonne, the values of the weights given in Table 3.10 represent the range of possible weights. The load
is transferred by the track and the railroad ties to the ballast bed. In the ballast bed the load decreases
with depth due to spreading of the load. An angle of 1:1 is assumed for the spreading of the load in
the ballast bed, this is indicated by the brown lines in Figure 3.9. This results in a loaded surface area
beneath one leg of an ASC at the ballast bedsand interface of 2.0 x 4.6 𝑚2. If is assumed that the
load is distributed evenly over this area the stress will vary between 63 and 89 𝑘𝑃𝑎. In Appendix B is
explained how this surface area and the stress are determined.

Table 3.10: Specifications of the two types of automatic stacking cranes, the ASC and the ASCC.

In Figure 3.11 three different distributions of the vertical stress increase below the center of a 2 𝑚 by
4.6 𝑚 shallow foundation are plotted. A uniform vertical stress 𝑝 is applied to the bottom of the shallow
foundation. The vertical stress increase decreases with depth due to spreading of the load in the sand.
The estimates of the vertical stress increase with depth are based on the assumption of 1D spreading,
2D spreading and Boussinesq. In either case, the increase in vertical stress is largest directly below
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the foundation.

The 1D spreading can be used in plane strain conditions, the load spreads out over a width which
increases with depth. The 2D spreading or the Boussinesq approximation are used when the load
spreads in both lateral and transverse directions. For an estimate of the spreading of the stress below
the loaded part of the ASC rail tracks, the 2D spreading under an 1:1 angle is selected. At 4 𝑚 depth
below the ballast bed, which is two times the width of the shallow foundation, the increase in vertical
stress is 10% of its value at the bottom of the foundation, the ballast bedsand interface. That corre
sponds to a vertical stress increase of 6 to 9 𝑘𝑃𝑎. With depth the vertical stress increases decreases
further and becomes negligible. At 6 𝑚 depth below the ballast, equal to three times the width of the
foundation, the increase of vertical stress is 5%, which corresponds to 3 to 4.5 𝑘𝑃𝑎.

Figure 3.11: Distribution of the vertical stress increase in a dry sand as a result of a stress 𝑝 applied to a 2𝑚 by 4.6𝑚 interface
of the foundation and the sand layer, assuming 1D stress spreading under an angle of 45°, 2D stress spreading under an angle

of 45° and an approximation of the Boussinesq stress spreading [18].

3.3.3. Quasistatic cyclic load
A real cyclic load is similar to a sinusshape. As the ASC is approaching a given point the amplitude of
the load applied to that point increases. At the moment the ASC is straight above this point its full load
is applied and the amplitude of the load reaches its maximum value. Then the amplitude of the load
decreases as the ASC passes. Most of the cyclic settlement models evaluated in this research model
the cyclic load as a quasistatic load. That means the applied load is either zero or it has its maximum
value, which is equal to the amplitude of the load.

3.3.4. Amplitude and frequency of the vibration
A vibration considers the dynamic effects of the cyclic load, in contrast to a cyclic load modelled as
a quasistatic load. This includes acceleration and deceleration of an ASC, lifting containers up and
down and shifting them left and right. A vibration can be described by its frequency and the amplitude
of the acceleration of the vibration.

The frequency of a vibration generated by an ASC is estimated based on the velocity of an ASC and
the distance between two adjacent wheels:

𝑓 = 𝑣𝐴𝑆𝐶
𝑠 , (3.4)
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with

𝑓 = frequency, [𝐻𝑧],
𝑣𝐴𝑆𝐶 = velocity of an ASC, [𝑚 ⋅ 𝑠−1],
𝑠 = distance or length, [𝑚].

The wheel distance is 1.2 𝑚 and the velocity typically varies between 2 and 5 𝑚 ⋅ 𝑠−1 (Table 3.10). The
dominant frequency of the vibrations generated by an ASC is therefore estimated between 2 and 4 𝐻𝑧.
Note that to determine the frequency of the vibration each of the wheels is considered as an individual
load, whereas for the amplitude of the load the wheels in the same ASC leg are considered as one
linear load.

The amplitude of the acceleration of a vibration propagating through the sand can be measured with
geophones. This was not done at the RWG container terminal. Therefore its value is estimated based
on the velocity amplitude of the vibration and the frequency:

𝑎 = 𝑣𝑣𝑖𝑏 ⋅ 2𝜋𝑓 (3.5)

with

𝑎 = amplitude of the acceleration of a vibration, [𝑚 ⋅ 𝑠−2],
𝑣𝑣𝑖𝑏 = velocity amplitude of a vibration, [𝑚 ⋅ 𝑠−1],
𝑓 = frequency of a vibration, [𝐻𝑧].

The velocity amplitude of a vibration is a measure of its energy. It is the velocity of the movements of
the grains as the vibration propagates through the sand. The velocity amplitude generated by an ASC
is estimated at 0.130 𝑚 ⋅ 𝑠−1 at the bottom of the ballast bed. This estimate of the velocity amplitude is
about four times the velocity amplitude generated by a train entering a train station [32].

The amplitude of the acceleration of a vibration is estimated between 1.6 and 3.2 𝑚 ⋅ 𝑠−2 at the bottom
of the ballast bed, depending on the frequency of the vibration. The vibration attenuates with distance
from the ASC increases due to material and geometric damping. The amplitude of the acceleration of
the vibration with distance is [56]:

𝑎(𝑟) = 𝑎0(
𝑟0
𝑟 )

𝑛 ⋅ 𝑒−𝛼(𝑟−𝑟0) (3.6)

with

𝑎0 = amplitude of the acceleration at distance 𝑟0 from the source, [𝑚 ⋅ 𝑠−2],
𝑟 = distance from the vibration source, [m],
𝛼 = attenuation coefficient, [𝑚−1],
𝑛 = geometric damping, []; n = 1.0 for vertically propagating waves.

In Figure 3.12 the normalised amplitude of the acceleration of the vibration is plotted with depth (𝑛 = 1),
for a hard and a soft sand. The difference in attenuation of a vibration propagating in a soft or hard
sand is negligible. The amplitude of the acceleration of the vibration decreases with depth in a similar
way as the increase in vertical stress decreases with depth plotted in Figure 3.11.

The vibration also damps out in lateral direction, the geometric damping parameter 𝑛 becomes 0.5.
Because the rail tracks of a container stack are a few hundred meters long, the vibration at a given
point along the ASC rail track has damped out long before the ASC passes by again. The vibration is
therefore discontinuous.

3.3.5. Static load applied by the container stack
A large number of containers can be stored in the 25 stacks of the container terminal. The containers
can be stacked up to five containers high. Five containers with a maximum weight of 40 tonne can
weigh up to 200 tonne. Considering a TEU 1 container, which has a surface area of 2.4 𝑚 by 6.1 𝑚,
the static load applied by the container stack is equivalent to a stress of 135 𝑘𝑃𝑎. Most of the time less
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Figure 3.12: Attenuation of a vibration due to geometric and material damping. The normalised amplitude of the acceleration of
the vibration in a hard and a soft sand are plotted against depth below the foundation.

than five containers are stacked on top of each other. Furthermore, most containers weigh less than
40 tonne and the majority of the containers consists of the TEU 2 type (Appendix B), which has twice
the surface area. The average weight of the containers stored in the container stack is estimated to
be equivalent to a static stress of 40 𝑘𝑃𝑎. That would be three containers of 40 tonne stacked on top
of each other divided over an area of 2.4 𝑚 by 12.2 𝑚 (TEU 2 container). That is significant and could
affect the stress state underneath the nearby ASC rail tracks.

During the settlement measurement period the number of containers stored in the container stacks was
very low. Most of the times no containers were stored in the container stacks and at short moments up
to one container high. For the evaluation of the cyclic settlement models the contribution of the weight
of the containers to the static load is neglected.

3.4. Summary of the data per location
In Figure 3.13 the six selected locations are indicated on a map of the container stacks at the RWG
container terminal. This section summarises the data gathered at the selected locations. This consists
of a CPT measurement, which was carried out not more than a few meters distance from the location,
the type of crane installed on the rail track above the location, which determines the amplitude of the
load, and a settlement measurement. The relative density is correlated to the cone tip resistance. In
Figure 3.14 the data is summarised per location. Additionally, a range of the number of load cycles
applied by the ASCs is indicated for every location.

3.4.1. Location 1: CPT 4L6
Location 1 is situated halfway container stack 4, below the left rail track (see Figure 3.13b). At container
stack 4 two ASCC cranes are installed. During the settlement measurement period 14 𝑚𝑚 settlement
is measured at location 1. The number of applied load cycles is estimated between 10 and 50 thou
sand. Figure 3.14a shows a plot of CPT 4L6 and the correlated relative density. Its cone tip resistance
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(a) Aerial view of Phase 1 of the container terminal [2]. The red square indicates the container stacks 3 to 13 displayed below.

(b) Container stacks 3 to 13 and the six selected locations indicated by the red and green diamonds. Red indicates settlement was observed
during the settlement measurement period and green indicates that no settlement was observed during this period.

Figure 3.13: The positions of the six selected locations at the RWG container terminal.
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(a) Location 1: CPT 4L6 (b) Location 2: CPT 4R3

(c) Location 3: CPT 9R4 (d) Location 4: CPT 8R4

(e) Location 5: CPT 12R3 (f) Location 6: CPT 10L3

Figure 3.14: The measured cone tip resistance and the relative density correlated with the correlation of Baldi (Equation 3.1)
for the CPTs corresponding to the six locations. Above the ’Compact sand’line the blue line is transparent, indicating that the
relative density has changed. The new relative density is indicated by the light and dark brown dashed lines. Below the CPT’s
extent the relative density is estimated, indicated by the blue dashed line. The ballast bedsand interface and the estimated

depth of the compacted sand lies at 4.3 and 3.5 𝑚 𝑁𝐴𝑃, respectively.
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gradually increases with depth, between 0 and 2 𝑚 𝑁𝐴𝑃 it decreases. The relative density directly
below the compacted sand is around 65%. At larger depths it varies between 80% and 100%, meaning
that the sand is medium to very dense.

3.4.2. Location 2: CPT 4R3
At the other side of container stack 4, below the right rail track, almost at the same height, location 2 is
situated (see Figure 3.13b). The lateral distance between location 1 and 2 is around 35 𝑚. Because
location 2 is situated at the other side of the same container stack as location 1, it is assumed that the
sand underneath the rail track at this location has experienced the same loads as the sand at location
1, i.e. the same number of load cycles of the same amplitude. That is 10 to 50 thousand load cycles
applied by an ASCC. At this location 27 𝑚𝑚 settlement is measured. Location 2 corresponds to CPT
4R3, its cone tip resistance and the correlated relative density are plotted in Figure 3.14b. The cone
tip resistance gradually increases with depth, similar to the cone tip resistance measured at location 1.
However, over the length of the CPT the cone tip resistance has a lower value than at location 1, except
directly below the compact sand. Consequently, under the same loading conditions more settlement
occurred at location 2 compared to location 1. In the domain below the compact sand till the extent of
the CPT the relative density varies between 70% and 95%.

3.4.3. Location 3: CPT 9R4
Location 3 is one of the two locations where no settlement was measured during the settlement mea
surement period. Location 3 is situated below the right rail track of container stack 9 (see Figure 3.13b).
At this container stack two standard ASCs are installed. The number of load cycles at this location is
estimated between 10 and 50 thousand. CPT 9R4 is executed at this location. The cone tip resistance
and the correlated relative density are plotted in Figure 3.14c. Its cone tip resistance varies with depth.
Directly below the compact sand it has a large value and the relative density of the sand is high. At
larger depths the cone tip resistance varies. Below 0 𝑚 𝑁𝐴𝑃 it decreases. The relative density of the
sand varies between 70% and 100% over the length of the CPT.

3.4.4. Location 4: CPT 8R4
More settlement was measured during the settlement measurement period at location 4 than at the five
other locations: 32 𝑚𝑚. The number of applied load cycles is estimated between 10 and 50 thousand.
Location 4 is situated below the right rail track of container stack 8, laterally about 35 𝑚 from location 3
(see Figure 3.13b). CPT 8R4 is executed at this location. The cone tip resistance and the correlated
relative density are plotted in Figure 3.14d. The difference between CPTs 8R4 and 9R4 emphasises
the lateral variability of the compaction of the sand in the top 7 meters. The cone tip resistance also
varies strongly with depth. Directly below the compact sand the measured cone tip resistance has a
high value. At a depth of 0.5 𝑚 𝑁𝐴𝑃 it reaches its minimum value. Deeper, the cone tip resistance
increases strongly and even deeper it decreases again. Although the largest settlement was measured
at this location, on average it does not have the lowest cone tip resistance, considering the whole length
below the compact sand of the CPTs. At location 4 there is a sand layer at a depth of 0.5 𝑚 𝑁𝐴𝑃 with
a relative density of 50%. This is significantly lower than the relative density of the sand fill at the other
locations. Densification of this medium dense layer might have primarily contributed to the total settle
ment.

3.4.5. Location 5: CPT 12R3
At location 5 also no settlement of the rail tracks was measured, again it is assumed that the settlement
at this location lies between 0 and 4 𝑚𝑚. Location 5 lies below the right rail track of container stack
12 (see Figure 3.13b). This container stack was not part of the ’miniterminal’ and therefore less con
tainers have been transported through this container stack during the settlement measurement period.
The number of applied load cycles in this period is therefore estimated to be significantly lower, namely
between 1 and 10 thousand. At this container stack the heavier ASCC cranes are installed. The cone



3.4. Summary of the data per location 47

tip resistance measured by CPT 12R3 and the correlated relative density are plotted in Figure 3.14e. It
shows strong variability of the cone tip resistance with depth. Directly below the compact sand it has a
relatively low value. At 2𝑚 𝑁𝐴𝑃 its value increases strongly and around 0𝑚 𝑁𝐴𝑃 it decreases, deeper
the cone tip resistance again increases strongly. Over almost its entire length the cone tip resistance
of the sand at this location is higher compared to the other locations. The relative density below the
compact sand varies between 70% and 100%. Directly below the compact sand the cone tip resistance
is lower compared to some of the other locations where settlement was observed. It seems that the
first 2 or 3 meter sand below the foundation contributes less to the settlement of the rail tracks than
sand at larger depths. That would mean that in this domain densification of the sand is less than at
larger depths. Another possibility is that the construction of the ASC rail tracks had a deeper influence
on the compaction of the sand than is assumed, for example till at depth of 2 𝑚 𝑁𝐴𝑃 instead of 3.5
𝑚 𝑁𝐴𝑃. A third option could be that settlement did occur at this location but it was not observed and
therefore not measured.

3.4.6. Location 6: CPT 10L3
CPT 10L3 is executed at location 6. The cone tip resistance and the correlated relative density are
plotted in Figure 3.14f. Below the compact sand the cone tip resistance is more or less constant with
depth with a relatively low value. Compared to the other locations it has a thick sand layer with a rel
atively low compaction. Below 1.0 𝑚 𝑁𝐴𝑃 the cone tip resistance increases significantly. The relative
density varies between 65% and 100%. Considering the domain starting below the compact sand till
the extent of the CPT, location 6 has on average the lowest cone tip resistance. Location 6 is situated
below the left rail track of container stack 10 (see Figure 3.13b). At this container stack two normal
ASCs are installed. The measured settlement at this location is 8 𝑚𝑚. More settlement would have
been expected at this location when its cone tip resistance is compared to the cone tip resistance at
other locations where more settlement was measured.





4
Results and discussion

This chapter starts with listing criteria to evaluate the performance of the cyclic settlement models.
This is followed by a qualitative discussion about the uncertainty of the input data, summarised in an
overview table at the end of Section 4.3. Then assumptions and simplifications about the input data and
model parameters to make more reliable model predictions are presented and discussed. To improve
reliability of the model predictions an extensive site investigation program is recommended, which is
described next. In Sections 4.6 and 4.7 preliminary results based on site conditions and simulations of
the first load cycle, made with FE computations in PLAXIS and improved Schmertmann method, are
presented and discussed. This is followed by a presentation and discussion of the results obtained
with the cyclic settlement models. The results show that the terminal density model gives the best
predictions of the cyclic settlement of ASC rail tracks. This model is used to calculate the settlement in
Phase 2 of the RWG container terminal. The predicted cyclic settlement is compared to the settlement
requirements. Finally, a scenario is presented to compact the sand fill at the RWG container terminal.

4.1. Input data, model predictions & parameters
In the interest of clarity first the definitions of input data, model predictions and model parameters are
stated here. These terms are frequently used in this chapter.

Input data are all the data that influence the cyclic settlement. Input data consist of soil properties, soil
profile, initial state of the sand, amplitude of the load, number of load cycles and foundation type. Model
parameters are defined by the static and cyclic settlement models. Model parameters are divided into
three groups: initial state, soil parameters and load parameters. The model parameters of the cyclic
settlement models are summarised in Table 2.1. Their values are determined by the input data. Model
predictions are a function of the cyclic settlement models and model parameter values, i.e. the output
of the cyclic settlement models.

Figure 4.1 gives an overview of the input data that primarily influence cyclic settlement of ASC rail
tracks. Soil properties and soil profile determine the model soil parameters and initial state of the sand
determines the model initial state parameters. These are indicated in red. Input data that describe
the loading conditions, number of load cycles, amplitude of the load and foundation type, are indicated
in black. Foundation type determines how the load is transferred onto the soil and is therefore also
considered a model load parameter. Model predictions consist of the cyclic settlement and depth of
influence. Depth of influence is a model prediction that affects the cyclic settlement model prediction.
Therefore, depth of influence is also input data for cyclic settlement models that do not determine it.

Input data and the depth of influence are related to each other, this is indicated in Figure 4.1 by the
dashed arrows. Depth of influence depends on the soil properties, soil profile, initial state, amplitude of
the load and foundation type. Vice versa, foundation type depends on the depth of influence. Further,
it depends on the soil properties, soil profile, initial state and amplitude of the load. The vertical stress
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Figure 4.1: Settlement of the rail tracks is expected to be primarily affected by the input data given in the black and red boxes
and the depth of influence. Depth of influence is a model prediction that affects the cyclic settlement model prediction. For
cyclic settlement models that do not determine the depth of influence it is input data. Settlement is model prediction of the

cyclic settlement models. Dashed arrows indicate dependencies between the input data and depth of influence.

at the ballast bedsand interface depends on the amplitude of the load and spreading of the load in the
foundation.

4.2. Evaluation criteria for cyclic settlement models
A good cyclic settlement model considers the relations between the input data and model predictions
presented in Figure 4.1. However, uncertainty of the input data causes uncertainty of the model pa
rameters. This influences the performance of cyclic settlement models. Consequently, a good cyclic
settlement model might give unreliable model predictions. The main criteria used in this research to
evaluate the performance of cyclic settlement models are:

• feasibility data recovery;

• availability data;

• reliability model prediction;

• match with the settlement measurements;

• theoretical and physical correctness.

It is important that input data can be obtained through relatively simple or standard investigation meth
ods, i.e. it is feasible in engineering practice to measure the input data and determine the model
parameter values. The input data available for this research are incomplete. Values of the model pa
rameters are estimated and contain uncertainty. Reliable model predictions of the cyclic settlement
models is crucial.
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Based on the first three criteria the terminal density model and C/L model for cyclic shear are selected.
These models are compared with the measured settlement. Secondly, theoretical and physical cor
rectness of the two cyclic settlement models are compared, i.e. which model considers the relations
between the input data and model predictions as indicated in Figure 4.1 and is physically correct. For
example, indefinite cyclic settlement as 𝑁 −→ ∞ is physically incorrect. Due to uncertainty of the input
data it is possible that the cyclic settlement model that is theoretically and physically (most) correct
does not coincide with the model that is eventually considered the best.

4.3. Uncertainty of the input data
The available data were gathered for the geotechnical design of the RWG container terminal but never
with the intention to evaluate cyclic settlement models. A result is that input data listed in Figure 4.1
are incomplete to determine all model parameter values. Ideally all model parameter values are deter
mined based on soil tests. However, model parameters that characterise cyclic densification properties
of sand are determined based on advanced cyclic soil tests, such as a cyclic simple shear or cyclic
oedometer tests. Compared to standard soil tests they are more suitable to determine the cyclic den
sification properties of a sand. However, site investigations executed at the RWG container terminal
were limited to standard soil investigation methods, such as CPT’s, boreholes and triaxial tests. Input
data are completed by:

• estimating data;

• use of correlations;

• inter or extrapolation of data;

• (FE) modelling of soil behaviour.

Uncertainty of the input data is introduced by (a combination of) the above listed factors. More uncer
tainty is introduced due to disturbance of soil (samples). In case uncertainty of the model parameters
is too large, model predictions become unreliable. Relevant input data that contain uncertainty are:

• CPT data and relative density;

• stiffness of the sand fill;

• minimum and maximum void ratio;

• measured settlement;

• volumetric threshold strain;

• number of load cycles;

• amplitude of the load;

• spreading of the load;

• maximum density;

• cyclic densification properties.

4.3.1. CPT data and the relative density
The soil profile of the sand fill is determined with CPT measurements. With the correlation of Baldi in
Equation 3.1 the initial relative density of the sand is determined, which gives the initial state of the sand.

Uncertainty as a result of extrapolation of CPT data over a few meters distance is negligible. The large
amount of CPT data makes it possible to select locations where settlements were measured within a
few meter distance from a CPT measurement. CPT’s show a strong variability of the relative density in
the top 7 meter of the sand fill, laterally and vertically. This is demonstrated by the difference between
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the cone tip resistance at locations 3 and 4, shown in Figures 3.14c and 3.14d, respectively. These two
locations are laterally just 35𝑚 apart. Both CPT’s also show strong variability of the cone tip resistance
with depth. Extrapolation of CPT data over larger distances introduces significant uncertainty.

The soil conditions beyond the extent of a CPT, below around 2 𝑚 𝑁𝐴𝑃, do not influence most of the
model predictions. For most cyclic settlement calculations the depth of influence lies within the extent
of the CPT’s. Beyond the extent of a CPT the sand is estimated to be medium dense. This is based
on deeper CPT’s that were carried out elsewhere at the RWG container terminal. In contrast to the top
part of the sand fill, deeper the relative density is less variable and lower.

Conditions in the top part of the sand fill are uncertain. After the CPT’s were executed the ASC rail
tracks were constructed. State of the sand has not been measured afterwards. The ballast bed and top
part of the sand layer underneath are compacted. The relative density is determined at 100% up to a
depth of 3.5 𝑚 𝑁𝐴𝑃, or 1.5 𝑚 depth below the surface. However, it is possible that at certain locations
the sand is less compacted and the relative density is lower. Furthermore, influence of the construction
works might have been less deep, deeper or gradually decreasing with depth. Together with the depth
of influence the extent of the compacted sand layer defines the zone of influence underneath ASC rail
tracks.

In this research the correlation of Baldi given in Equation 3.1 is used to correlate the cone tip resistance
to the relative density. This introduces a model uncertainty. However, other commonly applied corre
lations between the cone tip resistance and relative density show similar results, especially for dense
sands in the top 10 𝑚 of a sand fill. This is shown in Appendix B. The correlation of Baldi gives a good
estimate of the relative density of sand underneath the ASC rail tracks.

Disturbance of (the top part of) the sand fill is the main cause for uncertainty of the relative density of
the sand. For all cyclic settlement models is assumed that the sand reached 100% relative density till
3.5 𝑚 𝑁𝐴𝑃, no settlement occurs above this depth. Increasing the depth of compacted sand results
in less settlement. Below the compacted sand an increase of the initial relative density results in a
decrease of the settlement.

4.3.2. Stiffness parameters
Stiffness of a sand is a variable soil property. It can be described by the secant stiffness, which is
determined in triaxial tests. Unloading / reloading stiffness and stress dependency of the stiffness
(parameter 𝑚) are also determined in triaxial tests. Small strain stiffness and strain dependency of the
stiffness are determined based on the shear modulus reduction curve for sand presented in Figure 3.7b.

Disturbed loose sand is taken from several boreholes executed elsewhere at the RWG container termi
nal. This sand is comparable to sand underneath the ASC rail tracks, the data have a high extrapolation
distance. The sand was used to prepare test samples for the triaxial tests. It is difficult to obtain the in
situ relative density in the tests. This is taken care of by determining the secant stiffness of the sand
for varying relative density. A correlation between the secant stiffness of the sand and relative density
is plotted with the blue solid line in Figure 3.6. The green dotted line is a correlation between stiffness
and relative density of another sand type. The two correlations match well, especially for higher relative
densities. The secant stiffness values are in the correct order of magnitude.

A correlation between the unloading / reloading stiffness and relative density is plotted with the orange
solid line in Figure 3.6. For lower relative densities it is 4.5 times the secant stiffness. For higher rela
tive densities it is 3.5 times the secant stiffness. This is only slightly higher than three times the secant
stiffness used as default in the HSsmall model [40].

For sand at the RWG container terminal the value of parameter 𝑚 is determined at 0.7. Parameter
𝑚 lies between 0 and 1, a typical value for sands is 0.5 [40]. An increase of parameter 𝑚 means
that the stiffness of the sand increases at a higher rate with (confining) stress. This also means that
stiffness decreases at a higher rate with decreasing stress. Generally, stiffness model parameters are
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expressed to a reference confining stress of 100 𝑘𝑃𝑎. Confining stress is applied by the weight of the
overlying sand fill, both increase with depth.

The secant stiffness values that were found for varying relative density and average shear strain level
in the triaxial tests are used to calibrate a shear modulus reduction curve for sand to use it for the type
of sand at the RWG container terminal. The modulus reduction curve is used to estimate the small
strain stiffness and strain dependency of the stiffness. Uncertainty of the small strain stiffness and
strain dependency of the stiffness is caused by uncertainty of the:

• secant stiffness;

• shear strain level corresponding to the secant stiffness;

• shear modulus reduction curve.

The shear strain level determines one point on the curve, here the sand has a stiffness equal to the
secant stiffness. The relation between the stiffness and shear strain is described by the shear modulus
reduction curve. Increase of the secant stiffness or the shear strain level corresponding to the secant
stiffness used for the calibration of the shear modulus reduction curve result in an increase of the stiff
ness for any level of shear strain.

On a shear modulus reduction curve that lies to the left, like the curve for a wellgraded gravel in Fig
ure 3.7b, the secant stiffness values correspond to smaller values of the normalised shear modulus.
This results in an increase of the stiffness for any level of shear strain. If the curve for wellgraded
gravel was used instead, the shear strain level in a triaxial test and secant stiffness correspond to a
normalised shear modulus of around 0.10, instead of 0.17. At shear strain levels 0.1%, 0.01%, 0.001%
and 0.0001% the stiffness becomes 2, 5, 9 and 10 times the secant stiffness, respectively. For the
shear modulus curve for sands this is 2, 4, 5 and 6 times the secant stiffness, respectively. The shear
modulus reduction curve for sand at the RWG container terminal might also lie to the right. That results
in a decrease of the stiffness at any level of shear strain.

Behaviour of the sand in the first load cycle is characteristic for its behaviour in the subsequent load
cycles, according to the C/L model for cyclic shear, seismic induced strain model, terminal density
model and cumulative plastic strain model. Model parameters of these models are determined based
on the response of the sand in the first load cycle. In the first load cycle the stiffness of the sand domi
nates the deformation behaviour of the sand. Consequently, the stiffness of the sand fill, parameter 𝑚
and strain dependency of the stiffness influence the model predictions. Cyclic shear strain amplitude
is determined in an FE computation that simulates the first load cycle. With increasing stiffness and
decreasing parameter 𝑚 the cyclic shear strain amplitude decreases. This results in a decrease of the
settlement and depth of influence. Void ratio after one load cycle and vertical plastic strain after one
load cycle are both estimated based on the vertical strain calculated with the improved Schmertmann
method. With increasing stiffness and decreasing parameter 𝑚 the void ratio after one load cycle in
creases and vertical plastic strain after one load cycle and settlement decrease. Model predictions of
the C/L model for oedometer compression and the Hergarden model are not influenced by the stiffness
of sand.

4.3.3. Minimum and maximum void ratio
The minimum and maximum void ratio represent a very dense and loose state of the sand, respectively.
Minimum and maximum void ratio are soil properties. The void ratio of a sand and the relative density
are related through the minimum and maximum void ratio.

The minimum and maximum void ratio are determined based on the minimum and maximum density
measurements of sand samples taken from boreholes elsewhere at the RWG container terminal. The
measurements do not indicate which standard was used to measure the loosest and densest state of
the sand. This sand comparable to the sand underneath the ASC rail tracks. This data have a high
correlation length. The minimum and maximum void ratio range from 0.472  0.680 and 0.721  1.032,
respectively. This is inconsistent with Figure 3.4. For (sub)rounded sand grains with a coefficient of
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uniformity of 2.0 the minimum and maximum void ratio are around 0.4 and 0.7, respectively. For sand
underneath the ASC rail tracks the minimum and maximum void ratios are estimated at 0.5 and 0.8,
respectively. These values lie within the range of measured values.

Settlement model prediction of the Hergarden model increases with decreasing minimum void ratio,
as long as the gap between the minimum and maximum void ratio remains constant or increases. An
increase of the gap between the minimum and maximum void ratio due to an increase of the maximum
void ratio is (partially) cancelled out by the corresponding increase of the initial void ratio, according to
Equation 2.11. For the C/L model for cyclic shear settlement model predictions increase with initial void
ratio. Regardless of the gap between the minimum and maximum. The initial void ratio increases with
increasing minimum and maximum void ratio. For the terminal density model influence of a change of
the initial void ratio is negligible, according to Equation 2.13. Model predictions of the C/L model for
cyclic oedometer compression, seismic induced strain model and cumulative plastic strain model are
independent of the minimum and maximum void ratio.

4.3.4. Settlement measurements
The settlement measurements are not input data. They do not affect the cyclic settlement or model
predictions of the cyclic settlement. Cyclic settlement model predictions are compared to the settlement
measurements.

The settlement measurements consist of just one or two measurements of the rail tracks per location.
The settlement is measured by comparing the rail tracks to their original level. Settlement is thus mea
sured at the surface. Distribution of the cyclic settlement with depth is unknown. Furthermore, it is not
indicated which technique was used to measure the , here the accuracy is unknown.

Locations 3 and 5 (CPT’s 9R4 and 12R3) are discarded from the evaluation of the cyclic settlement
models. Combination of the settlement measurements, CPT data and loading conditions indicate that
some measurements are inconsistent. No settlement was measured at locations 3 and 5, however the
sand has a lower relative density compared to locations where settlement was measured. It seems
unlikely that no (or very small amount of) settlement occurred at these locations. Either settlement did
occur but was not measured at locations 3 and 5, the initial relative density of the sand significantly
increased at these locations or decreased at the other locations during construction of the ASC rail
tracks, or the loading conditions at locations 3 and 5 were very different compared to the other loca
tions.

The measured settlement is incomplete and contains too much uncertainty to validate the cyclic settle
ment models. An error in the settlement measurements could lead to agreement with a cyclic settlement
model that incorrectly predicts the settlement. At the remaining locations 1, 2, 4 and 6 the settlement
measurements are more consistent with the CPT data and loading conditions. The settlement mea
surements are used as an indication of the settlement that has occurred. Most settlement occurred at
locations 2 and 4. At locations 1 and 6 less settlement occurred.

4.3.5. Volumetric threshold strain
Volumetric threshold strain is a soil property. It is a measure of the resistance of the sand against vol
umetric plastic strains. Plastic strain accumulates when the strain induced by an applied load is larger
than the volumetric threshold strain.

The volumetric threshold strain of the sand at the RWG container terminal is estimated based on liter
ature. Typical values of the volumetric threshold strain for clean sands range from 0.007% to 0.030%
[55]. The volumetric threshold strain of the sand at the RWG container terminal is estimated at 0.01%.
An increase of the volumetric threshold strain results in less permanent strain accumulation during a
load cycle. Cyclic settlement decreases with increasing volumetric threshold strain.

In the seismic induced strain model the volumetric plastic strain decreases with increasing volumetric
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threshold strain. Additionally, depth of influence decreases with volumetric threshold strain. The depth
at which the cyclic shear strain amplitude has a higher value decreases. Consequently, settlement de
creases with increasing volumetric threshold strain. The same method is used to determine the depth
of influence for the C/L model for cyclic shear.

4.3.6. Number of load cycles corresponding to the measured settlement
Due to the wide range of estimated number of load cycles that corresponds to the settlement measure
ments it is not possible to find reliable agreement with one cyclic settlement model. The number of load
cycles that corresponds to the measured settlement at locations 1, 2, 4 and 6 is estimated between
10 and 50 thousand. An increase of number of load cycle means that it took more load cycles before
the measured settlement occurred, i.e. rate of settlement decreases. Combination of the settlement
measurements and estimated number of load cycles is used to evaluate which cyclic settlement model
gives the best model predictions. For example, 14𝑚𝑚 settlement is measured at location 1. Two cyclic
settlement models might predict 14𝑚𝑚 settlement at this location. One after 10 thousand another after
40 thousand load cycles. Although their prediction are significantly different, settlement predictions of
both cyclic settlement models match to the settlement measurement.

All cyclic settlement models are affected by the number of load cycles, except the Hergarden model,
which does not determine the settlement as function of the number of load cycles.

4.3.7. Amplitude of the load
Amplitude of the load is a load parameter. The amplitude of the load depends on the weight of an ASC
(or heavier ASCC) and container. Various model load parameters depend on the amplitude of the
load: vertical stress, amplitude of the acceleration of the vibration and foundation stress.

The amplitude of the load varies due to the varying weight of the containers that are transported. Weight
of a container can be up to 40 tonne, depending on its content. It is assumed that the combined weight
is distributed equally over the four legs of an ASC. For an ASC the amplitude of the load is estimated
to be equivalent to a vertical stress on the ballast bedsand interface between 63 and 74 𝑘𝑃𝑎, de
pending on whether the ASC is carrying a container and the weight of the container. For the heavier
ASCC this ranges from 78 and 89 𝑘𝑃𝑎. However, in case a container is lifted more on one side of
an ASC the combined weight is not distributed equally over its four legs. The amplitude of the load on
that side increases. It is estimated that the load could become equivalent to a vertical stress of 100 𝑘𝑃𝑎.

Settlement increases with increasing amplitude of the load for all cyclic settlement models. The cyclic
shear strain amplitude increases with amplitude of the load. Consequently, depth of influence increases
in the C/L model for cyclic shear and the seismic induced strain model. Further, amplitude of the ac
celeration of the vibration increases. The depth at which the amplitude of the acceleration is larger
than the threshold acceleration increases, i.e. depth of influence in the Hergarden model increases.
An increase of the depth of influence results in a further increase of the settlement.

4.3.8. Spreading of the load
Distribution of the load is a geometrical parameter and is related to the foundation type, in the current
problem a shallow foundation. Loads applied to the ASC rail tracks are transferred by concrete railroad
ties to the ballast bed underneath. In the ballast bed load decreases with depth due to spreading. The
angle of spreading determines the rate at which the amplitude of the load decreases with depth. The
load spreads out more in the sand underneath the ballast bed.

A larger angle, or wider spreading, in the ballast bed results in an increase of the loaded surface area
at the ballastbed sand interface. The load spreads out over a larger area which results in an increase
of the rate of damping, i.e. the vertical stress and amplitude of the load decrease with depth at a higher
rate. Consequently, settlement model predictions decrease for all cyclic settlement models with in
creasing angle of spreading. In the ballast bed a spreading under a 1:1 angle is assumed. This is a
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typical value for granular materials. A result is that the load of one leg of an ASC is spread out over a
4.6 𝑚 by 2.0 𝑚 surface area at the ballast bedsand interface and the 𝐿/𝐵 ratio is 2.3. For a 1:2 angle
for example, the load would spread out over a 5.6𝑚 by 3.0𝑚 surface area and the 𝐿/𝐵 ratio would be
come 1.9. With increasing angle of spreading in the ballast bed the foundation becomes more squared.

Depth of influence determined by the C/L model for cyclic shear, seismic induced strain model and Her
garden model decreases with decreasing amplitude of the load. This leads to an additional decrease
of the cyclic settlement.

Most of the cyclic settlement models do not explicitly consider the spreading angle of the load in sand.
The improved Schmertmann method and FE model computations inherently include spreading of the
load. The Hergarden model uses an attenuation equation to determine the amplitude of the accelera
tion of the vibration with depth, plotted in Figure 3.12. Consequently, only predictions of the C/L model
for cyclic oedometer compression decrease with increasing angle of spreading. The assumed distri
bution of the vertical stress in the sand underneath the ballast bed is given by the 2D spreading under
a 1:1 angle plotted in Figure 3.11. In sands an increase of the spreading angle leads to an increased
rate of damping and amplitude of the load decreases.

4.3.9. Maximum density
Maximum density is considered a soil property. However, its value also depends on the initial state
of the sand and boundary conditions and it increases with amplitude of the load [39]. Sand evolves
towards its maximum density with increasing number of load cycles. The difference between the initial
and maximum density determines the settlement as 𝑁 −→ ∞.

It is difficult to determine the maximum density of the sand with depth. That explains why some cyclic
settlement models do not consider the maximum density and instead assume cyclic settlement contin
ues indefinitely. Maximum density of the sand can be determined in cyclic soil tests. Cyclic soil tests
are not executed on sand samples from the RWG container terminal.

Both C/L models, seismic induced strain model and cumulative plastic strain model assume that cyclic
settlement continues indefinitely. Maximum density is therefore not a model parameter. The Hergarden
model assumes that the maximum density is reached. It predicts the maximum density. The terminal
density model is the only cyclic settlement model with a model parameter representing the maximum
density. With increasing maximum density model prediction of the settlement increases.

4.3.10. Cyclic densification properties
Cyclic densification properties are soil properties. They characterise densification of the sand. Cyclic
densification properties are determined in cyclic soil tests. These tests are not executed on sand sam
ples from the RWG container terminal.

The cyclic settlement models that assume indefinite densification do not have a maximum density. A
high rate of densification will result in large model prediction of the settlement. These models are there
fore especially sensitive to the cyclic densification properties. This comprises both C/L models, seismic
induced strain model and cumulative plastic strain model. The maximum densification determined with
the Hergarden model depends on the densification properties of sand. An overestimate of the maxi
mum densification results in a large model prediction of the settlement. In the terminal density model
the maximum density is defined. The cyclic densification properties determine the rate density of the
sand evolves towards its maximum value. Model predictions are therefore bounded by the settlement
related to the maximum density. The terminal density model is therefore less sensitive to the model
parameters that determine the cyclic densification, especially for a large number of load cycles as it
approaches the maximum density.
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4.3.11. Reliability cyclic settlement models
Performance of each cyclic settlement model is affected differently by uncertainties of the input data.
Table 4.1 summarises the uncertainty of relevant input data and sensitivity of the cyclic settlement mod
els. Uncertainty about the input data are indicated by uncertain (), less (un)certain (+/) or certain (+).
Information outlined in red are uncertain. Sensitivity of cyclic settlement models to the information is in
dicated by independent or negligible sensitivity (0), sensitive (1) or very sensitive (2). Cells highlighted
in red indicate cyclic settlement models that are very sensitive to uncertain information. Model predic
tions of cyclic settlement models that are very sensitive to uncertain information can become unreliable
in case uncertainties become too large.

Table 4.1: Overview of the uncertainty of the input data and sensitivity of the cyclic settlement models. Uncertainty ranges from
uncertain () to certain (+) and sensitivity from independent or negligible sensitivity (0) to very sensitive (2). Information that are

uncertain are outlined in red. Red cells indicate cyclic settlement models that are sensitive to uncertain information.

C/L model for cyclic shear is very sensitive to the cyclic densification properties. The model param
eters that describe the cyclic densification properties are defined as material constants. Ideally their
values are measured in a cyclic soil test. These are not executed, their values are therefore uncertain.
However, values for the material constants can be determined with a correlation [34]:

𝑐1 = 13.3 − 7.4 ⋅ 𝐷𝑅,0 (4.1a)

𝑐2 = 0.13 (4.1b)

This correlation is based on a large number of cyclic simple shear tests on different types of sand ex
ecuted by several researchers. An overview of the values of the material constants of these sands is
given in Appendix F. This improves the reliability of the model predictions of the C/L model for cyclic
shear.

The C/L model for cyclic oedometer compression also defines material constants 𝑐1 and 𝑐2. It is not
possible to use the correlation in Equation 4.1 to determine values of the material constants of the C/L
model for cyclic oedomdeter compression. A similar correlation for this version does not exist. Their
values remain uncertain. The C/L model for cyclic oedometer compression is very sensitive for these
model parameters. Model predictions of the C/L model for cyclic oedometer compression are therefore
unreliable.

Amplitude of the acceleration of the vibration depends not only on the amplitude of the load, but also
on an ASC’s velocity and acceleration. Its value is difficult to determine. Amplitude of the acceleration
of the vibration is therefore uncertain. The Hergarden model is very sensitive to this model parame
ter. In Table 4.1 is indicated that the Hergarden model is also very sensitive to the cyclic densification
properties. Model predictions of the Hergarden model are unreliable.
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Model predictions of the terminal density model are very sensitive to the maximum density, which is
uncertain. However, the terminal void ratio, a model parameter of the terminal density model that
describes the maximum density, can be correlated to the void ratio after one load cycle [16]:

𝑒𝑇 = 0.987𝑒1 (4.2)

The correlation has a good fit (𝑅2 = 0.99). This makes the estimate of the maximum density of sand in
the terminal density model more certain and the model predictions more reliable.

The seismic induced strain model is very sensitive to the volumetric threshold strain, number of load
cycles and cyclic densification properties, which are all uncertain. Model predictions with this cyclic
settlement model are unreliable.

The cumulative plastic strain model calculates the cyclic settlement based on three model parameters,
vertical plastic strain after one load cycle, number of load cycles and a material constant that describes
the cyclic densification properties of the sand. The latter two are uncertain. Model predictions of the
cumulative plastic strain model are very sensitive to all three model parameters. Model predictions of
the cumulative plastic strain model are therefore unreliable.

Considering the available input data and uncertainty the C/L model for cyclic shear and terminal den
sity model are the two cyclic settlement models that give reliable model predictions. They are indicated
in grey in Table 4.1. The C/L model for cyclic shear and terminal density model are evaluated in this
chapter. Their results are presented and discussed in Sections 4.8 and 4.9.

4.4. Assumptions and limitations
Assumptions to about the soil and loading conditions to apply the cyclic settlement models, FE com
putational model and improved Schmertmann method and obtain more reliable model predictions are
discussed here. Limitations of the cyclic settlement models and assumptions are also discussed.

4.4.1. Modelling of the load and foundation
The dimensions of the foundation are estimated at 2.0 𝑚 by 4.6 𝑚. It is therefore a 3D problem. Al
though the entire rail track is much longer, only part of the rail tracks that experiences the load applied
by an ASC is modelled as the foundation. Distance between the legs of one ASC is large enough to
model the load applied by each leg as an individual load and foundation. This means that each ASC is
sitting on four small foundations. The foundations move with the ASC. The ballast bedsand interface
is taken as the bottom of the foundation.

The load is modelled as a static or a quasistatic (cyclic) load, either amplitude of the load is fully
applied or no load is applied. However, the load applied by a moving ASC is best represented by
a sinusshape, like the vertical stress presented in Figure 4.2. The principal stresses rotate with the
moving load. Principle stress rotation can lead to an increase of the settlement [23]. Principal stress
rotation is neglected. In the FE computation and improved Schmertmann method the principal stress
directions are vertical and horizontal.

In the FE computation, improved Schmertmann method and cyclic settlement models the load and
foundation are modelled as a vertical stress equivalent to the amplitude of the load at a depth of 4.3
𝑚 𝑁𝐴𝑃 spread out over a surface area of 2.0 𝑚 by 4.6 𝑚. This is the foundation stress. The ballast
bedsand interface is situated at 4.3 𝑚 𝑁𝐴𝑃. Figure 4.2 shows that the horizontal stress under a pass
ing wheel load is significantly smaller compared to the vertical stress. Horizontal stress applied by an
ASC is neglected.

Dynamic effects related to the velocity and acceleration of an ASC and lifting of containers are ne
glected. Amplitude of the load could increase temporarily due to dynamic effects.
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Figure 4.2: Induced stress conditions under a passing wheel load [23].

In this research the effect of the static load applied by the weight of the container in the container stack
is neglected. During the settlement measurement period only a very small number of containers was
stored in the container stacks. During operation of the container terminal a larger number of contain
ers are stored. The static load applied by the containers influences the stress state in the sand. The
confining stress underneath the adjacent ASC rail tracks increases. This is not investigated.

4.4.2. Soil profile
Assumptions specifically about soil data and model parameter values are discussed in Chapter 3 and
in the previous section. Two significant assumptions about the soil profile are repeated below.

The compacted top layer of the sand fill and the ballast bed have a relative density of 100%. Extent of
the compacted sand layer is estimated till 3.5 𝑚 𝑁𝐴𝑃. Above this depth no settlement occurs.

Below the extent of the CPT data the relative density of the sand underneath the ASC rail tracks is
estimated 65%. This is based on deeper CPT’s executed elsewhere at the RWG container terminal.

4.4.3. FE computation and improved Schmertmann method
The FE simulation of the first load cycle is executed in PLAXIS 2D and assumes plane strain condi
tions, while this is a 3D problem. Under plane strain conditions vertical strain and cyclic shear strain
amplitude increase. This could lead to an overestimate of the depth of influence and cyclic settlement.

Depth of influence estimated for the terminal density model is 6 𝑚 below the bottom of the foundation,
independent of the soil and loading conditions. The depth of influence is estimated using the improved
Schmertmann method and is equal to three times the width of the foundation, based on the foundation’s
dimensions 1 < 𝐿/𝐵 < 10 (see Figure 2.6). The width of the foundation is determined at 2 𝑚.

4.4.4. Cyclic settlement models
Cyclic settlement is predicted for a vertical through the center of the foundation. It is assumed that this
represents settlement of the entire foundation.

Densification stops as soon as the relative density becomes 100%. To prevent indefinite plastic strain
accumulation by the cyclic settlement models a maximum density corresponding to the minimum void
ratio is implemented. A result is that at depths where the initial relative density of the sand is nearly
at 100%, less settlement occurs. The terminal density model determines the maximum density using
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the correlation in Equation 4.2. This is the terminal void ratio. Accordingly, terminal void ratio cannot
become lower than the minimum void ratio.

The terminal density model and C/L model for cyclic shear assume behaviour of sand in the first load
cycle characterises its densification behaviour in the subsequent load cycles. Model parameters of
both cyclic settlement models are determined by simulating the first load cycle with an FE computation
or the improved Schmertmann method. In the first load cycle the stiffness of the sand dominates its
behaviour. The cyclic shear strain amplitude and void ratio after one load cycle both depend on the
stiffness of the sand.

According to the terminal density model settlement that occurs after the first load cycle is nearly homo
geneously distributed with depth. This is a result of the correlation that is used to determine the terminal
void ratio, given in Equation 4.2. Due to this correlation also the variation of model predictions of the
cyclic settlement between different locations is relatively small, even between locations with large dif
ferences in initial relative density. This is illustrated with an example: the top part of a sand fill consist of
a very loose sand layer. After one load cycle the void ratio is 0.75. The bottom part consists of a dense
sand layer. The void ratio after one load cycle is 0.55. The terminal void ratio at the top and bottom
part of the sand layer become 0.740 and 0.543, respectively. Difference between the void ratio after
one load cycle and the terminal void ratio in the top and bottom part are 0.01 and 0.007, respectively.
The corresponding volumetric plastic strain is 0.57% and 0.45%, respectively. For a one meter thick
sand layer that is 5.7𝑚𝑚 settlement in the top part and 4.5𝑚𝑚 settlement in the bottom part as 𝑁 −→ ∞
(assuming vertical plastic strain is equal to the volumetric plastic strain). That is a small difference
considering the large difference of the relative density. The correlation either implies that settlement
occurs both in very loose and very dense sands. Increase of settlement related to decreasing relative
density is limited. Or increase of settlement with decreasing relative density occurs primarily during the
first load cycle.

Model predictions of the C/L model are very sensitive to the initial state of the sand, because Equation
4.1 correlates the initial relative density of the sand to the material constants. Model predictions of the
C/L model are very sensitive to the material constants 𝑐1 and 𝑐2.

Cyclic settlement per load cycle decreases with number of load cycles. This is integrated in the cyclic
settlement models by a natural logarithm or natural exponential function. Implicitly this incorporates a
cyclic stress history dependency. This is illustrated with another example: sand at location A is medium
dense. At location A 10 thousand load cycles are applied. Due to densification its relative density in
creases and becomes equal to the relative density of the sand at location B. No cyclic load has been
applied at location B yet. From that moment the same number of load cycles with the same amplitude
of the load are applied to locations A and B. According to the cyclic settlement models rate of settlement
at location B is higher compared to location A. Rate of settlement decreases due to a ’cyclic load history’.

4.5. Increase reliability cyclic settlement prediction
It is recommended to carry out a more extensive site investigation program compared to Phase 1 of
the RWG container terminal to make more reliable cyclic settlement predictions. To validate the cyclic
settlement models more reliable settlement measurements are needed.

4.5.1. Recommended site investigation program
The recommended site investigation program for the construction of ASC rail tracks consists of:

• CPT measurements;

• borehole testing & sampling;

• minimum and maximum void ratio measurements;

• triaxial tests;
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• cyclic soil tests.

The first four types of soil tests of the recommended site investigation program were executed in Phase
1 of the RWG container terminal. It is recommended to concentrate these measurements in the area
of the ASC rail tracks, like the shallow CPT measurements in Phase 1, and measure the disturbance
of the soil due to the construction works. In addition, it is recommended to execute cyclic soil tests to
make more reliable predictions of the cyclic settlement.

Shallow CPT measurements have to be closely spaced to measure the strong variation of the relative
density of the sand fill, laterally and vertically. Per 25 𝑚 along the ASC rail tracks one CPT measure
ment is sufficient. This is well done in Phase 1 of the RWG container terminal. Every CPT represents
an area of 12.5 𝑚 from its location in both directions along the rail tracks. This area will need to be
compacted around CPT’s that show a low relative density. However a closer spacing would decrease
the uncertainty about the relative density of the sand, it will become more intensive to execute such a
large number of CPT’s compared to compacting the area.

In Phase 1 shallow CPT’s extent till a depth of around 6𝑚 below the bottom of the foundation. It is rec
ommended to execute shallow CPT’s till a depth of at least 2𝑚 below the estimated depth of influence,
to measure the entire zone of influence. At the RWG container terminal that corresponds to about 8
𝑚 below the bottom of the foundation and 9 𝑚 below the surface. In Phase 2 of the RWG container
terminal CPT’s are executed till 10 𝑚 below the surface. Additionally, it is recommended to execute
a few deeper CPT’s, to determine the soil conditions below the sand fill. Deep CPT’s in Phase 1 are
executed till a depth of around 45 𝑚 below the surface.

Due to construction of the ASC rail tracks the sand at the RWG container terminal gets disturbed. In
addition to the CPT measurements that are executed before construction of the ASC rail tracks, exe
cute CPT measurements after construction of the ASC rail tracks nearby the settlement measurement
locations. Five to ten additional CPT’s should be sufficient to quantify the average disturbance caused
by the construction works, this can be extrapolated to the other locations that have been disturbed.

Execute 5 to 10 boreholes distributed evenly over the RWG container terminal. Boreholes are exe
cuted to determine variation of the type of sand (or soil), which is small within a manmade sand fill like
MV2. 5 to 10 boreholes are therefore sufficient. Extent of a borehole must be at least till a depth of 8𝑚
below the bottom of the foundation, like the shallow CPT’s. To get a complete image of the subsurface
of the project site it is recommended to execute a few deeper boreholes. Because the recommended
number of boreholes is relatively low, all boreholes should be deeper boreholes. Depth of the bore
holes depends on the subsurface profile. At the RWG container terminal the first 20𝑚 consists of sand.
The boreholes should extent till a depth of around 25 𝑚 below the surface, to identify the soil layers
underneath the sand fill.

Obtain multiple samples per borehole from various depths, primarily from the top part of the sand fill.
These are used for laboratory testing such as minimum and maximum void ratio measurements, triaxial
tests and cyclic soil tests.

Measure the minimum and maximum void ratio for around 25 samples taken from the top 8 meters of
the sand fill. That is slightly more than in Phase 1 of the RWG container terminal. Variation of the sand
type is small at the RWG container terminal. A relatively small number of measurements will therefore
be sufficient.

Execute triaxial tests using sand samples taken from the boreholes from various depths within the zone
of influence. Execute at least 60 triaxial tests. For every 2 𝑚 depth interval within the zone of influ
ence, starting from the surface that are four intervals, prepare samples at 35, 65, 80, 90 and 100%
relative density. For every sample a triaxial test is executed at three different levels of confining stress.
Based on the measurements a correlation between the secant stiffness and relative density, between
the unloading / reloading stiffness and relative density and parameter𝑚 can be determined. These are
model parameters of the FE computation and improved Schmertmann method in which the first load
cycle is simulated. Based on these model parameters the stiffness of the sand under the influence of
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a (cyclic) load can be determined at any depth and relative density.

Model parameters of the C/L model for cyclic shear and terminal density model determined in cyclic
soil tests are the:

• material constants 𝑐1 and 𝑐2;

• volumetric threshold strain;

• void ratio after one load cycle;

• terminal void ratio;

• characteristic number of load cycles 𝑁∗.

Additionally, model parameter values that describe cyclic densification properties of the other cyclic
settlement models can be determined.

Measure the densification properties in cyclic triaxial tests. This test mimics the loading and boundary
conditions underneath ASC rail tracks better than a direct shear or simple shear test. Material constants
𝑐1 and 𝑐2 of the C/L model for cyclic shear are determined in cyclic shear tests. Straincontrolled cyclic
triaxial tests are executed on multiple sand samples with varying relative density to determine a relation
between the material constants and initial relative density of the sand. The volumetric threshold strain
is determined as the largest applied strain level for which no plastic strain accumulate.

The remaining model parameters can be determined in cyclic triaxial or cyclic oedometer tests. Al
though their boundary conditions are different, both cyclic tests mimic to some degree the conditions
underneath ASC rail tracks. The dominating force is a cyclic vertical stress. The void ratio after one
load cycle is determined based on the volumetric plastic strain after one load cycle. The terminal void
ratio is determined based on the volumetric plastic strain after plastic strain per load cycle becomes
zero. In addition, stresscontrolled cyclic triaxial or oedometer tests are executed on multiple samples
to determine relations between the applied stress and the void ratio after one load cycle, terminal void
ratio and characteristic number of load cycles.

Phase 1 of the RWG container terminal is a unique area to determine the terminal void ratio of the sand
underneath ASC rail tracks. At some locations underneath ASC rail tracks of Phase 1 cyclic settlement
stopped. Density of the sand has evolved towards its terminal void ratio, which can be measured with
for example CPT’s. To determine the influence of the initial relative density and applied stress CPT’s
must be executed at multiple locations and underneath rail tracks of ASCs and ASCCs, preferably
nearby CPT’s that were executed before construction of the ASC rail tracks. In this way reliable values
of the terminal void ratio can be obtained without executing cyclic soil tests. The largest depth where
the relative density has increased determines the depth of influence. The maximum density can also be
used to predict cyclic settlement with the models that assume cyclic settlement continues indefinitely,
instead of the minimum void ratio.

4.5.2. Validation of the cyclic settlement models
At Phase 1 of the RWG container terminal it is no longer possible to measure the cyclic settlement,
because most of the settlement already occurred here. Cyclic settlement measurements for validation
of the cyclic settlement models must be obtained in Phase 2 of the RWG container terminal, or another
newly build container terminal constructed on sand.

Measure the settlement with depth and number of load cycles at multiple locations underneath ASC
and ASCC rail tracks to determine the influence of the initial state of the sand and amplitude of the load
on the settlement with depth. Execute settlement measurements underneath ASC rail tracks within a
few meters distance from a CPT measurement, preferably nearby CPT’s executed after construction
of the ASC rail tracks. Here the initial state of the sand and soil profile contain the least uncertainty.
A match between the measurements and model predictions of the cyclic settlement, vertical plastic
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strain distribution with depth and depth of influence is required for the validation of a cyclic settlement
model. Differences between the settlement measurements and predictions quantitatively describe the
reliability of the cyclic settlement models.

4.6. Densification of the sand fill in the first load cycle
More settlement occurs in the first load cycle than in any of the subsequent load cycles. The terminal
density model and C/L model for cyclic shear assume that densification behaviour of the sand during
the first load cycle characterises its densification behaviour during the subsequent load cycles. The
plastic strain after one load cycle is not measured. Instead, the first load cycle is simulated with the im
proved Schmertmann method and an FE computation in PLAXIS. Model predictions of these methods
are used to estimate the void ratio after one load cycle and cyclic shear strain amplitude. Further, the
depth of influence is estimated with both methods. The results and sensitivity of the improved Schmert
mann method and FE computation to a few of their model parameters are presented and discussed in
this section. More results are attached in Appendix C.

4.6.1. FE computation in PLAXIS
Main goal of the FE computations is to determine the cyclic shear strain amplitude, a model parameter
of the C/L model for cyclic shear. The FE computations that were executed consist of two steps in which
a quasistatic load cycle is applied. In the first step a vertical stress equivalent to the load of an ASC is
applied onto the foundation and in the second step the stress is removed. Plane strain conditions are
assumed in the FE computations. The sand layers are modelled with the hardening soil small strain
(HSsmall) material model [40]. Model parameter values vary per layer, which are distinguished based
on their relative density. In Appendix C is explained how the cyclic shear strain amplitude is determined.

The cyclic shear strain amplitude is significantly larger for locations 1 and 2 compared to locations 4
and 6. In Figure 4.3 the cyclic shear strain amplitude on a vertical through the center of the foundation
is plotted for locations 1, 2, 4 and 6. The cyclic shear strain amplitude is calculated based on strains
computed with the FE computation. At locations 1 and 2 the cyclic shear strain amplitude is induced
by a load equivalent to a vertical stress of 89 𝑘𝑃𝑎, which is applied to the bottom of the foundation at
4.3 𝑚 𝑁𝐴𝑃. This corresponds to a heavier ASCC carrying a 40 tonne container. The cyclic shear
strain amplitude at locations 4 and 6 is induced by a load equivalent to a vertical stress of 73.5 𝑘𝑃𝑎.
This corresponds to a smaller ASC carrying a 40 tonne container. The cyclic shear strain amplitude
decreases with depth. The cyclic shear strain amplitude is plotted from a depth of 3.5 till 3.5 𝑚 𝑁𝐴𝑃.
Above 3.5 𝑚 𝑁𝐴𝑃 densification does not occur, because the sand fill has a 100% relative density. Be
low 3.5 𝑚 𝑁𝐴𝑃 does not occur, because the cyclic shear strain amplitude is smaller compared to the
minimum volumetric threshold strain of 0.007%. Plots of the cone tip resistance and estimated initial
relative density of locations 1, 2, 4 and 6 (the same plots as in Figure 3.14) are also given. Variation of
the cyclic shear strain amplitude caused by variation of the estimated initial relative density is negligible.

Depth of influence increases with foundation stress and decreasing volumetric threshold strain. Depth
of influence is determined at the intersect between the cyclic shear strain amplitude and volumetric
threshold strain. Above the intersect the cyclic shear strain amplitude is larger than the volumetric
threshold strain, as a result densification occurs. The depths at which the cyclic shear strain amplitude
intersects the 0.01% volumetric threshold strain match well to the distribution of the vertical stress for
2D stress spreading, plotted in Figure 3.11. At 6 𝑚 below the shallow foundation, corresponding to
almost 2 𝑚 𝑁𝐴𝑃, increase in vertical stress induced by a load on the foundation is 5% of its value
directly below the foundation, that is less than 5 𝑘𝑃𝑎. The vertical plastic strain induced by this vertical
stress increase is assumed to be negligible.

In Figure 4.4a the cyclic shear strain amplitude on a vertical through the center of the rail track at loca
tion 2 are plotted for varying foundation stress and rate of stress dependency of the stiffness (parameter
𝑚). The foundation stress is 60, 73.5, 89 and 100 𝑘𝑃𝑎 and parameter 𝑚 varies between 0.5 and 0.7.
In Figure 4.4b the corresponding settlement on a vertical through the center of the rail track are plotted.
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(a) Cyclic shear strain amplitude with depth.

(b) Location 1: CPT 4L6 (c) Location 2: CPT 4R3 (d) Location 4: CPT 8R4 (e) Location 6: CPT 10L3

Figure 4.3: a) Cyclic shear strain amplitude with depth for locations 1, 2, 4 and 6 determined in an FE model and the volumetric
threshold strain. At locations 1 and 2 a foundation stress of 89 𝑘𝑃𝑎 applied and at locations 4 and 6 a foundation stress of 73.5

𝑘𝑃𝑎; and be) cone tip resistance and estimated relative density of the sand after construction of the ASC rail tracks of
locations 1, 2, 4 and 6 (be).
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The settlement at the end of the first load cycle, after the load is removed, increases with foundation
stress and decreasing parameter𝑚. At 3.5𝑚 𝑁𝐴𝑃 the settlement after one load cycle varies between 3
and 6.5𝑚𝑚, above 3.5𝑚 𝑁𝐴𝑃 no settlement occurs. The cyclic shear strain amplitude and settlement
after one load cycle increase almost linearly with the foundation stress.

(a) Cyclic shear strain amplitude with depth

(b) Settlement with depth

Figure 4.4: Cyclic shear strain amplitude underneath and settlement of the rail tracks at location 2 (CPT 4R3) after one load
cycle for a rate of stress dependency of the stiffness of the sand of 0.5 and 0.7, for loads equivalent to a vertical stress of 60,

73.5, 89 and 100 𝑘𝑃𝑎 applied to the bottom of the foundation.

Figure 4.4 shows that the cyclic shear strain amplitude and settlement after one load cycle increase
with decreasing stiffness of the sand fill. At depths where the confining stress is smaller than 100 𝑘𝑃𝑎,
i.e. within (almost) the entire zone of influence, stiffness of the sand is higher for 𝑚 = 0.5 compared
to 𝑚 = 0.7. Within the zone of influence, increasing parameter 𝑚 results in an increase of the cyclic
shear strain amplitude and settlement after one load cycle. The increase of the depth of influence
corresponding to the increase of the cyclic shear strain amplitude is about 0.5 𝑚, indicating that the
depth of influence increases with decreasing stiffness of the sand. The corresponding increase of the
settlement is around 0.5 𝑚𝑚.

In Figure 4.5 vertical and horizontal plastic strains after one load cycle are plotted on a vertical through
the center of the foundation for locations 1, 2, 4 and 6. The strains are determined with the FE compu
tation and correspond to the cyclic shear strain amplitude plotted in Figure 4.3. Vertical plastic strain is
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larger at locations 1 and 2 compared to locations 4 and 6. At locations 1 and 2 the strains are induced
by a load equivalent to a vertical stress of 89 𝑘𝑃𝑎 which is applied to the bottom of the foundation, at
4.3 𝑚 𝑁𝐴𝑃. The strains at locations 4 and 6 are induced by a load equivalent to a vertical stress of
73.5 𝑘𝑃𝑎. At location 1 the vertical plastic strain decreases with depth. In the FE model of location 1
directly below the compacted sand between 3.5 and 3.0𝑚 𝑁𝐴𝑃 a medium dense sand layer is situated.
At locations 2, 4 and 6 the vertical plastic strain increases till it reaches its maximum value at a depth
around 2.5 to 2 𝑚 𝑁𝐴𝑃. Deeper the vertical plastic strain decreases towards zero. Here dense sand
layers are situated directly below the compacted sand layer. Horizontal strain is nearly equal at the
four locations. It increases till it reaches its maximum value at a depth around 0.5 𝑚 𝑁𝐴𝑃. Deeper
the horizontal plastic strain decreases towards zero. The volumetric plastic strain is the sum of the
horizontal and the vertical plastic strain. The ratio between the vertical plastic strain and the volumetric
plastic strain after one load cycle, here called the verticalvolumetric strain ratio (VVSR), is plotted by
the fine dashed lines for the four locations. The VVSR decreases with depth and is nearly equal for
the four locations. The average value of the VVSR is determined at 0.66, indicated by the vertical fine
dashed grey line.

Figure 4.5: Vertical and horizontal plastic strains at locations 1, 2, 4 and 6 after the load is removed. At locations 1 and 2 the
load is equivalent to a vertical stress of 89 𝑘𝑃𝑎 applied to the bottom of the foundation. At locations 4 and 6 the load is

equivalent to a vertical stress of 73.5 𝑘𝑃𝑎. The ratio between the vertical and the volumetric plastic strain for locations 1, 2, 4
and 6 and its average value are also plotted.

Vertical plastic strain in the first load cycle primarily increases with the foundation stress. Increase of the
vertical plastic strain with decreasing relative density and stiffness of the sand, related to the layering
of the sand fill, is less significant. The corresponding settlement determined with the FE computation
at locations 1, 2, 4 and 6 is 5.3 𝑚𝑚, 5.5 𝑚𝑚, 4.2 𝑚𝑚 and 4.2 𝑚𝑚, respectively. This is summarised in
Table 4.2. The area underneath the graphs of the vertical plastic strain gives the settlement after one
load cycle. Variation of the horizontal strain with foundation stress, relative density and stiffness of the
sand is negligible.

Settlement is related to the vertical plastic strain. However, model predictions of the C/L model for
cyclic shear, terminal density model and the Hergarden model are expressed as a change in void ratio
or relative density as a function of the number of load cycles, which are related to volumetric plastic
strain. To estimate the vertical plastic strain the volumetric plastic strain is multiplied by the VVSR. The
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Computation
Location 1
(CPT 4L6;
p = 89 𝑘𝑃𝑎)

Location 2
(CPT 4R3;
p = 89 𝑘𝑃𝑎)

Location 4
(CPT 8R4;
p = 73.5 𝑘𝑃𝑎)

Location 6
(CPT 10L3;
p = 73.5 𝑘𝑃𝑎)

FE computation 5.3 𝑚𝑚 5.5 𝑚𝑚 4.2 𝑚𝑚 4.2 𝑚𝑚
Schmertmann 3.8 𝑚𝑚 3.8 𝑚𝑚 3.1 𝑚𝑚 3.2 𝑚𝑚

Table 4.2: Settlement at locations 1, 2, 4 and 6 calculated using the improved Schmertmann method and a FE computation in
PLAXIS for a foundation stress of 73.5 𝑘𝑃𝑎 or 89.0 𝑘𝑃𝑎.

average value of the VVSR is used, which is 0.66. The VVSR per location and the average value over
the extent of the zone of influence is determined and plotted in Figure 4.5. It is assumed that this ratio
remains constant with increasing number of load cycles, foundation stress, stiffness of the sand fill and
that the estimated value of the VVSR for 3D conditions is the same.

4.6.2. The Schmertmann method
The improved Schmertmann method presented in Section 2.6 is used to estimate the vertical plastic
strain and void ratio after one load cycle. Model parameters of the cumulative plastic strain model
and terminal density model, respectively. The improved Schmertmann method determines the vertical
strain induced by a static load.

In Figure 4.6 the vertical strain calculated with the improved Schmertmann method for locations 1, 2,
4 and 6 is plotted. For each location the vertical strain increases till a depth of 2.8 𝑚 𝑁𝐴𝑃, which cor
responds to 0.75𝐵 (𝐵 is the width of the foundation) below the bottom of the foundation. Deeper the
vertical strain decreases and becomes zero at a depth of 1.7 𝑚 𝑁𝐴𝑃, which corresponds to 3𝐵 or 6 𝑚
below the foundation. Meaning that the depth of influence is 6 𝑚 below the bottom of the foundation.
The red dashed lines give the stiffness of the sand for a reference confining stress of 100 𝑘𝑃𝑎. Its value
increases with relative density. The stiffness of the sand for a reference confining stress of 100 𝑘𝑃𝑎
varies between 80 and 100 𝑀𝑃𝑎. The stiffness values are obtained from the fifth column of Table 3.6,
which corresponds to a vertical strain level of around 0.10%. The average level of vertical strain after
one load cycle is determined at around 0.10%, according to the vertical strain plotted in Figure 4.5.
The red solid line gives the stiffness at the insitu confining stress. The stiffness of the sand increases
with depth. This value is used to determine the vertical strain with Equation 2.20. At locations 1 and
2 strains are induced by a load equivalent to a vertical stress of 89 𝑘𝑃𝑎 which is applied to the bottom
of the foundation. Strains at locations 4 and 6 are induced by a load equivalent to a vertical stress
of 73.5 𝑘𝑃𝑎. The vertical plastic strain is larger at locations 1 and 2 compared to locations 4 and 6.
Consequently, the corresponding settlement is also larger at locations 1 and 2. The area underneath
the blue graph gives the settlement. The settlement at locations 1 and 2 is 3.8 𝑚𝑚 which is larger
compared to locations 4 and 6 with 3.1 and 3.2 𝑚𝑚, respectively. The settlement is indicated on the
right side of the graph and in Table 4.2.

An abrupt change of the value of the red lines indicates a separate sand layer. Layering of the sand fill
does not exactly coincide with the FE models of the sand fill. In both cases the layers are distinguished
based on the relative density determined with the CPT data, which is measured with a 2 𝑐𝑚 interval. In
the FE computations in PLAXIS it is not feasible to input a very large number of very thin sand layers.
However, this is feasible in the implementation of the improved Schmertmann method. Especially at
location 2 in Figure 4.6b this results in a relatively large number of thin sand layers. At locations 1 and
6 in Figures 4.6a and 4.6d only four layers are modelled.

Results from the improved Schmertmann method show similar relations and trends as the results from
the FE computations. The vertical strain and settlement increase with the foundation stress.

Depth of influence does not increase with foundation stress, in contrast to the results from the FE com
putations. The depth of influence is based on the dimensions of the foundation, which are the same
for both crane types and remain constant. Consequently, the estimated depth of influence is constant.
However, the improved Schmertmann method indirectly considers increase of the depth of influence
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(a) Location 1: CPT 4L6 (b) Location 2: CPT 4R3

(c) Location 4: CPT 8R4 (d) Location 6: CPT 10L3

Figure 4.6: Vertical strain at locations 1, 2, 4 and 6 calculated with the improved Schmertmann method. At locations 1 and 2
the load is equivalent to a vertical stress of 89 𝑘𝑃𝑎 applied to the bottom of the foundation. At locations 4 and 6 the load is
equivalent to a vertical stress of 73.5 𝑘𝑃𝑎. The red dashed line gives the estimated stiffness of the sand at a reference

confining stress of 100 𝑘𝑃𝑎. The red solid line gives the stiffness for the insitu confining stress.
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with the foundation stress. In geotechnical design size of a shallow foundation increases with increas
ing the foundation stress. Depth of influence estimated at 1.7𝑚 𝑁𝐴𝑃matches well with the distribution
of the vertical stress for 2D stress spreading in Figure 3.11 and depth of influence determined with the
cyclic shear strain amplitude plotted in Figure 4.3 and a volumetric threshold strain of 0.01%, which
varies between 1 and 2 𝑚 𝑁𝐴𝑃 depending on the foundation stress.

It is assumed the model predictions of the improved Schmertmann method can be taken as the ver
tical plastic strain without subtracting the vertical elastic strain. The vertical strain calculated with the
improved Schmertmannmethod contains vertical elastic and plastic strain. In Table 4.2 the correspond
ing settlements are summarised, together with the settlements determined with the FE computation.
Settlement determined with the FE computations are larger, while that only consists of vertical plastic
strain. The vertical plastic strain calculated with the improved Schmertmann method is zero beyond
1.7 𝑚 𝑁𝐴𝑃. The vertical strain determined with the FE computation plotted in Figure 4.5 has a value
larger than zero beyond 3.5𝑚 𝑁𝐴𝑃, i.e. settlement occurs at larger depths. This increase is (partially)
caused by the plane strain conditions assumed by the FE computations. Furthermore, it is possible
that the stiffness of the sand used for the improved Schmertmann method is higher than the stiffness
of the sand determined with the FE computation.

In Figure 4.7 the vertical strain on a vertical through the center of the rail track at locations 1, 2, 4 and
6 are plotted. The foundation stress is 60, 73.5, 89 and 100 𝑘𝑃𝑎. Parameter 𝑚 of the sand is taken as
0.5 and 0.7. The stiffness of the sand for a reference confining stress of 100 𝑘𝑃𝑎 is plotted by the red
dasheddotted line. Stiffness corrected for the insitu stress is plotted for 𝑚 = 0.5 and 𝑚 = 0.7 by the
red dashed and solid lines, respectively.

(a) Location 1: CPT 4L6

(b) Location 2: CPT 4R3

(c) Location 4: CPT 8R4

(d) Location 6: CPT 10L3

Figure 4.7: Vertical strain underneath the rail tracks at location 1, 2, 4 and 6 calculated with the improved Schmertmann
method for a rate of stress dependency of the stiffness of the sand of 0.5 and 0.7, for loads equivalent to a vertical stress of 60,

73.5, 89 and 100 𝑘𝑃𝑎 applied to the bottom of the foundation.

Vertical strain increases with foundation stress. It is inversely related to the stiffness. Again, the stiff
ness of the sand layers is higher for 𝑚 = 0.5 compared to 𝑚 = 0.7. Consequently, the vertical strain
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calculated with 𝑚 = 0.5 is smaller compared to 𝑚 = 0.7. According to Equation 2.20 the vertical strain
is linear related to the foundation stress.

4.6.3. Cyclic densification
Settlement after one load cycle determined with the FE computation and improved Schmertmann
method are smaller than the measured settlement for the locations. It is concluded that (most) of
the settlement of the rail tracks is a result of cyclic densification of the sand.

It is unlikely that no settlement occurred after a large number of load cycles at locations 3 and 5.
Appendix C contains model predictions of locations 3 and 5 determined with the FE computations.
Settlement at these locations after one load cycle is several millimeters. With better settlement ob
servation and measurement methods these settlements would have been measured. It is correct to
discard locations 3 and 5 from the evaluation.

4.7. Densification of the deeper sand layer
In Figure 4.8a the initial relative density profiles (after construction of the rail tracks) at locations 1 and
2 are shown. Here the heavier ASCCs are installed. The red horizontal dashed line indicates the
domain in which the sand at the locations where most settlement was measured has a lower relative
density. This domain extents from 2 to 1𝑚 𝑁𝐴𝑃. The relative density of the sand at location 2 is lower
than at location 1. At location 2 more settlement is measured than at location 1 during the settlement
measurement period. In Figure 4.8b the same is valid for locations 4 and 6, the domain extents from 1
to 1 𝑚 𝑁𝐴𝑃. The relative density of the sand at location 4 is lower than at location 6, therefore more
settlement is measured at location 4 during the settlement measurement period.

(a) Crane type: ASCC (b) Crane type: ASC

Figure 4.8: The relative density profiles of the sand at locations 1, 2, 4 and 6 after construction of the rail tracks. At locations 1
and 2 ASCCs and at locations 4 and 6 ASCs are installed. The red horizontal dashed lines indicate a domain in which the

sand at the locations where most settlement was measured has a lower relative density.

Densification of the sand layer between 2 and 1𝑚 𝑁𝐴𝑃 primarily accounts for the total settlement of the
ASC rail track at location 2. Densification of the sand inside the domain indicated by the red horizontal
dashed lines primarily accounts for the settlement difference, which is about half of the total settlement
at location 2. The relative density profiles of the sand at locations 1 and 2 are comparable. The sand is
dense and their relative density with depth is more or less constant. Till a depth of 2𝑚 𝑁𝐴𝑃 the relative
density of the sand at the two locations is nearly the same. Deeper the relative density at location 1
increases slightly and at location 2 it decreases slightly. Both locations are situated underneath the rail
tracks of container stack 4. The loading conditions are therefore assumed to be equal, i.e. an equal
number of load cycles (between 10 and 50 thousand) and foundation stress. The settlement difference
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is related to the lower relative density of the sand inside the domain indicated by the red horizontal lines.

Densification of the sand layer between 1 and 1 𝑚 𝑁𝐴𝑃 primarily accounts for the total settlement
of the ASC rail track at location 4. The settlement difference between locations 4 and 6 is related to
the lower relative density of the sand at location 4 inside the domain indicated by the red horizontal
dashed lines. Between 1 and 1 𝑚 𝑁𝐴𝑃 the relative density of the sand at location 4 decreases to
almost 50%. Relative density of the sand of the first 3 meters below the compact sand, till 1 𝑚 𝑁𝐴𝑃, is
higher at location 4. However, settlement measured at location 4 is significantly larger than at location
6. Both locations are situated below the rail tracks of the smaller ASC, the amplitude of the load cycles
is therefore more or less equal. Note that although the estimated number of load cycles lies in the same
range, the actual number of load cycles at one location can still be up to five times higher than at the
other location (10 thousand vs. 50 thousand). Because most of the settlement occurs during the first
load cycles this only partially justifies the difference in measured settlement between locations 4 and
6.

Vertical plastic strain concentrates in a sand layer with a significantly lower relative density. At location
4 vertical plastic strain primarily accumulates between 1 and 0 𝑚 𝑁𝐴𝑃. Initially, after one load cycle,
vertical plastic strain concentrates not directly below the foundation, but in the sand layer below that.
The vertical strains after one load cycle plotted in Figures 4.5 and 4.6 both increase with depth until
a maximum value is reached at around 2.5 and 2.8 𝑚 𝑁𝐴𝑃, respectively. Deeper the vertical strains
decrease towards zero.

4.7.1. Minimum depth of influence
Based on the CPT measurements in combination with the settlement measurements the depth of influ
ence of an ASC is at least 0𝑚 𝑁𝐴𝑃, which is approximately 4 to 5𝑚 below the bottom of the foundation.
It is expected that the depth of influence of the heavier ASCC is larger. At location 4 the largest settle
ment is measured. Here the sand fill contains a sand layer between 1 and 0 𝑚 𝑁𝐴𝑃 with a significantly
lower relative density. Densification of the sand in this layer primarily accounts for the total settlement
measured at this location.

4.7.2. Shallow compaction is insufficient
Shallow compaction of the sand fill till a depth of around 2 𝑚 𝑁𝐴𝑃, or 2 𝑚 below the bottom of the
foundation, is insufficient to prevent settlement of ASC rail tracks. The data indicate that densification
induced by an ASC of sand layers deeper than 2 𝑚 𝑁𝐴𝑃 can result in significant cyclic settlement.

4.8. Cyclic settlement predictions
In this section results obtained with the six cyclic settlement models for locations 1, 2, 4 and 6 are
presented. First, settlement as a function of the number of load cycles obtained with the best esti
mates of the model parameter values are presented for all cyclic settlement models. Secondly, vertical
strain with depth of the C/L model for cyclic shear and terminal density model are presented. Finally, a
sensitivity analysis of relevant input data on the cyclic settlement predictions of both cyclic settlement
models is presented.

4.8.1. Settlement as a function of the number of load cycles
In Figure 4.9 settlement as a function of the number of load cycles is presented for locations 1, 2, 4
and 6 obtained with the six cyclic settlement models. This is the settlement at the surface. The blue
vertical bands indicate the range of estimated load cycles during the settlement measurement period.
At locations 1, 2, 4 and 6 this estimate lies between 10 and 50 thousand load cycles. The horizontal
black lines indicate measured settlement. The C/L model for cyclic shear and terminal density model
are plotted by the blue and red solid lines, respectively. The other cyclic settlement models are plotted
with dashed lines. However most settlement is measured at location 4, all cyclic settlement models
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predict least settlement at location 4 and most settlement at location 2. Cyclic settlement predictions
are plotted up till 100 million load cycles. The Hergarden model, plotted by the purple dashed lines,
predicts zero settlement at the four locations.

(a) Location 1: CPT 4L6 (b) Location 2: CPT 4R3

(c) Location 4: CPT 8R4 (d) Location 6: CPT 10L3

Figure 4.9: Settlement vs. number of load cycles predicted by the six cyclic settlement models for locations 1, 2, 4 and 6.
Cyclic settlement are predicted based on the best estimates of the model parameter values, summarised in Table 4.3.

Values of the best estimates of the model parameters are summarised in Table 4.3. These values are
used to plot the settlement as a function of the number of load cycles. At locations 1 and 2 foundation
stress is 89 𝑘𝑃𝑎, which corresponds to a heavier ASCC carrying a 40 tonne container. At locations
4 and 6 this is 73.5 𝑘𝑃𝑎, which corresponds to an ASC carrying a 40 tonne container. Other model
parameter values are obtained through correlation, (FE) modelling or based on estimates. References
to the correlations, figures with plotted model parameter values and literature are also indicated in the
table. Columns containing model parameter values of the terminal density model and C/L model for
cyclic shear are highlighted in grey.

C/L model for cyclic
shear

C/L model for cyclic
oedometer compression

Hergarden
model

Terminal density
model

Cumulative plastic
strain model

Seismic induced
strain model

(Equations 2.5 & 2.6) (Equation 2.8) (Equations 2.9  2.11) (Equations 2.12 & 2.13) (Equation 2.17) (Equation 2.19)
𝑒0 ∝ 𝐷𝑅,0 𝜎𝑧 ∶ 𝜎𝑧,0 = 73.5 or 89 [𝑘𝑃𝑎]; (Figure 3.11) 𝐷𝑅,0 & 𝑒0 ∝ 𝐷𝑅,0 𝑒0 ∝ 𝐷𝑅,0 𝑎 = 5.38𝑒−0.023𝐷𝑅,0 [21] 𝜀𝑝𝑣,𝑁=1 (Figure 4.6)
𝛾0 (Figure 4.3) 𝜎𝑥 = (1/2)𝜎𝑧 [𝑘𝑃𝑎] 𝑒𝑚𝑖𝑛 = 0.5 𝑒1 ∝ 𝜀𝑝𝑣,𝑁=1 (Figure 4.6) 𝑏 = 1.2 [21] 𝑏 = 0.2 [30]
𝑐1 & 𝑐2 (Equation 4.1) 𝑐1 = 0.776 & 𝑐2 = 2.847 [48] 𝑒𝑚𝑎𝑥 = 0.8 𝑒𝑇 (Equation 4.2) 𝑅 = 0.25 [21]

𝑎 ∶ 𝑎0 = 1.6 [𝑚/𝑠2]; (Figure 3.12) 𝑁∗ = 100 [39] 𝛾0 (Figure 4.3)
𝛼𝐵 = 3 [34] 𝑚 = 0.45 [39] 𝛾𝑡𝑣 = 0.01% [55]

Table 4.3: Best estimates of the values of the model parameters in Table 2.1. The equation numbers are of the six cyclic
settlement models and reference to the parameter values are indicated.
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Terminal density model
Settlement predictions made with the terminal density model are in the same order as the measured
settlement. Predictions of the cyclic settlement vary between 12 and 19 𝑚𝑚 after 10 to 50 thousand
load cycles at the four locations. Variation of the predicted cyclic settlement is smaller compared to the
variation of the settlement measurements. In the first 10 thousand load cycles most cyclic settlement
is calculated. After 10 thousand load cycles the entire zone of influence is approaching the predicted
terminal void ratio. Most settlement occurs in the first load cycle. After one load cycle settlement is
between 3 and 4 𝑚𝑚. The first load cycle is determined with the improved Schmertmann method,
plotted in Figure 4.6. After the first load cycle settlement continues to increase at a significantly slower
rate. The predicted cyclic settlement after 50 thousand load cycles at location 4 is 13 𝑚𝑚, that is less
than half of the measured settlement. The predicted cyclic settlement at location 2, after 50 thousand
load cycles is about 19 𝑚𝑚.

Compaction / Liquefaction model for cyclic shear
The C/L model for cyclic shear predicts large settlement at all four locations after 10 to 50 thousand
load cycles. Settlement continues to increase even beyond 10 million load cycles, corresponding to the
estimated number of load cycles during the lifetime of a container terminal. In the first 100 load cycles a
relatively small amount of settlement is predicted. Predicted settlement continues to increase after 100
load cycles at a relatively high rate. After 10 to 50 thousand load cycles the C/L model for cyclic shear
predicts more settlement compared to the other cyclic settlement models, except the seismic induced
strain model. Cyclic settlement predictions vary between 23 and 62 𝑚𝑚 after 10 to 50 thousand load
cycles at the four locations. At location 4 prediction of the settlement after 50 thousand load cycles
matches well with the measured settlement, 35 vs. 32 𝑚𝑚. At location 6 cyclic settlement prediction
is up to six times the measured settlement.

Hergarden model
The Hergarden model is not suitable for the current problem. It predicts no settlement at all four lo
cations. Within the entire sand fill amplitude of the acceleration is below the acceleration threshold.
Amplitude of the acceleration of the vibration at the bottom of the foundation is estimated at 1.6 𝑚/𝑠2.
That is around four times stronger compared to a vibration generated by a train that rolls into a train
station. Amplitude of the acceleration decreases with depth, this is described by the attenuation of
vibration plotted in Figure 3.12.

Cumulative plastic strain model
Model predictions of the cumulative plastic strain model are unreliable. The settlement predictions de
pend on the number of load cycles, vertical plastic strain after one load cycle and a material constant
that describes densification of the sand. Its value is not measured in a cyclic soil test. Based on litera
ture its value is estimated at 0.2, its value is therefore uncertain. Predictions of the cumulative plastic
strain model, plotted in Figure 4.9 by the yellow dashed line, match better with the measurements com
pared to C/L model for cyclic shear for locations 1, 2 and 6.

Compaction / Liquefaction model for oedometer compression
The C/L model for cyclic oedometer compression is not suitable for the current problem. It underes
timates cyclic settlement for most locations, except location 6. Cyclic settlement predicted with this
model is plotted in Figure 4.9 by the green dashed line. The depth of influence is estimated to be less
than one time width of foundation. That is less than two meters, significantly less compared to the
depth of influence determined with the FE model, improved Schmertmann method and vertical stress
increase with depth. It is also inconsistent with the CPT data in combination with the settlement mea
surements. The small zone of influence results in a small predictions of the settlement. At location 4
no settlement occurs because in the entire zone of influence the initial relative density is 100%. Fur
thermore, the C/L model for model is very sensitive to the material constants. This is observed in a
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global sensitivity analysis. Values of the material constants used for the model predictions are given in
Table 4.3. This is the best estimate of the material constants, however the values represent a different
sand type. Consequently, model predictions of the C/L model for cyclic oedometer compression are
unreliable. Moreover, none of the model parameter values depend on the initial relative density, model
predictions of the C/L model for cyclic oedometer compression are independent of the initial relative
density.

Seismic induced strain model
At locations 1, 2 and 6 in the range 10 to 50 thousand load cycles the seismic induced strain model
significantly overestimates the cyclic settlement, up to six times larger. However, at location 4 predic
tion of the settlement matches well with the measurement. Settlement prediction are plotted with the
light blue dashed line in Figure 4.9. The seismic induced strain model is very sensitive to its densifica
tion properties and volumetric threshold strain, which are uncertain. Model predictions of the seismic
induced strain model are therefore also unreliable.

Model predictions of the terminal density model and C/L model for cyclic shear are most reliable, be
cause their input data and model parameters are most reliable. Model prediction of the terminal density
model match best with the settlement measurements. At location 4 model prediction of the C/L model
for cyclic shear matches better to the settlement measurement. The C/L model for cyclic oedometer
compression, Hergarden model, cumulative plastic strain model and seismic induced strain model are
discarded from further evaluation. Model predictions are unreliable for the available input data.

4.8.2. Vertical strain with depth
In Figure 4.10 the predicted vertical plastic strain with depth determined with the terminal density model
(on the left) and C/L model for cyclic shear (on the right) together with the initial relative density are
plotted for locations 1, 2, 4 and 6. Vertical plastic strain is calculated using the model parameter val
ues in Table 4.3. The area underneath the graphs is equal to the predicted cyclic settlement plotted
in Figure 4.9. The vertical axis starts at 3.5 𝑚 𝑁𝐴𝑃 and ends at 3.5 𝑚 𝑁𝐴𝑃. Above 3.5 𝑚 𝑁𝐴𝑃 no
vertical plastic strain accumulates, the sand is compacted here. Depth of influence varies between
1 and 2 𝑚 𝑁𝐴𝑃, depending on the cyclic settlement model and location. Less vertical plastic strain
accumulates at depths where the initial relative density of the sand is nearly 100%. For example, at
around 0.5 𝑚 𝑁𝐴𝑃 for location 1 (Figures 4.10a and 4.10b) and above 2.5 and at 1.5 𝑚 𝑁𝐴𝑃 for lo
cation 4 (Figures 4.10e and 4.10f). Predicted settlement after 50 thousand load cycles and measured
settlement are both indicated above the graphs.

The vertical plastic strain determined with the terminal density model is insensitive to the initial relative
density. It is distributed evenly over the zone of influence for all four locations, despite varying initial rel
ative density of the sand. For example at location 4 in Figure 4.10e, the increase of the vertical plastic
strain corresponding to the significantly lower initial relative density between 1 and 0 𝑚 𝑁𝐴𝑃 is almost
unnoticeable. Variation of the cyclic settlement predictions is primarily related to the variation of the
combined thickness of the sand layers with an initial relative density of nearly 100%. At location 4 this
thickness is larger compared to the other locations, consequently the predicted settlement is smaller
compared to the other locations. Largest settlement is predicted at location 2 due to the absence of a
sand layer with an initial relative density of nearly 100%.

The vertical plastic strain predicted with the C/L model for cyclic shear is very sensitive to the initial
relative density of the sand. Variation of the initial relative density with depth results in an uneven distri
bution of the vertical plastic strain over the zone of influence at all four locations. For a constant initial
relative density with depth the vertical plastic strain decreases with depth. This is related to the cyclic
shear strain amplitude which decreases with depth, plotted in Figure 4.3. This is best observed for
locations 1 and 2 that have a more or less constant initial relative density with depth. Within the entire
zone of influence the predicted vertical plastic strain has a large value, which results in an overestimate
of the cyclic settlement at locations 1, 2 and 6. Similar to the terminal density model, predicted cyclic
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(a) Location 1: CPT 4L6 (b) Location 1: CPT 4L6

(c) Location 2: CPT 4R3 (d) Location 2: CPT 4R3

(e) Location 4: CPT 8R4 (f) Location 4: CPT 8R4

(g) Location 6: CPT 10L3 (h) Location 6: CPT 10L3

Figure 4.10: Vertical plastic strain with depth with increasing number of load cycles determined with the terminal density model
(on the left) and C/L model for cyclic shear (on the right) at locations 1, 2, 4 and 6.
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settlement is related to the combined thickness of sand layers with an initial relative density of nearly
100%. At location 4 this thickness is larger compared to the other locations. Consequently, the pre
dicted settlement is smaller compared to the other locations. Largest settlement is predicted at location
2 due to the absence of a sand layer with an initial relative density of nearly 100%.

Depth of influence estimated for the terminal density model is determined at 6 𝑚 below the shallow
foundation, or 1.7 𝑚 𝑁𝐴𝑃, for all four locations. Below 1.7 𝑚 𝑁𝐴𝑃 the vertical plastic strain predicted
with the terminal density is zero. The C/L model for cyclic shear estimates a similar depth of influence
between 1 and 2 𝑚 𝑁𝐴𝑃. The cyclic shear strain amplitude increases with foundation stress. Depth
of influence is therefore larger at locations 1 and 2 compared to locations 4 and 6. A significant amount
of vertical plastic strain accumulates between 1 and 2 𝑚 𝑁𝐴𝑃. Consequently, settlement predicted
with the C/L model for cyclic shear is larger at locations 1 and 2 compared to locations 4 and 6.

4.8.3. Sensitivity terminal density model
In this section sensitivity of the terminal density model is evaluated. The following model parameters
and input data are investigated:

• foundation stress;

• rate of stress dependency of the stiffness (parameter 𝑚);

• depth of influence;

• thickness of the compact sand layer underneath the foundation;

• initial relative density;

• terminal void ratio correlation (Equation 4.2).

In Figure 4.11 the predicted cyclic settlement at the four locations is plotted for a foundation stress
between 60 and 100 𝑘𝑃𝑎 and for a rate of stress dependency of the stiffness (parameter 𝑚) of the
sand between 0.5 and 0.7. Through the void ratio after one load cycle the foundation stress and stiff
ness of the sand fill influence model predictions of the terminal density model. Void ratio after one load
cycle is related to vertical plastic strain after one load cycle, which is determined with the improved
Schmertmann method. The vertical strain after one load cycle is plotted in Figure 4.7. With increasing
foundation stress and decreasing parameter 𝑚 vertical plastic strain increases and void ratio after one
load cycle decreases. The terminal void ratio is correlated to the void ratio after the first load cycle in
Equation 4.2. Its value decreases with decreasing void ratio after one load cycle. It results in a very
small increase of the predicted settlement.

Model predictions of the cyclic settlement model are almost independent of the stiffness of the sand and
foundation stress. The differences of the predicted cyclic settlement (primarily) occur in the first load
cycle, this is shown in Figure 4.7. After the first load cycle the predicted cyclic settlement becomes
insensitive to the foundation stress and stiffness of the sand. This difference remains constant with
increasing number of load cycles, this is shown in Figure 4.11.

In Figure 4.12 cyclic settlement predicted with the terminal density model is plotted for the varying
values of the depth of influence and thickness of the compacted sand layer. The predicted cyclic set
tlement corresponding to the estimated depth of influence and thickness of the compact sand layer is
plotted with the red solid lines, which correspond to the red solid lines in Figure 4.9. Depth of influence
varies between 2, 3 and 4 times the width of the foundation, which is 2 𝑚 wide. Depth of influence is
thus 4, 6 or 8 𝑚 below the bottom of the ballast bed, which corresponds to 0.3, 1.7 or 3.7 𝑚 𝑁𝐴𝑃,
respectively. Thickness of the compacted sand layer varies between 0.3, 0.8 and 1.3 𝑚. The bottom
of the compacted sand layer is located at 4.0, 3.5 or 3.0 𝑚 𝑁𝐴𝑃, respectively. The zone of influence is
defined by the depth of influence and thickness of the compacted sand layer and varies from 2.7 to 7.7
𝑚. At location 4 thickness of the sand layer does not influence the model prediction. The estimated
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(a) Location 1: CPT 4L6 (b) Location 2: CPT 4R3

(c) Location 4: CPT 8R4 (d) Location 6: CPT 10L3

Figure 4.11: Cyclic settlement predicted with the terminal density model at locations 1, 2, 4 and 6 for a rate of stress
dependency of the stiffness of the sand of 0.5 and 0.7 and for loads equivalent to a vertical stress of 60, 73.5, 89 and 100 𝑘𝑃𝑎
applied to the bottom of the foundation. The vertical strain after one load cycle used to calculate the void ratio after one load

cycle to calculate the terminal void ratio and predict the settlement is plotted in Figure 4.7.



78 4. Results and discussion

initial relative density above 3 𝑚 𝑁𝐴𝑃 is 100% at this location (see Figure 4.3d). No settlement is cal
culated above 3 𝑚 𝑁𝐴𝑃, regardless of the thickness of the compacted sand layer.

(a) Location 1: CPT 4L6 (b) Location 2: CPT 4R3

(c) Location 4: CPT 8R4 (d) Location 6: CPT 10L3

Figure 4.12: Cyclic settlement predicted with the terminal density model at locations 1, 2, 4 and 6 for varying depth of influence
and thickness of the compacted sand layer. Depth of influence is estimated as two, three or four times the width of the

foundation. That corresponds to 0.3, 1.7 and 3.7 𝑚 𝑁𝐴𝑃, respectively. Thickness of the sand layer varies between 0.3 𝑚
(dashed lines), 0.8𝑚 (solid lines) or 1.3𝑚 (dasheddotted lines). The bottom of the compacted sand layer is located at a depth

of 4.0, 3.5 and 3.0𝑚 𝑁𝐴𝑃, respectively.

Predicted cyclic settlement increases (almost) linearly with increasing extent of the zone of influence.
The green dasheddotted lines and the blue dashed lines plotted in Figure 4.12 correspond to a zone of
influence of 2.7 and 7.7𝑚, respectively. The blue dashed lines are almost three times larger compared
to the green dasheddotted lines. This is a result of the even distribution of the vertical plastic strain
over the zone of influence predicted by the terminal density model, plotted in Figure 4.10.

Figure 4.13 presents the predicted cyclic settlement for varying initial relative density. The predicted
cyclic settlement corresponding to the estimated initial relative density is plotted with the red lines, which
correspond to the red solid lines in Figure 4.9. The initial relative density is increased and decreased
by 10% and 25%.

An increase of the estimated initial relative density results in a relatively large decrease of the pre
dicted cyclic settlement. An increase of the estimated initial relative density results in an increase of
the combined thickness of the sand layer with an initial relative density of nearly 100%. In these sand
layers less cyclic settlement is predicted. This is displayed in plots of the vertical plastic strain with
depth predicted with the terminal density model in Figure 4.10. A result is that the predicted cyclic
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(a) Location 1: CPT 4L6 (b) Location 2: CPT 4R3

(c) Location 4: CPT 8R4 (d) Location 6: CPT 10L3

Figure 4.13: Cyclic settlement predicted with the terminal density model at locations 1, 2, 4 and 6 for a varying initial relative
density. The initial relative density is varied by subtracting 25% and 10% or adding 10% or 25% to the correlated initial relative

density.
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settlement decreases. By increasing the estimated initial relative density with 25% almost the entire
zone of influence at all four locations reaches 100% initial relative density. Consequently, predicted
cyclic settlement becomes almost zero.

A decrease of the estimated initial relative density by 10% results in a relatively small increase of the
predicted cyclic settlement. Decreasing the initial relative density of the sand fill by 10% results in a
zone of influence that has an initial relative density of 90% or lower. In the entire zone of influence there
are no sand layers with an initial relative density of nearly 100%, i.e. within the entire zone of influence
cyclic settlement occurs. This results in an increase of the predicted cyclic settlement. A decrease of
the initial relative density of 25% results in a zone of influence that has an initial relative density below
75%. Similar to decreasing the initial relative density with 10%, in the entire zone of influence there
are no sand layers with an initial relative density of nearly 100%. Cyclic settlement predicted for these
two cases is therefore almost the same. The blue and purple lines almost coincide. At locations 2 and
6 the combined thickness of the sand layers with an estimated initial relative density of nearly 100% is
small. At locations 1 and 4 the combined thickness of the sand layers with an estimated initial relative
density of nearly 100% is larger. Increase of the predicted cyclic settlement related to a 10% decrease
of the initial relative density is therefore larger at locations 1 and 4 compared to locations 2 and 6.

In Figure 4.14 the predicted cyclic settlement for a varying value of the empirical constant in Equation
4.2 is plotted, its original value is 0.987. Its value varies between 0.997, 0.987, 0.977, 0.937 and 0.887.
The predicted cyclic settlement plotted by the red lines corresponds to the red solid lines in Figure
4.9. With decreasing value of the empirical constant the terminal void ratio decreases and difference
between the initial void ratio increases. Consequently, model predictions of the cyclic settlement in
creases.

The plots in Figure 4.14 show that the correlation in Equation 4.2 with an empirical constant equal to
0.987 matches best with the settlement measurements. Decreasing the empirical constant results in
an overestimate of the cyclic settlement. Model predictions of the terminal density model are very sen
sitive to the value of the empirical constant.

Model predictions of the cyclic settlement is primarily affected by the extent of the zone of influence
and the thickness of the sand layer with an initial relative density of 100%. Cyclic settlement is (almost)
linear related to the thickness of the sand layer within the zone of influence with an initial relative density
is below 100%, i.e. thickness of the sand layer in which vertical plastic strain accumulates. Influence of
changing the stiffness of the sand fill, foundation stress and decreasing initial relative density on model
prediction of the cyclic settlement of the terminal density model are negligible.

4.8.4. Sensitivity compaction/liquefaction model for cyclic shear
In this section sensitivity of the C/L model for cyclic shear is evaluated. The following model parameters
and input data are investigated:

• foundation stress;

• rate of stress dependency of the stiffness (parameter 𝑚);
• volumetric threshold strain;

• thickness of the compact sand layer underneath the foundation;

• initial relative density.

In Figure 4.15 predicted cyclic settlement at location 2 is plotted for a foundation stress that varying
from 60 to 100 𝑘𝑃𝑎 and rate of stress dependency of the stiffness (parameter 𝑚) between 0.5 and 0.7.
In Figure 4.4a the corresponding model parameter value of the cyclic shear strain amplitude is plotted
for varying foundation stress and parameter𝑚 for location 2. Only at this location the cyclic shear strain
amplitude is evaluated for varying foundation stress and parameter 𝑚.
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(a) Location 1: CPT 4L6 (b) Location 2: CPT 4R3

(c) Location 4: CPT 8R4 (d) Location 6: CPT 10L3

Figure 4.14: Cyclic settlement predicted with the terminal density model at locations 1, 2, 4 and 6 for a varying empirical
constant of the correlation in Equation 4.2.
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Figure 4.15: Cyclic settlement predicted with the C/L model for cyclic shear at location at location 2 for a rate of stress
dependency of the stiffness of the sand of 0.5 and 0.7 and for loads equivalent to a vertical stress of 60, 73.5, 89 and 100 𝑘𝑃𝑎
applied to the bottom of the foundation. The cyclic shear strain amplitude used for these calculations of the cyclic settlement

are plotted in Figure 4.4.

Model predictions of the cyclic settlement increase with cyclic shear strain amplitude, i.e. it increases
with foundation stress and decreasing parameter 𝑚. Cyclic shear strain amplitude and depth of influ
ence increase with foundation stress and decreasing parameter 𝑚.

In Figure 4.16 cyclic settlement is plotted for varying volumetric threshold strain and thickness of the
compacted sand layer. The predicted cyclic settlement corresponding to the estimated volumetric
threshold strain and thickness of the compact sand layer is plotted with the blue solid lines, which
correspond to the blue solid lines in Figure 4.9. Thickness of the compacted sand layer varies between
0.3, 0.8 and 1.3𝑚. Bottom of the compacted sand layer is situated at 4.0, 3.5, and 3.0𝑚 𝑁𝐴𝑃, respec
tively. Volumetric threshold strain varies between 0.007% and 0.030%, corresponding to clean sands
[55]. Depth of influence increases with decreasing volumetric threshold strain. In Figure 4.3 the cyclic
shear strain amplitude and various values of the volumetric threshold strain are plotted. Depth of influ
ence varies between 2.5𝑚 𝑁𝐴𝑃 and 3.5𝑚 𝑁𝐴𝑃, that corresponds to about 2 to 8𝑚 below the bottom
of the foundation. Extent of the zone of influence increases with decreasing volumetric threshold strain
and decreasing thickness of the compacted sand layer, it varies between 0.5 and 7.5 𝑚.

Model predictions of the cyclic settlement increase with decreasing volumetric threshold strain and
thickness of the sand layer, i.e. with increasing extent of the zone of influence. Model predictions of
the C/L model for cyclic shear are very sensitive to the extent of the zone of influence. Plots of the verti
cal plastic strain predicted with the C/L model for cyclic shear in Figure 4.10 show that within the entire
zone of influence a lot of vertical plastic strain accumulates. Varying the volumetric threshold strain has
a significant influence at all locations. Varying the thickness of the compacted sand layer mainly affect
the cyclic settlement predictions at locations 1 and 2. The estimated initial relative density of the top
part of the sand fill at these locations is not nearly 100%. Varying the thickness of the compacted sand
layer at location 4 does not influence the model predictions. The estimated initial relative density above
3 𝑚 𝑁𝐴𝑃 is 100% at this location (see Figure 4.3d). No settlement occurs above 3 𝑚 𝑁𝐴𝑃, regardless
of the thickness of the compacted sand layer.
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(a) Location 1: CPT 4L6 (b) Location 2: CPT 4R3

(c) Location 4: CPT 8R4 (d) Location 6: CPT 10L3

Figure 4.16: Cyclic settlement predicted with the C/L model for cyclic shear at locations 1, 2, 4 and 6 for varying volumetric
threshold strain and thickness of the sand layer. Thickness of the sand layer varies between 0.3 𝑚 (dashed lines), 0.8𝑚 (solid
lines) or 1.3𝑚 (dasheddotted lines). The bottom of the compacted sand layer is located at a depth of 4.0, 3.5 and 3.0𝑚 𝑁𝐴𝑃,

respectively.
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In Figure 4.17 the predicted cyclic settlement are plotted for varying initial relative density. The pre
dicted cyclic settlement corresponding to the estimated initial relative density is plotted with the blue
lines, which correspond to the blue solid lines in Figure 4.9. The initial relative density is increased and
decreased by 10% and 25%.

(a) Location 1: CPT 4L6 (b) Location 2: CPT 4R3

(c) Location 4: CPT 8R4 (d) Location 6: CPT 10L3

Figure 4.17: Cyclic settlement predicted with the C/L model for cyclic shear at locations 1, 2, 4 and 6 for a varying initial relative
density. The initial relative density is varied by subtracting 25% and 10% or adding 10% or 25% to the correlated initial relative

density.

Model predictions of the C/L model for cyclic shear are very sensitive to a decrease of the initial rela
tive density, in contrast to the terminal density model which is not sensitive to a decrease of the initial
relative density. Similar to the terminal density model, the C/L model for cyclic shear is sensitive to an
increase of the initial relative density. This corresponds to the varying vertical plastic strain with relative
density, plotted in Figure 4.10. Predicted cyclic settlement increases with decreasing relative density.
According to the correlation in Equation 4.1, material constants increase with decreasing initial relative
density. Furthermore, decreasing the initial relative density of the sand layer means that within the
zone of influence there are no sand layers with an initial relative density of 100%. Vertical plastic strain
accumulates over the entire zone of influence. Increasing the initial relative density by 25% almost the
entire zone of influence reaches 100% initial relative density and almost no cyclic settlement occurs.

Model predictions of the C/L model for cyclic shear are very sensitive to the initial relative density extent
of the zone of influence and the thickness of the sand layer with an initial relative density of 100%, i.e.
thickness of the sand layer in which vertical plastic strain accumulates. Furthermore, it is also sensitive
to the stiffness of the sand fill and foundation stress.
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4.9. Discussion of the results
The cyclic settlement models discussed in this report are relatively easy to apply. Cyclic settlement can
be evaluated at a large number of locations, for example one evaluation corresponding to each CPT
measurement. The measurements show that the area has a strong variability of the relative density
laterally and vertically, a large number of cyclic settlement predictions is required to analyse the cyclic
settlement of all the rail tracks at the container terminal.

Figure 4.9 shows that model predictions of the C/L model for cyclic shear overestimate the cyclic settle
ment. Plots of the vertical plastic strain with depth in Figure 4.10 indicate that this is a result of the very
sensitive response of the model to the initial relative density. Plots of the cyclic settlement in Figure
4.17 also show that the model predictions are very sensitive to the initial relative density. This is a
result of the correlation in Equation 4.1 that is used to determine the material constants that describe
the cyclic densification behaviour of the sand. At location 4 the model prediction of the C/L model for
cyclic shear and the measured settlement match well. Here the sand fill contains a medium dense sand
layer. The correlation seems to give better results for medium dense sand. However, at location 4 the
model prediction is dominated by the combined thickness of the sand layers that have a 100% relative
density. No densification is predicted in these layers which resulted in a smaller model prediction of
the cyclic settlement.

Results plotted in Figure 4.9 show that the predictions of the terminal density model match best with the
settlement measurements. However, Figures 4.10 and 4.13 demonstrate that the model predictions
of the cyclic settlement and vertical plastic strain are insensitive to the initial relative density. Further
more, Figure 4.11 shows that model predictions of the cyclic settlement are insensitive to the stiffness
of the sand and amplitude of the load. It is a result of the correlation in Equation 4.2 used to determine
the terminal void ratio. Model predictions with the terminal density model at location 1 in Figure 4.9a
indicate that predictions are most reliable for dense to very dense sand layers. At location 1 the sand
consists of dense to very dense sand layers and the model prediction and settlement measurement
match well. At location 4 the sand fill contains a medium dense sand layer. The model prediction of the
cyclic settlement at location 4 in Figure 4.9c shows that the terminal density model underestimates the
cyclic settlement and is less reliable for locations where the sand fill also consists of less dense sand
layers.

The zone of influence underneath the ASC rail tracks extents to a depth of approximately 6 𝑚 below
the bottom of the foundation. This is based on the response of the first load cycle analysed with an
FE model plotted in Figure 4.3, improved Schmertmann method plotted in Figure 4.7 and on the 2D
spreading of the load plotted in Figure 3.11. It is also consistent with the observation that the settlement
measured at location 4 primarily occurred between 1 and 0 𝑚 𝑁𝐴𝑃, which is around 4 𝑚 below the
foundation. Three times the width of the foundation gives a good first estimate of the depth of influ
ence underneath ASC rail tracks. Figures 4.3 and 4.4a show that depth of influence increases with the
amplitude of the load and decreasing stiffness of the sand and decreasing volumetric threshold strain.
Figures 4.12 and 4.16 show that model predictions of the cyclic settlement of the terminal density model
and C/L model for cyclic shear increase with depth of influence.

Model predictions of the vertical plastic strain of the terminal density model and C/L model for cyclic
shear in Figure 4.10 show that densification of the sand fill occurs in the entire zone of influence. Based
on the responses determined with the FE computation and improved Schmertmann method in Figures
4.5 and 4.7, most densification in the first load cycle occurs between 0.5 and 2𝑚 below the foundation.
In the subsequent load cycles densification concentrates in the sand layers with a lower relative density.
This is based on the larger settlement that was measured at location 4. It is expected that densification
primarily occurred in the medium dense sand layer located at this location. This is consistent with the
model predictions of the vertical plastic strain of the C/L model for cyclic shear in Figure 4.10. Cyclic
settlement decreases with depth. This is indicated by model predictions of the vertical plastic strain of
the C/L model for cyclic shear in Figure 4.10 and the response of the first load cycle in Figures 4.5 and
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4.7. Deeper the stiffness of the sand is higher, due to the increasing confining stress and the amplitude
of the load is smaller due to spreading of the load with depth.

According to the C/L model for cyclic shear densification stops when the relative density becomes
100%. The model predictions in Figure 4.9 show that this results in an overestimate of the cyclic set
tlement. The maximum densification therefore does not coincide with the minimum void ratio (or 100%
relative density). Maximum densification is a property that depends on the soil conditions, initial state
and loading conditions, i.e. the terminal void ratio.

Model predictions of the terminal density model in Figure 4.9 show that after 104 load cycles just a small
amount of cyclic settlement will occur. Most densification occurs in the first load cycles. According to
the terminal density model cyclic settlement will stop when the sand has reached its terminal density
within the entire zone of influence. The terminal density model seems more theoretically based com
pared to the C/L model for cyclic shear. This model assumes that densification continues indefinitely.
Model predictions of the C/L model for cyclic shear are in the right order of magnitude after order 104
load cycles, for higher number of load cycles the model predictions become unreliable. Cyclic settle
ment predictions with models that assume cyclic settlement continues indefinitely can be ‘cutoff’ after
order 104 load cycles, i.e. the predicted cyclic settlement after about 104 load cycles is the maximum
settlement.

Based on the combination of the measured settlement and initial relative density profile at location 4
(see Figure 3.14d), cyclic settlement will exceed the settlement requirement for ASC rail tracks for a
sand fill that contains loose or medium dense sand layers within the zone of influence. The sand fill will
have to be compacted at those locations, regardless of the model prediction.

To meet the 20𝑚𝑚 settlement requirement for ASC tracks, the sand fill underneath the rail tracks must
have an average initial relative density of at least 85% and minimum initial relative density of at least
65% within the zone of influence. This is based on the combination of the measured settlement and ini
tial relative density profile at location 1, given in Figure 3.14a. For these conditions the terminal density
model gives most reliable predictions. Figure 4.9a shows that the terminal density model at location 1
predicts less than 20𝑚𝑚 settlement. At location 2 the average initial relative is less than 85%, here the
settlement exceeded the settlement requirement for ASC rail tracks. For the smaller ASCs an average
initial relative density of at least 80% is probably sufficient. This is based on the measured settlement
and initial relative density profile at location 6, given in Figure 3.14f.

4.9.1. Terminal void ratio
Equation 4.2 correlates the void ratio after one load cycle to the terminal void ratio by an empirical
constant. Figure 4.14 shows that the selected empirical constant gives the best match between the
settlement predictions and measurements. However, the correlation makes the model prediction in
sensitive to the input data such as the stiffness of the sand, initial relative density and foundation stress.
Even though, the void ratio after one load cycle is sensitive to the initial void ratio, foundation stress
and stiffness of the sand. This empirical relation should only be used for a dense to very dense sand
fill with a constant initial relative density. Therefore two different potentially interesting methods that
can be used to estimate the terminal void ratio are presented below. Note that more reliable model
predictions can be made if the terminal ratio of the sand is measured.

The terminal void ratio can be estimated by:

𝑒𝑇 = 𝑒𝑚𝑖𝑛 + (𝑒0 − 𝑒𝑚𝑖𝑛)(1.0 − 𝑎
Δ𝜎
𝜎′𝑣,0

) (4.3)

with

𝑎 = material constant, [],
Δ𝜎 = cyclic vertical stress increase, [𝑘𝑃𝑎],
𝜎′𝑣,0 = initial vertical stress, [𝑘𝑃𝑎].
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It relates the terminal void ratio to the initial and minimum void ratio and the stress amplitude ratio [39].
Furthermore, the terminal void ratio cannot become smaller than the minimum void ratio. This was
also assumed in the current research. For the sand at the RWG container terminal 𝑎 is estimated at
0.05, which is based on another sand type that was evaluated [39]. The total vertical plastic strain cor
responding to the terminal void ratio estimated with the correlation in Equation 4.3 is plotted in Figure
4.18 by the green line. The corresponding settlement at locations 1 and 4 are 1.2 and 0.4 𝑚𝑚, respec
tively. This is smaller compared to the vertical plastic strain after one load cycle determined with the
improved Schmertmann method, which is plotted by the light blue lines. For the current problem the
correlation underestimates the cyclic settlement, it will therefore not be used. However, the correlation
takes into account the initial void ratio, minimum void ratio and vertical stress. It could be interesting to
further investigate this type of correlation and the value of material constant 𝑎. With increasing value
of 𝑎 the terminal void ratio decreases and cyclic settlement increases.

(a) Location 1: CPT 4L6 (b) Location 4: CPT 8R4

Figure 4.18: Vertical plastic strain after one load cycle (determined with the improved Schmertmann method) and vertical
plastic strain related to the terminal density determined with the correlations in Equations 4.2, 4.3 and 4.5 plotted together with

the initial relative density for locations 1 and 4.

Another option is to relate the vertical plastic strain after 𝑁 −→ ∞ load cycles to the vertical plastic
strain in the first load cycle. This concept is based on the cumulative plastic strain model described in
Section 2.5. In contrast, a maximum density is defined, the terminal density, or void terminal void ratio.
Figure 4.19 shows two plots of the vertical plastic strain as a function of the vertical effective stress of a
medium dense and a dense sand sample in a cyclic oedometer test applied to 10 thousand load cycles
[39]. It is observed that the vertical plastic strain after 10 thousand load cycles is about three times
the vertical plastic strain in the first load cycle. The vertical plastic strain associated with the amount
of densification to reach the terminal void ratio, the maximum vertical plastic strain, is about four times
larger than the vertical plastic strain in the first load cycle:

𝜀𝑝𝑣𝑜𝑙,𝑁=∞ = 4𝜀𝑝𝑣𝑜𝑙,𝑁=1 (4.4)

with

𝜀𝑝𝑣𝑜𝑙,𝑁=∞ = maximum volumetric plastic strain to reach the terminal density, [],
𝜀𝑝𝑣𝑜𝑙,𝑁=1 = volumetric plastic strain in the first load cycle, [].

The terminal void ratio is the initial void ratio plus the change in void ratio after 𝑁 −→ ∞ load cycles:

𝑒𝑇 = 𝑒0 + Δ𝑒𝑇 = 𝑒0 + 4Δ𝑒1 (4.5)

with

Δ𝑒𝑇 = change in void ratio to reach the terminal void ratio, [],
Δ𝑒1 = change in void ratio in the first load cycle, [].
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Figure 4.19: Results from two cyclic oedometer tests with an initial load of 105 𝑘𝑃𝑎 and applying 104 load cycles with a cyclic
load amplitude of 138 𝑘𝑃𝑎. The data plotted in blue is from a medium dense sand with a relative density of 44%,

𝑒𝑁=10.000 = 0.628. The data plotted in red corresponds to a very dense sand with a relative density of 86%, 𝑒𝑁=10.000 = 0.532
[39].

The vertical plastic strain related to the terminal void ratio determined with the correlation in Equation
4.5 is plotted by the purple line in Figure 4.18, for locations 1 and 4. Note that the vertical plastic strain
is linear related to the vertical plastic strain in the first load cycle by a factor 4. Therefore the light blue
and the purple lines in Figure 4.18 have a similar shape. Both the light blue and purple lines have
the largest vertical plastic strain at 2.8 𝑚 𝑁𝐴𝑃. The vertical plastic strain decreases with depth and
becomes zero at 1.7𝑚 𝑁𝐴𝑃, corresponding to a depth of 0.75𝐵 and 3𝐵 below the shallow foundation.
The increase of the vertical plastic strain at location 4 between 1 and 0 𝑚 𝑁𝐴𝑃 related to the signifi
cantly lower initial relative density of the sand is negligible. The total settlement related to the vertical
plastic strain is 14 and 8 𝑚𝑚 for locations 1 and 4, respectively. Cyclic settlement predicted with the
correlation in Equation 4.2 matches better with the cyclic settlement measurements.

To the author’s knowledge, the latter correlation has not (yet) been described in literature in combina
tion with the terminal density model. It is based on the data presented in Figure 4.19. The correlation
of Equation 4.5 has never been evaluated or validated before and is based on the specific type of sand
(Ottawa 20/30) that was used in the experiment presented in Figure 4.19.

4.10. RWG container terminal Phase 2
In the final section of this chapter is explained how the cyclic settlement is calculated in this research
using the terminal density model. Then the cyclic settlement for two locations in Phase 2 of the RWG
container terminal are predicted. Based on the model predictions a scenario for the compaction of the
sand fill of Phase 2 of the RWG container terminal is presented.

4.10.1. Terminal density model recipe
The terminal density model is used to predict the cyclic settlement at Phase 2 of the RWG container
terminal. It calculates the void ratio after 𝑁 load cycles using Equation 2.12. The difference between
the initial void ratio and void ratio after 𝑁 load cycles defines the volumetric plastic strain, given by
Equation 2.13. In order to determine the void ratio and volumetric plastic strain after 𝑁 load cycles with
the terminal density model, values of its model parameters need to be determined:
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1. initial void ratio;

2. void ratio after one load cycle;

3. terminal void ratio;

4. characteristic number of load cycles;

5. fitting parameter.

Figure 4.20 gives a flowchart of the implementation of the terminal density model applied to this re
search.

Figure 4.20: Flowchart of the implementation of the terminal density model in this research.

Initial void ratio (𝑒0)
The initial void ratio is the void ratio of the sand after construction of the rail tracks but before the ASCs
start moving. The initial void ratio can be calculated based on the minimum and maximum void ratio
and initial relative density:

𝑒0 = 𝑒𝑚𝑎𝑥 − (𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛) ⋅ 𝐷𝑅,0 (4.6)
with
𝑒0 = initial void ratio, [],
𝐷𝑅,0 = initial relative density, [],
𝑒𝑚𝑖𝑛 = minimum void ratio, [],
𝑒𝑚𝑎𝑥 = maximum void ratio, [].

The minimum and maximum void ratios of the sand at the RWG container terminal are 0.5 and 0.8,
respectively. The initial relative density is based on CPT measurements. The initial relative density of
locations 1, 2, 4 and 6 are plotted in Figure 4.3.

Void ratio after one load cycle (𝑒1)
Void ratio after one load cycle is the initial void ratio plus the change in void ratio caused by the first load
cycle, resulting in a decrease of the void ratio in case of densification (change in void ratio is negative
for densification):

𝑒1 = 𝑒0 + Δ𝑒1 (4.7)
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with

𝑒1 = void ratio after one load cycle, [],
Δ𝑒1 = change in void ratio in the first load cycle, [].

The change in void ratio in the first cycle corresponds to the volumetric plastic strain in the first load
cycle:

Δ𝑒1 = −𝜀𝑝𝑣𝑜𝑙,𝑁=1(1 + 𝑒0) ≈ −
𝜀𝑝𝑣,𝑁=1
𝑉𝑉𝑆𝑅 (1 + 𝑒0) (4.8)

with

𝜀𝑝𝑣𝑜𝑙,𝑁=1 = volumetric plastic strain in the first load cycle, [],
𝜀𝑝𝑣,𝑁=1 = vertical plastic strain in the first load cycle, [],
𝑉𝑉𝑆𝑅 = verticalvolumetric strain ratio, [].

The volumetric plastic strain in the first load cycle is estimated based on the vertical plastic strain after
one load cycle calculated with the improved Schmertmann method and the ratio between the vertical
and volumetric plastic strain (VVSR). The VVSR is determined at 0.66 in Figure 4.5.

Terminal void ratio (𝑒𝑇)
Considering cyclic loading conditions, the terminal void ratio is the void ratio of the sand at 𝑁 −→ ∞.
That is the void ratio at the maximum density of the sand under the prevailing conditions. It is the void
ratio of the sand at the moment plastic strain stops accumulating within a load cycle. Difference be
tween the initial void ratio and the terminal void ratio gives the maximum possible densification of the
sand for the given conditions. The terminal void ratio of the sand depends on the initial soil conditions,
loading conditions and boundary conditions. The terminal void ratio is estimated with the correlation in
Equation 4.2.

Characteristic number of load cycles (𝑁∗)
The number of load cycles required to reach half of the total densification is equal to 𝑁∗ + 1 and sub
stitution of 𝑁 = 𝑁∗ + 1 into Equation 2.12 gives:

𝑒𝑁=𝑁∗+1 =
1
2(𝑒0 − 𝑒𝑇) (4.9)

with

𝑒𝑁 = void ratio after 𝑁 load cycles, [],
𝑁∗ = characteristic number of load cycles, [].

The rate of densification decreases with increasing characteristic number of load cycles. Consider
ing compaction of sand under zerolateral strain conditions, the characteristic number of load cycles
decreases with increasing relative density. For a very dense sand 𝑁∗ −→ 1 and for a very loose sand
𝑁∗ −→ 1000 [39]. It seems to suggest that the rate of densification of very dense sands is higher than
for loose sand, since half of the densification is reached after two load cycles. However, the difference
between the initial and the terminal density will be very small in these cases. The rate of densification
of a loose sand will therefore still be larger than for a dense sand. In this research 𝑁∗ = 100 is used,
independent of the relative density. The sand at the container terminal is medium to very dense so its
actual value will not be constant.

Fitting parameter (𝑚)
This parameter has been determined at 𝑚 = 0.45 ± 0.05 [39]. In this research 𝑚 = 0.45 is used.

In Appendix D implementation of the C/L model for cyclic shear is described.
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4.10.2. Cyclic settlement Phase 2
A large number of shallow CPT’s are executed at Phase 2, around 400. The shallow CPT’s at Phase
2 extent till 5 𝑚 𝑁𝐴𝑃 (compared to 2 𝑚 𝑁𝐴𝑃 at Phase 1). Soil conditions are assumed the same
at Phase 2, because it is located adjacent to Phase 1. Two locations with different initial relative den
sity profiles are selected. In Figure 4.21 the cone tipe resistance measured by CPT’s 29 and 37, are
plotted together with the estimated initial relative density. Similar to Phase 1, it is assumed that above
3.5 𝑚 𝑁𝐴𝑃 the sand fill in Phase 2 is compacted due to construction works that will be carried out.
Densification does not occur above that depth. Beyond 5 𝑚 𝑁𝐴𝑃 the relative density is estimated at
65%. This lies outside the zone of influence and will not affect the model predictions.

(a) (b)

Figure 4.21: Cone tip resistance and estimated initial relative density at two locations at Phase 2 of the RWG container terminal.

At Phase 2 the relative density of the sand fill varies laterally and vertically. The top part of the sand
fill at both locations is dense, around 85% relative density. The sand fill at the location corresponding
to CPT 37 has a constant relative density for the extent of the CPT. This is similar to the initial relative
density profile at location 1 in Phase 1, plotted in Figure 4.3b. At the location corresponding to CPT 29
the relative density decreases significantly to almost 40% between 0 and 2 𝑚 𝑁𝐴𝑃. This is similar to
the initial relative density profile at location 4 in Phase 1, plotted in Figure 4.3d.

Figure 4.22 shows that at the location corresponding to CPT 29 the predicted cyclic settlement is 20
𝑚𝑚 after around 100 thousand load cycles, according to the terminal density model. This is probably
an underestimate of the cyclic settlement. Densification is expected to primarily occur in the sand layer
with a significantly lower initial relative density. Similar to location 4 in Phase 1, the corresponding
cyclic settlement will probably exceed 20 𝑚𝑚.

The terminal density model predicts around 17 𝑚𝑚 settlement after 100 thousand load cycles at the
location corresponding to CPT 37. Here the sand is dense to very dense. Under these conditions the
terminal density model was found to give reliable model predictions. The depth of influence is estimated
at three times the width of the foundation, that is till 1.7 𝑚 𝑁𝐴𝑃. A more reliable estimate of the depth
of influence and thickness of the compacted sand layer as a result of the construction works would
further improve the reliability of the model prediction. Based on the model prediction for the location
that corresponds to CPT 37 in Figure 4.22, cyclic settlement will probably not exceed the settlement
requirements for ASC rail tracks.

4.10.3. Compaction of the sand fill
At phase 2 of the RWG container terminal there are many locations with varying initial relative density
with depth or a low initial relative density. Conditions of the sand fill at these locations in terms of cyclic
settlement are similar or worse compared to locations 2 and 4 at Phase 1. Here 27 and 32 𝑚𝑚 cyclic
settlement is measured, respectively. In order to meet the settlement requirement for ASC rail tracks,
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Figure 4.22: Predicted cyclic settlement with the terminal density model at two locations at Phase 2 of the RWG container
terminal.

the sand fill will need to be compacted at these locations. At other locations, like CPT 37, the sand
fill has a high initial relative density. Assuming that the initial relative density will not decrease due
to construction works, cyclic settlement will probably meet the settlement requirements. The sand fill
does not need to be compacted at locations with an initial relative density profile similar to CPT 37.

Extent and intensity of the compaction of the sand fill depends on the initial conditions. At locations
with an initial relative density profile lower compared to CPT 37 in Phase 2 the sand fill needs to be
compacted to meet the settlement requirement for ASC rail tracks. In case the top part of the sand fill,
for example till a depth of 2 𝑚 𝑁𝐴𝑃, consists of loose sand, while deeper it has a similar initial relative
density profile as CPT 37, compaction of the sand till a depth of 1 𝑚 𝑁𝐴𝑃 is sufficient. However, in
case there are loose sand layers at larger depths, like CPT 29, the entire zone of influence must be
compacted to meet the settlement requirements for ASC rail tracks. The average relative density of
the sand fill must be compacted to at least 85% and the minimum relative density to at least 65%. For
the smaller ASCs an average relative density of 80% is sufficient.

4.10.4. Alternative densification method
Most of the cyclic settlement occurs within the first load cycles. After 10 thousand load cycles almost all
cyclic settlement has occurred, according to the terminal density model. That is regardless of the initial
relative density. Instead of executing a precompaction, apply 10 thousand load cycles with the ASCs.
Depending on the cyclic settlement that occurs the rail tracks must be maintained several times. With
a reliable prediction of the cyclic settlement as function of the number of load cycles maintenance can
be predicted and scheduled. Most densification occurs while an ASC is carrying a container with the
maximum weight of 40 tonne and there are no containers stored in the container stack. That results in
the maximum amplitude of the load while the stiffness of the sand, due to the lower confining stress, are
minimal. It is therefore recommended to apply the load cycles before the container stack is operational,
during the test phase of the ASCs.



5
Final conclusions and recommendations
The aim of the research that was carried out is to contribute to prevent unplanned downtime in Phase
2 of the RWG container terminal due to rail track settlements. Six cyclic settlement models were eval
uated to predict the cyclic settlement of ASC rail tracks. Based on measurements of the soil and
settlement in Phase 1 and model predictions the intensity and extent of the ground compaction that is
necessary to meet the 20 mm settlement requirement for ASC rail tracks has been determined.

The relative density of the sand fill underneath the rail tracks varies, laterally and vertically. After the
data were gathered construction of the ASC rail tracks disturbed the sand fill, especially its top part.
The disturbance has not been quantified, which has hindered strong conclusions about the cyclic set
tlement (distribution) based on the data.

The sand fill is assumed to consist of one sand type, variation of relevant soil parameters is therefore
not determined. Consequently, influence of the soil parameters on the densification of sand cannot
be determined based on measurements. However, based on model predictions from the evaluated
cyclic settlement models the influence of the relevant soil parameters on the densification of sand is
predicted, including:

• decreasing initial relative density;

• decreasing volumetric threshold strain;

• amplitude of the load;

• decreasing stiffness;

• number of load cycles.

Rate of densification decreases with number of load cycles. By determining the maximum densification
and depth of influence the maximum cyclic settlement can be determined. Maximum densification was
found to be dependent on the first four points and depth of influence on the first three points.

The following cyclic settlement models were investigated for the evaluation of the cyclic settlement of
ASC rail tracks at the RWG container terminal:

• terminal density model [39];

• compaction / liquefaction model for cyclic shear [45] [46];

• compaction / liquefaction model for oedometer compression [48] [49];

• Hergarden model [25];

• seismic induced strain model [21];
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• cumulative plastic strain model [36].

The selected cyclic settlement models are engineering models that are easy to apply which allows
them to make a large number of cyclic settlement predictions. To evaluate the settlement of all ASC
rail tracks at the RWG container terminal a large number of cyclic settlement predictions is required,
due to the strong variability of the relative density of the sand.

The main criteria used in this research to evaluate the performance of cyclic settlement models are:

• feasibility data recovery;

• availability data;

• reliability model prediction;

• match with the settlement measurements;

• theoretical and physical correctness.

The bottom four models listed above were found not to give reliable predictions of the cyclic settlement,
due to incomplete input data their model parameter values contain uncertainty. These models have
been discarded. More reliable results were obtained with the terminal density model and the com
paction / liquefaction model for cyclic shear.

The terminal density model and compaction / liquefaction model for cyclic shear produce different re
sponses of the cyclic settlement. Those models that assume cyclic settlement continues indefinitely do
not seem to be the best choices. The terminal density model (and the compaction / liquefaction model
for cyclic shear) gave better results of the cyclic settlement. However, model predictions of the termi
nal density model are not sensitive to the initial relative density – while the compaction / liquefaction
model for cyclic shear is very sensitive to the initial relative density and assumes that cyclic settlement
continues indefinitely. The terminal density model seems more physically based for this problem and
gave reliable predictions of the cyclic settlement for sand with an initial relative density above 80% and
can be used for these conditions.

The correlation in Equation 4.2 that is used to determine the maximum densification results in model
predictions that are insensitive to the initial relative density, stiffness of the sand and amplitude of the
load. The correlation in Equation 4.1 to determine the material constants for the compaction / lique
faction model for cyclic shear results in model predictions that are too sensitive for the initial relative
density.

Cyclic settlement evolves with increasing number of load cycles towards a maximum value. After 104
load cycles the sand in the zone of influence has (nearly) reached its maximum densification, according
to the terminal density model. Cyclic settlement predictions with models that assume cyclic settlement
continues indefinitely can be ‘cutoff’ after order 104 load cycles, i.e. the predicted cyclic settlement
after about 104 load cycles gives the maximum settlement. Model predictions of the compaction / liq
uefaction model for cyclic shear are in the right order of magnitude after 104 load cycles for the cases
analysed. For higher number of load cycles the model predictions of the compaction / liquefaction
model for cyclic shear become unreliable. The maximum densification of the sand underneath the
ASC rail tracks was found not to coincide with the minimum void ratio. Maximum densification is a
property that depends on the soil conditions, initial state and loading conditions. Taking the minimum
void ratio as the maximum densification, i.e. densification stops when the sand reaches 100% relative
density, results in an overestimate of the cyclic settlement.

The modelling approach showed the problem is 3D (not 1D) and affects a depth that depends on the
amplitude of the load and geometry, i.e. dimensions of the loaded part of the rail track ballast bed (foun
dation). Further, depth of influence increases with decreasing volumetric threshold strain and slightly
increases with decreasing stiffness of the sand. For the case analysed 6 𝑚 depth seems to comprise
the volume that influences most of the cyclic settlement. This is consistent with the minimum depth of



5.1. Answers to the research questions 95

influence determined based on the measurements.

The measurements and modelling approach indicate that densification occurs within the entire zone of
influence, except at depths where the maximum densification is reached. Although stress distributions
show that the vertical stress decreases with depth, during the first load cycle most densification occurs
between 0.5 and 2.0 𝑚 below the foundation. In the subsequent load cycles densification of the sand
concentrates in the sand layers with a lower relative density. With depth densification is expected to
decrease, which is related to the increasing stiffness of the sand, due to the increasing confining stress,
and decrease of the amplitude of the load, due to spreading of the load.

The cyclic settlement of the rail tracks will probably not exceed the 20 𝑚𝑚 settlement requirement if it
is constructed on a sand fill with an average relative density above 85% and minimum relative density
above 65% within the zone of influence. Densification increases with amplitude of the load. For the
smaller ASCs the average relative density must be at least 80% to meet the settlement requirements.
The depth of influence is determined at 6 𝑚 below the shallow foundation. Cyclic settlement increases
with depth of influence. For a larger depth of influence the sand must be compacted to nearly its max
imum densification to meet the settlement requirement for ASC rail tracks. The cyclic settlement is
expected to exceed the settlement requirement for ASC rail tracks at locations where the sand fill con
tains loose or medium dense (<65%) layers within the zone of influence.

5.1. Answers to the research questions
Which parameters (soil properties, load parameters) affect densification of a
sand layer (and resulting cyclic settlement) induced by a cyclic load as a result
of the movements of automatic stacking cranes?
Densification of a sand layer increases with number of load cycles, amplitude of the applied load or
strain and decreases with relative density, stiffness of the sand and volumetric threshold strain. In a
sand fill that consists of sand layers with varying relative density more cyclic settlement seems to occur
compared to a sand fill with a constant relative density, even when the average relative density at both
locations is similar. Furthermore, cyclic settlement increases with extent of the zone of influence. This
is defined by the depth of influence and combined thickness of sand layers within the zone of influence
that reached maximum densification. Depth of influence increases with amplitude of the load and de
creasing volumetric threshold strain and stiffness of the sand.

How reliable are the cyclic settlement predictions made by the evaluated model
for the RotterdamWorld Gateway container terminal Phase 2 and how do the re
sults compare to the (differential) settlement requirements for automatic stack
ing crane rail tracks?
The terminal density model gives reliable model predictions of the cyclic settlement underneath ASC
rail tracks for locations where the sand fill is dense to very dense (𝐷𝑅,0 > 80%) within the zone of influ
ence. With an average initial relative density above 85% and an estimated depth of influence of 6 𝑚
the predicted cyclic settlement probably does not exceed the 20 𝑚𝑚 settlement requirement for ASC
rail tracks. Reliability of the cyclic settlement can be improved by measuring the depth of influence.
For a larger depth of influence the predicted cyclic settlement exceeds 20 𝑚𝑚.

For a sand fill that consists of sand layers with a lower relative density the terminal density model pre
dicts almost the same amount of cyclic settlement as for a sand fill that consists of sand layers with
a lower relative density. This is a result of the correlation in Equation 4.2 that is used to determine
the terminal void ratio. The correlation is unsuitable for sand layers with a lower relative density. It
underestimates the cyclic settlement. To improve the (reliability of the) model predictions for loose and
medium dense sand measure the depth of influence and terminal void ratio.

Model predictions of the compaction / liquefaction model for cyclic shear overestimate the cyclic set
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tlement of the sand fill. This is a result of the correlation in Equation 4.1 that is used to determine the
material constants 𝑐1 and 𝑐2 which define the cyclic densification properties of the sand. The correla
tion is unsuitable to determine the cyclic densification properties of the sand fill underneath the ASC rail
tracks. To improve the (reliability of the) model predictions measure the depth of influence and material
constants. According to the compaction / liquefaction model for cyclic shear significant cyclic settlement
continues to occur indefinitely, beyond order 104 load cycles model predictions become unreliable.

How should the cone penetration test profile of a sand fill look like in order to
meet the (differential) settlement requirements for automatic stacking crane rail
tracks?
The sand fill must consist of dense to very dense sand layers within the entire zone of influence to
prevent that cyclic settlement exceeds the 20 𝑚𝑚 settlement requirement for ASC rail tracks. The
depth of influence is determined around 6 𝑚, between 1 and 2 𝑚 𝑁𝐴𝑃. Cyclic settlement is predicted
to occur in the entire zone of influence. At locations where the sand fill consists of loose or medium
dense sand layers, the relative density must be increased. The minimum relative density within the
zone of influence must be at least 65% and the average relative density at least 85%. However, for a
larger depth of influence the relative density should be increased (nearly) to its densest state to meet
the settlement requirement for ASC rail tracks.

With the correlation of Baldi in Equation 3.1 the initial relative density profile can be expressed in terms
of a cone tip resistance with depth. The sand fill at the location corresponding to CPT 37 in Phase 2
of the RWG container terminal (see Figure 4.21b) has a relative density above 85% within the zone of
influence. The cone tip resistance of the entire sand fill till a depth of 2 𝑚𝑁𝐴𝑃 should be similar to this
CPT.

5.2. Consequences for Phase 2 of the RWG container terminal
The settlement measured in Phase 1 of the RWG container terminal exceeded the settlement require
ment for ASC rail tracks at multiple locations. This has led to (unplanned) downtime of the RWG
container terminal.

In Phase 2 there are many locations where the sand fill has an initial relative density that is lower com
pared to locations 2 and 4 in Phase 1, where 27 and 32 𝑚𝑚 settlement were measured, respectively.
This suggests that also in Phase 2 at multiple locations settlement will exceed the settlement require
ment for ASC rail tracks. Cyclic settlement can be minimised by increasing the initial relative density
by means of ground compaction. This will contribute to prevent unplanned downtime in Phase 2 of the
RWG container terminal.

Extent and intensity of the compaction works needed to meet the settlement requirement for ASC rail
tracks depend on the initial state of the sand fill. The sand within the zone of influence must be com
pacted to a relative density of at least 85%. Under these conditions small amounts of densification can
still occur within the entire zone of influence, for a zone of influence that extents to a maximum of 6 𝑚
below the foundation the cyclic settlement will probably not exceed 20 𝑚𝑚. However, if the depth of
influence is larger it is recommended to compact the sand to a depth of 1 𝑚 NAP till its densest state.
For the case analysed in Phase 2 given by CPT 37 it is not necessary to compact the sand fill at the
corresponding location. The average initial relative density is about 85% within the zone of influence.
In contrast, for the case analysed in Phase 2 given by CPT 29 the initial relative density is significantly.
To meet the settlement requirement for ASC rail tracks at this location it is necessary to increase the
initial relative density to 85% within the entire zone of influence. This means that the sand fill must
be compacted below the water table. CPTs must be executed afterwards to control the effect of the
compaction works.

Instead of carrying out ground compaction of the sand fill, densification of the sand can be induced by
means of ASCs applying a cyclic load to the sand underneath their rail tracks, i.e. construct the ASC
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rail tracks, install the ASCs and let them ride along the entire ASC rail track to induce densification
of the sand. At locations where the settlement requirements for ASC rail tracks are exceeded the rail
tracks need to be maintained. Based on reliable predictions of the cyclic settlement a maintenance
schedule can be suggested in order to prevent unplanned downtime. At locations with a low relative
density maintenance must be scheduled more frequently, for example after 102, 103 and 104 load cy
cles. After 104 load cycles most of the settlement is expected to have occurred. It is recommended
that the ASCs and ASCCs carry a 40 tonne container, to apply the maximum amplitude of the load.
Further, it is recommended to execute this alternative densification method before the container termi
nal becomes operational. During operation containers are stored in the container stacks, causing an
increases of the confining stress underneath the rail tracks. Consequently, the stiffness of the sand
increases which could prevent maximum densification. Maximum densification might be reached at a
later moment when less containers are stored in the container stack. It is an option to apply the alter
native densification method in combination with the precompaction.

After the sand fill is disturbed by construction works, the sand must be compacted to its initial or higher
relative density.

5.3. General recommendations
The relative density of the manmade sand fill has a strong variability vertically and laterally. To ob
tain a reliable estimate of the relative density of the entire area underneath the ASC rail tracks CPT
measurements must be executed closely spaced. At Phase 1 and 2 of the RWG container terminal
a 25 𝑚 spacing was adopted. This seems to be sufficient for the current problem. CPT data is then
extrapolated over a maximum distance of 12.5 𝑚.

To measure the cone tip resistance sand within the entire zone of influence CPT’s must be executed
till a depth of at least 2 𝑚 deeper than the estimated depth of influence. That is 8 𝑚 below the bottom
of the foundation. In Phase 1 the bottom of the zone of influence lies beyond the extent of some of
the CPT measurements. Beyond the extent of the CPT the data is estimated, which contributes to the
uncertainty of the data. In Phase 2 CPT’s are executed to 9 𝑚 below the bottom of the foundation,
which is sufficient to measure the cone tip resistance for the entire zone of influence.

The calculations are based on parameters inferred from the literature and correlations. It would be bet
ter to have direct data to determine the volumetric threshold strain, maximum densification (terminal
void ratio) and densification properties of the sand. These parameters are determined in cyclic load
tests. Because the sand at the RWG container terminal consists of one sand type, maximum densifi
cation varies with the initial relative density and amplitude of the load and the densification properties
vary with the initial relative density. To investigate their influence, it is recommended to execute at
least twenty cyclic load tests. Execute cyclic triaxial tests or cyclic oedometer test for a vertical stress
of 25, 50, 75 and 100 𝑘𝑃𝑎 on sand samples of 35, 65, 80, 90 and 100% relative density. Although
their boundary conditions are very different, these two cyclic tests more or less mimic the conditions
underneath the ASC rail tracks, as in both tests the vertical stress is dominant.

Cyclic load tests that apply over 104 load cycles are difficult to perform and expensive. Instead, the
maximum densification can be determined by measuring the relative density underneath the ASC rail
tracks in Phase 1 at locations where settlement stopped occurring. Here the sand has reached its
maximum densification. The corresponding relative density can be determined based on CPT data.
Execute CPTmeasurements underneath rail tracks of ASCs and ASCCs at five to ten locations nearby
CPT’s that were execute before, to determine the influence of the amplitude of the load and initial state
of the sand. The deepest point where the relative density has increased is the depth of influence. It is
recommended to limit this investigation to (parts of) a few rail tracks to minimise the downtime of the
container terminal.

Disturbance of the sand due to construction works causes uncertainty of the initial state of the sand,
especially in the top part of the sand fill. To increase reliability of the model predictions, multiple CPT’s
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must be executed after the construction works to quantify the disturbance. Five to ten additional CPT’s
should be sufficient to quantify the average disturbance caused by the construction works, this can be
extrapolated to the other locations that have been disturbed.

To validate (one of) the cyclic settlement models for the current problem measure the settlement with
depth and number of load cycles. Model predictions of the cyclic settlement and vertical plastic strain
distributions with depth can be compared to these measurements. At five to ten locations settlement
measurements underneath rail tracks of ASCs and ASCCs must be executed to determine the influ
ence of the amplitude of the load and initial state of the sand. Because (most) cyclic settlement already
occurred in Phase 1, the settlement measurements need to be executed in Phase 2. The initial state
of the sand must be determined and the sand cannot be compacted before and during the settlement
measurements. Consequently, cyclic settlement will probably exceed the settlement requirements for
ASC rail tracks at multiple locations. It is recommended to limit this investigation to (parts of) a few rail
tracks to minimise the downtime of the container terminal. Additionally, the depth of influence of ASCs
and the number of load cycles after which the maximum densification is reached can be determined.

To investigate the response of the sand for varying soil conditions a virtual reality of the container ter
minal can be created using a reliable advanced FE model that can simulate the problem for a large
number of load cycles. The conditions are well defined in the FE model, which makes it possible to de
termine the model parameter values of the cyclic settlement models. In FE model simulations of cyclic
soil tests model parameter values, such as densification properties and maximum densification of the
sand can be determined. The values are used to make predictions with the cyclic settlement models.
A match between the predictions for varying conditions indicates that the cyclic settlement model is
reliable. Be aware that a numerical error will accumulate in the model predictions of FE models. After a
large number of load cycles the numerical error can become too large and model predictions unreliable.

However the correlation in Equation 4.2 corresponds best with the data in Phase 1 of the RWG con
tainer terminal, the correlations in Equations 4.3 and 4.5 which seem more physically based. For the
problem analysed the correlations in Equations 4.3 and 4.5 underestimate the cyclic settlement and
therefore were not used. 4.3 takes into account the initial void ratio, minimum void ratio and vertical
stress. It would be interesting to further investigate this type of correlation and the value of material
constant 𝑎. With increasing value of a the terminal void ratio decreases and cyclic settlement increases.
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CPT’s 8R4, 9R4, 4L6, 4R3, 10L3 and 12R3 (Phase 1)
CPT’s executed at the six selected locations at Phase 1 of the RWG container terminal. CPT’s are
located underneath the ASC rail tracks of the RWG container terminal Phase 1. CPT data are plotted
in Python. Original data in PDF are also presented.

(a) Location 1: CPT 4L6 (b) Location 2: CPT 4R3

(c) Location 3: CPT 9R4 (d) Location 4: CPT 8R4

(e) Location 5: CPT 12R3 (f) Location 6: CPT 10L3

Figure A.1: Measured cone tip resistance and sleeve friction and calculated friction ratio at the six selected locations at the
RWG container terminal Phase 1.
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108 A. Soil data from the RWG container terminal

CPT’s 29 and 37 (Phase 2)
CPT’s executed at the two selected locations at Phase 2 of the RWG container terminal. CPT’s are
located at the planned ASC rail tracks of the RWG container terminal Phase 2. CPT data are plotted
in Python. Original data in PDF are also presented.

(a) CPT 29 (b) CPT 37

Figure A.2: Measured cone tip resistance and sleeve friction and calculated friction ratio at the six selected locations at the
RWG container terminal Phase 2.
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110 A. Soil data from the RWG container terminal

Deep CPT’s 5.11, 5.148 and 5.225
Three deep CPT’s executed in the area near the quay wall of the RWG container terminal. The CPT’s
have an extent till about 40 𝑚 𝑁𝐴𝑃. CPT 5.11 shows the measured pore water pressure.









114 A. Soil data from the RWG container terminal

Minimum and maximum dry unit weight of the sand





116 A. Soil data from the RWG container terminal

Triaxial test data









120 A. Soil data from the RWG container terminal

Two sieve analyses
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124 B. Derivation of the soil properties and load parameters

Cone tip resistance  relative density correlations
Multiple correlations exist between the cone tip resistance measured by a CPT and relative density of
a sand layer. In Figure B.1a five correlations are compared, two versions of the correlation of Baldi
[10] and correlations of Jamiolkowski [27], Lunne & Christoffersen [31] and Schmertmann [51]. The
correlations of Baldi, Lunne & Christoffersen and Schmertmann are described by Equation B.1a and
the correlation of Jamiolkowski is described by Equation B.1b:

𝐷𝑅 =
1
𝐶2
𝑙𝑛( 𝑞𝑐
𝐶0(𝜎′𝑣0)𝐶1

(B.1a)

𝐷𝑅 =
1
𝐶2
𝑙𝑛( 𝑞𝑐
(𝜎′𝑚)𝐶1

− 𝐶0 (B.1b)

with

𝐷𝑅 = relative density, [],
𝑞𝑐 = cone tip resistance, [𝑀𝑃𝑎],
𝜎′𝑣0 = vertical effective stress, [𝑘𝑃𝑎],
𝜎′𝑚 = mean effective stress, [𝑘𝑃𝑎],
𝐶0, 𝐶1, 𝐶2 = material constants, [].

Table B.1 presents the values of the material constants 𝐶0, 𝐶1 and 𝐶2 of each correlation. In the cor
relations described by Equation B.1a the measured cone tip resistance is normalised by the vertical
effective stress. In the correlations described by Equation B.1b the measured cone tip resistance is
normalised by the mean effective stress.

Correlation 𝐶0 𝐶1 𝐶2 Equation

Baldi 1 86 0.53 3.29 B.1a
Baldi 2 157 0.55 2.41 B.1a
Lunne & Christoffersen 61 0.71 2.61 B.1a
Schmertmann 50 0.70 2.91 B.1a
Jamiolkowski 1.214 0.5 3.73 B.1b

Table B.1: Constants 𝐶0, 𝐶1 and 𝐶2 of five commonly applied cone tip resistancerelative density correlations. Values of the
constants of ’Baldi 1’ are used to estimate the relative density of the sand fill at the RWG container terminal.

(a) (b)

Figure B.1: Comparison between the cone tip resistance  relative density correlations from Table B.1 a) for a hypothetical sand
layer with a relative density of 40% or 80%; and b) described by Equation B.1a using CPT 4L6 (location 1 of Phase 1 of the
RWG container terminal). The effective vertical stress is calculated taking the unit weight of the sand above and below the
ground water table at 18 and 20 𝑘𝑁/𝑚3, respectively. Surface is situated at 5𝑚 𝑁𝐴𝑃 and water table at 0.63𝑚 𝑁𝐴𝑃.
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In Figure B.1a an estimate of the cone tip resistance with depth is made for a hypothetical sand at 40%
and 80% relative density with a water table at 0.63 𝑚 𝑁𝐴𝑃. Surface of the sand layer is situated at 5
𝑚 𝑁𝐴𝑃. The vertical effective stress is calculated taking the unit weight of the sand above the ground
water table at 18 𝑘𝑁/𝑚3 (moist sand) and below the ground water table at 20 𝑘𝑁/𝑚3 (saturated). The
mean stress is calculated based on the vertical effective stress:

𝜎′𝑚 =
1
2(𝜎

′
𝑣0 + 𝜎

′
ℎ0) ≈

3
4𝜎

′
𝑣0. (B.2)

with

𝜎′𝑚 = mean effective stress, [𝑘𝑃𝑎],
𝜎′𝑣0 = vertical effective stress, [𝑘𝑃𝑎],
𝜎′ℎ0 = horizontal effective stress, [𝑘𝑃𝑎].

The correlation of Baldi described by Equation B.1a and the material constant values from the first row
in Table B.1 are used to estimate the relative density of the sand fill at the RWG container terminal.
Estimates of the relative density of a sand with similar minimum and maximum void ratio as the sand fill
(0.5 vs. 0.490 and 0.8 vs. 0.821) corresponded well with the measured relative density [43]. Moreover,
Figure B.1a shows that the other correlations described by Equation B.1a give similar estimates of the
cone tip resistance for a dense sand layer with a relative density of 80%, especially in the first 10 𝑚 of
the sand layer. Top part of the sand fill at the RWG container terminal consists primarily of dense and
very dense sand layers. The zone of influence underneath the ASC rail tracks does not extent deeper
than 10𝑚 below the surface. The correlation of Jamiolkowski gives a significantly lower approximation
of the relative density. This correlation uses the mean effective to correlate the cone tip resistance and
relative density of the sand. The mean effective stress has not been measured, therefore it has to be
estimated. This introduces an extra uncertainty into the correlation which makes its estimate of the
relative density less reliable.

In Figure B.1b the first four correlations listed in Table B.1 are compared using data from CPT 4L6.
The differences between the correlations are relatively small. The differences become larger with de
creasing relative density. Maximum difference between the correlations is around 10% relative density.
For a relative density above 80%, correlation ’Baldi 1’ estimates the lowest relative density. At lower
relative densities, correlation ’Baldi 2’ estimates a lower relative density.



126 B. Derivation of the soil properties and load parameters

Stiffness and unloading / reloading stiffness of the sand
To determine the stiffness of the sand fill, consolidated drained triaxial tests were executed on sand
samples taken from boreholes executed near the quay wall of the RWG container terminal. Original
documentation of the triaxial test results is attached in Appendix A.

Figure B.2 shows how the initial stiffness (𝐸𝑖), secant stiffness (𝐸50) and the unloading/reloading stiff
ness (𝐸𝑈𝑅) are determined based on the deviatoric stress and the axial strain measurements. A steep
slope of the secant or tangent line in the 𝑞, 𝜀𝑎plane indicates stiff behaviour. This means that the
sand’s resistance against deformation becomes larger. The secant stiffness is calculated by dividing
the deviatoric stress at 50% of its maximum value to the corresponding axial strain:

𝐸′50 =
𝑞𝑚𝑎𝑥
2𝜀𝑎

(B.3)

with

𝐸′50 = secant stiffness in standard drained triaxial test, [𝑘𝑃𝑎],
𝑞𝑚𝑎𝑥 = deviatoric stress at failure, [𝑘𝑃𝑎],
𝜀𝑎 = axial strain corresponding to half of the deviatoric stress at failure, [].

Figure B.2: Result from a triaxial test plotted in the 𝑞, 𝜀𝑎plane. Indicated are the secant stiffness (𝐸50), unloading / reloading
stiffness (𝐸𝑢𝑟) and the initial stiffness (𝐸𝑖) [13].

Stress dependency of the stiffness
Stiffness of sand increases with confining pressure. This dependency is described by a parameter 𝑚,
rate of stress dependency of the stiffness. To determine parameter 𝑚, each sample from the sand
fill was tested three times for varying confining pressures (𝜎′3). The secant stiffness calculated with
Equation B.3 and the confining stress are used to determine parameter 𝑚:

𝑚 = ln (𝐸′150/𝐸
′2
50)

ln (𝜎′13 /𝜎
′2
3 )

(B.4)

with

𝑚 = rate of stress dependency of the stiffness, [],
𝐸′150 = secant stiffness in standard drained triaxial at confining pressure 𝜎′13 , [𝑘𝑃𝑎],
𝐸′250 = secant stiffness in standard drained triaxial at confining pressure 𝜎′23 , [𝑘𝑃𝑎],
𝜎′13 = confining pressure during the first triaxial test, [𝑘𝑃𝑎],
𝜎′23 = confining pressure during the second triaxial test, [𝑘𝑃𝑎].

𝑚 = 0.7 is used in this research to determine the stiffness of the sand fill at any confining stresses level.
The average value of parameter 𝑚 of all samples taken at the sand fill is determined at 0.7. A typical
value of parameter 𝑚 for sands is 0.5.
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Parameter 𝑚 is calculated using the triaxial test results from ’Boring 5.15 Monster 4’. This is a very
dense sample. The original data is included in Appendix A. 𝐸′150 = 41.99 𝑀𝑃𝑎 measured at a confining
stress of 𝜎′13 = 114.9 𝑘𝑃𝑎; 𝐸′250 = 59.90 𝑀𝑃𝑎 measured at a confining stress of 𝜎

′2
3 = 229.5 𝑘𝑃𝑎; and

𝐸′350 = 84.17 𝑀𝑃𝑎 measured at a confining stress of 𝜎
′3
3 = 344.1 𝑘𝑃𝑎. Three values for parameter 𝑚

can be obtained from the data, using Equation B.4. Data from tests 1 and 2 gives 𝑚 = 0.78, tests 1
and 3 gives 𝑚 = 0.63 and tests 2 and 3 gives 𝑚 = 0.39.

Note that in some tests the measured stiffness was lower while the applied confining stress was higher.
This results in negative values of parameter 𝑚. These measurements have been discarded from the
data.

Secant stiffness of the sand fill at a confining pressure of 100 𝑘𝑃𝑎 is estimated as:

𝐸
′𝑟𝑒𝑓
50 = 𝐸′50(

100
𝜎′3
)0.7 (B.5)

with

𝐸
′𝑟𝑒𝑓
50 = secant stiffness at 100 𝑘𝑃𝑎, [𝑀𝑃𝑎],
𝐸′50 = secant stiffness measured during triaxial test, [𝑀𝑃𝑎],
𝜎′3 = confining pressure during triaxial test, [𝑘𝑃𝑎].

For the same sand sample mentioned above (’Boring 5.15 Monster 4’) the stiffness at a reference con
fining stress of 100 𝑘𝑃𝑎 becomes 38, 33 and 35 𝑀𝑃𝑎 for tests 1, 2 and 3, respectively. The values of
the stiffness correspond very well with each other. The secant stiffness at a reference confining stress
of 100 𝑘𝑃𝑎 have been determined for all the samples from the RWG container terminal.

Stiffness of the sand fill at any confining pressure is estimated as:

𝐸′ = 𝐸
′𝑟𝑒𝑓
50 ( 𝜎

′
3

100)
0.7. (B.6)

Unloading / Reloading stiffness
The unloading / reloading stiffness is calculated by dividing the deviatoric stress increment in the un
loading / reloading stage to the corresponding axial strain increment:

𝐸′𝑢𝑟 =
Δ𝑞
Δ𝜀𝑎

(B.7)

with

𝐸′𝑢𝑟 = unloading / reloading stiffness in a standard drained triaxial test, [𝑘𝑃𝑎],
Δ𝑞 = deviatoric stress increment unloading / reloading stage, [𝑘𝑃𝑎],
Δ𝜀𝑎 = axial strain increment unloading / reloading stage, [%].

The unloading / reloading stiffness at 100 𝑘𝑃𝑎 confining pressure is calculated in the same way as
the secant stiffness. Replace the measured secant stiffness and the secant stiffness at a reference
confining stress by the measured unloading / reloading stiffness and the unloading / reloading stiffness
at a reference confining stress in Equations B.4 and B.5.



128 B. Derivation of the soil properties and load parameters

Minimum and maximum void ratios
Measurements of the minimum and maximum unit weights of dried sand samples taken from boreholes
near the quay wall of the RWG container terminal are used to calculate the minimum and maximum
void ratio. They were measured as part of triaxial testing. In Appendix A the original documentation of
the measured unit weights is included.

The dried sand is used to build samples in their loosest and densest states. The corresponding void
ratio gives the maximum and the minimum void ratio, respectively. Void ratio are calculated using the
following formula:

𝑒 = 𝐺𝑠
𝛾𝑤
𝛾 − 1 = 𝛾𝑠 − 𝛾

𝛾 (B.8)

with

𝑒 = void ratio, [],
𝐺𝑠 = specific gravity of the sand particles, [],
𝛾𝑠 = unit weight of the sand particles, [],
𝛾𝑤 = unit weight of water, [𝑘𝑁/𝑚3],
𝛾 = measured unit weight of the sand, [𝑘𝑁/𝑚3].

Unit weight of the sand particles is estimated at 26.5 𝑘𝑁/𝑚3. In Table B.2 the measured minimum and
maximum unit weights of the samples are summarised together with their corresponding maximum and
minimum void ratio.

Sample Minimum unit Maximum void Maximum unit Minimum void
number weight [𝑘𝑁/𝑚3] ratio [] weight [𝑘𝑁/𝑚3] ratio []
4351 15.30 0.732 17.91 0.480
4352 14.18 0.869 16.68 0.589
1607 14.49 0.829 16.77 0.580
1609 14.54 0.823 16.72 0.585
1610 15.40 0.721 18.00 0.472
1611 14.34 0.848 16.95 0.563
4370 14.66 0.808 16.91 0.567
4382 13.04 1.032 15.77 0.680
4361 14.54 0.823 16.73 0.584
5559 15.27 0.735 17.86 0.484
5560 15.14 0.750 17.52 0.513
average 0.815 0.554

Table B.2: Measured minimum and maximum unit weights of sand samples taken from the sand fill and corresponding
maximum and minimum void ratio.
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Spreading of the load beneath the foundation
The load applied by an ASC is transferred by the rail track and concrete railroad ties to the ballast bed.
Due to spreading the amplitude of the applied load decreases with depth. In the ballast bed and sand
a 1:1 spreading angle is assumed.

Figure B.3 shows a sketch of a crosssection of an ASC rail track through its center in longitudinal
direction. The load of an ASC is divided over four ASC legs with each four wheels. Distance between
the four legs is large enough to consider each leg as a separate linear load distributed between four
wheels. The centertocenter (c.t.c.) distance between two adjacent wheels in the same leg is 1.2 𝑚.
The c.t.c. distance of the concrete railroad ties is 70 𝑐𝑚. The ballast bedsand interface lies 40 𝑐𝑚
below the bottom of the railroad ties.

Figure B.3: Crosssection of an ASC rail track through its center in longitudinal direction. The length over which the load
applied by one ASC leg spreads out increases with depth. A 1:1 spreading angle is assumed. one ASC leg consists of four

wheels. The rail is indicated in red/brown, concrete railroad ties in grey, ballast bed in brown and sand in yellow.

Figure B.3 shows a sketch of a crosssection perpendicular to an ASC rail track. Length of a railroad
tie is 1.2𝑚. The left rail track and right rail track of two adjacent container stacks share one ballast bed.
On the right a small part of a railroad tie that belongs to the left ASC rail track of an adjacent container
stack is visible.

Figure B.4: Crosssection perpendicular to an ASC rail track. The width over which the load applied by one ASC leg spreads
out increases with depth. A 1:1 spreading angle is assumed. On the right a small part of a railroad tie that belongs to the left
ASC rail track of an adjacent container stack is visible. The rail is indicated in red/brown, concrete railroad ties in grey, ballast

bed in brown and sand in yellow.

At the ballast bedsand interface the applied load spreads out over a surface area of 2.0 𝑚 by 4.6 𝑚.
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The load of one ASC leg is supported by six railroad ties (see Figure B.3). At the depth corresponding
to the bottom of the railroad ties the load spreads out over a length of 3.8𝑚. This length consists of five
times the c.t.c. distance between the six railroad ties plus half of the widths of the two outer railroad
ties, together 0.3 𝑚. At this depth the load of one leg of an ASC is spread out over an area of 1.2 𝑚
by 3.8 𝑚, including the area in between the railroad ties. In the ballast bed the load spreads out under
a 1:1 angle. This means that at the ballast bedsand interface, 40 𝑐𝑚 below the bottom of the railroad
ties, the surface area becomes two times 40 𝑐𝑚 longer and wider. The length and width over which
the load spreads out are indicated in Figures B.3 and B.4.

The vertical stress at the ballast bedsand interface, at a depth of 4.3 𝑚 𝑁𝐴𝑃, is estimated at 63 to
89 𝑘𝑃𝑎, assuming an even distribution of the load over the 2.0 𝑚 by 4.6 𝑚 surface area. The load of
one leg of an ASC varies between 579 and 822 𝑘𝑁, depending on the type of ASC and whether it is
carrying a container and the weight of the container (see Table 3.10 in Chapter 3).
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Estimate of the number of load cycles per year
The RWG container terminal handles 1.4 million containers annually. Capacity of the RWG container
terminal is 2.35 million TEU (Twentyfoot equivalent), which consists of incoming and outgoing TEU 1
and TEU 2 containers [8]. Port of Rotterdam, including the RWG container terminal, handled in 2019
14.8 million TEU, corresponding to 8.8 million TEU 1 and 2 containers [7]. Assuming the same TEU
container ratio for the RWG container terminal, 2.35 million TEU corresponds to 1.4 million containers.
450.000 TEU 1 and 950.000 TEU 2 containers. TEU 1 containers are generally used for heavier cargo,
they can therefore even be heavier compared to the larger TEU 2 containers.

200.000 load cycles are applied to the sand underneath the ASC rail tracks of the RWG container ter
minal per year. This comprises of 100.000 load cycles applied by an ASC that is carrying a container
and 100.000 load cycles without container. The RWG container terminal is operating almost at its full
capacity [20]. It is estimated it transports on average 1.25 million containers per year. This corresponds
to 50.000 containers per container stack per year, assuming transport is distributed evenly over the 25
container stacks at the RWG container terminal. An ASC has two legs per rail track. That means that
per container an ASC applies two load cycles carrying a container and two load cycles without a con
tainer.





C
Results PLAXIS computation

Results obtained with the FE computations executed in PLAXIS of the six selected locations are pre
sented. In the FE computations the first load cycle is simulated. The computations consist of two steps.
In the first step a vertical stress is applied onto the foundation. In the second step the stress is removed.

The results presented in this Appendix comprise of the settlement and cyclic shear strain amplitude
with depth plotted for a vertical through the center of the foundation. The settlement and the cyclic
shear strain amplitude are plotted from 3.5 𝑚 𝑁𝐴𝑃 until a depth of 10 𝑚 𝑁𝐴𝑃. Above 3.5 𝑚 𝑁𝐴𝑃 the
sand has a 100% relative density. Densification of the sand and settlement do not occur here. The
volumetric threshold strain of the sand fill at the RWG container terminal is estimated at 10−4, a typical
value for sands. The volumetric threshold strain is plotted together with the cyclic shear strain ampli
tude. Densification of the sand occurs at depths where the cyclic shear strain amplitude lies above the
volumetric threshold strain. It determines the depth of influence. Per location first the cone tip resis
tance and estimated initial relative density and the subsurface model in PLAXIS are presented.

Plane strain conditions are assumed in the PLAXIS computations. The sand layers are modelled with
the hardening soil small strain (HSsmall) material model [40]. Model parameters of the HSsmall model:

• 𝐸𝑟𝑒𝑓50 : secant stiffness in triaxial test at reference pressure;

• 𝐸𝑟𝑒𝑓𝑜𝑒𝑑: tangent stiffness in oedometer test at 𝑝𝑟𝑒𝑓;

• 𝐸𝑟𝑒𝑓𝑢𝑟 : reference stiffness in unloading / reloading;

• 𝐺𝑟𝑒𝑓0 : reference shear stiffness at small strains;

• 𝛾0.7: shear strain at which G has reduced to 72.2%;

• 𝑚: rate of stress dependency in stiffness behaviour;
• 𝑝𝑟𝑒𝑓: reference pressure (100 𝑘𝑃𝑎);
• 𝜈𝑢𝑟: Poisson’s ratio in unloading / reloading;
• 𝑐′: cohesion;
• 𝜙′: friction angle;
• 𝜓: dilatancy angle;
• 𝑅𝑓: failure ratio 𝑞𝑓/𝑞𝑎 (0.9);
• 𝐾𝑁𝐶0 : stress ratio 𝜎′𝑥𝑥/𝜎′𝑦𝑦 in 1D primary compression;

The sand layers are distinguished based on the relative density of the sand fill. In Table C.1 the model
parameters and their estimated values of the HSsmall model for sands with a relative density of 35%,
65%, 80%, 90% and 100% are given. For other model parameters the default values were used.
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Relative density sand 35%
(loose)

65%
(medium dense)

80%
(dense)

90%
(very dense)

100%
(densified)model parameter unit

𝛾𝑢𝑛𝑠𝑎𝑡 𝑘𝑁/𝑚3 17 18 19 19 19
𝛾𝑠𝑎𝑡 𝑘𝑁/𝑚3 19 20 21 21 21
𝐸𝑟𝑒𝑓50 𝑘𝑃𝑎 35 40 45 50 55
𝐸𝑟𝑒𝑓𝑜𝑒𝑑 𝑘𝑃𝑎 35 40 45 50 55
𝐸𝑟𝑒𝑓𝑢𝑟 𝑘𝑃𝑎 150 160 165 170 175
𝐺𝑟𝑒𝑓0 𝑘𝑃𝑎 80 100 110 120 130
𝛾0.7 [%] 0.015 0.015 0.015 0.015 0.015
𝜈𝑢𝑟 [] 0.2 0.2 0.2 0.2 0.2
𝑐′ 𝑘𝑃𝑎 0 0 0 0 0
𝜙′ ° 30 32.5 35 35 35
𝜓 ° 5 5 5 5 5
𝑅𝑓 [] 0.9 0.9 0.9 0.9 0.9
𝐾𝑁𝐶0 [] 0.4554 0.4554 0.4554 0.4554 0.4554

Table C.1: Values of the model parameters of the FE HSsmall model in PLAXIS. Sand layers are distinguished based on
relative density of the sand.

Cyclic shear strain amplitude
The cyclic shear strain amplitude is a measure of the magnitude of the applied shear strain during a
load cycle. It is defined as half of the difference between the maximum shear strain during loading and
during unloading:

𝛾0 =
𝛾𝑚𝑎𝑥,𝑙 − 𝛾𝑚𝑎𝑥,𝑢

2 (C.1)

with

𝛾0 = cyclic shear strain amplitude, [],
𝛾𝑚𝑎𝑥,𝑙 = the maximum cyclic shear strain during loading, [],
𝛾𝑚𝑎𝑥,𝑢 = the maximum cyclic shear strain after unloading, [].

The maximum shear strain is calculated according to the equation below:

𝛾𝑚𝑎𝑥 = ((𝜀𝑥𝑥 − 𝜀𝑦𝑦)2 + 𝛾2𝑥𝑦)1/2 (C.2)

with

𝜀𝑥𝑥 = strain in the xdirection, [],
𝜀𝑦𝑦 = strain in the ydirection, [],
𝛾𝑥𝑦 = shear strain in the ydirection in a plane perpendicular to the xaxis, [].

The strains in the x and ydirection and shear strain are computed by the FE model. After the load is
removed the strains are computed again. With Equation C.2 the maximum shear strain is calculated
during loading and unloading. With Equation C.1 the cyclic shear strain amplitude is calculated.
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Location 1  CPT 4L6
FE PLAXIS model

(a) CPT 4L6

(b) PLAXIS subsurface model

Figure C.1: Cone tip resistance, estimated initial relative density and layering of the sand fill based on the initial relative density
and the corresponding FE PLAXIS subsurface model.
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Settlement after one load cycle

Figure C.2: Settlement after one load cycle for varying foundation stress computed with the FE PLAXIS model.

Cyclic shear strain amplitude

Figure C.3: Cyclic shear strain amplitude for varying foundation stress computed with the FE PLAXIS model and volumetric
threshold strain.
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Location 2  CPT 4R3
FE PLAXIS model

(a) CPT 4R3

(b) PLAXIS subsurface model

Figure C.4: Cone tip resistance, estimated initial relative density and layering of the sand fill based on the initial relative density
and the corresponding FE PLAXIS subsurface model.
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Settlement after one load cycle

Figure C.5: Settlement after one load cycle for varying foundation stress computed with the FE PLAXIS model.

Cyclic shear strain amplitude

Figure C.6: Cyclic shear strain amplitude for varying foundation stress computed with the FE PLAXIS model and volumetric
threshold strain.
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Location 3  CPT 9R4
FE PLAXIS model

(a) CPT 9R4

(b) PLAXIS subsurface model

Figure C.7: Cone tip resistance, estimated initial relative density and layering of the sand fill based on the initial relative density
and the corresponding FE PLAXIS subsurface model.
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Settlement after one load cycle

Figure C.8: Settlement after one load cycle for varying foundation stress computed with the FE PLAXIS model.

Cyclic shear strain amplitude

Figure C.9: Cyclic shear strain amplitude for varying foundation stress computed with the FE PLAXIS model and volumetric
threshold strain.
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Location 4  CPT 8R4
FE PLAXIS model

(a) CPT 8R4

(b) PLAXIS subsurface model

Figure C.10: Cone tip resistance, estimated initial relative density and layering of the sand fill based on the initial relative
density and the corresponding FE PLAXIS subsurface model.
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Settlement after one load cycle

Figure C.11: Settlement after one load cycle for varying foundation stress computed with the FE PLAXIS model.

Cyclic shear strain amplitude

Figure C.12: Cyclic shear strain amplitude for varying foundation stress computed with the FE PLAXIS model and volumetric
threshold strain.
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Location 5  CPT 12R3
FE PLAXIS model

(a) CPT 12R3

(b) PLAXIS subsurface model

Figure C.13: Cone tip resistance, estimated initial relative density and layering of the sand fill based on the initial relative
density and the corresponding FE PLAXIS subsurface model.
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Settlement after one load cycle

Figure C.14: Settlement after one load cycle for varying foundation stress computed with the FE PLAXIS model.

Cyclic shear strain amplitude

Figure C.15: Cyclic shear strain amplitude for varying foundation stress computed with the FE PLAXIS model and volumetric
threshold strain.
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Location 6  CPT 10L3
FE PLAXIS model

(a) CPT 10L3

(b) PLAXIS subsurface model

Figure C.16: Cone tip resistance, estimated initial relative density and layering of the sand fill based on the initial relative
density and the corresponding FE PLAXIS subsurface model.
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Settlement after one load cycle

Figure C.17: Settlement after one load cycle for varying foundation stress computed with the FE PLAXIS model.

Cyclic shear strain amplitude

Figure C.18: Cyclic shear strain amplitude for varying foundation stress computed with the FE PLAXIS model and volumetric
threshold strain.
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Implementation of the compaction /
liquefaction model for cyclic shear

The compaction / liquefaction model for cyclic shear is presented in Chapter 2. Implementation of this
model in this research is described here. Implementation of the terminal density model is described in
Section 4.10.

The C/L model for cyclic shear calculates densification of the sand after 𝑁 load cycles induced by an
applied cyclic shear strain. Densification of the sand is calculated with Equation 2.5 and the corre
sponding volumetric plastic strain with Equation 2.6. Values of the following model parameters have
to be determined in order to calculate the densification and volumetric plastic strain after 𝑁 load cycles
with the C/L model for cyclic shear:

1. initial void ratio;

2. cyclic shear strain amplitude;

3. 𝑐1 and 𝑐2 for the C/L model for cyclic shear.

In addition, the volumetric threshold strain (𝛾𝑡𝑣) is determined to estimate the depth of influence. It
value is estimated at 0.010%, a typical value for sands.

Figure D.1 presents a flow chart of the implementation of the C/L model for cyclic shear. The rela
tive density is correlated to the cone tip resistance. The material constants are correlated to the initial
relative density. In triaxial tests the stiffness of the sand fill as function of the relative density, rate of
stress dependency of the stiffness (parameter 𝑚) and minimum and maximum void ratio are deter
mined. The initial void ratio is determined based on the minimum and maximum void ratio and initial
relative density. Stiffness of the sand fill, unloading / reloading stiffness, shear modulus and parameter
𝑚 are model parameters of the PLAXIS FE model. Together with the foundation stress the cyclic shear
strain amplitude is determined.

Initial void ratio (𝑒0)
The initial void ratio is related to the initial relative density through the minimum and maximum void
ratio:

𝑒0 = 𝑒𝑚𝑎𝑥 − (𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛) ⋅ 𝐷𝑅,0 (D.1)

with

𝑒0 = initial void ratio, [],
𝐷𝑅,0 = initial relative density, [],
𝑒𝑚𝑖𝑛 = minimum void ratio, [],
𝑒𝑚𝑎𝑥 = maximum void ratio, [].
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Figure D.1: Flowchart of the implementation of the C/L model for cyclic shear in this research.

The correlation of Baldi given in Equation 3.1 is used to correlate the cone tip resistance measured
with a CPT to the relative density. In Appendix B is described how the relative density is correlated to
the cone tip resistance. Other commonly applied cone tip resistancerelative density correlations are
given and the decision to use the correlation of Baldi is explained.

The minimum and maximum void ratio of the sand have been determined as part of the triaxial tests
that were executed on samples taken at the RWG container terminal. Based on the data the minimum
and maximum void ratio are estimated at 0.50 and 0.80, respectively. This is described in Chapter 3.
The data are attached in Appendix A.

In Figure D.2 the initial relative density with depth and the corresponding void ratio are displayed. Note
that part of the data is displayed with a dashed line, to indicate that this is not based on a CPTmeasure
ment. It is assumed that between 5 and 3.5 𝑚 𝑁𝐴𝑃 the sand is compacted to 100% relative density.
This is a result of the compaction works that were carried out as part of the construction of ASC rail
tracks. Beyond the extent of the CPT the sand is assumed to be medium dense with a relative density
of 65%, this is based on deeper CPT measurements executed at different locations at the RWG con
tainer terminal.

Cyclic shear strain amplitude (𝛾0)
The cyclic shear strain amplitude is a measure of the magnitude of the applied shear strain during a
load cycle. In this research PLAXIS is used to create an FE model of the sand underneath the ASC rail
tracks. The hardening soil small strain (HSsmall) material model is used to model the behaviour of the
sand. In Appendix C is explained how the cyclic shear strain amplitude is determined and plotted for
the six locations for varying foundation stress and varying stiffness for location 2. Depth of influence is
determined where the cyclic shear strain amplitude intersects the volumetric threshold strain.

Material constants for the C/L cyclic shear model (𝑐1 and 𝑐2)
The material constants 𝑐1 and 𝑐2 of a sand are correlated to the initial relative density in Equation 4.1.
Preferably their values are determined in a cyclic (simple) shear test. These tests have not been exe
cuted on samples of the sand from the RWG container terminal.
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Figure D.2: The initial relative density and the initial void ratio at the location corresponding to CPT 4L6. 𝑒𝑚𝑖𝑛 = 0.5 and
𝑒𝑚𝑎𝑥 = 0.8. The dashed line indicates that the data is estimated.





E
Python scripts

Geotechnical exchange format (GEF) files
This code is used to import the CPT data that are stored in a GEFextension. Python code source:
https://github.com/creepywaterbug?tab=repositories

# * coding: utf8 *
”””

#!env/bin/python
# Datum: 1 Februari 2016
# Waterbug,waterbug@bitmessage.ch
”””

import re
import os
import time
import numpy as np

# Hulpfuncties
def is_number(s):

try:
float(s)
return True

except ValueError:
return False

def removetrailers(string):
d = re.sub('^[\t|\ ]*', '', string)
e = re.sub('\r\n$', '', d)
return e

class Gef2OpenClass:
def __init__(self):

# print (”init”)
return
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# Purpose: Of een BOREReport file is (boring)
def gbr_is_gbr(self):

if 'PROCEDURECODE' in self.headerdict:
if 'GEFBOREReport' in self.headerdict['PROCEDURECODE']:

out = True
else:

out = False
else:

if 'REPORTCODE' in self.headerdict:
if 'GEFBOREReport' in self.headerdict['REPORTCODE']:

out = True
else:

out = False
else:

out = False
try:

return out
except:

return None

# Purpose: Of een GEFCPTReport file is (sondering)
def gcr_is_gcr(self):

if 'PROCEDURECODE' in self.headerdict:
if 'GEFCPTReport' in self.headerdict['PROCEDURECODE']:

out = True
else:

out = False
else:

if 'REPORTCODE' in self.headerdict:
if 'GEFCPTReport' in self.headerdict['REPORTCODE']:

out = True
else:

out = False
else:

out = False
try:

return out
except:

return None

# Purpose: Of #COMPANYID aanwezig
def get_companyid_flag(self):

if 'COMPANYID' in self.headerdict:
if len(self.headerdict['COMPANYID']) > 0:

out = True
else:

out = False
else:

out = False
try:

return out
except:

return None

# Purpose: Geeft aantal kolommen in het data block
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def get_column(self):
if 'COLUMN' in self.headerdict:

if len(self.headerdict['COLUMN']) > 0:
out = self.headerdict['COLUMN'][0]

else:
err = 'MissingValue'

else:
err = 'MissingKeyword'

try:
return out

except:
# return None
return 'Error:%s' % (err)

# Purpose: Of #COLUMN aanwezig
def get_column_flag(self):

if ('COLUMN' in self.headerdict):
if len(self.headerdict['COLUMN']) > 0:

out = True
else:

out = False
else:

out = False
try:

return out
except:

return None

# Purpose: Geeft nodata waarde voor geselecteerde kolom
def get_column_void(self, i_Kol):

if 'COLUMNVOID' in self.headerdict:
if len(self.headerdict['COLUMNVOID']) > i_Kol  1:

out = self.headerdict['COLUMNVOID'][i_Kol][1]
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Of #COLUMNVOID aanwezig
def get_column_void_flag(self, i_Kol):

if 'COLUMNVOID' in self.headerdict:
if len(self.headerdict['COLUMNVOID']) > i_Kol  1:

out = True
else:

out = False
else:

out = False
try:

return out
except:

return None
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# Purpose: Geeft columninfo terug in een list
def get_column_info(self, i_Kol):

if 'COLUMNINFO' in self.headerdict:
if len(self.headerdict['COLUMNINFO']) > i_Kol  1:

out = self.headerdict['COLUMNINFO'][i_Kol]
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Of #COLUMNINFO aanwezig
def get_column_info_flag(self, i_Kol):

if 'COLUMNINFO' in self.headerdict:
if len(self.headerdict['COLUMNINFO']) > i_Kol  1:

out = True
else:

out = False
else:

out = False
try:

return out
except:

return None

# Purpose: Geeft company naam
def get_companyid_Name(self):

if 'COMPANYID' in self.headerdict:
if len(self.headerdict['COMPANYID']) > 0:

out = self.headerdict['COMPANYID'][0]
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Geeft waarde uit bepaalde cel van data block
def get_data(self, i_Kol, iRij):

if 'datablok' in self.headerdict:
if iRij in self.headerdict['datablok']:

if len(self.headerdict['datablok'][iRij]) >= i_Kol  1:
out = self.headerdict['datablok'][iRij][i_Kol  1]

else:
err = 'MissingKol'

else:
err = 'MissingRij'

else:
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err = 'MissingDatablok'
try:

return out
except:

# return None
return err

# TODO continue get_data_iter
# Purpose: geeft een iterator met alle waarden voor een bepaalde kolom

in een data block↪

def get_data_iter(self, i_Kol):
try:

if 'datablok' in self.headerdict:
if len(self.headerdict['datablok'][1]) >= i_Kol  1:

void = self.get_column_void(i_Kol)
for i_Rij in range(1, 1 + int(self.get_nr_scans())):

depth = self.get_data(1, i_Rij)
value = self.get_data(i_Kol, i_Rij)
if value == void: #Replace nodata value for None

value = None
yield (depth, value)

else:
err = 'MissingKol'

else:
err = 'MissingDatablok'

except:
yield err

# Purpose: Of gegeven #MEASUREMENTTEXT index aanwezig
def get_measurementtext_flag(self, i_Index):

if 'MEASUREMENTTEXT' in self.headerdict:
if i_Index in self.headerdict['MEASUREMENTTEXT']:

out = True
else:

out = False
else:

out = False
try:

return out
except:

return None

# Purpose: Of gegeven #MEASUREMENTVAR index aanwezig
def get_measurementvar_flag(self, i_Index):

if 'MEASUREMENTVAR' in self.headerdict:
if i_Index in self.headerdict['MEASUREMENTVAR']:

out = True
else:

out = False
else:

out = False
try:

return out
except:

return None
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# Purpose: Geeft measurementtext tekst
def get_measurementtext_Tekst(self, i_Index):

if 'MEASUREMENTTEXT' in self.headerdict:
if i_Index in self.headerdict['MEASUREMENTTEXT']:

if 1 in self.headerdict['MEASUREMENTTEXT'][i_Index]:
out = self.headerdict['MEASUREMENTTEXT'][i_Index][1] #

??↪

else:
err = 'MissingValue'

else:
err = 'MissingIndex'

else:
err = 'MissingKeyword'

try:
return out

except:
# return None
return 'Error:%s' % (err)

# Purpose: Geeft measurementvar value
def get_measurementvar_Value(self, i_Index):

if 'MEASUREMENTVAR' in self.headerdict:
if i_Index in self.headerdict['MEASUREMENTVAR']:

if len(self.headerdict['MEASUREMENTVAR'][i_Index]) > 0:
out = self.headerdict['MEASUREMENTVAR'][i_Index][1]

else:
err = 'MissingValue'

else:
err = 'MissingIndex'

else:
err = 'MissingKeyword'

try:
return out

except:
# return None
return 'Error:%s' % (err)

# Purpose: Geeft aantal rijen in het data block
# neem aan waarde achter 'LASTSCAN', maar check dit!
def get_nr_scans(self):

if 'LASTSCAN' in self.headerdict:
if len(self.headerdict['LASTSCAN']) > 0:

out = self.headerdict['LASTSCAN'][0]
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Of #PARENT aanwezig
# neeem aan dat er een par 'PARENT' aanwezig moet zijn. Check!
def get_parent_flag(self):
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if ('PARENT' in self.headerdict):
if len(self.headerdict['PARENT']) > 0:

out = True
else:

out = False
else:

out = False
try:

return out
except:

return None # test

# Purpose: Geeft referentie naar de parent, bv bestandsnaam
def get_parent_reference(self):

if 'PARENT' in self.headerdict:
if len(self.headerdict['PARENT']) > 0:

out = self.headerdict['PARENT'][0]
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

return 'Error:%s' % (err)

# Purpose: Of #PROCEDURECODE aanwezig
def get_procedurecode_flag(self):

if 'PROCEDURECODE' in self.headerdict:
if len(self.headerdict['PROCEDURECODE']) > 0:

out = True
else:

out = False
else:

out = False
try:

return out
except:

return None

# Purpose: Geeft procedurecode code
def get_procedurecode_Code(self):

if 'PROCEDURECODE' in self.headerdict:
if len(self.headerdict['PROCEDURECODE']) > 0:

out = self.headerdict['PROCEDURECODE'][0]
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Of #PROJECTID aanwezig
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def get_projectid_flag(self):
if 'PROJECTID' in self.headerdict:

if len(self.headerdict['PROJECTID']) > 0:
out = True

else:
out = False

try:
return out

except:
return None

# Purpose: Geeft projectid nummer
def get_projectid_Number(self):

if 'PROJECTID' in self.headerdict:
if len(self.headerdict['PROJECTID']) > 1:

out = self.headerdict['PROJECTID'][1]
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Of #REPORTCODE aanwezig
def get_reportcode_flag(self):

if 'REPORTCODE' in self.headerdict:
if len(self.headerdict['REPORTCODE']) > 0:

out = True
else:

out = False
else:

out = False
try:

return out
except:

return None

# Purpose: Geeft reportcode code
def get_reportcode_Code(self):

if 'REPORTCODE' in self.headerdict:
if len(self.headerdict['REPORTCODE']) > 0:

out = self.headerdict['REPORTCODE'][0]
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Of #STARTDATE aanwezig
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def get_startdate_flag(self):
if 'STARTDATE' in self.headerdict:

if len(self.headerdict['STARTDATE']) > 2:
out = True

else:
out = False

else:
out = False

try:
return out

except:
return None

# Purpose: Geeft startdate jaar (yyyy)
def get_startdate_Yyyy(self):

if 'STARTDATE' in self.headerdict:
if len(self.headerdict['STARTDATE']) > 2:

out = int(self.headerdict['STARTDATE'][0])
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Geeft startdate maand (mm)
def get_startdate_Mm(self):

if 'STARTDATE' in self.headerdict:
if len(self.headerdict['STARTDATE']) > 2:

out = int(self.headerdict['STARTDATE'][1])
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Geeft startdate dag (dd)
def get_startdate_Dd(self):

if 'STARTDATE' in self.headerdict:
if len(self.headerdict['STARTDATE']) > 2:

out = int(self.headerdict['STARTDATE'][2])
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
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return 'Error:%s' % (err)

# Purpose: Of #XYID aanwezig
def get_xyid_flag(self):

if 'XYID' in self.headerdict:
if len(self.headerdict['XYID']) > 2:

out = True
else:

out = False
try:

return out
except:

return None

# Purpose: Geeft X coordinaat
def get_xyid_X(self):

if 'XYID' in self.headerdict:
if len(self.headerdict['XYID']) > 0:

out = self.headerdict['XYID'][1]
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Geeft Y coordinaat
def get_xyid_Y(self):

if 'XYID' in self.headerdict:
if len(self.headerdict['XYID']) > 1:

out = self.headerdict['XYID'][2]
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Of #ZID aanwezig
def get_zid_flag(self):

if 'ZID' in self.headerdict:
if len(self.headerdict['ZID']) > 0:

out = True
else:

out = False
else:

out = False
try:

return out
except:
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return None

# Purpose: Geeft Z coordinaat
def get_zid_Z(self):

if 'ZID' in self.headerdict:
if len(self.headerdict['ZID']) > 1:

out = self.headerdict['ZID'][1]
else:

err = 'MissingValue'
else:

err = 'MissingKeyword'
try:

return out
except:

# return None
return 'Error:%s' % (err)

# Purpose: Initialiseren interne geheugenstructuur
# niet nodig
def init_gef(self):

True

def qn2column(self, i_iQtyNumber, get_corrected_depth=False):
”””
Geeft kolom nummer wat correspondeert met gegeven 'quantity number'.
Geeft de corrected depth wanneer gevraagd en aanwezig bij opvragen
quantity number = 1 (penetration depth)
:param i_iQtyNumber: quantity number volgens GEF definitie
:param get_corrected_depth: Wanneer TRUE en i_iQtyNumber = 1 word

kolom↪

voor quantity number 11 gezocht
:return: index van waarde in data blok
”””
try:

i_iQtyNumber = int(i_iQtyNumber)
for key, columninfo in

self.headerdict['COLUMNINFO'].iteritems():↪

if int(columninfo[3]) == i_iQtyNumber:
out = key

if get_corrected_depth and i_iQtyNumber == 1:
if int(columninfo[3]) == 11:

out = key
return int(out)

except:
# return None
return 'Error: Quantity Number niet gevonden in GEF file'

# Purpose: Leest een gegeven Gef bestand en zet alle info in een
dictionary↪

def read_gef(self, i_sBestandGef):
EOH = False
try:

multipars = ['COLUMNINFO', 'COLUMNVOID', 'MEASUREMENTTEXT',
'MEASUREMENTVAR', 'SPECIMENVAR', 'SPECIMENTEXT']

self.headerdict = {}
f = open(i_sBestandGef, 'r')
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tel = 0
for line in f.readlines():

line = re.sub('\r\n', '', line) # haal alle \r\n aan het
einde van de regel weg↪

linetmp = re.sub('(^[ \t]*)', '', line) # remove trailing
whitespace↪

# if not re.sub('^[\ \t]*$','',line)=='': # lege regels
uitsluiten. moet dit in test_gef?↪

if not re.sub('^[\ \t]{0,}\n', '', linetmp) == '': # lege
regels uitsluiten. moet dit in test_gef?↪

if 1 == 1: # test1: begint line1 met '#' en komt '='
minstens 1x voor↪

line = linetmp.split('=', 1)
par = re.sub('^#([^ \t]*)[ \t]*$', '\\1', line[0])
# start test
# if par == 'EOH': deel='data'
if EOH is False and not re.sub('^[^#].*', '',

linetmp) == '': # er
komen regels
niet begin met
# voor.

↪

↪

↪

# einde test
if len(line) > 1:

keyinfo = line[1]
keyinfo = re.sub('(^[ \t]*)', '', keyinfo)

# remove trailing whitespace↪

keyinfo = re.sub('([,])([ \t])+', '\\1',
re.sub('([ \t])+([,])', '\\2',

keyinfo)) # haal eerst
alle witruimte
(spaties/tabs)
rond de
separators
(',') weg.
151029

↪

↪

↪

↪

↪

↪

if keyinfo != '':
# print 'keyinfo: %s'%(keyinfo)
keyinfo = keyinfo.split(',')

else:
keyinfo = None

else:
keyinfo = None

b = keyinfo
# print 'b: %s'%(b)
if par in multipars: # tabje hoger gezet zodat

conditie alleen geldt als een par bestaat.
20151029

↪

↪

if is_number(b[0]):
parno = int(b[0]) # Gewijzigd in int voor

eenvoudiger keys in dictionaries↪

else:
parno = b[0]

# del keyinfo[0]
testpar = 'par1'
c = []
if keyinfo is not None:
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for i in b:
e = removetrailers(i)
if is_number(e):

c.append(float(e))
else:

c.append(e)
if par not in self.headerdict:

self.headerdict[par] = {parno: c}
else:

self.headerdict[par][parno] = c
else:

parno = None
if par == 'EOH':

self.headerdict['datablok'] = {}
EOH = True
self.headerdict[par] = {}

if EOH is True and par != 'EOH':
tel = tel + 1
data = par
data = re.sub(';!', '', data) # einde

dataregel. moet hier een test op?↪

data = re.sub(”'”, ””, data)
data = re.sub('”', '', data)
data = re.split(';|\ |\t|\n', data)
a2 = []
for i in data:

if is_number(i):
a2.append(float(i))

else:
a2.append(i)

self.headerdict['datablok'][tel] = a2
if (par != 'EOH') and (par not in multipars)\

and (EOH is not True):
testpar = 'par2'
c = []
if b is not None:

for i in b:
e = removetrailers(i)
if is_number(e):

c.append(float(e))
else:

c.append(e)
self.headerdict[par] = c

return True

except IndexError:
print (

”””%s Headerdict() in UtlGefOpen.py geef IndexError:
fout bij uitlezen gef””” % os.path.basename(
i_sBestandGef))

return False

# Purpose: Of een bestand geplot kan worden
def is_plotable(self):

return 'datmoetenwenogeensuitzoeken'
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# Purpose: Of een bepaald aspect van een bestand correct is
# Parms : Toegestaan: 'HEADER', 'DATA',

'GEFCPTReport','GEFBOREReport'↪

def test_gef(self, i_sAspect):
return 'datmoetenwenogeensuitzoeken'

def main(filename):
# parse arguments using optparse or argparse or ...
myGef = Gef2OpenClass()
myGef.read_gef(filename)
data = myGef.headerdict
keys = ['COLUMNINFO', 'datablok', 'TESTID', 'XYID', 'ZID']
return (data[keys[0]],data[keys[1]],[data[keys[2]][0],data[keys[3]][0],

data[keys[3]][1],data[keys[3]][2],data[keys[4]][1]])

if __name__ == '__main__':
# This is used for debugging. Using this separated structure makes it

much↪

# easier to debug using standard Python development tools.
import sys
main(sys.argv[1:])
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Material constants Compaction / Liquefaction model

Sand type Relative
density [] 𝑐1 𝑐2 𝐷1 𝐷2 Source

Seymen 0.34 6.54 0.15 1.01 0.153

Sawicki [44]Golcuk 0.41 9.26 0.25 2.28 0.108
Eregli 0.38 9.52 0.17 1.6 0.105
Derince 0.48 7.14 0.28 1.97 0.14

Fine sand
0.91 7.52 0.03 0.212 0.133

Sawicki and
Śliwiński [45]

0.50 12.35 0.06 0.786 0.081
0.30 14.93 0.07 0.99 0.067

Hostun2 sand
0.72 6.71 0.05 0.339 0.149
0.32 8.55 0.10 0.84 0.117
0.08 14.50 0.06 0.815 0.069

Kozienice sand medium dense 13.18 0.14 1.85 0.076 Sawicki and
Świdziński [46]dense 4.87 1.26 6.14 0.205

Silica sand medium dense 8.7 0.2 1.74 0.14

Lubiatowo sand dense 7.52 0.19 1.41 0.133 Sawicki and
Świdziński [47]

Table F.1: Values of the material constants c1, c2, D1 and D2 of the C/L model for cyclic shear for different types of sand and
varying relative density obtained from literature. Values of the material constants apply to a strain unit 10−3. Table is created by

Meijers [34].

Figure F.1: Material constants 𝑐1 and 𝑐2 plotted against the relative density (𝐷𝑅). Values of the material constants apply to a
strain unit 10−3 [34].
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Operational tolerances for crane rail tracks

Table F.2: Table 1 in ISO 124881: the International Standard for Cranes  Tolerances for wheels and travel and traversing
tracks [26].

Table F.3: Table 7 in ISO 124881: the International Standard for Cranes  Tolerances for wheels and travel and traversing
tracks [26].
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Infographic Rotterdam World Gateway container terminal

Figure F.2: Facts and numbers about the RWG container terminal phase 1 [8]. The area indicated in red are ASC rail tracks 3
to 27.
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Infographic automatic stacking cranes
[6]
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