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The feasibility research of standard quay walls for the port of Rotterdam

by Iran TISHEH

Future-proof design of quay walls is an interesting issue in civil Engineering, because of the dynamic environ-
ment in which quay walls are operating. Designers are confronted with time-changing requirements such as
larger retaining heights and heavier loads. However, a technical and financial analysis has revealed that the
design of new quay structures can, under certain conditions, be made future-proof by standardization. By
standardizing the design, this may achieve a certain degree of flexibility. This means that a quay wall can be
converted for multiple types of vessels or multiple types of cargo and therefore becomes future-proof. Various
standard principle solutions are applicable. However, it should be noted that the exact dimensions of quay
wall components, for instance the substructure (the front wall) and the superstructure (the capping beam or
relieving platform), can in principle not be standardized. The dimensions depend namely on major factors
such as local geotechnical conditions, surcharges, retaining height and the presence of a relieving platform.
Nevertheless, standardization is possible in two ways. Firstly, by driving the front wall to a deeper layer than
it is necessary in the first instance and dredging the front side of the quay wall at a later stage. Secondly,
by making a strategic choice for a particular quay component or a particular port area. Both ways lead to
higher initial investment costs but results in a quay wall which is significantly more future-proof.
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Chapter 1

Introduction

1.1 General

The port of Rotterdam is one of the most important pillars of the Dutch economy. Since the mid-nineteenth
century the port of Rotterdam showed extensive growth, especially after the completion of the New Waterway
in 1872. This entrance reduced the travel time of ships and made the access of larger ships possible. The
increase of transport over water led to the use of larger and faster ships, and the role of quay walls in
determining the future design of ports has increased also [1]. To facilitate the transshipment of goods in an
efficient manner, advanced quay walls are needed.

Quay walls retain soil for the area behind the quay, provide berthing and mooring facilities for ships and
form the foundation for the purpose of transshipment equipment (cranes). In the 17th century the first quay
walls were constructed in Rotterdam. The tremendous increase in ship dimensions has influenced the quay
wall design. The need for large, deep and long quay walls has increased over the years. Figure 1.1 shows the
progressive development of the water depth in the course of the centuries and therefore an increase in the
retaining height. In the last 30 years, many alternative designs have been developed for the quay walls. Each

alternative is unique and presents new challenges when it comes to design, construction and maintenance.

5 Ground level —

I
ot —— - — gl —
g% Els
5— . =1 = Eaﬁi
arbo <l §l|<
Ur |
Ty SgE ©

Depth in relation
3
|

Tttt t—t—t—t—t
185560 ‘A0 ‘80 90 1900 10 20 30 ‘40 50 ‘s 70 80 90 2000 '10
| Old harbours in Harbours to Botlek area
CW centre the west of Eemhaven area
the city | Europoort
Maasvlakte

FIGURE 1.1: The increase of water depth and retaining height [1]
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1.2 Research description

Quay walls form some of the most important parts of port infrastructure. This infrastructure is predominantly

required for transfer of cargo. The lifetime of quay walls can be distinguished into:

e Technical lifetime or design lifetime (50 years)
e Service lifetime (5 — 30 years)

e Economic lifetime (25 years)

The technical program of requirements postulates a certain technical value that determines the technical
lifetime of a quay wall. The minimum technical value is equal to the value at which the safety of the con-
struction is insured. During the management and exploitation phase, the elements of the quay wall, such as
concrete steel, wood, etc., degrade. The degradation continues up to the critical point where the construction
is unsafe. The models of degradation that are available these days, enable predictions of the quality of quay
walls during their entire lifetime. According to the Eurocode, a minimal technical lifetime of 50 years is

required.

A quay wall serves a number of purposes. The functional requirements are listed in the program of re-
quirements, which leads to a functional design lifetime. The functional design lifetime is equal to the service
lifetime of a quay wall. During the management and exploitation phase it becomes apparent that all require-
ments are subject to dynamic changes in the course of time. Therefore, the service lifetime is often much

shorter than the technical lifetime.

The economic lifetime is the expected period of time during which a quay wall is useful to the owner.
The economic life of a quay wall can be, and often is, different than the actual technical lifetime of the quay.
The economic life ends when the costs to maintain the quay wall in service exceed the calculated revenues.
This has induced Rotterdam Port Authority to depreciate quay walls and pay off of the investment in the
construction, in 25 years. In most cases quay walls are still structurally sound after 25 years and can still be

put to economic use, provided they meet the requirements of the new client.

Figure 1.2 shows that the quay walls from the 19th century are still in use while the quays on Maasvlakte,
which were completed much later, have a significantly shorter service life. Most recently constructed quay
walls often do not meet the time-changing functional requirements, while their technical lifetime (the period

which the structures are designed for) is far from being expired.
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Service life in years —e—

i =
1920 1830 1950
Builf in the years —e

FIGURE 1.2: Decreasing of the functional use of quay walls Rotterdam [1]

The time-changing requirements imposed on the quay walls are firstly caused by the developments in the
shipping industry, particularly the increase in size and capacity of the ships. Sometimes, based on the eco-
nomic lifetime, quay walls are built at relatively shallow depth, while the area can be accessed by larger
ships. Secondly, higher loads are imposed on the quay walls by the continually enlarging quay equipment
and intensive use of the area behind the quays. Thirdly, the changes in the layout or the exploitation of the

available space within the port can set new requirements for the quay walls.

Up to now the custom made quay walls are built in a way that when small structural changes are needed,
implementing these changes becomes very expensive. The choices that determine the total investment costs
are made during the concept- and design phase of the quay walls, during the construction and exploitation
stages it’s too late for most modifications to be applied. Interim changes to improve functionality often lead

to costs on top of the calculated costs.

Therefore, design of new quay structures should not only relate to the current functional and technical
requirements, but should also be able to follow the future developments during the intended service time.
During design, future developments could be taken into consideration. The quay walls’ dimensions should be
suitable for future requirements, and not only meet the specifications of current clients. The Port Authority
is searching for solutions to reduce the difference between the technical and economic lifetime of quay walls.
A standardized design is pointed out as a possible solution. Quay walls will be made more flexible by stan-
dardization. Flexibility of quay walls means that a quay wall can be converted for multiple types of vessels

or multiple types of cargo and therefore becomes more future-proof.

The Port Authority is searching for solutions to reduce the difference between the technical and economic
lifetime of quay walls. A standardized design is pointed out as a possible solution. Quay walls will be
made more flexible by standardization. Flexibility of quay walls means that a quay wall can be converted
for multiple types of vessels or multiple types of cargo and therefore becomes more future-proof. Once
standard principle solutions for quay walls are developed, Rotterdam Port Authority can include these in
contracts with contractors. These solutions have the character of a concept design. Within an actual project,

these concepts can be further elaborated by engineering companies and/or contractors into a definitive design.
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The scope of this thesis is to investigate the feasibility of standardization of quay walls. The following re-

search questions can be derived:

Main research questions:

e Is standardization of quay walls technically and economically feasible in the Port of Rotterdam? If so,

under which circumstances is it advisable?
Additional questions:

e Which existing quay wall solutions are eligible for standardization? Is a distinction between quay walls
for inland barges and/or seagoing vessels necessary or is the type of terminal (container and dry bulk)
more relevant?

e Which components of quay walls are suitable for standardization? Is it possible to standardize the
retaining wall?

e is a combined wall preferable to a sheet pile wall? Is it possible to determine at which retaining height
the turning point is located?

e What is the role of major factors such as the retaining height, the surcharge load and a relieving
platform on the design and the costs of a quay wall?

e Should the Port Authority choose for a larger initial investment to accommodate futures changes

(adaptive port design) or adapt at a later stage (if needed)?

1.3 Goal of the study

The main goal of the research presented in this thesis is the development of potential standard designs for
the quay walls in the Port of Rotterdam, which are applicable to future new quay walls. The research will
focus on the technical and economical feasibility. The results of this investigation should lead to one or more
principle standard solutions of quay walls which can be used in the future by the port owner. Hereby, a
distinction is made between inland barges and seagoing vessels. Short-sea quay walls are beyond the scope

of this research.

The objectives are:

e To investigate a number of possible alternatives of quay walls for standardization, which are relevant
within the conditions of Rotterdam. The advantages and disadvantages should be examined.

e To investigate the possible principle solutions for inland and deep-sea quay wall and determine which
components of these quay walls are suitable for standardization.

e To determine the dimensions and materials of the elements of the quay walls.

e To determine the turning point from a sheet pile wall to a combined wall, for the inland barges. This
will be based on a cost estimation related to the retaining height of a quay wall.

e To perform a comparison between an anchored combined wall without a relieving platform and a
combined wall with a relieving platform. The comparison will be made from the viewpoints of economics

and design.



Part A. Introduction 5

The design studies which have been carried out for different projects in the port of Rotterdam will be used

as reference projects (examples are: the Waalhaven, Amazonehaven[2] and Euromax[3]).

1.4 Research methodology

The principle solutions of quay walls will be developed based on findings from literature study and experi-

ences of the Port Authority. The methodology used in this research can be described as follows:

Part A: Introduction

In this part the problem, the goal and scope of the study are defined.

Part B: Literature & Theory

The theory and literature study are presented according to the defined goals and scope. This part is divided
in two sections. The first section describes mainly the background information of Port of Rotterdam, quay
walls and standardization. In the second part the relevant data and information collected is presented and
discussed.

Part C: Analysis

In this part, the collected data and information are processed and used in order to set up models in calcula-
tion programs. The analysed data, models and result are discussed.

Part D: Final Assessment

In this part the conclusions and recommendations are presented based on the results and findings of the

previous parts.

Intorduction

. - Research description
Part A: Introduction ~Goal & Scope

Quay walls
Background - Type of quay walls Standardization
- Port of Rotterdam - Quay walls in Port of - Effects of standardization
- Uncertain future Rotterdam - Life-Cycle phases
- Quay elements

Part
Literature & Theory

Research design
- Design philosophy
- Calculation methods
- Boundary conditions & requirements

Quay walls for Quay walls for

b inland barges deep-seagoing
part c-. vessels
Analysis

Sheet pile wall Combined wall Combined wall Combined wall with
without relieving without relieving without relieving relieving platform
platform platform platform - Technical/ financial
- Technical/ financial - Technical/ financial - Tecl / financial assessment
assessment

Part D: - Conclusions
Final Assessment - Recommendations.

FIGURE 1.3: Research methodology



Chapter 2

Background

2.1 Port of Rotterdam

The history of the port of Rotterdam began in the centre of the present city as a fishing port. In the course of
time the port has changed significantly and has been Europe’s biggest port for liquid, dry bulk and containers,
for decades. Due to the connection of the river Maas to the river Rhine, the port has access to an intensively
producing part of the European market. The port and industrial complex of Rotterdam forms thereby an
important link in the transport of large volumes of cargo to a large array of hinterland destinations. The
port of Rotterdam stretches out 40 km in length: from the heart of the city to the Maasvlakte 2 along the
‘Nieuwe Waterweg’ canal. Characteristic of a ‘mainport’ like Rotterdam is that all kinds of different flows of

goods come together.
The port is clustered as much as possible:

e The city port (oldest part): Especially transshipment of containers takes place here as well as Ro-Ro
activities and other general cargo transshipments. In this area a gradual transformation is taking place
to urban functions.

e The Botlek: Oil refineries, chemical products, tank storage and distribution centres are located in this
area.

e The Europoort: Particularly oil refining and oil storage takes place. Activities such as storage and
transshipment of chemicals, Ro-Ro and dry bulk are also concentrated here.

e The Maasvlakte 1 & 2: Mainly containers and chemicals are stored and processed.

In Figure 2.1 an overview of the entire port of Rotterdam is given, which features the different clusters.
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FIGURE 2.1: Overview port of Rotterdam[4]

2.2 Uncertain future

Quay walls operate in an uncertain environment. As we mentioned in the introduction, quay walls are con-
tinually subject to new requirements. Their economic lifetime, the period that a quay wall can fulfil its
functional requirements, becomes shorter as the period of uniform use becomes more uncertain [5]. The
influences of uncertainties on the port is being increasingly recognized. Over time there has been a lot of

research on this topic. These uncertainties are extensively discussed in the PhD thesis of P. Taneja [6].

From time to time the functional requirements are changing due to different developments. The major-
ity of uncertainties have indirect effects on the design of quay walls. The direct effects and their impact on

the design of quay walls are described in this section.

2.2.1 Flow of goods

The flow of goods is strongly related to the uncertainty in demand and the demand is linked to the uncertain
developments of the (global) economy. Of course, the developments of flow of goods influences the ship
dimensions and the transhipment equipment and hence the design of quay walls. To come up with quantified
requirements for a quay wall design, it is important to determine the progress of the flow of goods as good as
possible. The most important factors in estimating the flow of goods are the economic growth, the volume of
world trade, oil prices and the environmental policy. Based on these factors, four different economic scenarios

are selected for estimating the possible development of throughput in 2030.
It concerns the following four scenarios:

1. Low Growth: low economic growth and low oil prices; fossil fuels remain dominant and environmental

policy is moderate.
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2. High Oil Price: high oil prices, strict environmental legislation, moderate economic growth and rela-

tively rapid sustainable industry and logistics.
3. European Trend: existing policy and a moderate growth in the economy.

4. Global Economy: further globalization with low oil prices leading to high economic growth and a

moderate environmental policy.

In 2011 the first version of the Port Vision 2030 was approved and released. A growth was predicted for all
four scenarios. In scenario 1 the total throughput increases from 430 million tonnes in 2010 to approximately
475 million tonnes in 2030. For scenario 2 the total throughput is predicted to be 575 million tonnes, for
scenario 3 approximately 650 million tonnes and scenario 4 750 million tonnes [7].

Since the publication of the Port Vision 2030 in 2011, there have been some new developments or there
has been an extra impulse to the existing ones. Despite signs of recovery of the economy, the next decade
seems to be characterized by an average low economic growth (scenario 1). The total throughput in the Port
of Rotterdam in 2013 was below the number of Low scenario, with only 440.5 million tonnes. The expec-
tation is that with continued low economic growth and increasing competition, the growth in throughput
remains over the coming years at this low scenario [8]. Figure 2.2 shows an overview prediction of the total

throughput. For scenario 1 there is an increase of the total throughput till 2020 and then a decrease until 2030.
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FIGURE 2.2: Realised throughput vs. 4 scenario prognoses [8]

Despite the unstable Dutch and European economies, the expectation is that the overall throughput increases
in the port of Rotterdam. However, this does not apply to all types of cargo in each scenario. See Figure 2.3

below.
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FIGURE 2.3: Total throughput 2010 vs. 2030 [7]

In the remainder of this section a brief description will be given of the development of the cargo throughput
in relation to the first scenario. We continue with the Low Growth scenario because it can be observed from

Figure 2.2 that it is the most likely scenario.

The goods are broadly divided into four groups of commodity, namely:

Liquid bulk
Dry bulk

Containers

General cargo/ Ro-Ro

Liquid bulk

Crude oil, oil products (paraffin, diesel oil, gas oil) and chemicals are part of the liquid bulk. This flow of
goods, with a percentage of approximately 47% in 2013 [9], the most bulky group of goods. This is partly due
to the presence of four refineries, an extensive pipeline network, a strong petrochemical cluster and enormous
storage capacity. In the Low Growth scenario, the increase of chemical products is fairly limited as a result
of the slow growth of the basic chemicals. LNG is developing into a new commodity for Rotterdam. Due
to a stable energy demand in the Low Growth scenario, there is less need for diversification of the energy
sources and thus less need for LNG [7].

The throughput of crude oil is mainly determined by the refinery capacity in Northwestern Europe and the
development of alternative energy sources. The decline was sharpest in the Low Growth scenario, in which,

due to the low economic growth, this market is shrinking[7].

Dry bulk

Dry bulk includes: Iron ore and scrap, coal, agribulk (grains) and minerals. The largest part of the dry bulk
consists of iron ore and coal. Given the good nautical accessibility of the port of Rotterdam (in contrast to
the surrounding ports), the largest bulk carriers can safely berth. Dry bulk goods accounted for approxi-

mately 20,3% [9] of the total volume that was transhipped in the port of Rotterdam in 2013. The growth
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in the transshipment of dry bulk will be limited till 2030 or will substantially decrease in scenario 1. The
transshipment of iron ore is the leading cause of descend in the throughput, which is directly linked to the
blast furnace capacity in Northwestern Europe. The throughput of other dry bulk is also decreasing in Low
Growth [7].

Containers

The container, which arose as a transportation unit in the sixties, has steadily seized the cargo market.
Currently it is without doubt the most important type of unit load. The great success of the container is the
multimodal applicability; the containers can be transferred very efficiently between different modes of trans-
port (sea transport, inland waterways, road and rail traffic). The port of Rotterdam is the largest container
port in Europe. The port handles yearly about 12 million TEU. The container is becoming increasingly
important for the port. In 2010 it accounted for 25% of the throughput and in 2030 this will possibly be
42% of the total quantity of goods. Rotterdam has the ability to fully facilitate this potential growth, in
particular with the opening of ‘Maasvlakte 2’ and the maintained depth of the deep-sea port[7].

General cargo/ Ro-Ro

The remaining cargo consists of: chemical products, agricultural products, foods, steel products and other
goods. The Ro-Ro consists of: freight trucks, passenger cars, or other loads that can be driven on board.
The total transshipment volume of general cargo and Ro-Ro is approximately 5,3% [9] (in 2013) of the total

amount of transshipment.

2.2.2 Developments in the shipping industry

The design of quay walls is mainly determined by the dimensions of the vessels. Since the shipping indus-
try has experienced a rapid evolution, it is important to look at previous developments and possible future
changes. Tankers, dry bulk carriers and container vessels are the groups of largest vessels. A brief description

is given below.

Tankers (Liquid bulk)

The first tankers were used for transportation of bulk liquids by the end of the 19th century. Until 1956,
tankers were designed to be able to transit the Suez Canal. In the fifties and sixties, the development
of tankers has evolved at a rapid rate alongside the oil industry. During the closing of the canal in 1956
(Suez crisis: war between Israel and Arab world), tankers were forced to transport oil around the Cape of
Good Hope. Since there were no size restrictions anymore, ship owners realized that cost-efficiency could
be achieved by using bigger tankers. It can be said that tankers are the most economically efficient when
it comes to transport of bulk liquids, as they maximize economies of scale based on volume per trip[10].
The maximum dimensions of tankers grew from 85,000 DWT in 1968 to 260,000 DWT in 1972 and 560,000
DWT in 1976[11]. Nowadays, tankers play a major role in international trade with 33 percent of the world

tonnage[Connector].

Depending on the products carried by the tankers, these may be divided into Crude oil tanker, chemical
tanker, product tanker and gas tanker. The gas tankers (LNG & LPG) are different from the other three

types of tankers and do not moor at quay walls, but at jetties. Therefore, gas tankers are not dealt with in
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the remainder of this study[12].

Dimensions of tankers vary from Handysize tankers to Ultra Large Crude Carriers (ULCC) with a maxi-
mum DWT of 550,000. A classification of tankers by size is shown in Table 2.1

TABLE 2.1: Classification tankers

Class DWT Remark

Aframax 80,000-120,000 Mid-sized: due to their size, these tankers are able
to enter most ports in the world.

Panamax 50,000-80,000 Mid-sized: The largest acceptable size to transit

the Panama Canal. The dimensions of tankers are
determined principally by the dimensions of the
canal’s lock chambers. These tankers are primar-
ily used for petroleum and crude oil products.
Suezmax 120,000-200,000 | Medium to large-sized: These tankers are the
largest vessels that can navigate the Suez canal
in a loaden condition.

Very Large Crude Carriers | 180,000-320,000 | Very large: The very large tankers are able to pass
(VLCO) the Suez Canal in Egypt. Therefore, they are used
mainly around the North Sea, Mediterranean and
West Africa.

Ultra Large Crude Carriers | 320,000-550,000 | Ultra large: Due to their huge size, they are able
(ULCC) to serve limited number of ports in the world.
These tankers are mainly used for very long dis-
tance crude oil transportation, particularly from
the Persian Gulf to Asia, Europe and North Amer-
ica.

The enormous tankers built (VLCC, ULCC) in the seventies appeared to be less favourable than expected.
The economics of scale that can be reached by these enormous tankers is limited. Based on the experience
it is not expected that tankers with a capacity larger than 500,000 DWT will ever be built. Several reasons

for this are:

e Some large tankers have served as storage for oil instead of transportation, others are demolished
without ever having sailed.

e There are fundamental changes in the energy market. Gas and biomass become more important.

e The tanker market is very sensitive to the level of production within the Arab OPEC (Organization of
the Petroleum Exporting Countries) countries.

e The enormous tankers do not meet the restrictions of the improved Suez Canal.

e These tankers can only enter a limited number of ports. This aspect reduces the flexibility of the vessels
and worsened their competitive position.

e The vessels cannot navigate into the relatively shallow Malacca Straits.

Dry bulk carriers
Unpacked bulk cargo is transported by bulk carriers. A comparable growth in vessel dimensions happened
also in dry bulk shipping. Before World War 11, the demand for bulk products was low. After the war, an

international bulk trade developed. The transport took place primarily between Europe, US and Japan.



Part B Literature overview 12

Bulkers are categorized into six major categories according to their size: small, Handysize, Handymax,

Panamax, Capesize and Very Large. A classification of tankers by size is shown in Table 2.2.

TABLE 2.2: Classification bulk carriers

Class DWT Remark

Handysize 10,000 — 35,000 Due to their size, these carriers are able to serve
all ports in the world.

Handymax 35,000 — 59,000 These bulk carriers are able to navigate into small
ports with length and draught restrictions.

Panamax 60,000 — 80,000 | The dimension of a Panamax vessel is limited by
the lock chambers of Panama canal.

Capesize 80,000 — 200,000 | Capesize vessels are too large for the Panama
canal. Due to improving of the Suez canal, most
capsize vessels can pass through it.

Very large >200,000

For a very long time the MV Berge Stahl, built in 1986, was the world’s largest bulk carrier. This carrier
has a DWT of 365,000 tons and the following main dimensions: length 343m, width 63,5m and draught 23m.
However, since 2011 is the “"Valemax” the largest bulk carrier with 400,000 DWT. Main dimensions: length
362m, width 65m and draft 23m. The Handysize and Handymax vessels represent, with approximately 70%,
the major part of all bulk carriers over 10,000 DWT and have the highest rate of growth[13]. As in the case

of tankers, the following restrictions apply also for bulk carriers:

e The giant bulk carriers do not meet the restrictions of the improved Suez Canal.

e The large carriers can only enter a limited number of ports. This aspect reduces the flexibility of the
vessels and worsened their competitive position.

e The vessels cannot navigate into the relatively shallow Malacca Straits.

Container vessels

During the World War II the use of containers started and in 1960 the first vessel specifically for container
transportation was designed. From its introduction, container shipping has become the fastest growing seg-
ment in world shipping over the last fifty years. The fast development resulted in a rapid increase of both

dimension and number of container vessels[11] [14].

In 1988, when the dimension of container vessels increased to approximately 5,000 TEU, it was necessary to
exceed the width (W=32,3m) of the existing Panamax vessel. Subsequently, the post-Panamax was intro-
duced. Nowadays, container vessels of approximately 18,000 TEU are travelling around the world and vessels
of 22,000 TEU are already under construction[15]. Depending on the number of TEU and hull dimensions,
container vessels can be divided into six main classes: Small feeder, feeder, Panamax, post-Panamax, New
Panamax. Ultra Large Container Vessel (ULCV). A classification of container vessels by size is shown in
Table 2.3.
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TABLE 2.3: Container categories[1] [16]

Class/ name TEU Dimension [m]

1st generation (small feeder) 300 — 1,100 L =200, W=27,D =

2nd generation (feeder) 800 — 1,700 L =240, W =30,D = 10,5
3rd generation (Feedermax) 1,700 — 3,000 L=2300,W=232,D=11,5
4th generation (Panamax) 4,000 — 4,500 L =310, W=323,D=125
Post Panamax 4,300 8,000 | L =340, W = 39,4-45, D = 13,5
6th generation 8,680 L=347, W =428, D = 14,52
New panamax 13,000 L =366, W=49 D = 15,2
CMA Marco Polo (ULCV) 16,000 L =396, W=254,D =16
Maersk Mc Kinney Moller (ULCV) | 18,000 L =400, W=59,D =145
Near future (ULCV) 21,000/22,000 | L = 440, W =59, D = 16,50
Future (ULCV) 25,000 — 30,000 | L = 500, W =70, D = 17

The dimensions of container vessels is growing continuously in order to reduce transportation costs. The
container vessels are grown mainly in width and length. The draught of the vessels is greatly restricted
by the depth of the Suez Canal and the relatively shallow Malacca Straits. Today’s container vessels with
capacities of approximately 18,000 TEU have 23 rows of containers across. Even though vessels of 22,000
TEU are not yet in service, some ports (including Rotterdam) are already equipped with container cranes

that can handle vessels up to 25 rows across [16] [15].

The increase in the maximum dimension of container vessels does not imply that the demand for small
feeder and coastal container vessels has decreased. Vessels with capacities between 100 and 3,000 TEU ac-
count for approximately 60% of all vessels operating. Vessels with capacity between 3,000 and 7,000 TEU
account for approximately 30% and the bigger vessels with above 7,000 TEU represent 10% [15] (Figure 2.4).
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FIGURE 2.4: Distribution of existing fleet in TEU categories[15]

2.2.3 Crane size

The continuing growth of container vessels and the expansion of the Panamal Canal is requiring ports
worldwide to supersize their cranes. The increase in dimension of vessels has considerable impact on the
standard design of quay walls. The greater width of the vessels leads to a larger radius of cranes. As a
consequence, higher reaction forces are imposed on the quay wall and the rear craneway girders. This higher

forces acting on the wall results in increasing dimensions of quay wall constructions.
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In the Figure 2.6, the increase of crane size over the years is shown.

Year  Vesseltype

2013 Triple-E

B ool 1870 Panamax

Backreachl, _____25m | Rait-gauge 1Zm h

FIGURE 2.5: Evolution of Gantry cranes[17]

Currently, vessel size and capacity demands lead to continued growth of quay cranes. The total maximum
weight of containers (1 container is approx. 27 tonnes) will not increase in the future with regard to the
valid regulations for the container size. However, in recent years, quay cranes have been equipped to handle
two 40’ or four 20’ containers for each lift. These cranes offer high potential capacity, but are also heavier
and have bigger wheel loads. The outreach of present-day cranes enables them to serve vessels with 22-25
containers on deck. The future growth of the outreach of cranes is limited by the parameters of the Suez
Canal and the Malacca Strait.

The graph below represents, for different cranes (type vessel in Figure 7?), the relation between the maximum
moment and the outreach of cranes. In the first instance, lifting one container is studied (blue dots). It can
be observed that the graph increases almost linearly. Quay cranes used for loading and unloading of Triple-E

vessels can also lift two containers simultaneously. This is represented with a red dot.
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FIGURE 2.6: Increase outreach of cranes over time [17]



Chapter 3

Quay walls

3.1 The main types of quay wall

Soil retaining structures are divided in four different types: gravity structures, sheet pile structures, structures
with relieving platform and piled structures (jetties). The choice of the type of quay wall depends on the

local conditions, cost of materials, construction method, durability and shipping requirements. The different

types of quay wall are shown in Figure 3.1.

Retaining
soil and water

Gravity based
structures
- Block wall

- L-sh; EL

Anchored structures|
- Sheet pile wall
- Combined wall
- Diaphragm wall

Relieving structures
on piles
- L-shaped wall

- Delta girder

Not retaining
soil and water

Piled structures
- Open berth over a
slope
- Open berth over a
slope with a retaining
wall

FIGURE 3.1: Overview of types of quay walls
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Quay walls have the following main functions:

e Berthing and mooring facility of ships
e Foundation for the purpose of cargo handling equipment, the cranes

e Separation of land and water, soil retaining

A brief description of the various types is given below. It should be noted that the figures are not to scale.

3.1.1 Gravity type structures

Gravity types of structures are robust and relatively simple structures and develop their resistance from soil
pressure caused by their own weight. Locations where the subsoil does not permit pile driving and where
severe marine environmental conditions (large waves, large temperature differences, heavy ice loads) are
present, gravity type of structures can be applied. For this kind of structures, a shallow foundation is used
and therefore the underlying soil must have sufficient bearing capacity. Over time, several designs of gravity

based quay walls haven been developed. Advantages:

e Relatively simple structures
e Continuous construction and high repetition factor

e Large resistance, robust
Disadvantages:

e Sufficient bearing capacity of subsoil needed, which may require soil consolidation, causing extra build-

ing time

High costs because of possible soil improvement

Connection of elements

Sensitive to erosion

A deep excavation is required when constructed on land

Examples of gravity structures are (Figure 3.2) block walls, L shaped walls, caissons.

Superstructure
concrete castin situ

Concrete cast
on sile (}erere_

R prefabricated
element
(caissons)

Fil
material

FIGURE 3.2: Principle of a block wall, an L-shaped wall and a caisson[1]
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3.1.2 Sheet pile walls

Sheet pile walls obtain their soil retaining function and stability by penetration of sheeting below the dredge
line, possibly in combination with anchors. Areas where the adequate soil properties can be found in deep
layers and penetration is easy, this kind of structures is preferred. Penetrability of the subsoil is of utmost
importance. The height of the structure, live loading and the kind of foundation material are decisive for the
type of sheeting and anchorage[18]. In the Netherlands the sheet pile wall is the most popular type of quay

wall. Advantages:

Limited groundwork

Relatively simple structure

No construction pit needed

Both construction methods possible: ‘onshore’ and ‘offshore’

Disadvantages:

e Relatively large deformation of the wall
e If anchored, a lot of space and ground work required for installation of the anchors

e Heavy sheet pile wall and driving equipment needed for large retaining height

Risk of interlock openings. Repair of interlocks are elaborate and expensive

Construction risks pile driving

Examples of sheet pile wall structures are: anchored walls (Figure 3.3), combined walls, cofferdams and the

diaphragm walls.

NN

|§ -
Sheet pile N
- Anchor/

wall

FI1GURE 3.3: Principle of an anchored sheet pile wall[1]

3.1.3 Structures with relieving platforms

In fact this is also a sheet pile wall. This concept consists of a superstructure (relieving platform) that is
supported by a bearing sheet pile wall on the waterside and a system of tension and bearing piles. The
foundation system supports the platform but is also providing stability to the quay wall. The earth-retaining
function is provided by the sheet piles. The forces on the underlying retaining wall and the tensile forces
in the foundation are greatly reduced by the relieving platform. Sheet pile walls with relieving platform are

preferred in cases where soils have low bearing capacity and there is a sensitivity to settlements[15].



Part B. Literature overview 18

Advantages:

e Optimization between ground-, piling and concrete work is possible

e Many variation possibilities regarding foundation elements and concrete structure. Optimization pos-
sible

e Limited groundwork

e Easily applicable in weak subsoil

e Fast construction time

e Inexpensive if the price of steel is favourable

o Wide experience available in the Netherlands/ Germany
Disadvantages:

e Corrosion of steel
e More transitions. As a result, more attention required for the connection elements

e A dense pile field can behave like an extra sheet pile wall screen

Risk of interlock openings. Repair of interlocks are difficult and expensive

Construction risk when driving foundation elements. Pile driving becomes difficult for long and heavy

profiles

A distinction is made between structures with a shallow relieving platform and those with a deep relieving

platform see Figure 3.4.

Relieving platform

MALAAAN

Relieving platform

hvd

Combi-wall ,'

Tension

Tension pile

Bearing pile

FIGURE 3.4: Principle of a structure with a high and low relieving platform[1]

3.1.4 Open berth structures/ piled structures

These are jetty-like structures consisting of a deck slab, which rests on piles. The stability of this kind of

structures depends on pile bearing and lateral load-carrying capacity. Open piled structures are preferred
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in cases where the height difference may be overcome by a slope. A revetment is needed to prevent erosion

caused by currents and waves.

Advantage:

e Limited groundwork

e ’Light’ structures

o Relatively low cost

e Simple structure (requires no specialisms)
e No construction pit required

e Almost no groundwork besides the dredging

Disadvantages:

e Sensitive for overload and collision. In case of a calamity is a part of the deck for a long period of time

out of use
e Sensitive to erosion
e Stable slope necessary in order to limit the width of the jetty
e The piles must be safe from buckling
e Pile driving can be risky for the stability of the slope

e In case of future deepening, additional problems will occur relating to the dredging and protection of

the slope between the piles.

Examples of jetty like structures are (Figure 3.5): open berth quays over a slope and open berth quays over

a slope with a retaining wall.

Prefab pedestal footing,
beam and floor slab

- TR . Concrete deck o~

; —

= Anchoring ||
/ |_Sheet pie wall

Filter structure

Concrete pile o /

Concrete
pile

FIGURE 3.5: Principle of an open berth[1]
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3.2 Quay walls in the port of Rotterdam

The history of the port of Rotterdam can be analysed from the quay walls that were built in the course of the
centuries. Up to now, designers have always struggled with time-changing requirements. Larger retaining
heights and heavier loads on relatively soft soil has made the designs more complex. Table 3.1 shows the

development of quay walls in the port of Rotterdam.

TABLE 3.1: Classification tankers

Category Type of quay wall Location Date
Oldest quay walls City port Beginning of the
e Quay on shallow founda- 17th century till
tion end of the 19th
e Pile supported masonry century
block wall
e Quay on fascine mattress
Gravity structures Caisson City port 1900-1960
Soil retaining structures Anchored sheet pile wall City port 1930-1960
Relieving structures on 1960-present
piles e Delta girder e Botlek
e Cylindrical beam e Europoort
e L[-shaped wall e Maasvlakte
Piled structures Jetty 1960-present
e Port Botlek
e Europoort
e Maasvlakte

As can be seen in the table above, many different types of quay walls have been built in the port of Rotterdam.
The two most popular types of quay walls are: the anchored sheet pile walls and quay walls with a relieving
structure. In the port of Rotterdam, when heavy loads and large retaining heights were involved, preferably
a combined steel quay wall with a concrete relieving platform was constructed. Since begin 1990, this type

of structure has been a standard in Rotterdam for some time [5][6].

3.2.1 Anchored sheet pile walls

In some cases the anchored sheet pile wall can be used as a quay wall. Hereby the superstructure at the
top (capping beam) joins the vertical elements of the wall. The sheet piles are connected to each other by
interlocks. The substructure consists often of sheet piles or a combination of steel tubes and sheet piles
(combined wall), horizontally supported by a rear wall anchor. Here the sheet pile wall solely fulfills the soil
retaining function. Crane rails are performed behind the quay wall such that the wall doesn’t need to bear

the vertical loads. The rails are provided by separate foundation.

3.2.2 Quay walls with relieving structure

As mentioned before, this method of construction is used when large retaining heights and heavy loads are

involved. Hereby cranes can be realized close to the water. In this case the wall fulfills both bearing and
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retaining function. The wall is generally constructed as a combined wall and/or slurry wall. In order to
minimize the dimensions of the combined wall, a relieving platform is used. The essence of this part of the
structure is to relieve the earth pressures that work on the retaining sheet piles. The relieving platform can

be constructed at different heights. The choice depends on:

e Saving on sheet pile by reducing moments and pile depth

Shortening the length of the sheet piles to limit the installation risks

Restricting the length of foundation members such as tension and bearing piles in relation to availability

and feasibility

e Saving on the number of tension members in the pile trestle system by increasing the vertical load

component with soil.

3.3 Quay wall elements

Quay walls consist of several main components, namely: the superstructure, substructure, breasting equip-
ment and berthing equipment. For this research it is important to examine whether these components can

be standardized. A brief description of these components will be given below.

3.3.1 Superstructure

The superstructure is the visible part of the quay wall and has the following functions:

e Covering the soil retaining structure

e Dispersal of non-uniform loads and the distribution of loads over anchoring elements

e Forming the quay surface with edge protection

e Relieving platform

e Supporting the rail structure and provision of space for other services such as drainage pipes and cables
e Positions for berthing facilities and other quay equipment

e Earth retaining over the height of the superstructure

e Traffic bearing

e Load bearing floor for transhipment equipment

For the different situations in which quay walls are used, various types of superstructures are designed,
each having its own advantages and disadvantages. Examples are: capping beams and superstructure with

relieving platforms.

Capping beams

The simplest design of a superstructure is the capping beam, usually made of concrete but at times in steel
as well.

The steel capping beam is often used if the only function of the beam is to cover the wall and the soil retaining

height is small. Additional adjustments are required for placing of bollards. The concrete capping beam is
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constructed as a massive beam and serves as a girder (horizontal connection). In contrast to a steel beam, a
concrete capping beam is suitable for spreading of loads, placing of bollards and supporting fendering.
A concrete capping beam is only suitable for a limited retaining height, limited surcharge load and a water-

side crane rail up to 2,5m from the quay front.

Hollow rectangular structures

A hollow beam can be preferred when a massive capping beam cannot longer be carried out or do not meets
the requirements. Often, the choice is based on economic reasons. After all, a hollow beam requires less
material. The beam is compared to a massive beam, less sensitive to deformation and accidental overloads
(collision). Peak loads are distributed through the rectangular structure and dispersed.

A hollow rectangular beam is usually used when there is a relatively short distance between the crane rails.
In this case, the distance from the front side of the quay wall to the crane rail is greater than 2,5m and a
service road for the crane rail is often desired. The rear wall of the hollow beam has the main function to
contribute the vertical loads (crane loads and other loads on the deck, formed by material and equipment)

to the relieving platform and to retain the soil behind the wall.

Superstructures with relieving platforms (L-shaped)

Superstructures with relieving platforms are preferred in cases where heavy loads and large retaining heights
are involved because a relieving platform provides far more load distribution. The horizontal and vertical
earth pressure on the relieving platform is transferred through the floor by bending and shear action, from
which the load carries over to the tensile and compressive elements below the floor, resulting in reduced earth
pressure on the combined wall on the water side. The moments and compressive forces in the combined wall
are thus considerably smaller, which results in a more economic design.

An L-shaped superstructure is often used in cases where the distance from the front side of the quay wall till

the crane rail is less than 2,5m.

3.3.2 Substructure

The substructure is the invisible part of the quay wall, since it is mainly submerged and under the ground.

The main functions of the substructure are:

e Retaining of soil
e Supporting of the superstructure

e Transferring loads to the subsoil

Regarding the superstructure, various systems have been developed for the substructure, each with its own
applicability. Sometimes the substructure is just composed of a front wall with an anchor. This is often
the case with inland quay walls where the retaining height is relatively small. In case of large retaining
heights, the superstructure is supported by a bearing sheet pile wall on the waterside and a system of tension
and bearing piles on the landside. The construction can be anchored by means of MV-piles, screw injection

anchors or an anchor wall.
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Front wall (waterside substructure)
The main function of a sheet pile wall is soil retaining, with bearing capacity often being an important

secondary function. There are four main systems distinguished:

Standard sheet pile walls

Combined steel sheet pile wall systems

Diaphragm walls

Prefabricated concrete sheet pile walls

Standard sheet pile walls are applied when retaining heights up to 12 m are involved. When higher retaining
heights and heavy loads are involved, combined sheet pile wall systems, diaphragm walls and precast con-
crete sheet pile walls are preferred. The combined sheet pile wall is frequently used in the port of Rotterdam.
Combined walls are applied because they have economic advantages, high stability, high stiffness and high

bearing capacity.

The combined wall consists of stiff primary elements which are driven at fixed distances from each other.
The space between these elements is covered with secondary elements, consisting of standard sheet piles. The
primary elements are the main retaining elements and carry both horizontal loads (soil and water pressure)
and vertical loads (anchors and superstructure). The intermediary sheets are primarily used to transfer
horizontal loads to the primary elements and have a small (approx. 2%) contribution to the total section

modulus. Interlock openings should be prevented during the install of intermediate sheets.

Nowadays combined wall systems can be put together from extensive ranges of tubular piles and inter-
mediary sheet piles. The strength of a combined wall is largely determined by the steel grade, diameter,
sheet thickness and centre-to-centre distance of the tubular piles, and to a lesser degree by the characteristics

of the intermediate sheets. An optimized solution can be reached by varying all these parameters.

Foundation (landside substructure)
Pile foundations are often applied in quays with relieving platforms and open berth structures. The main

functions of pile foundations are:

e Transferring loads to the subsoil

e Supporting of the superstructure

The foundation elements consist of a combination of tensile and bearing (compressive) components. These
piles are driven at different angles depending on the forces and the chosen pile system. The most suitable

solutions are:

e Inclined precast concrete tension and bearing piles. This system is only suitable for lower retaining
heights.

e Combining the inclined precast concrete bearing piles with MV-tension piles at an angle of 45°. The
MV-pile is often located close to the front wall. The vertical component of the tensile force in the MV-
pile is taken up by the main members of the sheet pile system. This system is often a good solution in

cases where a large retaining height is involved.
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The most frequently used foundation elements are: precast concrete piles, piles cast in-situ, steel tubular

piles, steel H-piles. Each has its own applicability. An overview of the most frequently used foundation

elements can be found in Table 3.2.

TABLE 3.2: Overview of foundation elements

Pile type Name Installation Tension/bearing | Remark

method
Precast Reinforced Driven Tension & bearing The wuse of precast concrete
concrete concrete pile piles is limited by the required
heavy pile frames and limited pile
lengths. However, because of eco-
nomic and quality reasons is this
type of piles the most commonly
used in the Netherlands.
Cast in-situ | Vibro  pile | Driven Tension & bearing These alternatives are consider-
and  Franki ably more expensive. However,
pile these type of piles are preferred to
precast concrete piles for reasons
of drivability. They can also ab-
sorb great deformations and mo-
ments.

Fundex pile, | Screwed Tension & bearing

tubular pile

Steel Tubular Driven Tension & bearing Tubular piles with both open and
pile, H-pile closed ends are available. In case
MV-pile of sandy ground, open tubular

piles should be driven deep into
bearing layers
Anchoring

Soil retaining structures are supported by anchorages. The forces due to ground and water pressure and

other external loads are transferred to the earth behind the anchorage or to deeper earth bearing layers.

There are three main types of anchorages:

e Horizontal anchorages: bar anchors, cable anchors, screw anchors
e Tension piles: steel tubular piles, H-piles, MV-piles

e Anchors with grout body: grout anchors and screw injection anchors

Table 3.3 provides an overview of the different types of anchorages. The main characteristics are listed by

type of anchorage.
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TABLE 3.3: Overview of anchorages

Category Name Tensile capac- | Remark

ity [kIN]
Horizontal an- | Bar anchors, cable anchors, screw | 100 - 4000 This type of anchorages are
chorages anchors manly used in sandy subsoil.

Greatest stiffness achieved at in-
clinations smaller than 45%. Vul-
nerable for cyclic loading. Large
deformations may occur.

Tension piles Tubular steel piles, steel H- | 100 to 9000 The tensile capacity of MV-piles
profiles, MV-piles is strong related to the quality of
the execution. Inserted at an an-

gle of 45.
Anchors with | Grout anchors, screw injection | 300 to 3000 Corrosion is an issue. Good pro-
grout body anchors tection is required. Suitable in

case of dense sand layers. Execu-
tion requires specialization. Usu-
ally prestressing is required.

Drainage
Nowadays the quay walls are often equipped with a reliable drainage system. Drainage systems can be used

for two purposes, namely:

e For lowering the phreatic level on the landside, thus reducing the groundwater.

e For consolidation of compressible soil layers

Drainage systems are necessary to redirect rainwater and restrict the flow of excess water behind the quay
wall. In tidal areas there is fluctuation of water level. From an economic point of view it is important to
reduce the differences in water pressure over the quay wall. Drainage systems often get damaged. Therefore,
maintenance is of great importance in order to ensure the functioning of the system during the lifetime of

the quay wall.

Large settlements are the result of backfilling on compressible soil layers. The initially high excess wa-
ter pressure causes high pressures on the quay wall. The consolidation can therefore take a long time. By

installing vertical drains, the pressure can be decreased and the consolidation process can be accelerated.

Breasting equipment
During berthing manoeuvres vessels can cause damage to both the quay and the vessel itself. The following

two systems can be applied for protection:

e Rigid fendering
e Flexible fendering

In case of a rigid fendering, the energy of berthing will be absorbed by deformation of both the rigid structure
and the vessel itself. The forces from berthing can be very high since the deformations are limited. So both
quay and fendering must be robust. Rigid structures can be applied in the form of hardwood, synthetic

vertical fender piles and horizontal beams or Steel Fibre Reinforces High Performance Concrete (SFRHPC).
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In the port of Rotterdam, rigid fendering is preferably made of hardwood and not of steel and synthetic
material, because these are not favourable for the environmental and also require the necessary maintenance.
SFRHPC is a new development for quay walls and is applied once in the port of Rotterdam. Figure 3.6
shows the fendering system, consisting of SFRHPC slabs, used for the EMO coal quay wall.

FIGURE 3.6: Fendering of SFRHPC, EMO coal quay Rotterdam

Rigid fendering is only suitable for inland and short sea quay walls. In this case two main types of fendering
are distinguished, namely for push barges and without push barges. Fendering used by inland barges com-
posed of vertical beams and horizontal girders. The common practice has shown that push barges induce
more damage due to the sharp back side of the barges. These come between the girders and pulling it to
pieces. Therefore, rigid fendering used by push barges don’t have horizontal girders. In case of a flexible
fendering, the energy of berthing will be absorbed by the fender itself. Therefore, it is required that they
have a relatively high deformation capacity. Flexible structures are made of synthetic material of natural

rubber. Rubber fendering is available in different types and sizes.

Berthing equipment
Berthing facilities consist of bollards and quay ladders. These have already been standardized within the

port of Rotterdam. The facilities must satisfy requirements with regard to strength and safety use.
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Standardization

4.1 Effects of standardization of quay walls

For this research it is important to be aware of the benefits of standardization of quay walls. In this chapter
the positive and negative effects of standardization will be discussed. This is needed to analyse the choice of
quay walls.

Standardization can be defined as the strategy of development and implementation of designs to achieve
the required levels of interchangeability and flexibility in use[5]. Considering the life cycle of a quay wall,
standardization effects the economic efficiency. These effects can be both positive and negative. Standard-
ization can, for instance, increase efficiency within the life cycle of the construction, but it can also prolong
the existing life cycle, which leads to limited investment into the next life cycle[19]. The major dilemma in
standardization of certain quay wall elements is balancing the societal benefits of competition by stimulating
variety against the benefits of reducing variety[20]. Competition does not always lead to the best solution

but rather to the most inexpensive solution.

4.1.1 Potential positive impacts of standardization

Due to the uniformity and the growing simplicity of the processes, the development of standardization has a

lot of potential[21]. The following advantages can be distinguished:

e The most common advantage of standardization is the economy of scale. By standardizing in design,
uniformity is reached in quay walls and berthing and breasting equipment, which leads to higher
efficiency and lower control costs in the management phase. An example of this is profiting from
benefits of scale when buying materials or maintenance.

e Because of the standardized manufacturing process, the diversity in quay walls will be reduced and the
process will be optimized. The effects will also be seen in the operation and maintenance phases. By
standardizing, the whole process from preparation to construction of quay walls proceeds faster. The

most important benefit is the reduction of effort needed for design and a decrease in time-to-market

27
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for next generation quay walls[22]. The time the Port Authority needs for engineering can be largely
reduced, this also goes for time needed for preparation. This would result in a rise in effectiveness and
efficiency.

e Standardization stimulates the process with the client. The Port Authority operates much more par-
allel to the process of the customer, which would make the interaction easier. Up to now customers
understand insufficiently the civil-technical questions of the Port Authority and don’t realize the impact
of these matters on the design.

e By standardizing (using standard principle solutions), engineering costs would drop because less effort is
needed. Engineering would also take less time because every design wouldn’t need a complete study, it
would be based on an existing standardized design. So the design cost will be reduced due to shortening
of the development cycle time. However, it is required to optimize based on (mainly) the geotechnical
conditions.

e Standardization can lead to lower transaction costs[23]. These are the costs needed for a contractor in
order to participate in a tender. The transaction costs per project for contractors would drop by a factor
of 5 (indication: €100.000 per contractor, max. 5 per tender). The reimbursement for calculations
made by the contractors that entered the call for bids will be reduced through standardization.

e For standardization, experts must reach a consensus on what the best way is to make a standardized
design. They do not need inventive steps, but they document good practice[24]. By standardizing,
the quality of the design will increase because experts in the field will be able to share and combine
their knowledge. The longer the standard is in use, the more the port authority can fine tune the
design. The market will be able to optimize the construction process because more information on the
performance of the quay walls will accumulate over time. Ultimately, less work will have to be done

when the standard is being implemented more often.

e Civil engineering projects often have a high degree of complexity and a relative low degree of repetitive
work. There are less variations due to standardization, so less expertise is needed and engineers are
able to work in more specialized areas. Standardization stimulates repetition. This has a positive effect
on the learning cycle of workforce and therefore results in reduction of failure during the process.

e Standardization also makes sure that so called “exotic” quay walls are excluded (for example the Delta
beam EECV, 1982). Experience shows that 80 to 90% of risks during the management phase are due to
“exotic” designs. For example, serious accidents occurred in the past as a result of excavations behind
a quay wall. Another reason is that “exotic” quay walls are complicated and therefore more expensive.

e Standardization of quay walls would also lead to more flexibility because it would cause a slight over-
dimensioning of the construction because standardized designs should be able to last through variable
circumstances. This would result in more robust quay walls that will be less sensitive to damage. The
structure would also be less sensitive to variable surcharge load.

e By standardizing, pro-active maintenance becomes a possibility, measures can already be taken into
account during the design. There is less variation which creates the possibility for specialized mainte-
nance.

e The total Life Cycle Cost can be estimated easier. Documentation of the recurring inspections and
construction errors will be the same for all main structures. This way the data becomes easier to
compare[25]. As a result, errors can be reduced.

e Another major benefit of standardization of quay elements is the possibility of re-use. The elements

are replaceable and can be re-used in new quay walls (if they are still in good condition). This applies
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primarily to the substructure (combined wall/ sheet pile wall). The superstructure (relieving platform)
and the anchor (MV-pile) can be re-used only if the connection to the other quay components allows
this. The relieving platform can be connected to the combined wall by a sliding support. If necessary,
the substructure can be removed without damaging it. In the case of a MV-pile, the anchor can be cut
off in front of the combined wall (landside) and be pulled out.

e Standardization increases the degree of interchangeability of elements of a quay wall. If an element is

damaged, this could be replaced by a new one (same type).For explanation see the bullet above.

e Systems for measuring and modelling could be standardized and optimized for more accurate results.

4.1.2 Potential negative impacts of standardization

Standardization also has disadvantages. The following disadvantages can be distinguished:

e Reaching a standardized design requires a long preparatory process. Standardization needs to be
accepted and approved by several departments before it can be implemented. This process is time
consuming and drives development costs upward.

e Standardization can slow down research and development (R&D) and therefore has a significant collec-
tive effect on innovation[19]. It needs to be said that once a standardized design has been reached, it
will have a dynamic nature as opposed to a static one. The standardized design needs to be monitored

and adjusted if necessary.

e A standard design of a quay wall does not guarantee that this is a flawless design. Design errors in
standardized designs can lead to errors being present in all structures that have to be built according
to this design. This could be prevented by recurring evaluations, updates and optimizations.

e A standard quay wall design is developed according to the most extreme parameters (high/low water,
high surcharge load, extreme ship dimensions etc.) that could occur in the future. This will be used as
governing and is therefore the standard. This means that all the other quay walls, which are smaller
in size, will be over dimensioned. This is why over dimensioned structures are more expensive than
regular structures. However, when a standard quay is suitable for several types of transhipment, it can
be modified for other customers with relatively low costs. This is an advantage for the Port Authority
because it won’t have to build a new quay for new customers.

e A Project Engineer could implement a standard without thinking about it first, without considering
why the standard exists in the first place and without deviating from it if circumstances require it. This
may be due to time constraints or because of costs. This could be prevented by recurring evaluations,

updates and optimizations.

The positive and negative effects of standardization discussed in this chapter are listed in Table 4.1.
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TABLE 4.1: Overview of pros and cons of standardization

Positive effects Negative effects

Reduce of engineering effort Over dimensioning

Reduce of engineering time Long preparation process

Reduce of engineering costs Slow down research & development
Decrease of time-to-market Errors may repeat

More efficiency (process & maintenance)
Quality increases, reduce of failure
More robust quay wall

Increase of modularity

Faster delivery times

Faster construction

Reduces maintainability
Interchangeable

4.2 Effects of standardization in different life cycle phases

As mentioned in the paragraphs above, standardization has several positive and negative effects. In this
paragraph an explanation will be given of how the standardization can reduce the costs in the different life
cycle phases. The different Life Cycle phases are given in Figure 4.1. The technical lifespan of a quay wall
is often 50 to 100 years while design and construction often take about 2 years. As the costs of maintenance
increases over time, it can be said that the turnaround of a design and constructions is limited compared to

operation and maintenance phase of a quay wall.

Life Cycle Phases
Design Operation & Reuse &
development Maintenance Disposal

FI1GURE 4.1: Life Cycle phases of a project

Design development phase
The design phase is a summary of the initiation phase and the continuous study of the feasibility of a design.

The costs of design development can be divided into:

e Engineering cost

Drawing cost

Design modification cost

e Management cost
Use of standard elements in quay walls reduces the development costs by replacing duplicate design research
and development efforts with one single development effort[26].

Construction phase

The construction costs can be divided into the following cost components:
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e Material costs (material costs (unit costs), procurement costs, transport costs, material management

costs, etc)
e Facility costs (costs for equipment, storage space, etc)

e Production costs (labor costs, processing costs, production planning and scheduling costs, inspection

costs)

Reduction of the material costs is possible by reducing the material variety through standardization. Variety
reduction through standardization also triggers the reduction in equipment. The need for different storage
facilities and different types of equipment will be reduced[26].

Reducing the variety reduces the requirement of multi-skills of the workforces, leading to lower labor cost.
Another positive impact of standardization is the efficient learning of the workforce. They get the possibility

to specialize[26].

Operation & maintenance phase

During the use of a quay wall, costs are encountered as operational and maintenance costs. It is possible to
reduce these costs by standardization of elements. The maintenance cost depends on the labor time, labor
rate, tooling factor, training factor, cost of the replacement parts and the availability of the replacement of

parts.

The time needed to repair and the labor rate for repairing is usually less for the standardized component
than for the unique components since the technicians are more familiar with standardized elements. By
standardization the component variety will be reduced and thus the number of required tooling for repair
.Consequently, this results in lower tooling cost. The level of training required for reparation of components
depends on factors like complexity of repair and number of components variety to be repaired. Standard-
ization decreases the complexity and amount of component variety. Therefore, the required training cost
reduces due to component standardization. Standardization of components reduces the replacement cost and
at the same time increases the availability of components. By analysing the effect of these factors, it can be

seen that component standardization positively influences the maintenance cost[26].

Re-use & disposal phase

There are several reasons why a quay wall could reach its ‘end of life’. This could be reached by technical
(loss of strength) and/or functional (change in loading conditions) reasons. In this case the quay wall can be
removed or replaced. A major benefit of standardization of quay elements is the possibility of re-use. The
elements are replaceable and can be reused in new quay walls (if they are still in good condition). Standard-
ization reduces the tooling, the required skills and the time required for disassembling of the construction.

This results in lower costs.



Chapter 5

Research design

5.1 Design philosophy
The safety of a structure can be based on three different approaches, namely:

e Deterministic approach
e Probabilistic/ fundamental approach

e Semi-probabilistic approach

The deterministic approach has been used in the past in order to determine the safety of a construction.
This approach determines a margin between the characteristic values of loads acting on the construction and
the strength of the construction. The strength should be greater to guarantee the safety of the construction.
The probabilistic approach is based on the principle that the construction must satisfy a specific probability
of failure. Hereby, the parameters are assumed to be stochastic. The larger the consequence of failure, the

smaller the acceptable probability of failure.

Nowadays, the safety of constructions are verified using the Eurocode based on a semi-probabilistic ap-
proach. Here, partial factors are used to determine the design values for parameters. This method is used in
order to maintain the practicality of the design method.

During this research the guidelines described in the Eurocode (NEN-EN-standards) will be followed. In the
guidelines three reliability classes (RC1, RC2, RC3) are distinguished, in which the maximum probabilities
of failure for the limit states are defined. Reliability class 2 is usually used for the design of quay walls in

the port of Rotterdam. Table 5.1 provides the different reliability classes.

32
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TABLE 5.1: Reliability class and design life according to NEN-EN 1990

Description of reliability | Reliability in- | Design life in | Example

classes dex years

RC1 Consequences of failure Risk | B = 3,3 50 Simple sheet pile struc-

of danger to life negligible Risk of ture/quay wall for small

economic damage low barges. Retaining height till
5 m.

RC2 Consequences of failure Risk | B = 3,8 50 Conventional quay wall for

of danger to life negligible Risk of barges and seagoing vessels.

economic damage high Retaining height >5 m.

RC3 Consequences of failure Risk | B = 4,3 50 Quay wall in flood

of danger to life high Risk of eco- defence/LNG-plant or nuclear

nomic damage high plant (hazardous goods).

5.1.1 Limit states

A quay wall construction is considered to fail when one or more of the following main functions can no longer
be fulfilled:

e Soil retaining
e Load bearing

e Resistance to erosion

The failure of a quay wall can be caused by a variety of failure mechanisms. To analyse the failure of a quay
wall, various load combinations are imposed on the quay. The state in which the quay wall does not yet fail
and fulfils the requirements, is called a limit state. According to the standards a distinction is made between
Ultimate Limit States (ULS) and Serviceability Limit State (SLS).

In the case that the ULS is exceeded, the quay wall will collapse. In the ULS the following have to be

verified:

e Structural = Internal failure of the construction or exceptional deformations of the construction

Failure of the sheet pile wall/combined wall

— Failure of anchorage

Failure of steel or concrete piles

— Failure of joints between elements

e Geotechnical = Failure or exceptional deformation of the subsoil

— Failure of piling system
— Insufficient passive soil resistance

— Overall instability

e Hydraulic = Soil failure because of internal erosion by concentrated ground water flow in the subsoil

because of hydraulic gradients.

In the SLS the deformations have to be verified. If the SLS is exceeded due to too large deformations, the

quay wall is not capable to fulfil its functions anymore. However, the construction will not collapse.
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5.1.2 Representative values, design values

The design of the quay walls is based on the governing load conditions. The design values can be determined
with help of load factors. According to the Eurocode, depending on the type of parameter, the design values

are determined by multiplying or dividing the representative values by the partial factor.

The design value of loads is determined from:
Fy=n;-Fy (5.1)

The design value of material properties is determined from:

Y™M

X4

The partial factors are shown in Table 5.2 and Table 5.3.

TABLE 5.2: Partial load factors Ultimate Limit State (yr), according to NEN-9997

Action Symbol Combination
Al A2
Other (check- | Retaining
ing overall sta- | structures
bility) (checking
strength)
Permanent Unfavourable Viig 1,2 1 1
Favourable Yfig 0,9 1 1
Variable Unfavourable Vfiq 1,5 1,3 1,1
Favourable Vfiq 0 0 0

TABLE 5.3: Partial factors for soil materials (), according to NEN-9997

Soil parameter Symbol Sheet pile wall | Quay wall with relieving
(simple quay | platform on piles
wall)

Angle of friction Yo' 1,175 1,25

Effective cohesion Yer 1,25 1,45

Undrained shear strength Yeu 1,60 1,75

Density Yoy 1,00 1,00

5.1.3 Load combinations

A number of unfavourable load combinations are considered in the limit states. This is a combination of
permanent and several variable loads. It is important to investigate the governing load combinations for the

constructive quay members. This can be determined by using the following formulations:

25.7‘ 6,5+ Gra + Z’Yq@ “o,i - Qk,i (5.3)
j>1 ji>1
Z Gr,j+ Ad+ 21 - Qua + Z VY2, Qk,i (5.4)

jz1 j=>1
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In this research only the fundamental combinations will be investigated. The calculations are based on

equation Equation 5.3, Equation 5.4 is not further used in the main calculations.

TABLE 5.4: Load combinations in Ultimate limit state

Permanent loads G

Variable loads Q

Accidental loads

Unfavourable | Favourable Dominant Remainder
Fundamental Vfig * Grep;max Vfig® Grep;min Vfiq ® Ql;rep Vfiq ® 77[10,]’ . Qj;rep -
Accidental Yfig® Grep;maac Yfig® Grep;m?ln Yfiq* wl,l : Gl;rep Yfiq* wQ,l : Ql;rep Fa;rep

TABLE 5.5: Recommended reduction factors for load combinations[1]
Action Combination Frequent Quasi  static
factor, 1y value, g value,

Uniform surcharge load (cargo: containers, | 0,7 0,5 0,3
bulk goods)
Traffic loads (port vehicles) 0,6 0,4 0
Crane loads 0,6 0,4 0
Mooring loads (bollard pull/ hawser load) | 0,7 0,3 0
Ship berthing loads (reaction force fender- | 0,7 0,3 0
ing)
Earth pressures 1,0 1,0 1,0
(Ground) water pressures 1,0 1,0 1,0
Differential settlement 1,0 1,0 1,0
Environmental/Meteorological loads (wind, | 0,7 0,3 0
waves, currents, temperature, ice)

TABLE 5.6: Load combinations used for the design

Load combinations LC1 LC2 LC3 LC4 LC5
Vertical loads

Dead load 1,0 1,0 1,1 1,1 1-1
Earth pressure 1,0 1,0 1,1 1,1 1-1
Surcharge load 1,11 1,1-1 1,1.0,7 | 1,1-0,7 | 1-0,3
Crane 1,1.06 | 1,1-0,6 | 1,1-1 1,1-0,6
Horizontal loads

Crane 1,1-:06 | 1,1-0,6 | 1,1-1 1,1-0,6
Bollard 1,1.0,7 | 1,1.7 1,1-1
Fundamental water pressure | X X X X
Accidental loads

Collision 1-1
Failure drainage X

5.1.4 Determination of design water levels

Drainage systems are used to lower the occurring ground water level in order to reduce the water pressure

on the quay wall.

The assumption is that the soil conditions above the system are always permeable.

The combination of low water level (WL) and high ground water level (GWL) usually results usually in a

maximum water pressure difference over the quay wall. This maximum water pressure should be used in the

calculations.

The design groundwater levels are calculated assuming a reliable drainage system at NAP -0,63m (Mean Low

Water level). It may happen that the drainage (temporarily) does not function properly. This will result in
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an extreme load combination. The design water levels presented in Table 5.7 and Table 5.8 are according to

the guidelines presented in the Handbook Quay walls.

TABLE 5.7: Fundamental water pressure difference with drainage

Water level | Soil conditions | Outer Water | Ground water level | Ah,,, Ah
fluctuations level (OWL) (GWL) (ULS)
Tidal condi- | - LLWS=NAP hdrainage+0,3m=NAP >0,5m 0,51m
tions -0,84m -0,33
TABLE 5.8: Accidental water pressure difference with drainage
Accidental | Fluctuations | Soil con- | Outer Water level | Ground water | A,.n Ah
actions ditions (OWL) (ALS)
(GWL)
Flooding Tidal condi- | - GL-2-  Altide;mean = | GL-1,5- - 0,87m/
tions NAP +0,17m/ NAP | Ahtidesmean = 0,87m
+1,52m NAP +1,04m/
NAP +2,39m
Extreme - - LW1x250year= NAP - | hgrainage+0,3m=| - 1,97m
low water 2,30m NAP -0,33
Relieving | - - LW1x250year= NAP - | LW1x250year= - 0
platform 2,30m NAP -2,30m
Failure Tidal  condi- | Impermeable LW1lxyear= NAP -1,50m | MSL= >1,5m | 1,57m
drainage tions NAP+0,07m
Permeable LWlxyear= NAP -1,50m | MSL= >1,0m | 1,57m
NAP+0,07m

5.2 Design models

and calculation methods

Over time a wide variety of design methods for retaining walls have been developed. Well known methods

for calculation are:

e Blum

e Beam elastic foundation

e Finite element analysis

Before the advent of computing, the analytical approaches of Blum (1931) were often used. Due to the

development of the computer in the 1960s numerical integration of equations was made possible. As a result,

the application of the method based on elastic foundation for retaining wall were allowed. Problems that

were more complex than those considered in the analytical approaches of Blum could be solved. The recent

developments in numerical modelling introduced the finite element method. This approach is applied for the

design of complex quay walls. In the remainder of this section, the three approaches will be explained in

more detail.
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5.2.1 Blum method

With the classic method of Blum, a statically indeterminate system (the sheet pile wall and the ground
around it) is schematized as a static determined model. The deformation behaviour of the ground and the
sheet pile stiffness have no influence on the result of calculations. It is assumed that the displacement of the
wall will result in immediate yielding of active, respectively, passive failure of the ground on both sides of
the sheet pile wall. This implies that large soil deformations result in maximum shear stresses in the soil,
Figure 5.1. Based on the determined load distribution, the embedded depth can be determined. The deflec-
tion curve of the sheet pile wall can be derived from the moment distribution. The displacements calculated

with this method are nothing more than gross approximations.

Blum's assumption
for horizontal soil pressure

soil pressure

real soil pressure

+ S -5
wall displacement Sa 0 S,  wall displacement
at active side =1/1000 h at passive side

FIGURE 5.1: Blum’s assumption regards horizontal pressure[27]

When using the method of Blum, two types of limit equilibrium analyses may be used: free or fixed earth
support method. The deformation behaviour of free earth supported wall and fixed supported wall is different.
The fixed supported method provides a better distribution of moments, resulting in a lighter sheet pile wall
(Figure 5.2 and Figure 5.3). A further increase in the embedded length (approx. 20%) is required to achieve
full fixity in the soil[28].

schematisation shear deflection
and deformation moment  force angle
PR E ;

>
s
/
’

free supported, /
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FIGURE 5.2: Free support method[27]
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schematisation shear deflection
and deformation moment  force angle
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FIGURE 5.3: Fixed support method[27]

5.2.2 Beam on elastic foundation

With the calculation method based on the theory of elastically supported beam, it is made possible to enter
complex boundary conditions into the calculation programmes. Complicated conditions such as multiple
anchoring and construction phases. The input of different construction phases allows to carry the stress
history of the sheet pile to the following phase.

Also with this calculation method a modified modelling of soil behaviour is necessary. The soil mass is
modelled as a set of elasto-plastic springs. This is a simplification of the actual behaviour of the soil as the
effect of creep is excluded. The plastic behaviour of the surrounding soil is achieved by sufficient deformation

of the sheet pile wall. This results in the development of minimum active soil pressures and maximum passive
soil pressure.

YA VAR LA LAY 7

Linear distribution of sail
pressure

K

——y
FI1GURE 5.4: Interaction model used for the elastically supported beam
Given the complexity and the amount of calculations, a computer is required to find a solution. The computer

programs are based on uncoupled springs with the effect of arch working of the soil not taken into account.

The basic principle of this method is the elementary beam theory. This is based on the following[29]:
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e Normal to the neutral surface remain normal during deformation (Bernouilli)

e Hooke’s law

Normal forces are low, so they do not contribute to the deformation

Angle of rotation is small

Uncoupled springs

Calculation program D-Sheet is developed by Deltares and is based on the theory of elastic supported beam.

This calculation model is now widely used in the Netherlands and is also used in this research.

5.2.3 Finite Element Analysis

The finite element method is based on a model in which the behaviour of the soil and therein contained
construction elements are integrated. Stress equilibrium and deformation of soil and bending behaviour
of construction elements are described by coupled system of partial and ordinary differential equations.
Computer programs such as PLAXIS are used to solve these equations numerically. The finite element
method can be used for the solution of two-dimensional and three-dimensional problems. The reliability of
the results of a calculation strongly depends on the entered constitutive equations for the relation between
stresses and deformations. This is more complicated for soil compared to construction elements. For a
meaningful application, a good understanding of both the construction and characteristics of the soil is

necessary.

5.3 Requirements & boundary conditions

5.3.1 Introduction

This section presents the requirements and additions for the design of standard quay wall in the port of
Rotterdam. A distinction is made between functional and technical requirements. The standard quay wall
will not be designed for one specific location in the port. Furthermore, a distinction is made in quay walls
for inland shipping and seagoing shipping.

To be able to provide an overview of the most important aspects which have to be taken into account for
the standard design, the current situation and the limitations are described first. Some important aspects
are strongly related to the characteristics of the subsoil, the surface level and the water depth in the navi-
gation channels. For example, the depth of the navigation channel determines how far the different vessels

can navigate into the port. That means that giant sea-going vessels cannot berth in the urban part of the port.

5.3.2 Boundary conditions

Geotechnical
The soil properties are of great importance for the choice of the quay’s foundation and the stability of the
quay walls. For this study, the entire port of Rotterdam will be considered. The port of Rotterdam is divided

into three areas with its own characteristic soil profiles, namely:


http://www.deltares.nl/nl/software/619095/d-sheet-piling2
http://www.deltares.nl/en
http://www.plaxis.nl/
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e Area 1: The city area up to the river Oude Maas
e Area 2: Europoort (The area between the river Oude Maas and the Maasvlakte)
o Area 3: The Maasvlakte (I + II)

Typical cone penetration test (CPT) results are included in Appendix A. The soil profiles are based on
these CPTs and the soil parameters are determined by use of the Eurocode 7 and CUR 166. Europoort and
Maasvlakte have just about the same soil profile. Therefore, the same profile is used for both areas. The

characteristic values of soil properties are shown in Table 5.9 and Table 5.10.

TABLE 5.9: Characteristic values of soil properties area 1[30]

Layer nr. | Thickness layer [m + NAP| | Soil type | Ysat/7alkN/m3] | ¢lo] | d[o] | ka ke

1 +3,65 — +2,00 Fill sand | 20/18 27,5 18,3 | 0,31 | 4,69

2 2,00 — —5,00 Soft clay | 17/16 175 | 11,7 | 0,47 | 2,42

3 ~5,00 — —8,00 Soft peat | 10 15 |10 |052] 21

4 ~8,00 — —15,00 Soft clay | 17/16 175 | 11,7 | 0,47 | 2,42

5 —15,00 — —25,00 Sand 20/18 32 21,3 | 0,26 | 6,82

6 ~95,00 — —27,00 Loam 20 275 | 18,3 | 0,31 | 4,69

7 ~97,00 — —40,00 Sand 21/20 32 | 21,3 | 0,26 | 6,82
TABLE 5.10: Characteristic values of soil properties area 2&3 [30]

Layer nr. | Thickness layer [m + NAP] | Soil type Ysat/YalkN/m3] | ¢lo] | olo] | kp kp

1 15,00 — —20,00 Fine silty sand | 20/18 25 16,7 0,35 | 3,91

2 —20,00 — —23,00 Silty clay 20/18 22,5 | 15 0,38 | 3,30

3 793,00 — —35,00 Medium coarse | 20/19 32 | 21,3026 | 6,82

silty sand

Surface level

The position of the Maeslantkering, as part of Holland’s protection against the sea (Delta works), has been
a determining factor on the chosen ground levels in the different areas of the port of Rotterdam. Locations
situated outside the flood barrier (= sea side) have ground levels of approximately NAP +5m. Locations
behind the barrier (=urban area) have ground levels of approximately NAP +3,5m. The top of the quay
walls on the sea side of the barrier should be higher than behind the barrier.

Navigation channel

The position of the port at the gateway of the European inland waterway network makes the port of Rotter-
dam ideally located for the transhipment of cargo. The depth of the navigation channels is decisive for the
draught of the vessels. Subsequently, the required retaining height of the quay wall depends on the draught

of the vessels. The depth of the main navigation channels are given below, see also Figure 5.5.

1. Eurogeul channel: Depth is reducing from 24,5 to 24,0m MLLWS and is dictated for vessels with a
draught of between 17,4 and 22,55m.The Eurogeul channel is not illustrated in Figure 5.5.

2. Maasgeul channel: The Euro Channel ends and the Maas Channel starts. Depth of the channel is
24,3m MLLWS.

3. Nieuwe Waterweg: After leaving the Maasgeul channel, the Splitsingsdam separates the Nieuwe Wa-
terweg from the Caland kanaal. Minimum depth is 14,20m MLLWS.


http://www.deltawerken.com/Welcome-to-Deltawerken.Com---Delta-Works-.Org/10.html
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4. Nieuwe Maas: The Nieuwe Waterweg canal becomes the Nieuwe Maas. Minimum depth 13,80m MLLWS
to Waalhaven, from Waalhaven to Erasmusbrug 10,85m MLLWS.

5. Calandkanaal: Minimum depth is 22,75m MLLWS.
6. Beerkanaal: Entry to the Europoort area is via the Beer Canal. Minimum depth is 22,6m MLLWS.

Hasgus Airport

with " o o ey ' ‘Rotterd,
. . L Gamrur

Scheur

T,

..........

FIGURE 5.5: Overview navigation channels

Huge sea-going vessels can only berth at the quays in the Maasvlakte and the Europoort. The Europoort

can be reached through the Calandkanaal.

Hydraulic conditions

Water levels:

The water levels are determined at location Hoek van Holland. These levels are representative for the port
of Rotterdam. Table 5.11 shows the tidal data. The reference level is the Normal Amsterdam Level (N.A.P).

TABLE 5.11: Tidal data[31]

Type
Mean sea level [m +NAP] +0,07
Mean High Water level [m +NAP] | +1,11
Mean Low Water level [m +NAP] -0,63
Tidal difference (Ahiide;mean) [M] +1,74
Spring High Water level [m +NAP] | +1,30
Spring Low Water level [m +NAP] | -0,60
Tidal difference (Ahiide;spring) M) +1,90
Low Low Water Spring [m +NAP] | -0,84

The exceedance frequencies of water levels are presented in Table 5.12.
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TABLE 5.12: The exceedance frequencies|31]

Frequencies 1x/year 1x/10  years | 1x/100 years | 1x/250 years
[m+NAP] [m +NAP] [m +NAP] [m +NAP]
High water levels 2,45 3,00 3,60 3,90
Low water levels -1,50 -1,85 -2,15 -2,30
Waves:

The quay walls in the Port of Rotterdam are sheltered from waves coming from the sea. It is assumed that
there is no wave penetration into the port. The only waves that can reach the quay walls are generated by
wind in the port basins and ship-generated waves. However, it can be assumed that the waves generated by
wind are small in a protected area. The reason for this is the small fetches. The waves induces by passing
vessels affect two main aspects. First, the water level between the vessels will decrease, which results in
pressure differences on both sides of the vessel. This causes larger bollard forces on quay walls. Secondly,
the lowering of water level will eventually cause problems regarding required water depth. For simplicity

reasons, waves will be neglected in further calculations.

5.3.3 Functional Program of requirements

Retaining function

The quay wall must be able to retain soil and water safely. The required retaining height of the quay wall
will be determined by the top level of the quay wall and the bed level of the basin. This is for the three areas
different, because the surface level and the bed level differ. The required depth follows from a combination
of the draught of the design vessel, the keel clearance, bed level maintenance (dredging frequency) and the

design value of the lowest water level[l].

Bearing function

The quay wall must be able to bear the loads of cranes, vehicles and stored goods safely. For the bearing
function, it is essential to determine which type of goods will be stored and processed. The numbers and
types of cranes that will be placed on the quay and the speed of the loading and unloading of the vessels are
also very important. These factors are important for the transhipment capacity and the layout of the site.
A distinction can be made between the transhipment zone (on the quay deck) and the storage zone (some

distance from the front of the quay wall). This function is especially related to the width of the quay deck[1].

Berthing function

The quay wall must enable the vessels to berth quickly and safely. Loading and unloading of goods and
leaving the berth must be done without damaging the quay wall and the vessel. This function is largely
related to the length of the quay wall. The length required is depending on the number and type of vessels
(length of the vessel) that are expected to berth at the quay[1].

Safety function

The quay wall must enable the vessels to berth and leave the quay safely. Mooring facilities like bollards
and fendering are necessary for fastening the vessels. The kind of facility that is needed depends on the type
of design vessel and the natural conditions like the wind, currents and waves. Furthermore, the dimensions

of the vessel’s propellers and the power of it in combination with the required keel clearance determine the


http://www.portofrotterdam.com/en/Pages/default.aspx
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need for a scour protection[1].

5.3.4 Technical requirements

Nautical requirements

The required depth of a quay wall strongly depends on the draught of the design vessel. The largest draught
subsequently depends on the available water depth in each area. For this study, it is assumed that area 1
is only accessible for inland barges. The characteristics of the design vessels are shown in Table 5.13 and
Table 5.14.

TABLE 5.13: Characteristics of seagoing vessels for area 2 (Europoort) & area 3 (Maasvlakte)

Deep-sea vessel: containers

Alphaliner 220,000 DWT (20,250 TEU)
Length 440,0m

Width 59,0m

Draught 17m

Deep-sea vessel: dry bulk

Very large ore vessels 440,000 DWT

Length 362,0m

Width 65,0m

Draught 23,0m

The characteristics of the design vessel: City port (area 1), Europoort and Maasvlakte (area 2&3)

TABLE 5.14: Characteristics of inland vessels for area 1 (City port), area 2 (Europoort) & area 3

(Maasvlakte)
Inland vessels:
Vorstenbosch 13,300 DWT
Length 147,0m
Width 22,8m
Draught 5,4m

Retaining function

The required nautical guaranteed depth (NGD) is equal to the level of:

LLWS - 1,1 x the maximum draught[1]

When determining the total retaining height, also other factors should be taken into account. The following

factors are important:

e Maintenance margin
e Dredging tolerances

e Survey inaccuracies

The required retaining height is now equal to: LLWS - 1,1 x the maximum draught - (maintenance margin

+ dredging tolerances + survey inaccuracies)

This is illustrated in Figure 5.6.
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FIGURE 5.6: Important factors influencing the total retaining height[1]

For the different areas is the total required retaining height determined in Table 5.15. The values for the

maintenance margin, dredging tolerances and survey inaccuracies are described in Handbook of Quay walls,

Second Edition.

TABLE 5.15: Total retaining height for three areas

Inland vessels | Inland vessels | Deep-sea ves- | Deep-sea ves-
(area 1) (area 1) sels containers | sels dry bulk
(area 2&3) (area 2&3)
Surface level NAP +3,65m NAP +5m NAP +5,0m NAP +5,0m
Low Low Water Spring | NAP -0,84m NAP -0,84m NAP -0,84m NAP -0,84m
(LLWS)
Draught of the vessel (D) 5,40m 5,40m 17m 23m
Keel clearance (10%*D) 0,54m 0,54m 1,7m 2,3m
Maintenance margin (unpro- | 0,5m 0,5m 0,5m 0,5
tected)
Dredging tolerances 0,5m 0,5m 0,7m 0,7
Survey inaccuracies 0,1m 0,1m 0,1m 0,1
required nautical guaranteed | NAP -5,94m NAP -5,94m NAP -19,54m NAP -26,14m
depth
Design depth NAP -7,88m NAP -7,88m NAP -20,84m NAP -27,44m
Retaining height 11,53m 12,88m 25,84m 32,44m

Bearing function

Surcharge load:

Flexibility should be included in the design in order to have future-proof quay walls. The construction should

be able to facilitate different types of cargo in the future. Quay walls used for transhipment of containers

can also be used for other transhipment (for example dry bulk). However, container throughput has a much

lower surcharge load than dry bulk. Therefore, when bulk goods are stored behind the quay, it is necessary to

agree on the distance from the front of the quay. The surcharge load on the quay walls imposed by containers
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is determined by the number of containers that are stacked on each other. According to Handbook of Quay

walls the design values presented in Table 5.16 can be used for calculations.

TABLE 5.16: Design values surcharge load due to containers
Max. weight full container 350 | kN
Container on stack area, 2 layer | 35 | kN/m?
Container on stack area, 3 layer | 45 kN/m?
Container on stack area, 4 layer | 55 | kN/m?
Container on stack area, 5 layer | 70 kN/m?

For the design, the following uniform loads are investigated:

o 20kN/m?
o 60EN/m?
o 100kN/m?

For the quay walls used for seagoing vessels is in addition the influence of dry bulk investigated. According
to the Handbook of Quay walls a maximum surcharge load of 450kN/m? must be taken into account. In the

design, the following load schemes are further analysed:

q= 450 kN/m2

q= 20, 60, 100 kN/m2 =20 kN/m2

+3.35/45.00 #500 [y 199y

4—— Contract depth

| Design depth

in -— Contract depth

| Design depth

Distance x

FIGURE 5.7: Schematization of surcharge loads

Crane loads:

In Handbook of Quay Walls recommendations have been included regarding crane loads. For this research,
a distinction is made between fixed rail cranes and mobile cranes. Fixed rail cranes are used for loading and
unloading of seagoing vessels. Here, a distinction is made between cranes for containers and dry bulk. Mobile

cranes are used for loading and unloading of inland barges.
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Cranes used for seagoing vessels:

The crane used for the design of container quay walls, is the same as the Euromax container crane. The

characteristics are shown in Table 5.17 and Table 5.18.

Characteristics container crane:

e Number of wheels: 8

e Rail gauge: 30,48m

e Distance between wheels 1,05m

TABLE 5.17: Characteristics container crane for area 2&3[3]

Max. wheel load [kN] | Load on corner [kN] | Load per m [kN/m]
Vertical loads
Waterside 2000 16000 2177
Landside 2500 20000 2721
Horizontal loads
Waterside 45 350 48
Landside 45 350 48

The crane used for the design of dry bulk quay walls is a grab crane. The characteristic are shown in the

table below.

TABLE 5.18: Characteristics Grab crane for area 2&3([1]

Type of crane | Outreach Rail gauge | Max. ver- | Max. Number of | Wheel dis-
waterside [m)] tical load | wheel load | wheels tance [m)]
] [kN] [kN]

Grab crane 45 24 12483 1560 8 1,57

TABLE 5.19: Characteristics mobile crane

Gottwald Mobile Harbour Crane

Total crane weight [t] 600
Maximum load [t] 80

Base [m2] 11,1 x 19,5
Stabilizer pad size [m2] 2x4,5
Radius [m] 39

The mobile cranes are able to move along the quay wall, differently than fixed rail cranes. Two different

modes are distinguished:

e Crane in travelling mode

e Crane in operation

The area covered by the crane in travelling mode is approx. 220m?. As such the uniformly distributed load
will be 6000/220 = 27kN/m?. Since this value is lower than the minimum surcharge load (35kN/m? and

cannot occur at the same time, the value of the surcharge load is used for the calculations. When the crane

is in an operational mode, the load effects cannot be considered as uniformly distributed over the entire base.

Three different positions are possible, see Figure 5.8. The most unfavourable position is position II, where
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the load is exerted on only one pas (A). The location of the crane on the quay contributes a large proportion
to the anchor force. The closer the crane on the edge of the quay wall, the greater the effect on the combined
wall. When the distance from the concrete beam is too small, the load will not end up on the combined
wall but will be distributed as a horizontal load in the concrete superstructure. For further calculations it is

assumed that the crane is located at a sufficient distance.

Pos. Il Pos. Hl

Pos.

F1GURE 5.8: Crane in operational mode

Protective function

Bollard loads:

The bollard forces acting on the quay wall are dependent on the dimensions of the vessels. In the EAU
2012[32](table E 12-1) the characteristic values are given for the bollard load (Table 5.20). For the seagoing
vessels (area 2 and 3), the highest category is held for the bollard forces. In the case of the design vessel, a
water displacement of more than 250.000 tons occurs. This results in a bollard force of 2500 kN acting on

the quay wall.

TABLE 5.20: The bollard forces

Water displacement [tons] | Bollard force [kN]
Up to 10.000 300

Up to 20.000 600

Up to 50.000 800

Up to 100.000 1000

Up to 200.000 2000

Up to 250.000 2500

>250.000 2500

The inland barges have much smaller dimensions. The water displacement that occurs can reach up to a
maximum of 50.000tons. This results into a smaller bollard force. For the calculations a force of 800kN will
be used (Table 5.21).

TABLE 5.21: Line forces acting on the quay

Inland barges | Deep-sea vessels
Bollard force (line force) | 800 kN 2500 kN
C.t.c distance 15m-20m 15m-20m
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Berthing loads:
The kinetic energy of berthing vessel needs to be absorbed by a suitable fender system. The calculation takes
into account the extreme combinations of vessel displacement, design velocity, angle and different types of

coefficients. The total amount of kinetic energy to be absorbed by the fender can be calculated as:

1
Erin = §msUfCHCECsOc (5.5)

Vessels do not always berth under normal conditions. Sometimes collision may occur due to human error,

exceptional weather conditions, malfunctions or a combination of these factors.

With reference to the berthing angle and velocity of the design vessels, the following energies are considered
(Table 5.22):

TABLE 5.22: Berthing energy

Design Angle of | Berthing
velocity approach energy
[m/s] [°] [kNm]
Area 1,2&3 Inland | 0,15 15 138
vessels
Area 2&3 Deep-sea | 0,1 5 1595
vessels

Every type and dimension of fender has different characteristics. Regardless which type of fender is chosen,

they must have sufficient capacity to absorb the berthing energies of vessels.

Bottom protection
The dimensions of the vessel’s propellers and the power of it determine the need for a scour protection. The

scour protection will not be investigated in this master thesis.



Chapter 6

Design cases

6.1 General

For this research different quay walls are analysed to provide a technically and economically optimal design
of a quay wall. A number of factors are of great importance and are assessed through a parametric analysis.

These factors are:

e Area-related factors
e User-related

e Project-specific factors

Arearrelated factors include geotechnical data, water levels and accessibility of different vessels. Project-
specific factors are greatly related to existing infrastructure/interfaces (including foundation, old quay walls
etc.), geometric data (specific height ground level) and space requirements for construction (wet or dry).
User-related factors include different surcharge loads and the type of vessels. The development of the ship-
ping industry is here of great importance here. This has an impact on the design depth and the strength of

the quay walls.
The standard principle solutions investigated for this research have the character of a concept design. Within

an actual project, the project-specific factors can be further elaborated into a definitive design. Therefore,

the project-specific factors will not be further included in this research.
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6.2 Different research cases

A two dimensional parametric analysis is done for eight different cases to investigate the role of major factors
as the retaining height, surcharge load, soil profiles and a relieving platform on the design and the costs of

quay walls. Here, a distinction is made between quay walls for inland barges and seagoing vessels.

Inland barges

For the quay walls used by inland barges, a comparison is made between an anchored sheet pile wall and an
anchored combined wall. This is done in order to analyse the influence of the different type of walls.

The inland barges can, due to their shallow draught, berth in the entire port, therefore two different soil pro-
files (City port and the Europoort&Maasvlakte) are investigated. As described in the boundary conditions,

the soil conditions are different for these two areas.

Seagoing vessels
For the quay walls used by deep-seagoing vessels, first a comparison is made between an anchored combined
wall without a relieving platform and a combined wall with relieving platform. Secondly, some variation is

disposed in the relieving platform. The length and the depth of the relieving platform is varied.

The seagoing vessels can, due to their bigger draught, only berth at the quays in the Europoort and the

Maasvlakte. A parametric analysis is therefore only done for soil conditions in area 2&3 (Europoort&Maasvlakte).

The different cases are mentioned in the diagram Figure 6.1 below.
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Quay for inland

barges
(Area 1 and 2&3)

Case Al:
Anchored sheet pile wall
(Area 1)

Case B1:
Anchored combined wall
(Area 1)

Case A2:
Anchored sheet pile wall
(Area 2&3)

[o11:0:¥H
Anchored sheet pile wall
(Area 2&3)

Quay for
deep sea-going
vessels
(Area 2&3)

Case C:
Combined wall without
relieving platfom

Case D:
Combined wall + relieving
platform (length 15m) +
Anchor level NAP -2m

Case E:
Combined wall + relieving
platform (length 15m) +
Anchor level NAP -6m

Case F:
Combined wall + relieving
platform (length 20m) +
Anchor level NAP -2m

FIGURE 6.1: Different design cases

In order to give a better image of the cases, the cross-sections of the quay walls are illustrated in the figures
below. The width of the beam of the relieving platform w, the anchor length L, and the embedded depth
depend on the retaining height, surcharge and the soil profile.
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Anchored sheet pile wall (A1) and anchored combined wall (B1) in the City Port, used by

inland barges.

CASE A1 Inland shigping (sheet gile wall) CASE B1. Inland shipping (combined wall)
w w
— —

NAP +3 65m NAP +3.66m

NAP +0m NAP +0m

NAP -2m NAP -2m

Variable: NAP -8m, -8m. -10m | WVariable: NAP -8m, -8m, -10m

FIGURE 6.2: Design cases Al and Bl
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Anchored sheet pile wall (A2) and anchored combined wall (B2) in Europoort & Maasvlakte,

used by inland barges.

CASE A2. Inland shipping (sheet pile wall)

NAP +5m

Variable: NAP -8m, -9m, -10m

NAP +5m

Variable: NAP -8m, -8m, -10m

FIGURE 6.3: Design cases A2 and B2
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Combined wall in absence (C) and presence (D, E,

Maasvlakte, used by deep seagoing vessels.

CASE C: Deep-sea shipping (combined wall)

Length relieving platiorm 15m

NAP Em

Variable: NAP -15m, -20m, -25m

niable: NAP -15m, -20m. -25m

Variable: NAP -15m, -20m, -25m

F) of a relieving platform in Europoort &

Length relieving platform 15m

NAP +5m

FIGURE 6.4: Design cases C, D, E and F
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The main cases are further divided into sub-cases. Depending on the area (ground level) and type of quay

wall (inland or seagoing), a number of retaining heights are investigated. For each retaining height, three

different surcharges are considered. The sub-cases listed in the tables below are elaborated in the remainder

of this report. For some sub-cases, an additional surcharge of 40kN/m? is considered. This is indicated in

the tables by the sign '+’.

TABLE 6.1: Sub-cases inland barges area 1

SUB-CASES A1l and B1 (City port)
Retaining height [m] | Surcharge [kN/m?]

A1l1, B11 11,65 20
A12, B12 11,65 60
A13, B13 11,65 100
Al4, B14 12,65 20
A15% 12,65 40
A15, B15 12,65 60
A16, B16 12,65 100
A17, B17 13,65 20
A18, B18 13,65 60
A19, B19 13,65 100

TABLE 6.2: Sub-cases inland barges area 2&3

SUB-CASES A2 and B2 (Europoort&Maasvlakte)

Retaining height [m] | Surcharge [kN/m?]
A21, B21 13 20
A22% 13 40
A22, B22 13 60
A23, B23 13 100
A24, B24 14 20
A25, B25 14 60
A26, B26 14 100
A27, B27 15 20
A28, B28 15 60
A29, B29 15 100

TABLE 6.3: Sub-cases seagoing vessels area 2&3

SUB-CASES (Europoort&Maasvlakte)

Retaining height h [m] | Surcharge q [kN/m?]
C1, D1, E1, F1 20 20
C2, D2, E2, F2 20 60
C3, D3, E3, F3 20 100
C4, D4, E4, F4 25 20
Cs, D5, Eb, F5 25 60
Ce6, D6, E6, F6 25 100
C7, D7, E7, F7 30 20
C8, D8, E8, F8 30 60
C9, D9, E9, F9 30 100




Chapter 7

Platform Analysis

7.1 General

The different research cases are discussed in the previous chapter. Case D, E and F have a relieving platform.
In quay walls, a relieving platform can be built to reduce earth pressure on the (combined/slurry) wall.
Figure 7.1 shows the principles on which the determination of the impact of a relieving platform is based. In
case of a relieving platform, the earth pressure starts on the level of the lower side of the relieving platform
instead of the ground level at the top. The line starting from the rear of the relieving platform can be used as
the upper bound, at the angle ¢, and the lower bound, at the angle ¥, of the transition zone. The influence

of the surcharge starts from the upper bound and the full influence is valid from the lower bound.

g cEarth
pressure
@ ql N\
- \
/ / A
AN
7y

/ \

\CP /

/ . 5
/ 24
9 . g9

FIGURE 7.1: Principle of a relieving platform
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7.2 Modelling of the loads

The quay walls should be able to resist the different types of loads that are described in the boundary
conditions and requirements. This section deals with the classification of all the loads imposed on the
relieving platform, which result in reaction forces in the foundation (combined wall and vibro piles) system.

The loads are shown in Figure 7.2 and Table 7.1.
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FIGURE 7.2: Loads acting on the relieving platform
TABLE 7.1: Loads acting on the relieving platform
Description Type of load Load number
Dead load Permanent 2,3
Soil weight Permanent 4
Effective soil pressure | Permanent 8
Surcharge load Variable 1
Water pressure Variable 5,7
Crane load Variable 6,9
Bollard load Variable 10
Berthing load Variable 11
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7.3 Schematization SCIA-engineering

Using the program SCIA-engineering, reaction forces caused by the load cases LC1 to LC4 (Table 5.6) are
calculated. The calculations are based on the statically determinate system shown below. The loads acting

on the relieving platform, for each sub-case, are presented in appendix B.

o

A B

FIGURE 7.3: Static determined system

In the static model, the connection point A is simulated as a fixed hinge and point B as a roller. The
assumption of considering the combined wall and the vibro piles as respectively a hinged support and a
roller, reduces the degree of freedom. The simplified statically determinate model enforces all horizontal

loads to be absorbed by support A.

This assumption is justified by the fact that the vibro piles would absorb only a small part of the total acting
horizontal forces, compared to the share absorbed by the MV-piles. For this reason, the assumption is quite

conservative.

7.4 Results from SCIA-engineering

The, with SCIA-engineering calculated, reaction forces are shown in Table 7.2. It has to be noted that only
the governing values, which lead to a maximum stress in the combined wall, are included in this table. An

extensive table of all load combinations is included in Appendix C.
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TABLE 7.2: Governing reaction forces

SUB-CASES

Vertical reaction | Horizontal reaction | Vertical reaction

force in point A | force in point A | force in point B

FV,A[kN/m] FH7A[kN/m] FV7B[kN/m]
D1 3137,72 293,63 1352,95
E1l 3250,22 564,40 1610,16
F1 3591,42 293,67 1850,45
D2 3344,46 408,47 1608,21
E2 3506,16 744,80 1816,22
F2 3868,70 408,47 2189,17
D3 3551,20 523,27 1863,48
E3 3762,09 925,20 2022,29
F3 4145,99 523,27 2527,89
D4 3223,56 293,63 1352,95
E4 3331,15 564,40 1610,16
F4 3642,92 293,67 1850,45
D5 3430,30 408,47 1608,21
E5 3587,09 744,80 1816,22
F5 3920,21 408,47 2189,17
D6 3637,03 523,15 1863,48
E6 3437,34 904,08 2022,29
F6 4197,49 523,27 2527,89
D7 3360,90 293,63 1352,95
E7 3520,00 564,40 1610,16
F7 3763,10 293,67 1850,45
D8 3567,64 408,47 1608,21
E8 3775,93 744,80 1816,22
F8 4040,38 408,48 2189,17
D9 3774,37 523,27 2172,85
E9 4031,86 925,20 2022,29
F9 4317,66 523,27 2527,89




Chapter 8

Sheet pile wall analysis

8.1 General

In section 5.2 three different design methods are described, each with its own applicability. Given the amount
of calculations and the stage of design, the calculation program D-sheet, which is based on the theory of elastic
supported beam, is used in this research. The following aspects have to be considered in the calculations,

see also Figure 8.1:

Effect of inclination of the wall

e Effect of axial load from the superstructure

e Effect of an eccentrically placed saddle (in case of relieving platform)
e Effect of transfer of axial load
Schematisation Resultant M M M M Shear forces Displacements
earth pressure  earth pressure  eccentric 2 order resultant
I
N, Nyt
d N, e L_n_ d,
d “ecc | Ng™ 77 d
E Mg span max 5
-g —-—
h Centre of
moments
Centre of
moments Load centre
M Deep shear
d fix max centre
[

05N, e

ecc Fouckting =-F—EL-.
‘buckling”

FIGURE 8.1: Principe of moment distribution[1]
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It should be noted that:

e The sheet pile walls considered in the design cases, are positioned vertically. The favourable effect of
inclination of the wall on both active and passive earth pressures as well as the bending moment in the
sheet pile wall is not considered.

o The unfavourable 27 order moment is considered negligible, considering the aforementioned, and has
not been taken into account. From the experience of the employees at the Public Works of Rotterdam,
it could be said that the 2"¢ order moment has a contribution of approximately 10% to the total

moment.

8.2 Schematization D-sheet

For the governing load combination, the horizontal force from the superstructure (Fg,4) and the vertical
reaction to the combined wall (Fy 4) are applied in D-sheet. The vertical reaction on the combined wall is
multiplied by the eccentricity of the saddle in point A (a connection between the relieving platform and the
combined wall), resulting in an external moment. The anchor is simulated as an infinite stiff spring. This
assumption will result in an upper limit for the anchor force since its stiffness is assumed infinite. This is

again a conservative assumption. The schematization in D-sheet is shown below.

F

VA

— Soil weight

Spring anchor

FIGURE 8.2: schematization of a deep-sea quay wall in D-sheet

It should be noted that:

e In case of a relieving platform (case D, E, F), the soil weight is added to the surcharge and applied at
the level of the relieving platform.

o In case of a relieving platform (case D, E, F), the vertical reaction force Fy 4 is imposed on top of the
wall as an external load.

e In case of a quay wall without a relieving platform (case C), the vertical crane load is imposed on top
of the wall as an external load.

e In case of quay walls used by inland barges (A1, B1, A2, B1), there is no axial force applied in D-sheet
(Section 5.3.4).
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8.3 Sheet pile profiles

The two main steel sheet pile profiles are the Z- and the U-profiles. The characteristics of Z-profiles are
the continuous form of the web and the location of the interlocks which are symmetrically placed on each
side of the neutral axis, which result in a positive influence on the section modulus[33]. With U-profiles, the
interlocks are centrically placed (on the neutral axis).When U-profiles are used, the effect of oblique bending
should be considered. The main advantage of U-profiles is the wide range of profiles with different geometric

characteristics, making it possible to choose a profile that is both technically and economically most suitable.

Sheet pile walls are generally applied when retaining heights up to 12m are involved. When larger retaining
heights and heavy loads are involved, combined sheet pile wall systems are preferred. Section 3.3.2 provides
a detailed description of sheet pile walls and combined walls. For the quay walls used by inland barges, with
retaining heights up to 15m, a comparison is made between an anchored sheet pile wall and an anchored
combined wall. The choice of wall is prompted by the design and the feasibility of it. Each variant has its
advantages and disadvantages. The sheet pile wall has the advantage that it can easily be extracted from the
ground. But on the other hand, its applicability is limited considering the retaining height and the surcharge.

The combined wall is also applicable to larger retaining heights and larger surcharges.

For the design, the following is considered and applied:

e In order to minimize the risk of interlock openings, triple U-shaped intermediate sheets are applied in

combined walls.

e AU-profiles have achieved a weight reduction of about 10%][33]compared to the PU series. This is done
by optimising the geometric dimensions.

e For sheet pile walls, Z-profiles are applied.

e Combined walls are applied in steel quality X60 and X70.

e Sheet pile walls are applied in steel quality S355.

e The embedded level of the intermediate sheets is kept to at least 2 m below the point of zero shearing

force.

The characteristics of the sheet pile profiles used in the design of quay walls are presented in Table 8.1 and
Table 8.2. It should be noted that:

e As the influence of intermediate elements on the strength of combined walls is marginal, in each design
case the same sheet pile element was chosen. The tubular piles, which largely determine a combined

walls’ strength, haven been varied per case.

e The sheet pile profiles used for the design of quay walls for inland barges are differently per case.
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TABLE 8.1: Characteristics of AZ-profiles

Sheet pile profile (AZ)

AZ40-700 | AZ46 AZ48 AZ50
Thickness (t;) 17 18 19 20 [mm]
Thickness (t;) 13,2 14 15 16 [mm]
Width (b) 700 580 580 580 [mm]
Height (h) 501 481 482 483 [mm]
Section area (A) 244 291 307 322 [mm? /m)]
Mass (G) 192 229 241 253 [kg/m?]
Moment of inertia (I) | 1,0008%10° | 1,1045%10° | 1,1567*10° | 1,2106%10° | [mm?*/m
Section modulus (W) | 3,995%10° | 4,595%105 | 4,800%10° | 5,015%10° | [mm3/m

TABLE 8.2: Characteristics of intermediate sheet piles

Intermediate elements (AU 20)

Thickness (t;) 12 [rmm]
Thickness (t;) 10 [rmm]
Width (b) 750 [mm]
Height (h) 444 [mm)]
Section area (A) 165 [mm?/m]
Mass (G) 129 [kg/m?]
Moment of inertia (I) 4,444%10% | [mm?*/m]
Section modulus (W) 2*10° [mm3]
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8.4 Result from D-sheet analysis

The maximum moment and anchor force are summarised in the following graphs. The graphs present, for
different surcharges, the relation between the maximum moment/maximum anchor force and the retaining
height. Appendix D includes, for each case, the distribution of the internal forces along the beam axis. The

anchor force is obtained by multiplying the horizontal support reaction (Fsypport) with V2.

Maximum moments and anchor forces for soil profile in the City port, inland barges

As it can be observed from the following graphs, the combined wall is less sensitive to larger retaining heights
and larger surcharges. The sheet pile wall can withstand a maximum surcharge of 60kN/m?, at retaining
heights up to 11, 65m and withstand maximum a surcharge of 40kN/m? at retaining heights up to 12, 65m.
Whereas the combined wall can withstand surcharges up to 100kN/m?.
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Maximum moments and anchor forces for soil profile in Europoort & Maasvlakte, inland barges

The same can be said for the moments (Figure 8.7 and Figure 8.9) and anchor forces (Figure 8.8 and

Figure 8.10) in the Europoort and the Maasvlakte. The combined wall is, in comparison with the sheet pile

wall, less sensitive to larger retaining heights and larger surcharges. For the soil conditions in the Europoort

and the Maasvlakte, sheet pile walls can withstand a maximum surcharge of 40kN/m? at retaining heights

up to 13m. Whereas the combined wall can withstand surcharges up to 100kN/m?.
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FIGURE 8.7: Maximum moments CASE A2
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Maximum moments and anchor forces for soil profile in Europoort & Maasvlakte, seagoing

vessels

CASE C
16000
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FIGURE 8.11: Maximum moments CASE C
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FIGURE 8.13: Maximum moments CASE D
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CASEE CASE E
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FIGURE 8.17: Maximum moments CASE F FIGURE 8.18: Maximum anchor forces CASE F

If we compare the graphs of the maximum bending moment of the different quay walls used by sea going
vessels, we see significant differences. A quay wall without a relieving platform is more sensitive to larger

retaining heights and surcharges. The following can be derived from the graphs:

e In case of a quay wall without a relieving platform (case C), the graph increases for each surcharge
almost linearly. This, while in the cases of a quay wall without a relieving platform (case D, E, F), the

graphs increase more or less parabolic.

e In case of a quay wall without a relieving platform (case C), for each retaining height an increase of
bending moment is shown. This, while in the case of a quay wall without a relieving platform (case D,

E, F), the bending moment remains substantially the same.

e Increasing surcharges lead to larger difference in bending moment between a quay wall with relieving

platform (case C) and without a relieving platform (case D, E, F).

e Increasing retaining heights lead to larger difference in bending moment between a quay wall with

relieving platform (case C) and without a relieving platform (case D, E, F).
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e A deep relieving platform (case E), in comparison with a shallow relieving platform (case D), has
lower bending moments, yet higher anchor forces. The lower bending moments are favourable for the
dimensions of the combined wall.

e A long relieving platform (case F), in comparison with a slightly shorter relieving platform (case D),

has lower bending moments which is favourable for the dimensions of the combined wall.

8.5 Dimensioning and verification

8.5.1 Substructure (front wall)

The verification of the sheet pile wall and the combined wall is done by comparing the stresses, occurring as
a result of the bending moments and axial forces, to the design value of the yield stress. It should be noted
that the preliminary dimensions are obtained by means of an iteration process in D-sheet. This is done to
make a first estimation of the internal forces in the wall.

The following equations are used here:

o4 < oy (8.1)

(8.2)

Ntot7d = Fsup,d + Fa,d : Si?’l(Oé) (83)

The wall is loaded by a vertical component of the anchor force and an axial force due to the superstructure.
The summation of the axial force and the vertical component of the anchor force are equal to the total
axial force working on the wall. In case of a relieving platform, the axial force is equal to the vertical reac-

tion in point A. For quay walls without a relieving platform, the axial force is equal to the vertical crane load.

The results of the cross-section check are presented in appendix E. The conclusions drawn in Section 8.4, are

viewable in the dimensions of the wall. The following can be derived from the cross-section check:
Quay walls used by inland barges

e The dimension of the wall increases with increasing retaining height.

e The dimension of the wall increases with increasing surcharges.

Sheet pile walls are not always applicable. The heaviest sheet pile profile can withstand a limited

surcharge.

In area 2&3, the wall should be driven deeper in comparison with area 1. This is due to the intervening

layer of clay.

Quay walls used by seagoing vessels
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e In case of a quay wall without a relieving platform (case C) the dimensions of the wall are larger,
compared to a quay wall without a relieving platform (case D, E, F).

e In case of a quay wall without a relieving platform (case C), for each retaining height an increase of
dimension is shown. This while in the case of a quay wall without a relieving platform (case D, E, F),
the dimension remains substantially the same.

e A deep relieving platform (case E), in comparison with a shallow relieving platform (case D), has
smaller wall dimensions.

e A long relieving platform (case F), in comparison with a slightly shorter relieving platform (case D),

has smaller wall dimensions.

8.5.2 Superstructure

As can be seen from the previous section, the front wall has several dimensions. The dimension depends on
the retaining height, surcharge, geotechnical conditions and the presence or absence of a relieving platform.
The dimension of the superstructure is in turn related to the substructure (Section 8.5.1). The figures below

represent the two different investigated types of superstructure, the capping beam and the relieving platform.

05 w105 05 W1
NAP +3,65/+5m @ - NAP +5m @ .
ho ] R T T T T
NAP -2m NAP -2m/ -6m - _,—————"J
Kl I

FIGURE 8.19: Cross-section superstructure

The following is considered:

e The level of the upper side of the quay wall is equal to the height of the surface. Each area has a
characteristic surface level.

e The bottom of the capping beam and relieving platform is preferably located at NAP-2m (approx. 1m
below the LWS), as in that case all steel is below water level almost all the time, which in turn makes
a cathodic protection work well and there will be no need for coating in the splash zone. In case E, the
relieving platform is located deeper to investigate its influence.

e The width is equal to the summation of the required profile height of the sheet pile wall or the required
diameter of a combined wall and a tolerance of approximately 0,5m.

e The height of the platform is 10% of the length. This is derived from the rule of thumb, which is equal

to 1/10*L. The dimensions of the superstructures are summarised in appendix F.
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8.5.3 Vertical bearing capacity

The wall is loaded by a vertical component of the anchor and an axial load at the head of the wall (load of
the superstructure). By applying the anchor at an angle, a downwardly directed vertical force on the wall
comes into play. In this section, it is checked whether the wall has sufficient strength to support the total
vertical load.

The vertical bearing capacity of the wall is determined by the following components:

e Resulting force from the passive and active soil wedge (negative shaft friction)
e Shaft friction on the part of the wall below the point of zero shearing force

e Tip bearing capacity

The bearing capacity of shaft and tip are determined through the q.-method. The resulting force from the

passive and active soil wedges follows from D-sheet calculations.

The following equations are used here:

Fr,mam = L'romaz,shaft + Fr,max,tip (84)
AL
F?",'maa:,shaft = Op,avg : PT,maac,shaftdZ (85)
0
Fr,mam,tip = Atip ' Pr,ma:c,tip (86)

The vertical load capacity should be checked on the following criteria:

Frmae

- > Faz,d + Fns d (87)
f *Ym !

Fr,mam,d > Faa:,d + Fnsf,d (88)

The result of the calculations are presented in appendix G.

8.5.4 Anchor

MV-piles are often used in quay designs since large anchor forces must be transferred to the ground. The
design cases investigated in this research are also provided by MV-piles. For reasons of comparing, the same
MV-pile is applied in each case. Depending on the surcharge, retaining height, geotechnical conditions and
the presence of a relieving platform, the centre-to-centre distance of anchors and the anchor length vary from

case to case.
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MV-piles consist of a steel H-beam which is coated with cement grout during installation. The holding
capacity of this kind of anchors is provided by means of friction between the surrounded ground and the with
cement grouted body. By applying an H-beam, a long contact area can be obtained with relatively small
profile. The holding capacity of an MV-pile is found by summation of the maximum shear stress along the
interface, between the hardened grout body and the sand, over a length of L.ss. The following equation is

used for the calculation:

Ry =Y 0 Less-qe (8.9)

It should be noted that the effective length that contributes to the holding capacity is situated outside the

active wedge. The principle is illustrated in the figure below.

FIGURE 8.20: Principle of a MV-pile[1]

From the many loading tests in the port area of Rotterdam is concluded, that the maximum shear stress
in the pleistocene sand layer is equal to 1,4%][29] of the average cone resistance. However, the maximum
shear stress should be kept at 250kN/m?[29] and a safety factor of 1,4[29] should be applied on the holding

capacity of the anchor. The characteristics of the chosen MV-pile are summarised in the table below.

TABLE 8.3: Characteristics MV-pile

Thickness

Thickness (tf) | Width B [mm] | Height h [mm] | Section area
(tw) [mm] [mm] (A) [em?]
HP 400x231 26 26 372 402 294,2




Chapter 9

Future adaptation

9.1 General

As discussed in the introduction of this report, different principle solutions for quay walls are investigated to
reduce the difference between the technical and economic lifetime of quays. By standardizing the design, a
certain degree of flexibility can be achieved. Flexibility of quay walls means that a quay wall can be converted

for multiple types of vessels or multiple types of cargo and therefore becomes more future-proof.

The Rotterdam Port Authority depreciates quay walls after 25 years. In most cases, quay walls are still
structurally sound after 25 years and can still be put to economic use, provided they meet the requirements
of the new client. When the new client has different requirements regarding the storage of cargo, this may
lead to adjustments on the quay wall which in turn can result in additional costs for the owner.

Quay walls used for transhipment of containers can also be used for other purposes such as dry bulk. How-
ever, container throughput has a much lower surcharge load than dry bulk. Therefore, when bulk goods are
stored behind the quay, it is necessary to agree on the distance from the front of the quay to the storage
boundary. In this chapter this distance will be discussed in terms of the stability of the existing quay wall.

It should be noted that this is done for the design cases of the deep-sea quay walls only.

9.2 Storage of dry bulk

Four different deep-sea quay walls are investigated in order to calculate the minimum distance between the
dry bulk and the front of the quay wall. The presence or absence of a relieving platform plays a major role.

Regarding the calculations, the following has been adopted:

e The dimensions of the combined wall remain the same.
e The anchor profile, length and the centre-to-centre distance of the anchors remains the same.

e The embedded level of the primary and the secondary elements is not changed.
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e The soil conditions for Europoort and Maasvlakte are looked at.

e The minimum distance to the front of the quay wall is equal to the width of the active soil wedge.

It should be noted that for each retaining height, the subcase with the smallest dimensions of the combined
wall (that is in case of surcharge 20k N/m?) is checked on dry bulk as surcharge. This is in fact the governing
case in relation to the dimensions.

The results of the calculations are represented in Table 9.1 and Figure 9.1. From the comparison of C with
the other cases, it can be concluded that the relieving platform is advantageous in the case of dry bulk,
in the sense that the surcharge can be placed closer to the quay wall. The depth and the length of the
relieving platform clearly have no influence on the bulk storage, but it has already had its positive influence
in determining the dimensions of tubular piles, which have been the starting point in these calculations.

It is remarkable that a quay wall without a relieving platform (case C), at a retaining height of 20m, requires
a relatively large distance to the front of the quay. This is explained by the fact that in this case the anchor
length is governing for the determination of the distance. The required distance should be large enough to

ensure that no adjustments are needed to the existing anchor (as in the case of container storage).

TABLE 9.1: Minimum distance to the front of a quay wall

CASE Distance CASE Distance CASE Distance CASE Distance

C to the | D to the | E to the | F to the
quay [m] quay [m] quay [m] quay [m]

C1 70 D1 16 El 15 F1 15

C4 35 D4 16 E4 16 E4 20

Cc7 35 D7 20 E7 20 E7 20

Surcharge 20 kN/m2
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FIGURE 9.1: Minimum distance to the front of a quay wall, for surcharge 20kN/m?



Chapter 10

Cost estimation

10.1 General

A technical assessment of quay wall designs is carried out in previous chapters. In addition, a financial
assessment will be carried out in this chapter to give a better picture of the optimum price/quality relation.

In this way, the opportunity is given to choose the best solution.

CROWT/1] is one of the various methods that can be used to determine the costs of civil engineering projects.
Within this sector, this approach is the most accepted way of assessing costs and can be used for every
project phase. The total construction cost can broadly be classified into direct and indirect costs. The direct
costs are divided into material, equipment and labour costs. The design cost is a part of the indirect costs.
For this study, only the indirect costs are considered. A rough estimation is accomplished in order to make
a comparison between the different design cases. For the first estimation some indices, available from the
literature, are used. In the Netherlands the total construction costs of quay walls per m’ retaining height are

as follows:

TABLE 10.1: Costs regarded to retaining height[1]

Retaining height [m)] Cost per m’ [€]
5-10 1050 - 1250
10-20 1250 - 1500
20-30 1500 - 1700

It should be noted that the table above does not include the costs of engineering, bottom protection, fendering

and dredging in front of the quay.

10.2 Construction costs

For the estimation of the construction costs, available values based on already attained projects from Public
Works of Rotterdam are used. The values used include equipment, production and formwork. See table

below for the used values. The analytical cost analysis of each quay wall component is found in appendix I.
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TABLE 10.2: Construction costs for each component

Quay component Value Unit
Sheet pile wall (steel) 1400 [€/ton]
Combined wall (steel) 1300 [€/ton]
Superstructure (concrete) 328 [€/m?]
MV-piles 321 [€/m]
Vibro piles 90 [€/m]

For reasons of comparison, the components listen in Table 10.2 are analysed, for each design case. Firstly, the
construction costs of the cases are compared. This is done for two different areas. Secondly, the increase of
percentage of these costs, due to increasing surcharges and retaining heights, is illustrated. Also, a comparison
is made between the cost for quay walls with and without relieving platform. In addition, the influence of

deeper and longer relieving platform on costs is also presented.

10.2.1 Quay walls used by inland barges in the City port

Construction costs

As it can be observed from the following table and graph, sheet pile walls are less expensive compared to
combined walls, in case of low surcharge. At retaining heights up to 12,65m and surcharges up to 40kN/m?,
sheet pile walls are less expensive. In case of a surcharge of 60kN/m?, the sheet pile wall is still less expensive
but can only be applied to retaining heights up to 11,65m. For larger retaining heights and larger surcharges,
the combined wall should be applied.

TABLE 10.3: Construction costs for several design cases in area 1

Al Costs [€/m] B1 Costs [€/m]
A1l 9061 B11 10234
A12 11661 B12 12869
A13 - B13 15214
Al4 9657 B14 10634
Al5* 10770 B15 13077
A1l5 - B16 16166
Ale - B17 11481
A17 10302 B18 14034
A18 - B19 16770
A19 -
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Construction costs (area 1)

22000,00
20000,00
= 18000,00 o
& 16000,00 | e : —— !
= = —
3 14000,00 -
© 12000,00 | —® - —
10000,00 | -.\__;___-....——--——-".
8000,00
11 11,5 12 12,5 13 13,5 14
Retaining height [m]
=4 =100 kN/m2 CASE B1 =60 kN/m2 CASE B1
==>é==q=20 kN/m2 CASE B1 —®— =60 kN/m2 CASE A1
=@ =40 kN/m2 CASE A1l «=®= =20 kN/m2 CASE A1

F1GURE 10.1: Construction costs for several design cases in area 1

Increasing retaining height and surcharge

In Figure 10.2 and Figure 10.3, the increase of costs is translated into percentages. Hereby, the increase in
costs is considered with respect to increasing surcharges and retaining heights. It can be observed that the
costs will increase faster in case of increasing surcharges than increasing retaining heights. This applies to
both, the sheet pile variant as to the combined wall. However, it should be noted that the surcharge is made
5 times larger, while the retaining height is increased with 2 meters. The percentages are higher in the case
of sheet pile wall in comparison with the combined wall, which is understandable since the sheet pile wall

more sensitive is to larger retaining heights and larger surcharges.

The starting point for the comparative analysis, is the smallest retaining height and the smallest surcharge.
All lines in the graphs are scaled to 100% (retaining height 20m and surcharge 20kN/m? is taken as a basis),
even though all lines are independent. In other words, the separate lines have a common but also an individ-
ual reference point. In the abstract, the construction costs will increase with increasing retaining height and
increasing surcharges but in relative terms, the percentages are very close to each other. A small deviation

in numbers will have a major influence in percentages.
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TABLE 10.4: Percentage of increase by increasing retaining height and surcharge in area 1

Al Percentage of | Al Percentage of | Bl Percentage of | B1 Percentage of
increase by in- increase by in- increase by in- increase by in-
creasing q [%] creasing h [%)] creasing q [%] creasing h [%]

A1l 0 A1l 0 B11 | 0 B11 | 0

Al12 22,3 Al4 6,2 B12 | 20,5 B14 | 338

A13 - A17 12,1 B13 | 32,7 B17 | 10,9

Al4 0 A12 - B14 | 0 B12 | 0

Al15* | 10,3 Al5* | - B15 | 18,7 B15 | 1,6

A1l5 - A1l5 - B16 | 34,2 B18 | 8,3

Al6 - A18 - B17 | 0 B13 | 0

A17 - A13 - B18 | 18,2 B16 | 5,9

A18 - Ale - B19 | 315 B19 | 9,3

A19 - A19 -

Percentage of increase (Area 1) Percentage of increase (Area 1)
. :
35
30 12
- 1

==#==h=11,65m CASE B1 ==#==h=12,65m CASE B1

20 40 60

80

Surcharge [kN/m?]

==®= h=11,65m CASE Al ==@==h=12,65m CASE Al

100 120

h=13,65m CASE B1

FIGURE 10.2: Increase of percentage by in-

creasing surcharge in area 1

Percentage [%]

[S)

oN B O

12 12,5
Retaining height [m]

==#== =100 kN/m2 CASE B1 ==#==q=60 kN/m2 CASE B1

=20 kN/m2 CASE B1 ==®= =20 kN/m2 CASE Al

FIGURE 10.3: Increase of percentage by in-
creasing retaining height in area 1

10.2.2 Quay walls used by inland barges in Europoort and Maasvlakte

Construction costs

As it can be observed from the graph below, combined walls are less expensive in comparison with sheet pile

walls. In case of a surcharge of 20kN/m?, the cost differences between combined wall and sheet pile wall

are maximum 3%. Even though the combined wall variant is less expensive here, based on project-related

reasons, may nevertheless be chosen for a sheet pile variant. The sheet pile wall has the advantage that it

can easily be extracted from the ground. But on the other hand, its applicability is limited considering the

retaining height and the surcharge while the combined wall is also applicable to larger retaining heights and

larger surcharges.
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Cost [€/m']

TABLE 10.5: Construction costs for several design cases in area 2 & 3

22000,00
20000,00
18000,00
16000,00
14000,00
12000,00
10000,00

8000,00

A2 Costs [€/m B1 | Costs [€/m
A21 14146 B21 | 13870
A22% | 15224 B22 | 15770
A22 - B23 | 17387
A23 - B24 | 14901
A24 15396 B25 | 16234
A25 - B26 | 19176
A26 | - B27 | 15930
A27 16303 B28 | 17716
A28 | - B29 | 21078
A29 -

Construction costs (area 2& 3)

12

12,5 13

13,5

14

14,5

Retaining height [m]

==#=q=100 kN/m2 CASE B2
==& q=20 kN/m2 CASE B2
== @ =20 kN/m2 CASE A2

=== q=60 kN/m2 CASE B2
=== q=40 kN/m2 CASE A2

15

15,5

F1GURE 10.4: Construction costs for several design cases in area 2 & 3

Increasing retaining height and surcharge

16

Also here, see Figure 10.5 and Figure 10.6, the increase of costs is translated into percentages. It can be

seen that the costs will increase with maximum 25%, if the surcharge increases 5 times. And the costs will

increase with 18%, if the quay wall is constructed 2 meters deeper.

It is remarkable that the percentages in area 2 & 3 are higher in comparison to those in area 1. However,

the wall should be driven deeper in are 2 & 3. This is due to the intervening layer of clay. Also the ground
surface level in this area is higher, NAP + 5m instead of NAP + 3,65m. Naturally this results into higher

costs.
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TABLE 10.6: Percentage of increase by increasing retaining height and surcharge in area 2 & 3

A2 Percentage of | A2 Percentage of | B2 Percentage of | B2 Percentage of
increase by in- increase by in- increase by in- increase by in-
creasing q [%] creasing h [%)] creasing q [%] creasing h [%]

A21 0 A21 0 B21 | 0 B21 | 0

A22* | 71 A24 8,1 B22 | 12 B24 | 6,9

A22 - A27 13,2 B23 | 20 B27 | 129

A23 - A22* | - B24 | 0 B22 | 0

A24 | - A22 |- B25 | 8,2 B25 | 2,9

A25 - A25 - B26 | 22,3 B28 | 11

A26 - A28 - B27 | 0 B23 | 0

A27 - A23 - B28 | 10,1 B26 | 9,3

A28 - A26 - B29 | 244 B29 | 17,5

A29 - A29 -

Percentage of increase (Area 2 & 3) Percentage of increase (Area 2 & 3)

T 30 Ra |
- [ !
@25 o 12
815 2 2
g gl
& 10 e L1
5 2 |
0 0
0 20 40 60 80 100 120 12 12,5 13 13,5 14 14,5 15 15,5 16
Surcharge [kN/m?] Retaining height [m]
==&#——h=13m CASE B2 =—#—h=14m CASE B2 —4—q=100 kN/m2 CASE B2 = q=60 kN/m2 CASE B2
h=15m CASE B2 = ®= h=13m CASE A2 q=20 kN/m2 CASE B2 = ®= =20 kN/m2 CASE A2
F1GUrE 10.5: Total material costs for sev- FIGURE 10.6: Increase of percentage by in-
eral design cases in area 2 & 3 creasing retaining height in area 2 & 3

10.2.3 Quay walls used by seagoing vessels in Europoort and Maasvlakte

In the remainder of this section, the impact of a relieving platform is discussed. The cost of the relieving
platform is strongly related to the amount of concrete used for the superstructure and it is obvious that it
increases regardless of the depth and the width. The dimension of the superstructure is in turn related to

the substructure and influences the required total length and the cross-section of the combined wall.

Construction costs

From the graphs below, it can be concluded that in case of a surcharge of 20kN/m? a quay wall without a
relieving platform (case C) is less expensive, compared to a quay wall with a relieving platform (case D, E,
F). This changes quickly when the surcharge increases. From Figure 10.8 and Figure 10.9, it can be observed
that in case of surcharges 60 and 100kN/m?, a quay wall with a relieving platform at NAP — 2m and length

15m (case D) becomes less expensive compared to the rest of the cases.
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TABLE 10.7: Construction costs for several deep-sea quay walls in area 2 & 3

== CASEC

Retaining height [m]

s CASE D

FIGURE 10.7: Construction costs for surcharge 20kN/m?

C Costs [€/m] D Costs [€/m] E | Costs [€/m] F Costs [€/m]
C1 | 23545 D1 | 25062 El | 26661 F1 | 32361
C2 | 26425 D2 | 26241 E2 | 27602 F2 | 32610
C3 | 31265 D3 | 26513 E3 | 27939 F3 | 34038
C4 | 29566 D4 | 30881 E4 | 31386 F4 | 35904
C5 | 32348 D5 | 31311 E5 | 32413 F5 | 36115
C6 | 37046 D6 | 31513 E6 | 33838 F6 | 36289
C7 | 34803 D7 | 39872 E7 | 38666 F7 | 43660
C8 | 41584 D8 | 40213 E8 | 41361 F8 | 44172
C9 | 44426 D9 | 41293 E9 | 41941 F9 | 44400
Surcharge 20 kN/m?
50000
45000
40000
:‘E-35000
Y T |
% 30000
8 —
25000
20000
15000
15 17 21 23 25 27 29 31 33 35




Part C. Analysis

81

50000
45000
40000
35000

30000

Costs [€/m']

25000
20000

15000

50000

45000

40000

35000

30000

Costs [€/m']

25000

20000

15000

Surcharge 60 kN/m?

-

WX

— A

15 17 19 21 23 25 27 29 31 33 35
Retaining height [m]
=G CASEC il CASE D et CASE E s CASE F
FIGURE 10.8: Construction costs for surcharge 60kN/m?
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FIGURE 10.9: Construction costs for surcharge 100kN/m?

Increasing retaining height and surcharge, comparison case C versus D

Figure 10.11 shows that a quay wall without a relieving (case C) is more sensitive to higher surcharges,

compared to a quay wall with a relieving platform (case D). In absence of a relieving platform the cost
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increases by a percentage of maximum 25%. In case of a relieving platform, this percentage is reduced to 5%.

This is due to the fact that in this case the effect of the surcharge starts at a deeper point of the combined

wall. The impact on the costs due to increasing retaining heights, is almost equal for both variants, see
Figure 10.11.

TABLE 10.8: Percentage of increase by increasing retaining height and surcharge for case C and D

C Percentage of | C Percentage of | D Percentage of | D Percentage of
increase by in- increase by in- increase by in- increase by in-
creasing q [%] creasing h [%)] creasing q [%] creasing h [%]

Cl]|0 Cl]|0 D1 |0 D1 |0

C2 | 10,9 C4 | 20,4 D2 | 45 D4 | 1838

C3 | 24,7 C7 | 32,3 D3 | 55 D7 | 37,1

C4 |0 C2 1|0 D4 |0 D2 |0

C5 | 8,6 C5 | 18,3 D5 |14 D5 | 16,2

C6 | 20,2 C8 | 36,5 D6 | 2 D8 | 34,7

C710 C3 1|0 D7 |0 D3 |0

C8 | 16,3 C6 | 15,6 D8 | 0,8 D6 | 15,9

C9 | 21,7 C9 | 29,6 D9 | 34 D9 | 358

Percentage of increase CASE C versus D Percentage of increase CASE C versus D
" — s
E jg i = % zls]
£ 20 T i £20
815 . —— < - = | s
< 10 "= % = d 10

5 === 5

Retaining height [m]

= &— h=20m CASE C =B h=25m CASE C h=30m CASE C

=== h=20m CASE D ==#=h=25m CASE D h=30m CASE D

F1GURE 10.10: Increase of percentage by

increasing surcharge for case C-D
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i
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Retaining height [m]

=20 kN/m2 CASE C
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FI1GURE 10.11: Increase of percentage by

increasing retaining height for case C-D

Increasing retaining height and surcharge, comparison case D versus E

A deep relieving platform (case E) is compared with a shallow relieving platform (case D). The impact on

the costs is illustrated below. It is remarkable that in case that the relieving platform is placed deeper, for

retaining heights of 25m and 30m, the percentages are higher for increasing surcharges, compared to a shallow

relieving platform. This is possible, because the reduction effect of a deep relieving platform is more or less

limited to smaller retaining heights. From Figure 10.13, it can be observed that the influence of increasing

retaining height in both cases is approximately equal.

Increasing retaining height and surcharge, comparison case D versus F

Here, a long relieving platform (case F) is compared with a slightly shorter relieving platform (case D). The

influence of the comparison is shown below. The costs of a long relieving platform increases less rapidly,

compared to the case of a bm shorter platform. This applies both to increasing surcharges as for increasing

retaining heights.
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TABLE 10.9: Percentage of increase by increasing retaining height and surcharge for case D and E

D Percentage of | D Percentage of | E Percentage of | E Percentage of
increase by in- increase by in- increase by in- increase by in-
creasing q [%] creasing h [%] creasing q [%] creasing h [%)]

D1 |0 D1 |0 El1 |0 El1 |0

D2 | 45 D4 | 1838 E2 | 34 E4 | 15,1

D3 | 5,5 D7 | 37,1 E3 | 4,6 E7 | 31

D4 |0 D2 |0 E4 |0 E2 |0

D5 |14 D5 | 16,2 E5 | 3,2 E5 | 148

D6 | 2 D8 | 34,7 E6 | 7,2 E8 | 33,3

D7 |0 D3 |0 E7 |0 E3 |0

D8 | 0,8 D6 | 15,9 E8 | 6,5 E6 | 174

D9 | 34 D9 | 358 E9 | 7.8 E9 | 334

Percentage of increase CASE D versus E

0 20 40 60 80 100 120

Retaining height [m]
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FIGURE 10.12: Increase of percentage by
increasing surcharge for case D-E
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FI1GURE 10.13: Increase of percentage by
increasing retaining height for case D-E

TABLE 10.10: Percentage of increase by increasing retaining height and surcharge for case D and F

D Percentage of | D Percentage of | F Percentage of | F Percentage of
increase by in- increase by in- increase by in- increase by in-
creasing q [%] creasing h [%)] creasing q [%] creasing h [%]

D1 |0 D10 F1 |0 F1|0

D2 | 45 D4 | 1838 F2 | 0,8 F4 | 99

D3 | 55 D7 | 37,1 F3 | 49 F7 | 25,9

D4 |0 D2 |0 F4 | 0 F2 | 0

D5 |14 D5 | 16,2 F5 | 0,6 F5 | 9,7

D6 | 2 D8 | 34,7 F6 | 1,1 F8 | 26,2

D7 |0 D3 |0 F7 |0 F3 |0

D8 | 0,8 D6 | 15,9 F8 | 1,2 F6 | 6,2

D9 | 34 D9 | 358 F9 | 1,7 F9 | 23,3

10.2.4 Cost components

In this section, the ratio of different quay wall components has been considered. This is done by investigating

the influence of the components on the construction cost. Two extreme cases are considered, surcharge of

100kN/m2 and a retaining height of 30m. From the graphs below, it can be concluded that in the case

of a quay wall without a relieving platform (case C), the cost consist for about 50% of the component of

combined wall. The contribution of the superstructure and the anchor is, for each, approximately 25%. In
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case of the presence of a relieving platform (D, E, F), the contribution of the superstructure increases and
is even dominant for case E and F. The costs for the anchor decreases since the centre-to-centre distance
increases and therefore the required number of anchors decreases. The bearing piles have a slight influence on
the construction costs. Furthermore, it can be seen that the ratio of the components for increasing surcharges

and increasing retaining heights remains similar.

Cost component q=100 kN/m2
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FIGURE 10.16: Cost components for surcharge 100kN/m?
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Chapter 11

Conclusions and reflections

11.1 General

Quay walls form some of the most important parts of port infrastructure. This infrastructure is predomi-
nantly required for transfer of cargo. The influences of an uncertain environment, in which quay walls are
operating, ensure that from time to time the functional requirements imposed on quay walls, changes due to
different developments. Therefore, the design of new quay structures should not only relate to the current
functional and technical requirements, but should also be able to follow the future developments during the

intended service time.

This master thesis is a feasibility study of standard quay walls for the port of Rotterdam, which requires a
technical and financial approach to the topic. In the remainder of this chapter, the several research questions
discussed at the beginning will be presented, followed by the answers found. Thereafter, suggestions will be

given for potential future research.

11.2 Research questions

The main research question was formulated as follows:

e Is standardization of quay walls technically and economically feasible in the Port of Rotterdam? If so,

under which circumstances is it advisable?
To be able to answer the main question, the following additional questions are answered:

1. Which existing quay wall solutions are eligible for standardization? Is a distinction between quay walls
for inland barges and/or seagoing vessels necessary or is the type of terminal (container and dry bulk)
more relevant?

2. Which components of quay walls are suitable for standardization? Is it possible to standardize the

retaining wall?

86
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3. When is a combined wall preferable to a sheet pile wall? Is it possible to determine at which retaining
height the turning point is located?

4. What is the role of major factors such as the retaining height, the surcharge load and a relieving
platform on the design and the costs of a quay wall?

5. Should the Port Authority choose for a larger initial investment to accommodate futures changes

(adaptive port design) or adapt at a later stage (if needed)?

11.3 Answers to the research questions

Answer to question 1

The depth of the navigation channels is decisive for the draught of the vessels. Subsequently, the required
retaining height of the quay wall depends on the draught of the vessels. For that reason, deep-seagoing vessels
cannot berth at quay walls in the city port. On the other hand, inland barges can, from a technical point of
view, berth at deep-sea quay walls, provided that the berthing requirements are adjusted accordantly. The
type of fendering, the configuration and capacity of the bollards are of great importance. From a financial
point of view, occupation of a deep-sea quay wall by inland barges can be unfavourable. Seagoing vessels
are served by more cranes in comparison to inland barges and transship more cargo per meter quay wall.

By making a distinction in 'inland’ and ’seagoing’ quay wall, additional capacity at deep-sea quays is created.

The type of cargo which will be stored behind a quay wall, is important for the stability of a quay wall
but also for the required storage space (beyond the scope of this study). Dry bulk has a much higher sur-
charge load than container throughput. Therefore, when bulk goods are stored behind the quay, it is necessary
to agree to store at a certain distance from the front of the quay. When investigating the different variants
of deep-sea quay walls, it can be concluded that it is always possible to use a bulk quay for transhipment of
containers. On the other hand, quay walls without a relieving platform are required to keep the bulk load
at an adequate distance from the front of the quay. In absence of a relieving platform, the distance varies
between 35 and 70 meters. In case of a relieving platform, regardless of depth and length, the distance varies
between 15 and 20 meters. The distance depends on the retaining height and the presence or absence of a
relieving platform. For the purpose of future proof quay walls, a relieving platform provides more flexibility
regarding the increasing surcharges. Therefore, the distance can be standardized at approximately 20 meters

from the front of the quay.

Answers to questions 2, 3 and 4

For this study, the primary emphasis has been on the main structure, thus the superstructure and the sub-
structure. For both quay wall types (inland and deep-sea), it can be concluded that various standard principle
solutions are applicable (cross-sections illustrated in Section 6.2). However, it should be noted that the di-
mensions of the substructure (the front wall) and subsequently the superstructure will still show variations.
These dimensions in fact depend strongly on major factors such as local geotechnical conditions, surcharges,
retaining heights and the presence of a relieving platform. Nevertheless, standardization of the front wall is

under following conditions possible:

e By driving the front wall to a deeper layer than it is necessary in first instance (without dredging the

front side of the quay completely). This can be done by constructing all quay walls at equal depth, by
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area. This is a decision based on the local depth of the navigation channels and the expected business

activity in the different areas.

e By making a strategic choice for a particular component or a particular area.

The first mentioned will be discussed when answering subquestion 5. Based on a technical and financial

assessment, the following can be concluded regarding to standardization by different areas.

Quay walls used by inland barges in the city port

Front wall:

e Keeping the required nautical depth at NAP — 7m all over the area.

e For retaining heights up to approx. 13 meters and surcharges up to 40kN/m?, applying sheet pile walls
with double Z-profiles.

e For retaining heights from 13 meters and surcharges from 40kN/m?, the combined wall should be
applied, with triple U-profiles.

e The embedded level of a sheet pile wall varies between NAP — 16,5 and NAP — 18,5m. This is in case
of retaining heights up to 13m and surcharges up to 40kN/m?.

e The embedded level of a combined wall varies between VAP — 15,5 and NAP — 19, 5m. This is in case
of higher retaining heights and higher surcharges.

Capping beam:

e The level of the upper side of the quay wall is equal to the height of the surface, in the city port this
is equal to NAP + 3,65m.

e The bottom of the capping beam is preferably located atNAP — 2m (approx. 1m below the LW .S),
as in that case steel combined wall is below water level almost all the time, which in turn makes a
cathodic protection work well and there will be no need for coating in the splash zone. As such, less
maintenance will be required. Coatings which are currently in use have a lifespan of only 25 years and
will have to be redone at least twice over the 50 year-lifecycle of the quay wall.

e The width is equal to the summation of the required profile height of the sheet pile wall or the required
diameter of a combined wall and a tolerance of approximately 0,5m on both sides. For a sheet pile wall,

the with is equal to approx. 1,5m and in case of a combined wall 2,5m.

Quay walls used by inland barges in Europoort & Maasvlakte

Front wall:

e Keeping the required nautical depth at NAP — 7m all over the area.

e Combined walls are the most suitable for the retaining heights and surcharges in this area, see graphs
below.

e The embedded level varies between NAP — 27 and NAP — 29m. This level lies deeper than in the city

part due to a intervening layer of clay.
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Capping beam:

e The level of the upper side of the quay wall is equal to the height of the surface, in this area this is
equal to NAP + 5m.
e The bottom of the capping beam is preferably located at NAP — 2m (approx. 1m below the LWS).

See for explanation above.

e The width is equal to the summation of the required diameter of a combined wall and a tolerance of

approximately 0,5m on both sides. For a combined wall, the width varies between 2 and 2,5m.

Quay walls used by seagoing vessels in Europoort & Maasvlakte

Front wall:

e In case of surcharges up to 20 kN/m2 a quay wall without a relieving platform (case C) is the most
suitable option, compared to a quay wall with a relieving platform (case D, E, F). In order to make the
quay walls more future-proof (flexible for larger surcharges), a relieving platform is recommended.

e From Figure 11 2 and Figure 11 3, it can be observed that in case of high surcharges a quay wall with
a relieving platform at NAP — 2m and length 15m (case D) becomes less costly compared to the rest

of the cases.

Capping beam/relieving platform:

e The level of the upper side of the quay wall is equal to the height of the surface, in the city port this
is equal to NAP + 5m.

e The bottom of the capping beam and the relieving platform is preferably located at N AP —2m (approx.

1m below the LW S). This is because of the same reasons as given above.

e The width is equal to the summation of the required diameter of a combined wall and a tolerance of
approximately 0,5m. In order to make the quay wall flexible for larger surcharges, a relieving platform

is recommended. The width of the beam of the relieving platform will then vary between 2 and 3,5m.

e In case of high surcharges, a relieving platform with a length of 15m is the most suitable option.

The graphs below present the construction cost of quay walls in Rotterdam (blue dotted line), around the
world (grey dotted line) and the investigated variants in this research (other lines). In the dissertation[34] of
J.G. de Gijt the costs of quay walls in different countries are discussed extensively. It is noticeable that all
lines in Figure 11.1, Figure 11.2 and Figure 11.3 show the same trend. It can also be seen that the influence

of the surcharge on the costs is less compared to the influence of increasing retaining height.
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From the discussed items above it is strongly advised to standardize on area level and on type of quay wall:

e City port & Maasvlaakte (Inland barges): Capping beam + combined wall

e Quay walls used by seagoing vessels: Relieving platform 4 combined wall

As can be observed from the graphs above, the impact of increasing surcharges (20, 60and100kN/m?) is very
limited. In case of a relieving platform at NAP — 2m and a length of 15m, the costs will increase with a
maximum of 5,5%, if the surcharge increases 5 times (20kN/m?: 1253 €/m’ and 100kN/m?: 1326 €/m’).
Therefore, it is advisable to standardize on a large surcharge (100kN/m? or even 150kN/m?). Quay walls
used by inland barges are more sensitive to higher surcharges, compared to quay walls used by seagoing
vessels. In case of a combined wall with a capping beam (Europoort & maasvlate), the costs will increase
with a maximum 25%, if the surcharge increases 5 times (20kN/m?: 1062 €/m’ and 100kN/m?: 1405 €/m’).

Answer to question 5.

From the financial assessment, it appears that the costs of the front wall are the main contribution to the
construction costs. As the design of the front wall is strongly dependent on environmental and functional
requirements, this makes standardization of it more difficult. By driving the front wall to a deeper layer
(without dredging it completely) than it is necessary for the first client, standardization is possible. This
leads to higher initial investment but results in a quay wall which is significantly more future proof. It should
be noted that dredging the front side of the quay wall at a later stage, is less expensive than replacing the
existing quay wall. From the graphs above can be derived by which percentage the construction cost increases

in the case, the wall will be installed deeper. For 1 meter deeper, the following rates apply:
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TABLE 11.1: Extra investment costs

Q=100 kN/m2 Percentage of increase at in-
creasing h [%]

Inland barges, area 1 Approx. 5%

Inland barges, area 2&3 Approx. 10%

Seagoing vessels, area 2&3 Approx. 6%

11.4 Reflection

Standardization of quay walls is a broad topic and can be applied in various ways. As mentioned before,
standardization can be defined as the strategy of development and implementation of designs to achieve
the required levels of interchangeability and flexibility in use. In this research different standard principle
solutions for both inland and deep-sea quay walls have been developed. These solutions can be characterized

as concept design which have to be further elaborated into a definitive design.

The history of the port of Rotterdam can be analysed from the quay walls that were built in the course
of the centuries, many different types of quay walls have been built. When considering the quay walls
constructed in the recent years in the port of Rotterdam, it can be observed that they have been evolving to
two standards: the anchored combined walls and quay walls with a relieving structure. When heavy loads
and large retaining height are involved, a combined steel quay wall with a concrete relieving platform is
constructed and for inland barges a anchored combined wall is applied. In case of a relieving platform, the
floor is usually located somewhere between NAP + 0m and NAP — 3m with a length between 15 and 25m.
This rather conventional cross-section is the most economical one. This is also reflected in the results of this
research, see graphs above. Figure 11.4 presents the quay walls constructed in Rotterdam in the last few

years.

On Maasvlakte II and on the south side of Maasvlakte I, new deep-sea quay walls need to be constructed.
When observing what’s been built in the port of Rotterdam in the past few years, combined with the results

of this study, it is recommended to keep the design depth at NAP — 23m all over the area.
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A reflection on this research leads to the following recommendations for further research.

Calculation programme

e D-sheet is a powerful tool for calculating simple sheet pile walls; In case of non-uniform loads (for

example dry bulk) and relieving platforms, the results of the calculations are not entirely reliable. In

cases where a relieving platform is a component of the quay wall, it is advisable to run the models also

with PLAXIS. This also applies when a quay wall needs to be checked for dry bulk.

e Not all versions of the program give the same findings. It is strongly recommended to use the latest

version. The last version isn’t necessarily the best option.

The method of modelling of different

parameters may influence the outcome. Certain tricks, such as modelling of non-uniform loads and

relieving platforms, which are ingrained, can cause strange results.

Technical part

e The soil profiles which were investigated, are assumed to be representative for the entire area. It is

advisable to carry out the investigation for some specific locations within the areas and compare the

obtained results.


http://www.deltaressystems.nl/geo/product/619095/d-sheet-piling2
http://www.plaxis.nl/
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e In order to compare the influence of the soil conditions, the investigated retaining heights should to be

kept equal in both areas.

e The dimensions of the combined walls are, in case of deep-sea quay walls, remarkably large. It is

recommended to check the different tubular piles also on buckling and driveability.

e The non-uniform loads are in D-sheet, modelled directly behind the quay wall. This may be the cause
of larger tube dimensions. In reality this is of course not the case, therefore it is advisable to model

the surcharge at a distance, for example 5m, and observe the effect.

e In this research, the anchors are simulated as an infinite stiff spring. This assumption will result in an
upper limit for the anchor force. This is a conservative assumption. It is recommended to investigate

the influence of the anchor stiffness.

Financial part

e There will always be some limitation in determining of the construction costs such as the feasibility
(required installation equipment) and the production (spirally welded seam or a longitudinally welded
seam) which may affect the costs. This investigation has resulted, in some cases, in remarkably large
tube dimensions. The aforementioned restrictions in combination with the large dimensions may result
in kinks in the cost graphs (no smooth lines). For example, if the tubes are too large, then there is
other installation equipment required and spirally welded seams can no longer be applied. This will
be reflected in the total costs. However, the construction costs in this research are expressed in costs
per unit (€/unit), see Table 10.2. The impact of production is included but it is recommended to

investigate the influence of drivability on the costs.

e To investigate the influence of anchors on the cost, it is advisable to consider different types of anchors.
Here is namely just the MV-pile considered.

e During the financial assessment, it is recommended to take into account the excavation and refill costs,

but also the dewatering costs.
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