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ABSTRACT: “Bridging the gap between past and future” could be translated for existing quay walls as “upgrading, strengthening and 
extending lifetime”, which is necessary due to the condition of existing harbours combined with the need of higher vessel drafts. The 
design and renovation of such projects requires a different approach to the design and construction of new quay walls, due to a lack of 
information about existing structures, their structural state, and requirement for safe port operations during refurbishment works. The 
diversity of geotechnical conditions that are typically encountered at existing structures results in difficulty in the definition of a 
comprehensive methodology for design and construction. This paper proposes some general guidelines for an integrated design and 
construction approach, combining risk fault tree analyses, robust and flexible design, construction methods and monitoring methods. 
Examples of projects in several countries (Europe and Africa) where different types of existing quay walls were strengthened and 
deepened illustrate the guidelines. 

RÉSUMÉ : Le “pont entre le passé et le future” dans le cas des ouvrages portuaires existants peut se traduire par “réhabilitation, 
consolidation et extension de la durée de vie”, qui deviennent une nécessité vu l’état des structures et le besoin d’augmenter la profondeur 
des bassins. La conception et l’exécution de tels projets impliquent des paramètres qui diffèrent de ceux des ouvrages neufs, tels que le 
manque d’information au sujet de la structure existante et la limitation des interférences des travaux de construction sur les opérations 
portuaires. Le développement complet d’une méthodologie pour la conception et l’exécution de telles structures est une tâche difficile au 
vu de la diversité des conditions géotechniques et structurelles. Cependant, le présent document propose un certain nombre de lignes 
directrices pour une approche intégrée ingénierie-moyen exécution, combinant analyse de risque, conception flexible et robuste et 
méthodes observationnelles. Des exemples de projets réalisés dans différents pays (Afrique, Europe) illustrent la méthodologie. 

KEYWORDS: upgrade of port terminals, quay wall, guidelines. 

 
1  INTRODUCTION 

Existing Port Infrastructure often needs to be adapted to new 
operational requirements. Increase of ship size and draft 
requiring deepening of the basins, environmental and cost 
concerns, limited loss of availability of existing infrastructure 
during construction period, make the upgrade of existing 
structures often to be considered as a preferred option compared 
to new Port Extension.    

Upgrading of existing infrastructure needs to account for 
several aspects that are usually of no or less relevance for the 
design and construction of new Port Extensions: 

- Assessment of the geotechnical conditions and of the 
existing infrastructure by document analysis, 
inspection and monitoring prior to upgrade; 

- Setting of functional and technical requirements to the 
upgraded Port Infrastructure in terms of operation,  
loads, basin depth, serviceability and ultimate limit 
states and design life; 

- Development of a robust design and construction 
method integrating and strengthening the existing 
infrastructure, avoiding it being affected adversely by 
the construction sequence and methods; 

- Development of an integrated design and construction 
strategy to minimize impacts on Port operation; 

- Setting monitoring schemes during construction and 
operation to encompass and mitigate for unexpected 
and unforeseen conditions. 

Upgrade of Port Infrastructure can be limited to some 
refurbishment or, at the other end, be a new construction over 
but disregarding entirely the existing quay; or any in-between 
solution where the existing quay still conserves a function and 
is complemented by additional elements or ground 
improvement. Figure 1 below provides a schematic overview of 
the governing aspects and types of upgrade. 
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Figure 1. Flow chart presenting key factors and decisions of the degree 
of upgrade. 
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 The present paper provides some elements of guidance for 
the different aspects based on experience gained in real projects 
of several kinds and indicates tools to deal with insufficient or 
less reliable information by use of fault tree, robust design and 
flexible execution methods combined with monitoring and 
observational methods. 
 

2  ASSESSMENT OF EXISTING QUAY WALL 
STRUCTURES 

2.1  Gathering the information 

The assessment of the geotechnical conditions and of the 
structural state of the existing infrastructure is vital to evaluate 
its ability to support additional dredging or loads, to be included 
as an active element in the upgraded wall,  and to evaluate the 
risks of design and during execution of the upgrading works.  

The assessment of the geotechnical and hydrological 
conditions shall include a new in-situ and laboratory soil 
investigation, as existing data quite never include reliable 
information for use in modern design methods such as FEM. 
Areas of observed weaknesses and displacements or of 
increased maintenance should be thoroughly investigated, as 
they may indicate local geotechnical weak spots. Comparison of 
new and existing data may demonstrate soil disturbance due to 
the execution of the existing infrastructure and dredging works 
and should be accounted for in the design of the upgrading 
works. Soil investigation will be preferably performed on the 
platform and at sea-side of the quay to obtain a comprehensive 
understanding of the soil conditions. Finally, it is important to 
note that the soil investigation program shall not be designed 
for the purpose of the final conditions only, but also to 
determine the most reliable construction method and evaluate 
the construction risks. 

Several techniques have been developed to help assessing 
the structural conditions of concrete or steel elements. However, 
as most of it is buried or under water, the limitations of these 
techniques should be well acknowledged. Very often a large 
part of uncertainty remains despite the efforts to scrutinise the 
existing construction. 

Detailed measurement of the existing structure and long-
term movement monitoring provide useful information on the 
behaviour of the quay. Specific attention will be paid to areas 
showing larger displacements. Such potentially weak spots will 
be analysed carefully, as they might indicate geotechnical or 
structural weaknesses, or areas of overload in the past.  

Finally, historical events and maintenance registers may 
offer useful information when analysing the observed behaviour 
of an existing structure.  

Despite all efforts, large amount of uncertainties remain. 
This will be coped with by robust design, and flexible 
construction methods both aiming to “absorb” real conditions 
that differ to some extend from the expected ones, without 
leading to important re-design or selection of the methods 
during construction works. 

2.2  Codes for the evaluation of existing structure and 
upgrades 

Design codes have undergone significant evolutions in the last 
decades. So design which was valid originally, might appear 
insufficient in regard with the present codes. Structural codes, 
e.g. for bridge design, have been developed for the assessment 
of the safety levels and of strengthening works of existing 
structures. Such developments unfortunately lack for the 
evaluation of existing Port Infrastructure, which may open large 
debates about disqualification or not of the existing structures. 
For the geotechnical part of the design, this might be 

counterbalanced by use more advanced calculation method and 
Bayesian techniques based on “proven strength”.  

When medium and hard upgrade solutions are applied, the 
codes being applicable at date of the upgrade are usually used. 
Further research however is needed in the normative framework.  

 
3  CATEGORIES OF RENOVATION OF EXISTING QUAY 

WALLS 

The upgrade and strengthening of existing quay walls can range 
from limited refurbishment to quite radical upgrade, or anything 
in between, see figure 1. The next section illustrates some 
examples, and section 4 will provide paths to select one or 
another type of upgrade. 

3 .1  Refurbishment or soft upgrade of existing quay walls 

When the structural conditions of the existing quay wall have 
been assessed to be sufficient to ascertain safe ultimate and 
serviceability conditions for the residual design life of the quay, 
and when the changes of functional requirement are not severe 
(e.g. limited additional dredging or quay loads), local structural 
strengthening or refurbishment and limited geotechnical works 
may prove to be the most valuable solution in terms of cost, 
risks and planning: the existing structure is maintained provided 
local structural or geotechnical strengthening. Such 
improvements are often combined with optimized scour 
protection. The design and construction risks of such works are 
limited by selection of soft, vibration-poor strengthening 
techniques.   

3 .2  Medium renovation of existing quay walls:  

Medium upgrade maintains a part of the functionality of the 
existing quay wall, but additional elements or treatments are 
needed to fulfil the design specifications. The resulting 
upgraded quay wall structure includes the existing quay wall as 
an active element of the upgrade, supplemented by geotechnical 
works and refurbishment of the existing structure are mostly 
applied. Typical solutions are the construction of an additional 
new structure in front or behind the existing quay wall, ground 
improvement, additional anchors or(micro) piles.. Such type of 
upgrade is selected when the geotechnical conditions are poor 
or severe functional changes are demanded (significant 
deepening, high loading). The construction risks are 
significantly higher than in previous category due to the 
importance of the (geotechnical) upgrading works. They should 
be executed without harm to the existing structure.  

The figures below illustrate medium renovation of two 
existing brickwork mass gravity in Port of Antwerp walls (the 
Fourth and the Fifth Docks) needed for deepening of the docks 
to allow mooring of larger vessels. 

In both illustrated upgrade, the existing brickwork masonry 
gravity quay wall is maintained. New grout anchors are 
installed to reduce the horizontal forces acting on the wall from 
earth pressure and increased bollard force, and to reduce 
eccentricity and inclination of the resulting force at the 
foundation of the wall. Both solutions differ mainly by the way 
used to ensure bearing capacity resistance of the existing wall. 
The assessment for the Fourth Dock (figure 2a) showed 
favourable geotechnical conditions, allowing a local 
underpinning by Very High Pressure (VHP) grout columns. The 
geotechnical conditions and their variability at the Fifth Dock 
(figure 2b) require the use of an open combi-wall with infill 
sheetpiles cut-off at level of scour protection. This solution, 
despite being more demanding than the underpinning, is 
however still less expensive and time-consuming than solutions 
disregarding the existing quay wall.  
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Figure 2a and 2b. Medium upgrade of gravity wall at the ‘Fourth dock 
(upper) and ‘Fifth dock’ (lower) applied to allow deepening of the basin 
( Antwerp). 

3.3  Hard upgrade of existing quay walls: example Douala 

When the assessment of the existing wall indicates a poor or 
unreliable structural state, or difficult or unreliable ground 
conditions or when the functional requirements asks for 
important deepening or additional loads, a hard renovation is 
often needed. The existing wall is disregarded in the upgraded 
structure. It can either be demolished or the new structure be 
built over and around (remainders of) the existing one: the 
existing quay wall is not taken into account for any function : 
nor for ground or water retaining, neither for foundation (of 
cranes, bollards, …). Construction risks may be very high, 
especially when the existing quay is in a state of impending 
collapse.  

 
Figure 3. Corrosion existing sheet pile wall - Douala Cameroon. 

 
The quay in Douala Cameroun is a typical example of “hard 

renovation”. The project consisted of the construction of a new 
sheet piled wall just in front of the existing structure with the 
requirement that there was no disturbance to the day to day 
operation of the port. 

The existing structure consists of a front sheet piled wall 
supported by a deadman anchor. The existing sheet piles were 

heavily corroded reducing very significantly the wall bending 
resistance. Many corrosion holes present in the main wall lead 
to ground loss and settlement of the platform. Integration of 
existing elements was impossible, so a new jagged sheetpile 
quay wall supported by grout anchors passing through the 
existing wall was designed. Besides to providing stability the 
new structure supports the new crane rail foundation. 

 
During driving the monitoring of the existing quay showed 

very large displacements, indicating at critical locations a state 
of impending collapse as a consequence of much more extended 
corrosion at waterline than observed during inspections prior to 
works. In order to avoid collapse of the wall, which would have 
led to important damage of wall already installed and to 
disruption of the quay operations, strengthening works were put 
in place. The equipment used to install the grout anchors was 
deployed to construct micropiles, and tendons were used to 
connect the existing failing walls to the micropiles. The 
sequence of pile driving and demolition of the capping beam on 
the existing wall were adapted. All these measures rapidly 
developed using on a flexible way the on-site available 
equipment allowed to avoid collapse of the existing wall.   

Figure 4. Hard renovation example – quay Douala Cameroon. 
 
 

4  GUIDELINES CATEGORIES OF RENOVATION OF 
EXISTING QUAY WALLS 

The table below gives the main parameters to select an adequate 
type of upgrade. It obviously does not intend to be complete; 
more comprehensive lists can be elaborated on project specific 
base.  
 
Table 1: Some key aspects supporting selection of an upgrade strategy 

 soft upgrade medium 
upgrade 

hard upgrade

assessment of project conditions 

geotechnical and 
hydrologic 
conditions

good medium to 
bad 

bad 

structural state of 
existing quay 

good, limited 
repair and 
refurbishment 

good, repair 
may be 
needed 

bad 

new functional 
requirements 

limited 
changes 

large & 
medium 
changes 

large changes 

compliance to 
new codes and 
regulations

usually 
difficult to 
prove

partly 
possible 

possible 

results of ULS 
design-
assessment of the 
existing structure 

all unity 
checks (UC) 
below or 
close to 1.0 

UC of limited 
number of 
failure modes 
severely 
exceeded 

UC of large 
number / all  
failure modes 
severely 
exceeded

quay wall to 
remain in service 
during 
construction 

Port operation 
possible over 
quite entire 
infrastructure 

Port operation 
possible, 
(staging of 
works) 

Port operation 
possible, 
(staging of 
works) 
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 evaluation criteria on short term   

investment cost low medium  severe 

Project duration  short long long 

Construction risk  low  medium  high  

risk on cost and 
planning 

 low High, if state 
differs from 
expected  

Medium, if 
state differs 
from expected

evaluation criteria on long term  

Maintenance can be 
expensive  

low; Life 
Cycle Cost to 
be included 

low; LCC can 
be integrated 
in design

Flexibility to 
other future 
modifications 

restricted limited, can 
be included in 
design 

to include in 
design 

Robustness to 
unforeseen 
change of 
conditions 

usually low limited, can 
be included in 
design 

to include in 
design 

 
5  RISK MANAGEMENT AS DECISION TOOL 

Despite of their economic and environmental advantages, 
upgrade of existing Port Infrastructure involves significantly 
more and different risks compared to building of new 
infrastructure. Risks are related mainly to: 

- Limited or even absence and lack of reliability of 
geotechnical and structural information about the 
design and the state of the existing structure. 
Differences between the expected most probable 
conditions and the real conditions often appear during 
construction works; 

- Effects of the construction works executed very 
closely of the existing structure are very difficult to 
predict on a reliable way; 

- Interaction of works and Port operation. 
 

Risk management strategy should be included in the existing 
conditions assessment strategy, in all design choices and when 
selecting the execution methods. Classical risk registers are not 
efficient as design and construction decision support tools.  
Fault tree techniques (failure mode analyses), as eg proposed in 
EAU 2004,  are powerful tools in providing overview, 
combination and interaction of risks for design, procurement 
and construction and even for maintenance. In this technique, 
one starts from defined top failure events (in the broad sense of 
the term), looking for all causes and sub-causes and their 
probability of occurrence as well as their combination leading 
to the considered top event(s).  

 

 
Figure 5. Example of fault tree (simplified) – Stability existing quay  
 

A well-constructed fault tree helps to find out the critical 
(failure) mechanisms and to formalise the methodology of 

design and construction methods in an integrated way. It helps 
to define and allocate mitigation measures in the entire 
assessment-design-procurement and construction process. Such 
analyses can be performed at a rather conceptual level, to 
support a risk based selection between different levels of 
upgrade, or at a more detailed level to analyse all aspects of a 
proposed upgrade solution in order to have an integrated risk 
management approach through the complete project 
development and realisation. Figure 5 provides an example 
giving the possible failures mechanisms of the existing structure 
during the renovation works. Probability of failure highlighted 
in bolt has been reduced by adding extra temporary anchors.     

The risk evaluation, mitigation and allocation as well as the 
residual risk items appearing in the fault tree analysis can be 
developed further using classical risk register tools. 

  
6  ROBUST DESIGN, FLEXIBLE EXECUTION METHOD, 
MONITORING AND OBSERVATIONAL METHOD 
  
Risks can be identified but never excluded, especially those 
related to insufficient or less reliable data. The design shall be 
robust, i.e. resilient to deviations of conditions from the 
expected ones. Sensitivity analysis to geotechnical and 
geometrical parameters, or to resistance of structural elements 
are good design practices rather than relying on obscure safety 
factors. The selected construction methods shall be flexible, i.e. 
capable of adapting to various and changing conditions. Light, 
multi-purpose equipment is often preferred to sophisticated 
highly specialised equipment. 

Monitoring and observational methods during construction 
are highly recommended to optimise design and construction, to 
cope with deviations from expected conditions and to manage 
risks. Monitoring during Port operation is recommended to 
observe the behaviour of the quay and to optimise maintenance. 

7  CONCLUSIONS 

Environmental and cost optimisation often results that upgrade 
of existing port structures is the preferred option compared to 
the construction of completely new port extensions. Upgrade 
solutions range from simple refurbishment to hard renovation. 
Assessment of structural and geotechnical conditions, as well as 
their reliability are crucial in the decision of the type of upgrade. 
Some guides are proposed to support the selection strategy. 

The use of fault trees allows an integrated approach during 
the complete assessment-design-procurement-execution process. 
It is a powerful risk management tool supporting decision at 
each stage of the entire project developed in conditions of 
significant remaining doubts, even after careful geotechnical 
investigation and assessment of the existing structure. 
Monitoring during construction, and especially when combined 
with the observational method, developed together with robust 
design and flexible execution methods have proven to reduce 
efficiently operational risks. 

Further development of survey and assessment methods of 
the ground and structural conditions, of design criteria for ULS 
and SLS as well as for accidental events, and improvement of 
specific dredging and geotechnical works equipment, combined 
with specific project management techniques will optimise the 
upgrade of Port Infrastructure necessary all over the world  
and will reduce the risks associated to such works. 
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