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Summary 
This paper presents principles of life cycle optimization from an engineering point of view. The 
optimization is reached through interaction between the disciplines of design, construction and 
maintenance. Process aspects, tools and criteria are discussed with focus on the reliability of these 
aspects. 
 
Keywords: Integrated design, life cycle management, RAMS analysis, Systems Engineering, 

construction, maintenance, design process 
 
1 Introduction 
Infrastructures are built to serve human society: they should fulfil their intended purpose in an 
effective, reliable way and be safe for a defined service life. 
Traditionally, the subsequent phases of realization are split: first design, followed by construction of 
the scheme and finally the operational phase of inspection, maintenance and repair. Due to this 
approach sub-optimizations have frequently been observed. 
Triggered by privatization in many countries in Europe, infrastructural schemes are more often than 
before developed, executed and maintained by private companies. The successful company gets the 
project awarded through a tender procedure. To be successful a most competitive proposal must be 
developed which, at the same time, will comply with all relevant requirements. These objectives 
can only be achieved if life cycle costs are optimized and integrated design procedures are followed. 
Design engineers should not limit their horizon to design aspects only but need to consider the 
through-life cycle on a holistic basis. This means that a strong interaction with the other disciplines 
involved is essential: apart from the other design disciplines, a close interaction with cost 
estimation, work preparation, procurement, construction and maintenance is essential. To perform 
in such environment, design engineers should understand the process they are in and the 
interactions that should be managed but also need tools and criteria to make their contribution to the 
overall process. And that is where the gap often appears in practice.  
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2 Interaction, an introduction 
The primary interaction is between design and the functional requirements/ boundary conditions on 
the one hand and design and execution/ maintenance aspects on the other hand (fig 1). But also the 
interaction between different engineering disciplines should be considered as well as the interaction 
between design and QHSE (Quality, Health, Safety and Environmental Care).  
 
    
 
 
 
 
 
 
 
                                                   Fig 1 Interaction in design 
 
Properly performed interaction is a decisive success factor to develop and realize effective and 
efficient civil engineering structures, from relatively easy schemes to the multi-disciplinary, 
complicated schemes: the same basic principles apply. Design engineers should, as part of the 
design, identify and optimize the cost drivers of the scheme: manpower required, equipment 
needed, material demand, construction time required and, if applicable, cost related to maintenance 
and repair. The optimization in this respect is the effort to reach a structural and economical 
justified scheme that complies with the functional requirements in a most effective and efficient 
way. 
During the development of the concept, interaction will generally lead to alternatives. The 
alternatives may be fundamentally different in the way they cope with the structural, execution and 
maintenance aspects of the scheme (reliability and risk, constructability, redundancy, maintenance, 
durability, future extension capability, design aspects such as shape, repetition, planning etc.)  
The choice between alternatives is generally governed by (life cycle) cost considerations. To serve 
as the reference parameter, cost should be integral, total cost. For the more complex infrastructural 
projects (and especially for through-life approaches), cost as a fixed numerical value doesn’t exist: 
the complexity of cost components is often to a level that a risk based approach in the cost 
estimation is required. Such an approach is presently the state-of-the-art. The result of a risk based 
cost calculation is a probability density of anticipated cost. Also for the selection of the promising 
alternative, risk based selection procedures are commonly applied. Design engineers have a 
significant contribution to this process as in design freedom is converted into specifications. And 
such process should be performed with a through-life focus. As such interaction is a key success 
factor.   
  
3 Basic aspects of the interaction between design, construction and 

maintenance. [1] 
3.1 Introduction 
Interaction between design, construction and maintenance is a must to assure  
• Effectivity: compliance with the (functional) requirements. 
• Economy   : management of integral cost and time schedule. 

 
If the interaction is addressed properly and if disciplines involved perform in a professional way, 
optimized effectivity and economy can be achieved. 
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Interaction between design, construction and maintenance is not a well established basic attitude of 
individuals involved. To interact one should have a clear understanding of not just the knowledge 
domains involved, but also of the driving mechanisms, the process (fig 2). 
 

 
Fig 2 Interaction scheme 
 
In traditional Construct contracts, construction will follow design. Interaction in such case is 
difficult within the project environment and should be assured by trained and experienced engineers 
involved in design to anticipate construction/ maintenance aspects. Much more opportunities are 
given by the Design/ Construct type contract (further referred to as D/C): the development of the 
concept and actual execution of the scheme are both with one party. D/C gives the opportunity to 
achieve a most economical solution by full integration, through interaction, of the design and 
construction disciplines. A further expansion of D/C is the Design/ Build/ Operate and Transfer 
type contract (DBOT) where also maintenance and operations are part of the scope of contract. In 
such case maintenance aspects should also be considered to achieve the optimum. In case of D/C or 
DBOT, the focus should be on exploring the opportunities arising from interaction between 
disciplines involved. As such it is about an integral, multidisciplinary, process to be performed and 
managed. And the integration, even for D/C, is more than just adding the disciplines together: 
D/C ≠  D+C 
This section will present some basic principles of the optimization through interaction, with focus 
on the role of engineers, from a process perspective. To link the principles to practice, the Design/ 
Construct case will be used as a reference. 
Although the objective in general is the optimization of cost, it should be realized that interaction 
also appears to be a critical success factor for innovative projects where elements, or the scheme as 
a whole, are/ is beyond the state-of-the-art. 
Within the project environment integration and interaction is structured on a project basis, based on 
the specific project phase. 
As such, phases should be distinguished, more than a split in the disciplines design and 
construction. In all phases, all disciplines should be represented in a participation related to the 
specific phase: during the development phase the design discipline will be in the majority, but the 
other disciplines will be present as well; during the realization phase a gradual shift will be noticed 
from design to construction disciplines (fig 3). 
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 Fig 3 Phases in D/C 
 
Interaction and integration is not an objective in itself: it should lead to an optimum scheme. This 
will only be achieved if the interaction is effective and efficient. This however requires an 
understanding of the process, management of knowledge and experience and, proven to be a 
complicated factor, working attitude (fig 4). The required working attitude can briefly be 
summarized as the will to succeed. Traditional working relations do not fit in the integral approach 
and this does require a rethinking of the process in terms of role patterns. 

 
 Fig 4 Factual/ non factual aspects of interaction 
 
Attitude can be trained. The contents part can be learned. To be successful, it is required to 
understand common issues between the disciplines involved, but above all, to understand the 
differences. In this respect following aspects (all related to the fact that D/C ≠ D+C), will be 
addressed in the next paragraphs: 
 

 Interaction/ integration 
• The increasing specification phenomenon 

 Design differs from Execution 
• Cyclic versus linear approach 

 Design followed by execution is not identical to D/C 
• Serial versus concurrent engineering 
• Process control is more than product control 

IABSE Symposium, Weimar 2007



3.2 The increasing specification phenomenon 
To structure the design process during the tender phase (development phase) engineers should 
realize the level of specification of the scheme. To submit a bid, a scheme must be specified to such 
a level as required to calculate cost to a set accuracy. The gap between the level of specification of 
the Invitation to Bid and the required level of specification to submit a tender is a clear indicator of 
the extent and intensity of the process to be performed during the tender phase of the project. The 
level of specification can be very low: a typical example would be a traffic capacity between A and 
B, full stop. This position is indicated as Type 1 in fig. 5. The specification could be very high as 
well: the concept is given with main dimensions, typical details and main quantities can be 
concluded from the documents or calculated with relative minor efforts. This is indicated as Type 3 
in fig. 5  
It is vital to realize where the development of the scheme is in terms of level of specification. 
Misperception generally leads to a gross underestimation of cost required to realize the project. 

 
 Fig 5 Level of Specification principle [2] 
 
3.3 Cyclic and Linear approach  
There is a significant difference in approach between the design discipline and the execution 
discipline in civil engineering projects:  
• Design tends to be strongly cyclic: through a number of cycles, a starting point (question, 

context) is developed into a solution, which must comply with all requirements. During that fit 
friction is generally encountered but solved through the cyclic approach (fig 6).   

 
Fig 6 The analytical  nature of design [3]. Image courtesy of H.A.J. de Ridder 
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• The execution of works should be a linear process: through a number of optimizations from the 
solution to implementation  (fig 7)  

 
Fig 7 Linear nature of the execution of works [2]  
 
As both disciplines are actively involved in the development phase, both approaches will be present 
as well. This will generally result in a certain tension which should be managed. Pending the phase 
of the project, the cyclic (development phase) or linear approach (realization phase) will be 
dominant. Understanding the differences is a first step in managing the process. But this is not 
enough: apart from interaction between both disciplines/ approaches, each of them should be 
managed internally also: 
• The cyclic engineering process should basically result in an increase of the level of specification 

to allow interaction and to result into deliverables. The sooner the result is achieved, the better. 
This is indicated in green in fig. 8. Endless, large cycles, indicated in red in fig 8, will result into 
separation of disciplines, costly processes, running out of time and low reliability/ quality of the 
integral product.  

 
Fig 8 Management of the cyclic process [3]. Image courtesy of H.A.J de Ridder 

 
• The linear process will contain optimizations. The challenge is to reduce the degrees of freedom 

and to create a higher level of specification as soon as justified. This is represented by the green 
line in fig 9.  
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Fig 9 Management of the linear process [2] 
 

3.4 Serial versus Concurrent engineering 
In a traditional approach most disciplines are, due to phasing and contractual arrangements, linked 
to each other by finish- start relations: upon (partly) completion of a certain activity the next one 
will start. In this way the level of specification is steadily and gradually built-up. The approach has 
a serial characteristic. 
In D/C, interaction requires a concurrent approach: various activities are executed at the same time 
to keep the process and interaction running and to optimize the time schedule. This approach 
imposes a different way of working for all involved. The main difference is the methodology of 
working: from a traditional task/ activity planning toward a planning with focus on information. 
The key question in this approach is: Who needs which information, when, from whom and for 
which purpose.  
By a structured generation of information, with due focus on the purpose, it is possible to start and 
run various processes simultaneously, to effectively allow interaction and to reduce the overall time 
schedule. The focus on information, more than on traditional tasks, generally results in a working 
procedure from general information to detailed information. This may include various cycles for the 
same component of the scheme, each time more detailed for different purposes/ subsequent 
activities. The information planning is a strategic tool to structure the process of increasing 
specification. Once established it is common practice to transform the information schedule into a 
more traditional task schedule to instruct team members and to monitor progress. To optimize the 
benefit of concurrent engineering, Systems Engineering principles should be applied. These 
principles are discussed in section 3.5 
3.5 Process management aspects (engineering oriented) 
Process management of multidisciplinary projects is complicated. Steering and control can seriously 
be hindered by a burden of interactions between individuals involved. 
An effective approach to keep a project manageable is to apply the cluster methodology: the team as 
a whole is split in clusters.  
 
The boundary of a cluster (and as such the interface) is taken at the positions where minimum 
interaction will occur: the clusters are reasonably self supporting and will generally be 
multidisciplinary. A typical example of cluster approach is the team organization for the storm 
surge barrier Ramspol in the Netherlands (fig 10). The organization contained 4 clusters: The 
rubber sheet, the foundation and sill, control room (as a whole) and the river training works. Each of 
the clusters definitely has relations with the others, but the interaction at these interfaces was 
relatively low.  
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Each cluster was multidisciplinary, both from an engineering 
point of view as well as within the civil discipline where 
design, cost estimation, work preparation and execution were 
all contained in each of the relevant clusters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 10 Storm Surge Barrier Ramspol. .Image courtesy of BAM Civiel  
 
In a more generic way, the choice of interfaces between the clusters is presented in fig 11 [2]. 

 
Fig 11 Cluster interfaces  
 
To manage the interfaces and to make the clusters perform, it is strongly recommended to apply the 
principles of Systems Engineering. In Systems Engineering, breakdown structures are applied. A 
typical example is the Work Breakdown Structure, and the cluster approach perfectly fits in the 
breakdown methodology: a complicated project is decomposed in smaller units. According Systems 
Engineering principles, each cluster will get boundary conditions to stick to. It allows each cluster 
to, more or less, independently perform, and as such to allow concurrent engineering. Upon 
completion, all clusters can be joined to bring the plan together. If the original boundary conditions 
have been assessed properly, all clusters will fit and the overall scheme will comply with all 
requirements. The assessment of boundary conditions for the clusters requires thorough knowledge 
of the Systems Engineering principles, domain knowledge of the scheme concerned and 
understanding of the interactions between the disciplines involved. The boundary conditions are set 
at an early stage and therefore can not be based on in-depth engineering results. Moreover, 
boundary conditions should not be focused to obtain a minimum material demand, but should have 
their focus on optimum overall cost, influenced by material demand, equipment, man-hours and 
time as an entity in itself. Sub-optimizations would require serial oriented engineering and would 
obstruct concurrent engineering. As such, Systems Engineering does require experience and 
judgment as choices must be made at an early stage. Additional aspects of Systems Engineering are 
discussed in section 6.1  
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4 Structural performance aspects  
Limit state design approaches are effective tools to examine/ analyze structural performance. The 
most common approach is ULS, Ultimate Limit State approach. In this approach the ULS is used as 
basis for design, followed by a check of the SLS, Serviceability Limit State. It should be realized 
that both limit states must be addressed separately: the SLS is not simply the ULS divided by a 
factor, as is the ULS not just the SLS multiplied by a factor. Although the approach for the 
ULS/SLS analysis is the same, differences become visible when uncertainties are highlighted in the 
flow schemes of the analysis (fig 12, 13, 14 and 15) [1], [4], [5]: 

 

   
Fig 12 Flow scheme SLS                                Fig 13 Flow scheme ULS 

 

    
Fig 14 Uncertainties in the SLS analysis        Fig 15 Uncertainties in the ULS analysis 

 
Uncertainties do occur in the field of loads, static schemes and SLS aspects to be addressed: 
• Loads: loads are more frequently measured and documented than before.  As such an increasing 

knowledge is being built up to allow a statistical approach of loads. Especially in the field of rail 
and road infrastructures, traffic loads are more reliable. Although water levels of rivers, lakes 
and seas have been monitored over decades and as such should allow a reliable assessment of 
water pressures, recent effects from global heating and urbanization may negatively influence 
reliability if considered over a life time. General loads, frequently applied as blanket uniformly 
distributed loads, have an uncertainty, but can be governing at the same time, pending the 
concept or component. Care should be given to these loads and validity for the case considered 
should be checked carefully. 

• Static schemes: static schemes are reliable most of the time. But especially at structural 
interfaces and at the soil- structure interface a careful consideration is required. A typical 
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example is the simplification, frequently applied, of the soil-structure interface where the 
horizontal resistance/ deformation of the soil is modelled by a set of independent non-linear 
springs. From an interaction between loads, structural stiffness and the spring characteristics, a 
state of equilibrium results. But the springs have no interaction directly between themselves: 
generally there is no shear mechanism between the individual springs. As such the shear 
performance of the soil between horizontal layers is not considered in the model. If such 
performance would be critical, more sophisticated schemes, with direct interaction between the 
springs, would be required. Or, alternatively, Finite Element Models could be applied. 

• Special attention must be given to the SLS aspects: from functional requirements, boundary 
conditions and general principles of structural engineering, SLS aspects can and must be 
concluded. SLS aspects may only be copied if their validity for the project considered has been 
proven. The reason is that existing, general, SLS criteria are often implicit: they do not address 
the actual SLS aspect specifically. A typical example is deformation: what is tried to be 
safeguarded through deformation: water accumulation, user comfort, structural damage to other 
components, dynamic response? Clarity is required as the criterion will be different for each 
aspect. Also the gradual change and development of structural concepts may require a critical 
review of criteria applied: implicit aspects and criteria may not be valid anymore. A typical 
example (from port infrastructures) is the limit to horizontal deformation of vertical steel 
dolphin piles in ports, which are used to connect the mooring lines of ships: to avoid that people 
would be launched in case of release of the lines, horizontal deformation criteria apply. But it is 
actually the acceleration which is indirectly controlled through the deformation. However, 
typical deformation values are common. But the values from the past were copied even when 
multi-pile systems changed to single, large diameter, piles. It is clear that the acceleration, 
implicitly approached through deformation, of both systems is different if the same, unchanged, 
deformation value is applied. 

 
5 The broader theme: life cycle considerations 
Life Cycle Management is an approach to achieve optimized integral cost over the full service life 
of a structure and optimized performance in compliance with (functional) requirements (fig 16). 
 
 
 
 
 
 
 
 
 
Fig 16 Life Cycle Management. Image courtesy of FIB Commission 5 and  Prof Toyo Miyagawa [6] 
 
The service life of a structure covers all stages from design, execution, maintenance and repair up to 
and included demolition/ decommissioning. The optimization of integral cost implicates a balance 
between cost and added value. As such there must be an unambiguous understanding between all 
involved in the process, which added value must be generated. Most commonly this is expressed in 
functional requirements, project/ location specific additional requirements and criteria. As briefly 
mentioned in section 1, the optimization also implicates that all disciplines involved (design, 
execution and maintenance/repair) should have an input in the process to reach the optimum, 
avoiding sub-optimizations in any one of the disciplines. It requires a re-thinking of both the 
development phase and the realization phase compared to the traditional approach where there is a 
more sequential order of participation of the disciplines. The re-thinking is not just about the 
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participation of disciplines (and the consequences as outlined in section 3), but also about internal 
authorizations: in the integral approach, consequences of choices by any discipline on the scheme as 
a whole are to be carefully examined and balanced. This does require an organizational mechanism 
(including responsibilities and authorizations) to structure the process. Such mechanism could 
consist of a life cycle manager above the disciplines involved with a line responsibility to the cluster 
manager or project manager. The creation and activation of such a steering mechanism appears to 
be a hurdle in practice: the deviation from existing patterns appears to be a problem, resulting into a 
blockage of the re-thinking process. A continuous effort to re-think the processes is however 
required to cope with the changing circumstances connected to the through-life approach. 
In a simplified form, de Sitter’s law addresses the interaction between the disciplines and their 
consequences as follows: 
• 1 spent in design and construction equals: 
• 5 required for preventative maintenance, 
• equals 25 to repair local deterioration, 
• equals 125 to repair general deterioration 
To make Life Cycle Management happen it is important to focus on the key success factors: 
• Identification of drivers with regard to direct and integral cost and critical factors to 

performance. 
• Identification of the impact of these drivers and factors on cost and performance: understanding 

the mechanism. 
• Development of tools to quantify effects: 

Some of the present tools are: 
• Deterioration models 

One of the modern models, although still under development to improve the practical 
application in design and the use as decision support tool, is the Duracrete model, based 
on a probabilistic approach of both the deteriorated capacity and loadings, typically 
presented in fig 17.  
 

 
 
 
 
 
 
 
 
 
  Fig 17 Duracrete principle [1], [6] 

• Improved technology  
• Quality assurance 
• Quality management through Risk Analysis 
• Certification 
• Competence building ,development and training 

To make an integrated, holistic approach happen, it is important that design engineers understand 
the critical factors of the realization phase and that they give attention to these factors through 
(design) choices. For the realization phase four critical C’s can be identified, all related to the 
following deterioration processes: 

• Reinforcement corrosion 
• Carbonatation 
• Chloride attack 
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• Concrete mix 
• Alkali aggregate reaction 
• Sulfate attack 
• Freeze-thaw 
• Micro biological 

• Initial cracking and it’s consequences 
The four C’s are: 

• Concrete mix  
• Compaction 
• Curing of concrete (including temperature control) 
• Cover of reinforcement 

Depth of the cover has, together with the quality of the cover, a decisive 
impact on the durability of the structure.  
National and Regional codes give guidelines for the cover depth in relation to 
the class of exposure etc. It is vital that prior to the placing of concrete the 
cover of reinforcement is inspected and, if required, corrected. Although self-
control is an accepted approach under ISO 9000, it is strongly recommended 
to have random, second line inspections. It should be realized by designers 
that the likelihood of conformity also depends on design and reinforcement 
details: tolerances shall be regarded and dense reinforcement details, 
especially in combination with large diameter rebars with curved shapes, may 
lead to difficulties. It should also be realized that tolerances in cover will 
occur despite efforts. Fig 18 shows the results of 591 measurements on a 
major scheme, executed under ISO 9000 procedures. Actual values 
(including tolerances) should be within the range of 45-60 mm. The spread in 
results is obvious as is the non-conformity area. To optimize through-life 
cost, design engineers should specify cover requirements in anticipation of 
tolerances to such an extent that through-life cost (initial cost and cost for 
maintenance and repair) are minimized. That requires an understanding of 
tolerances but also an understanding of the consequences of non-conformities 
in terms of deterioration. In practice, engineers are often lacking sufficient 
and reliable data to (safely) deviate from code values in their attempt to 
optimize through-life cost. Additional data gathering of site data would allow 
a more integral approach of the design process. 
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Fig 18 Cover measurements, 591 values 
 

Design engineers should anticipate the interaction between the four critical C’s and design choices 
but also develop specifications with due attention to the four C’s. 
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6 Towards larger projects, extension of basic principles 
Although above mentioned principles are valid for a wide variety of projects, large scale projects 
need additional tools to secure efficiency and effectivity of the design: Special techniques and tools 
are required to assure that all requirements will be incorporated in the disciplines design, 
construction and maintenance: recent motorway projects in the Netherlands had between 3000 and 
4000 requirements to be incorporated in design, construction  and/or maintenance.  
Techniques, especially fit for integrated projects, are Systems Engineering and the RAMS 
methodology. 
 
6.1 Systems Engineering [8] 
 Systems Engineering is in fact a standardized approach of the design process including the 
specification phase, with a strong focus on verification and validation. A key-aspect of Systems 
Engineering is the explicit way of recording information. This results in a transparent process, 
which is a critical success factor to manage large scale (infrastructural) projects: Due to their scale, 
a great number of interfaces, both internal and external, will occur. A high level information 
management approach is of the essence to avoid non-conformities and consequential cost. Systems 
Engineering provides the necessary integrated and structured methodologies. Core elements of the 
approach can be summarized as follows [7]: 
• Stakeholders Requirement Definition Process 
• Requirement Analysis Process 
• Design Process 
• Implementation Process 
• Operation and Maintenance Process 
• Verification and Validation Process 
• System Management over the Service Life 
As such, Systems Engineering provides tools to apply Life Cycle Management in each of the phases 
of the Service Life.   
Important aspects of System engineering are: 
• The distinction between the specification process and design process to optimize transparency: 

starting point of the processes is the project problem definition. A typical example could be: a 
road transport capacity between A and B must be C. The solution of the problem is the project 
objective. System Engineering describes two processes right from the start: the specification 
process and the design process which should be requirements driven. Both start at the problem 
definition and run parallel in cycles of increasing level of detail to such an extent that the 
execution phase may follow. At such level both processes merge.  

• Verification and validation: Systems Engineering has a strong focus on verification and 
validation. It is a continuous process to verify whether the design (at each level of development) 
complies with requirements (at each level of development) and to validate whether the design, 
again at each level of development, satisfies the requirements of the stakeholder (Client). During 
the execution of the project, components are realized and built together to form the scheme. Also 
during this stage there is a continuous process of verification (compliance with design) and 
validation (satisfaction of stake holder’s requirements).  

• Through-life approach: Systems  Engineering will be applied in all the phases of the service life. 
But in each phase the decision making process will have the service life of the structure as 
reference. 
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The aspects described above are briefly summarized in fig. 19 [8]  

 
Fig. 19 Key aspects of Systems Engineering (image courtesy of Prorail and Dutch Ministry of 
Transport and Public Works) 
 
To structure and manage the processes of Systems Engineering, breakdown structures have been 
developed. Typical for the engineering process are the following structures [9]: 
• Functional Breakdown Structure: the FBS describes the functionality of the systems from global 

through an analysis to detail. The FBS is strictly limited to functions and shall not be mixed with 
concluded engineering solutions. Such discipline appears to be quite a challenge in practice. 

• Requirements Breakdown Structure: the RBS gives a coherent overview of the requirements at 
different levels of detail. All requirements are traceable, both top-down and bottom-up. At the 
top, requirements are linked to functions or operation processes. The breakdown is done to such 
a level that stake holder’s (client’s) requirements are safeguarded and can be verified. 

• System Breakdown Structure: the SBS presents a decomposition of the system and a structure in 
which all elements to be designed, realized, maintained and decommissioned are presented. 

In addition, System Engineering also comprises the Work Breakdown Structure and can be 
expanded with additional Breakdown Structures as appropriate, although limitation of Breakdown 
Structures is strongly recommended to limit interactions. Also a balance should be found between 
the level of decomposition and the number of interfaces as all the breakdown structures are based 
on the top-down decomposition of systems. Data bases are generally applied to identify and manage 
relations between the various Break Down Structures.   
 
6.2 RAMS Analysis Methodology 
As engineers should have an holistic approach to properly deal with life cycle aspects and as 
decisions should be taken from a through life perspective, engineers need methodologies to put 
these principles into practice. A powerful tool is the RAMS methodology: requirements are 
focussed on Reliability, Availability, Maintainability and Safety. And decisions are taken with due 
emphasis on the RAMS requirements. The use of RAMS requirements is quite common for 
infrastructural systems. For rail infrastructures a RAMS based code (EN 50126: the specification 
and demonstration of Reliability, Availability, Maintainability and Safety) is available and 
generally applicable. It is advised to give proper attention to RAMS requirements right from the 

IABSE Symposium, Weimar 2007



start of the specification and design phase of infrastructures. Engineers should make their choices 
with a RAMS mindset. The RAMS elements can be briefly summarized as follows: 
• Reliability: The ability of an item to perform a required function under given conditions for a 

given time interval. 
• Availability: The ability of an item to be in a state to perform a required function under given 

conditions at a given instant of time or over a given time interval, assuming the required 
external resources are provided. 

• Maintainability: The ability of an item under given conditions of use, to be retained, or restored 
to, a state in which it can perform a required function, when maintenance is performed under 
given conditions and using stated procedures and resources. 

• Safety: Freedom from unacceptable risk of harm. 
 

The relation of RAMS aspects relative to the system can be illustrated as follows: 

 
Fig 20 The relation of RAMS aspects relative to the system. Image courtesy of Prorail and Ducth 
ministry of Transport and Public Work [8] 
 
To further discuss the RAMS elements, following parameters will be used: 

Ttotal,Tuptime ,Tdowntime,  Tpreventive , Tcorrective 
 
T total is the overall time an item is present, regardless whether the item complies with the 
requirements. 
T uptime is the time an item performs a required function. 
T downtime is the time an item does not perform a required function. As such:Ttotal = Tuptime + Tdowntime. 
Tdowntime  can be split in two components: Tcorrectieve and Tpreventive: Tdowntime = Tcorrective + Tpreventive. 
Reliability can now be formulated as: R= T uptime  / (T uptime + T downtime). 
Often another indicator is used to identify the reliability: the Mean Time Between Failure: MTBF. 
MTBF can be used to calculate the failure frequency λ: 

MTBF
1

=λ  

The tools engineers have to influence the reliability of systems are the use of parallel relations in 
stead of serial relations and the application of the principle of redundancy. This is schematically 
represented in fig 21 
 
 
Fig 21 a, serial relation 
 
 
 
 
 

Fig 21 b principle of redundancy    Fig 21 c  parallel relation 
Fig 21 Principles of serial relations, parallel relations and redundancy  
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If the failure rate of each of the components would be 0.01, the serial system would have a failure 
performance of 0.04 (the sum of the components rate) against a system failure rate of 1.0x 10 -8 for 
the parallel system (the multiplication of component rates). With built-in redundancy, the serial 
system of fig 21 b would have a system failure rate of 4.0x 10-4 (the sum of multiplied rates of C1-
C5 etc).  It is this awareness that engineers should put into practice in the development of concepts. 
 
Availability is frequently expressed as A= T uptime / (T uptime + T corrective + T preventive). As such, 
availability is strongly related to Reliability and Maintainability. In this respect another indicator is 
frequently used: Mean Time To Repair, MTTR. Availability can now also be expressed as [9]: 
 

MTBFA
 

MTBF MTTR
=

+ 
 
And again, engineers should develop a strategy how to deal with MTBF, MTTR and to find the 
balance between both to comply with availability requirements.  
 
From practice it can be concluded that the RAMS analysis is a powerful tool to support concept 
development but that there is still a lack of reliable data to actually perform a reliable analysis with 
exception of those elements where statistical performance data are available. Given the trend in 
construction it is emphasized that additional efforts are required to collect and process data and to 
further develop the RAMS methodology. 
 
7 Conclusions 
Recent developments show a focus on life cycle approaches. Engineers need to incorporate life 
cycle considerations in the development of their concepts. Interaction between design, construction 
and maintenance is of the essence. Although available tools give design engineers a reasonable 
support to do   so, new techniques such as Duracrete, Systems Engineering and RAMS analysis are 
required and promising but need further development to be effectively applied in a civil engineering 
design environment.  
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