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General introduction 

1.1. Introduction 
One of the problems in current building practice is the lack of 
quantitative information on the performance of building 
components over time. This information is needed to be able to 
attune the performance leveP of a building component to given 
requirements during its life span. AB part of a policy of 
deregulation, current international standards are aimed at the 
specification of the required performance of buildings and building 
components without imposing restrictions on the form or materials 
of the solutions (International Organization for Standardization, 
1980; International Organization for Standardization, 1984; 
Bercken, 1993). This policy could offer more freedom to the design 
team2, but also imposes the duty of demonstrating that a chosen 
solution will fulfil given requirements. 

The design team and building manager need (quantitative) 
information on variables determining the performance level 
supplied by building components•. Only then can they prove, other 
than by trial and error, that a component will fulfil the total set of 
requirements. The information should support design, construction 
and maintenance decisions. The research field of performance 
management of building components is directed towards the 
attunement of buildings and their building components to given 
requirements during the several requirement periods within the life 
span of a building. 

The terms "performance lever and "performance category" will be explained in paragraph 1.3. The term "building 
componenr will be elaborated in chapter 2. 

In this thesis, the building team responsible for design, production and construction of a building will be summarized 
under the name 'design team• 

The team responsible for the management of the building in use, including maintenance, cleaning, renovation, will be 
summarized under the name "manager". 

Although the as-built characteristics of a building component will be determined by decisions of participants 
throughout design, production and construction, this research will focus on the resulting characteristics after the 
building has been completed and commissioned and the effect these particular characteristics have on the 
performance of a building component. How to guarantee that these characteristics will be the resun of a building 
process, through the design, production and construction process, will not be investigated. 

1. General introduction 



Figure 1. 
Allocation of 
requirements 
and co
operation of 
supplied 
performance 
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The performance categories required of building components are 
related to the function of the building. This function must be 
derived from user requirements, which will be related to the 
activities planned to take place within the building. The user 
requirements, which are described in the principal's5 "brief', will be 
allocated (by the design team) to building components in the form of 
required performance. The user requirements are satisfied by a co
operation of building components forming a building. The balance 
between and co-operation of building components is elementary. 
The performance categories and performance levels supplied by 
building components, which in themselves should fulfil the 
requirements-allocated to them, should converge into a supplied 
building performance which answers the user requirements. 

A specific building performance usually relates to the performance 
categories and performance levels supplied by a number of building 
components rather than to a single component. Knowledge is 
lacking, however, ofboth the allocation of requirements and the co
operation of the performance of several building components. The 
end result must be a building which as a whole satisfies the 
demand of the principal. The balance between building component 
requirements and the performance supplied by building 
components can be seen as part of what is necessary to obtain a 
satisfactory building. This thesis will focus on the balance between 
building component requirements and the performance supplied by 
building components, which is represented by the shaded area in 
figure 1. 

BALANCE 
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Balance and 
co-operation 
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Balance 
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Figure 2. 
The supply
demand 
balance 
(Henket, 1988) 

Figure 3. 
"Over"
performance as 
apart of 
balancing 
supply and 
demand 

d . h 

Demand: Supply: 
Required Supplied 

Performance Performance 

~ ~ 

The attunement of the performance of building components to 
requirements can be seen as a balance between supply and demand, 
in which the supplied performance categories form the supply side 
and required performance categories form the demand side 
(figure 2). 
The equilibrium can be disturbed by changes in demand or supply, 
as the supplied performance levels are expected to decrease over 
time, and required performance categories and performance levels 
can change as well. As an effect of these changes some "over
"performance6 is usually introduced at the supply side to obtain a 
required life span (figure 3). 

Required 
performance level 

Supplied 
performance level 

____.Time 

In all cases where the supplied performance level decreases, 
"over"performance should be reduced as much as possible, unless of 
course, it is cheaper to "over"perform than to adapt performance to 
requirements. 

Th balance the supplied and required performance level, knowledge 
should be available on variables influencing both. The balance at a 
specific moment in time as well as maintaining the balance over 
time should be considered. Both on variables influencing 
requirements and their changes and on variables influencing the 
supplied performance levels and their changes insufficient 
information is available to support the process of balancing. 

Within this thesis all participants putting forward requirements for a building supplementary to the standards are 
summarized under the name "principar. 

As this extra performance is not required, the extra performance ~seH is not valuable, but the l~e span originating 
from this "over"performance is. 
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Figure 4. 
The 
"requirement 
period"-concept 
as an 
approximation 
of the demand 
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Existing standards only set a lower limit for performance levels 
required of building components at the completion of the building. A 
principal can add his own requirements to these standards and 
state a requirement period: he needs to know how long a building 
should fulfil his requirements. To answer this question a design 
team or building manager should know the performance level of a 
building component at any given moment after completion. This 
performance level is determined by the initial performance level 
and the development of the performance level over time. Th be able 
to manage the performance, information on variables influencing 
this development is essential. 

The kinds of changes occurring in requirements are difficult to 
foresee, and in practice the requirements are therefore treated as 
constant over a period of time. This period of time is called 
"requirement period" (figure 4). 

During a requirement period activities on building components are 
meant to hold the component steady to this set of requirements. 
These activities are called "maintenance". At the end of a 
requirement period the building components are either removed or 
adapted to a new set of requirements. This process of adaption is 
called "refurbishment" (same function, higher requirement levels), 
upgrading (other function, higher requirement levels) or down
grading (other function, lower requirement levels) (Henket, 1990). 

More attention must be paid to the estimation of requirement 
periods, so that the (technical) life span of building components can 
be better attuned to these; this asks for more research into the field 
of requirement changes. 
More attention should also be paid to the development of knowledge 
of the performance levels and technical life spans of building 
components (figure 5). 

In figure 5, performance development I is the original performance 
development, which is not adapted to the requirement period (with 
respect to performance). Performance development II leads to a 
sufficient life span, adapted to the actual requirement period. 

Required 
r- performance level 

r---l 
I 

I 

-1~::::=4~::~~::=:nme 
Requirement Requirement Requirement 

period Period period 
, 2 3 
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Figure 5. 
Adapting 
performance to 
requirement 
periods 

1 i . 
g "\: ~~----- - --- Reqwred 
'" ., II"'- I performance level 
E 111, ., 

~ r.J '.....'\. i 
c.. r---- Supplied 

performance level 

Requirement 
period 

Time____. 

(Technical) Lije span I 

(Technical) life 
span II, Ill, IV 

Performance development III and IV would not only have lead to a 
sufficient life span, but would have had limited "over"performance 
compared to I and II as well . An economical evaluation is needed, 
however, to determine whether performance development III and 
IV are also economically speaking more worthwhile than 
performance development I and II. 

The performance of building components over time can be studied 
from two points of view. First, a building (component) should be 
able to fulfil given requirements during a stated period. This aspect 
is referred to as "durability". The durability7 of building components 
is concerned with the maximum possible level of a performance 
which can be maintained by a building component during a time 
span. The (technical) life span of a component ends when this 
performance level "underruns" the required, minimum, 
performance level; the component "underperforms". Second, if the 
requirements change, it might be desirable to be able to adapt a 
building (component) to these new requirements . This is referred to 
as "changeability". 

Changeability is an important part of performance management as 
the adaption of existing buildings to a new use forms an increasing 
part of construction indus try, at the expense of the construction of 
new buildings. Changeability is also strongly related to the concept 
of Facilities Management (which will be investigated in paragraph 
1.10), in which a building and its facilities is constantly being 
attuned to the requirements of its occupants. 

At the time this research project was started the term "durability" was used for problems related to the performance of 
a building component in relation to the requirements and in relation to deterioration over time. In the meantime, the 
concept of "durability" has gradually changed towards the notion of "sustainability"; the environment-friendliness of 
components. Within this thesis, however, it is the former concept of durability that is used. 

"ldenticar is used here in the sense of "to fulfil the same set of requirements". A 100% identical replacement of a 
component in reality is rare. The requirements which are assumed to be constant during a requirement period will in 
reality increase and the state of the art in technology will also change. A replacement will be adapted to the current 
state of the art and altered requirements at the time of replacement and will therefore not be completely identical. 

1. General introduction 5 



Figure 6. 
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Figure 7. 
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T 
Replacement of 

Component 1 Component 1 

Technical life 
span 

Requirement period 

r--·· Required 
I performance level 

A requirement period can be fulfilled by one component or by a 
series ofidentical8 components, depending on the technical life 
spans of the components used (figure 6). 

To choose (a series of) building components which fulfil the 
requirements over time during the requirement period, not only is 
the technical life span important, but also the costs involved in 
obtaining and maintaining components. In the case of a series of 
building components, replacing a building component should be 
considered as well . The evaluation of the costs may influence the 
time the component is actually used to fulfil requirements; if for 
instance maintenance costs increase rapidly towards the end of the 
technical life span of a building component, it may well be 
worthwhile to replace the component before its technical life span is 
over. Next to the technical life span and requirement period, the 
economical life span of a building component therefore has to be 
considered. This economical life span can also be referred to as the 
"period of use" (figure 7). 

Replacement ol 
Component 1 Component 1 

Period of use 

Technical life 
span 

Requirement period 

;.- •• Required ! performance level 

A building can have (and usually has) several requirement periods. 
To fulfil the requirement periods of a building, a combination of 
technical life spans of building components can be made: Some 
building components will be used throughout all requirement 

Deterioration characteristics of building components 
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Figure 8. 
Several 
technical life 
spans in a 
requirement 
period 

Figure 9. 
Several 
requirement 
periods in a 
technical life 

periods, others will be replaced. Economical considerations can 
"overrule" the technical life span of a building component and cause 
the period of use of a building component to be shorter than its 
technical life span. 

Two basic options exist: 
• The technical life span of a building component is shorter than 

the requirement period of the whole building; the building 
component will be replaced within a requirement period (for 
instance: windows and doors) (figure 8). 

• The technical life span of a building component is longer than 
the requirement period. The performance categories and levels 
remaining at the end of a requirement period are sufficient to 
serve another requirement period (for instance: building 
structure) (figure 9). 

T Supplied 
;;; performance level 
> Period P.nod ~ 
~ ~-.~-. 1 --·-- Required i ~ performance level 

.g 
~ 

A different situation will occur if the requirements do not increase 
but decrease over time; then the supplied performance can fulfil 
requirements over several requirement periods even if they do not 
fulfil the original set of requirements (figure 10). 

The technical life span is the concept of time related to the supply 
side; the requirement period is the concept of time related to the 
demand side, while the economical life span is the concept of time 
related to the balance between demand and supply. This has been 
described and visualized by Tempelmans Plat (1994) (figure 11). 

i 
1 
i .g ., 
0.. 

Supplied 
r------.Epe~rf~ormance level 

;.-----~Required 

I . performance level . I ___ j i 
___ j ' 

Period of use 

span Technicall~e span 
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Figure 10. 
Decreasing 
requirements 

Figure 11. The 
economical life 
span as a 
solution 
between the 
functional 
demand and 
the technical 
supply 
(translation; 
original picture 
by Tempe/mans 
Plat (1994)) 
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According to another publication ofTempelmans Plat (1992), the 
financial evaluation can only consider one requirement period, as 
the type of change of requirements (modernization, upgrading, 
downgrading) at the end of a requirement period is difficult to 
foresee at the beginning of a requirement period. Th diminish 
incertainty, the financial consideration should involve one 
requirement period at a time and the "cheapest solution" fitting the 
requirements should be determined on the basis of this requirement 
period only, unless knowledge is available on forthcoming 
requirement periods. 

This thesis investigates the performance side (supply) of the 
balance. The research is concerned with the performance of 
building components during one requirement period and models 
variables influencing the performance of the component during this 
period. Knowledge of these factors is necessary to determine the life 
span of a building component, given a set of requirements. This life 
span is necessary to be able to determine the cheapest (series of) 
components fulfilling a requirement period. 

Next to the requirements and economical considerations discussed, 
a design team or principal might have other considerations which 
determine the actual choice of a building component (e.g. ease of 
production, sustainability, changeability, social acceptance etc.). 
This study does not address these problems. 

Deterioration characteristics of building components 
A data collecting model to support performance management 



1.2 The State of the Art 

1.2.1 Introduction 
This paragraph gives an outline of existing research and research 
needs in the study of the performance of building components. The 
state of the art will be positioned in the supply-demand balance 
described in the preceding paragraph, and a distinction will be 
made between research addressing performance levels and research 
addressing performance over time. Knowledge gaps found in the 
state of the art will lead to the definition of the research problem in 
paragraph 1.4. 

1.2.2 Required performance characteristics 

10 

II 

" 
13 

The "performance concept in building" is an established research 
area to which attention has been paid since before 1970. The 
original idea behind the performance concept in building was, 
according to Wright (1970), that "products, devices, systems or 
services can be described and their performance can be measured in 
terms of user's requirements without regard to their physical 
characteristics, design, or the method of their creation". The main 
interest of the performance approach is the specification of 
requirements for buildings and building components and the 
evaluation of the performance of designs on the basis of these 
requirements. 

One of the groups paying special attention to the development of 
the "performance approach" in building has been the CIB9 Working 
Commission W60, entitled "The Performance Concept in Building", 
established in 1970. Becker (1989), the current coordinator of this 
co=ission, states: "The performance concept in building supplies a 
framework for enabling the design and production of buildings, 
which will ensure the satisfaction of user needs, without dictating a 
particular solution at early stages of the building design process." 
CIB W60 (1982) has paid special attention to the investigation of 
requirements, the development of terminology and the attunement 
of research between international organizations such as 18010

, 

RILEMH and ASTM 12 (CIB, 1993; CIB W60, 1993; Masters and 
Brandt, 1987). 

International Council for Building Research Studies and Documentation 

International Organization for Standardization 

Reunion lntemationale des Laboratoires D'Essais et de Recherches sur tes Materiaux et tes Constructions 

American Society for Testing and Materials 

PCM stands for Performance Cr~eria for building Materials 

1. General introduction 9 
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Listed below are three major issues treated within this research 
area: 

1. Extensive attention is being paid to specifying user needs, 
performance requirements and performance criteria for 
buildings and building components. ISO standards 6240 and 
6241 are two standards of performance requirements which can 
be related directly to efforts in the area of the performance 
concept, and which altered building regulations in many 
countries, such as the Bouwbesluit (Bercken, 1993) in the 
Netherlands. 

2. The evaluation of buildings and building components formed 
another important part of the performance approach; testing 
was of major importance. Special efforts in the field of 
standardizing have been taken by ASTM (1982), while RILEM 
committee 31 PCM13 has made special efforts in the area of 
defining performance criteria for building components on 
product and material level to support the decision process 
(Sneck, 1993). CIB W60 (1982) has defined "banded levels" for 
the description of performance requirements to evaluate 
components. 

3. The building was looked upon as a "system" which could be 
hierarchically subdivided into several levels of detail, which 
were called "building and building systems", "sub-systems", 
"elements", "components", "products" and "materials". 
Requirements and supplied performance characteristics should 
be evaluated for each of these levels. Both a "material" and a 
"functional" subdivision are distinguished, where the material 
system contains the building fabric and the functional system 
spaces. Levels can influence the fulfilment of requirement both 
bottom-up and top-down. An example of a classification using 
this subdivision is the SfB-classification system (Misset, 1988 
e.v.), which is reviewed in chapter 2. 

The work within the performance concept of building can be located 
at the "demand" side of the supply-demand balance depicted in 
paragraph 1.1. as far as the definition of requirements is concerned. 
The classification of buildings can be described as a tool to balance 
supply and demand, as it offers tools for grouping information on 
both requirements and supplied performance characteristics. The 
search for a method of classifying building components to enable 
comparison of supply and demand can also be seen in the light of 
product modelling, which is treated in paragraph 1.9. The 
evaluation techniques needed in the performance approach can be 
seen as a part of balancing supply and demand. Requirements are 
used as a starting point as it tests the solution offered against the 
given requirements. 
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The concept of time receives limited attention in current literature; 
durability is considered as one of the requirements to be fulfilled by 
a component. In this thesis, "durability" will be treated as the 
minimum period of time a performance level lasts. Durability 
should be related, therefore, to every performance level rather than 
considered as a separate performance category. 

Groups of variables influencing the performance levels supplied by 
building components are surveyed in current literature (for 
instance in ISO standard 6241) and are considered to form the 
context within which a requirement has to be fulfilled. The 
influence of these variables on the performance level (the 
performance over time) is not elaborated, however. This thesis 
elaborates variables influencing both performance levels at a 
certain moment in time, and the development of the performance 
level over time. 

Supplied performance characteristics 

Principal guide for service life planning of buildings. 
The Architectural Institute of Japan (AlJ) started a subcommittee 
on "Durability" in 1979 because "common concepts concerning 
durability of buildings have not yet been established among building 
engineers, architects and clients. Consequently, various difficulties 
can arise between constructors and clients". Logically this 
subcommittee was "aiming to systematize the concept of durability 
in the field of building engineering" (Architectural Institute of 
Japan, 1993). 
The subcommittee states that the service life of a component is 
related to the inherent characteristics of performance over time 
(related to the performance of materials, the quality of design, the 
quality of construction work, the quality of maintenance and 
management) and items relating to environment deterioration 
factor (site and environmental conditions, condition of building). An 
equation is used to express the service life of a component as a 
relationship between the "average" service life and these 
influences14

• The equation can be used to calculate the service life if 
sufficient quantitative data are available on the effects of each of 
the characteristics on the performance of a building component. 

,. Y = Ys 'A' B' C ' D ' E ' F 

Where: Ys 
A 
B 
c 
D 

Standard service life 
Material quali1y 
Design level 
Level of woi'X execution 
Level of maintenance 

E Site and Environmental conditions 
F Building conditions 
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The research by the AlJ involves the supply-side of the performance 
balance and as such covers the same kind of subject as treated 
within this thesis. This thesis aims to provide a model which could 
support data collection on the effects of each of these 
characteristics. It will review the same types of aspects, but will 
take as its starting point the beginning of a requirement period 
instead of the design process. The quality of construction work is 
then incorporated into the material, shape and location 
characteristics of building components. The Japanese research does 
not clearly distinguish between performance at the beginning of the 
use of a building and performance over time. In this thesis, 
variables influencing the performance of building components, and 
variables influencing deterioration of building components will be 
distinguished. 

Problems in Service life prediction of building and construction materials 
Existing problems in service life prediction (supplied performance 
characteristics over time) of building materials and components 
have been discussed by Masters (1985) and Masters and Brandt 
(1987). Masters states that problems in service life prediction are 
due to a lack of: 
• a systematic approach or methodology for treating the problem 

(of service life prediction) 
• an effective mechanism for obtaining and reporting data on the 

actual in-service performance of materials (feedback from 
practice) 

• knowledge of the mechanisms of degradation 
• knowledge of the environmental factors causing degradation 
• the ability to simulate or account for the synergism between 

degradation factors 
• mathematical models describing material behaviour in specific 

environments or applications 

According to Masters, problems with respect to knowledge on 
deterioration are: 
• the factors causing degradation are numerous 
• the importance of the factors varies with the material in 

question and with the geographic location of interest 
• knowledge of the effect of factors and knowledge of the range (or 

intensity) of the factors is needed in the development of test 
methods for predicting service life 

These problems are addressed in this thesis. 

Proposed methodology for service life prediction 
Masters describes several methodologies which have been 
developed by a number of research organizations to obtain data for 
service life prediction, such as 
• ASTM-standard E632-81"Standard practice for developing 

accelerated tests to aid prediction of the service life of building 
components and materials" 
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• The Performance Evaluation method of RILEM TC31-PCM 
• Methodology for providing service life data on metals developed 

by RILEM TC60-CSC (Corrosion of Steel in Concrete) 
• The Performance Concept in Building ofCIB W60 (see below) 

Unfortunately, Masters states, no internationally accepted 
methodology exists, and this lack of concensus hampers 
communication and collaboration. On behalf of the Joint committee 
CIB W80/RILEM 71-PSU5, he therefore suggests a generic 
methodology based on the current (national) methodologies. This 
methodology is now used internationally and is aimed at the 
generation of service life data through improved test methods 
comprising a combination of accelerated and long term tests. A 
description of the methodology is included in appendix 1. The 
methodology proposed by Masters is an example of a generic 
methodology aimed at the calculation of supplied performance 
characteristics over time, by combining data obtained by several 
methods. The subject of this thesis can therefore be seen as an 
elaboration of a part of Masters methodology. 

Possibilities for collection of data on supplied performance 
characteristics 
Two methods can be used for obtaining information on the 
performance of building components: testing, and feedback of 
empirical data. Once sufficient data is available, the data can be 
captured in a mathematical model, thus enabling calculation. 
Testing, feedback of empirical data and calculation will be reviewed 
for their current ability to provide performance data on building 
components. 

• Testing 
Existing performance data are collected mainly through 
(accelerated) laboratory testing. Reports on laboratory or in-situ 
testing indicate qualitative relations between deterioration and 
deterioration agents for building components; the quantitative data 
originating from these tests show little similarity to experiences in 
existing buildings. With respect to this problem, Nireki (1980) 
stated that "Most of the prwr durability related research has been 
conducted to obtain the chemical and physical properties of 
materials under specific environments. However, the test 
environments are seldom quantitatively related to in-service 
performance requirements: therefore, the data obtained seldom fully 
meet the needs". Data collection therefore should be directed 
towards the feedback of empirical data into the building process, 
since this type of data has the advantage of being real life 
experience. 

Although there is substantial knowledge available on the behaviour 
of materials, there is hardly any information on the behaviour of 

Prediction of Service Life of Building Materials and Components 
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materials applied in specific conditions within buildings. With 
respect to this problem, Masters (1985) states: 
For building and construction materials, continued progress has 
been made towards characterizing and categorizing materials, but 
little progress has been made towards the prediction, preferably in a 
mathematical sense, of material or component response including 
expected service life and the improvement in the material response 
through improvements in design, formulation, processing or 
specification. In another article Masters and Brandt (1987) state 
with respect to (accelerated) service life tests that, in the 
comparison of accelerated test results with in-service exposure: "(. . .) 
Once in a while, a high correlation is achieved, but more often the 
correlations are marginal. More importantly, signifu;ant 
transpositions in the rankings are often observed between the 
accelerated and in-service exposures; that is, a material that 
performs well in the accelerated ageing test performs poorly in
service and vice versa". This statement indicates a lack of 
knowledge about influences on the real-life performance of building 
components. 

In 1991, TNO, TUDelft and TUEindhoven in a joint research 
project investigated the state of the art with respect to life cycle 
information of building components and materials (Henket and 
Hermans, 1991; Siemes and Monnier, 1991). The consortium 
concluded that insufficient information is available on building 
component performance and that methods developed for evaluation 
ofthe performance of materials, such as Failure Mode and Effect 
Analysis (van Schayk and Raymakers, 1991; Manders-Maanders 
and Lamers, 1991) are insufficient to explain building component 
performance. Data are still incomplete, and a system is still missing 
for data manipulation. The data are useful if they provide insight in 
the relation between design, performance and life span (Siemes, 
1991). 

• Feedback from empirical data on building materials and 
components 

Extensive work has been carried out by the Building Research 
Institute and the Ministry of Construction of Japan on the 
development of accelerated, long term and in-use testing methods 
(Nireki, 1980; Ishizuka, 1983) and repair techniques for building 
materials. Special attention is paid to the determination of 
climatological influences on the service life of components. At the 
time of writing, special attention is still being paid to this 
determination. The tests usually involve specific materials 
(Nakatsuji, 1983; Kubota, 1983), or specific performance of specific 
structures (Okuyama, 1985, Yamanobe et al., 1987; Kondo, 1986). 

As a practical example of the need for performance data ofbuilding 
components the following case can be cited. Experts sometimes 
disagree about the performance of a building component. An 
example of this is the performance of metal clad roofs; for example, 
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water-tightness which is influenced by the corrosion of the roof. The 
performance level will drop once corrosion has caused holes to 
appear. The corrosion is caused, amorig other things, by moisture on 
the inner side of the roof cladding. The wetness is expected to be 
influenced by the ventilation of the cavity below the roof. 

One theory states that this ventilation does not help to remove 
condensation once it has occurred and can even be the cause of 
condensation problems, rather than their solution (Hens et al., 
1994). In daily building practice, the predominant theory is that 
ventilation is the only way to remove condensation. Only empirical 
information can reveal if corrosion occurs and if ventilation helps to 
prevent this corrosion and therefore helps to maintain the 
performance of the roof. 

Methods for collecting empirical data specifically on building 
components focus mainly on residential housing (EHCS16 (O'Dell, 
·1990), KWR17 (Damen, 1990)) or on building failures (Eldridge, 
1976; Cook, 1992; Mika and Desch, 1988; LePatner and Johnson, 
1982; Hollis and Gibson, 1991); the main interest is either to assess 
the value of a property or to decrease or detennine mainten.ance 
costs. The focus is not on performance evaluation. 

Expert knowledge is presented in design and building technology 
handbooks, such as "Building Construction Illustrated" (Ching and 
Adams, 1991), information published by British Research 
Establishment (1978; (-); 1991) and Neuferts' (1992) "Architects' 
data". They show "good building practice", giving examples of 
components, spaces or buildings which have shown to perform over 
a certain time span. Handbooks usually focus on specific 
performance categories (for instance: thermal performance, fire 
safety, structural safety) only. Building defects handbooks (Eldridge, 
1976; van der Schuit and Cozijnsen-Smaal, 1994; Cook and Hiriks, 
1992), handbooks for building survey (Hollis and Gibson, 1991), and 
maintenance manuals give information on maintenance needs and 
failures of (mostly traditional) building components. 

During a requirement period, expert knowledge and empirical 
information are used to decide maintenance activities. The 
maintenance activities can be planned on the basis of an expert 
interpretation of inspection results of specific buildings and 
building components, or life span information of"average" building 
components. The first maintenance policy is called "condition based 
maintenance" and the second "use based maintenance". 

In condition based maintenance, maintenance activities on building 
components are based on the condition of a component. A condition 
scale is defined which describes a number of levels for the condition 
of a component (for instance: newly built state, the state in which 
the component cannot function any more and to the lowest 
acceptable condition). In the Netherlands, this principle has been 
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elaborated by Gorter (1989) into a maintenance classification 
system, in which 6 different condition levels are specified. 

The maintenance activities to be executed if a component reaches a 
specific condition level depend on the policy of the owner or user of 
the building. The objectivity of the inspections and the separation of 
inspection results from the definition of maintenance activities, in 
particular, is an important issue within this approach. Therefore, 
extensive attention has recently been paid nationally and 
internationally to the development of inspection methods which 
yield unequivocal results, independent of the inspector 
investigating the building. Examples of this increased attention are 
a Brite Euram program called "Condition Assessment and 
Maintenance Strategies for buildings and Building Components" 
(Damen Consultants et al., 1992), the Japanese VISIT-system 18 

(Kondo et al., 1990), and the Conditiewijzer19 developed by C.O.T.20 

(1991). 

In use-based maintenance, maintenance activities are planned on 
the basis of average life spans of building components which are 
collected in catalogues and databases. These databases are usually 
based on the experiences of an expert team on the average life span 
of a specific type of building component, given normal situations. 
This principle is used in life span manuals, such as the Dutch 
"Levensduurcatalogus" (Life span catalogue, Stichting Bouw 
Research, 1994), the loose-leaf series "Beheer en Onderhoud" 
(Management and Maintenance) of publisher Misset, or the English 
"HAPM Component Life Manual" (Housing Association Property 
Mutual Limited, 1992), in which it is stated that: "The life classes 
embrace good practice, a normal amount of maintenance and typical 
exposure conditions". 

The life span is based on the moment the building component will 
reach a condition which is, again generally speaking, unacceptable. 
Differences in conditions accepted (which can be understood as 
differences in required performance levels) as well as differences in 
situations in which the component has to perform are not accounted 
for. As the information of which components, maintenance, 
environments can be considered as "normal" or "average" is 
somewhat lacking, it is difficult to decide whether or not the data 
apply in a specific situation. But even the actual life span of a 
building component in a normal situation can, according to the 
Dutch "Levensduur-Catalogus", show a 30% difference with the life 
span given. 

English Housing Condition Survey 

Kwalitatieve Woning Registratie (Qualitative Housing Condition Survey) 

Visual Inspection Tool for Existing Buildings, (Centre for Research and Technical Advice) 

Condition manual 

Centrum voor Onderzoek en Technisch Advies 
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Furthermore, the life spans given in the catalogues are the life 
spans agreed by experts; building components fanning the object of 
discussion are excluded. As it can be expected that insufficient 
experience is available in the case of new technologies, the 
catalogues contain information only on traditionally used 
components, and specifically for housing. 

It has to be noted, however, that the background oflife span 
manuals must be made clear. Some life span manuals, such as the 
"HAPM Component Life Manual" (Housing Association Property 
Mutual Limited, 1992) are written for insurance purposes and state 
life spans during which the supplier guarantees performance of the 
component. These life spans cannot than be expected to be the 
"average" life span of a component but the life span during which 
only a restricted number of components fail. 

In practice, use-based maintenance and condition-based 
maintenance are often combined: Life cycle manuals are useful for 
planning maintenance activities (middle and long tenn), while 
inspections are used to state the maintenance activities to be 
executed at a certain moment (short tenn) and to fine-tune the 
maintenance planning. 

Both methods focus, however, on the determination of the condition 
of a component at .a certain moment in time, rather than on the 
explanation of the condition or performance. They are attuned to 
plan maintenance, not to measure or explain actual performance. 
1b make a first choice of building components to be used and to 
obtain a first impression of exploitation costs to be expected, the life 
span catalogues are useful. More information on the reasons for 
deviations is necessary to steer the design, construction and 
maintenance process successfully. 

• Calculations 
The result of calculation methods given in standards and 
handbooks for performance levels of building components is a safe 
estimate of the minimum performance level which can be supplied 
by a building component. The actual performance level of a building 
component will be above this minimum level as the calculations 
often incorporate factors of safety. Therefore calculated performance 
levels do not give sufficient information on the actual performance 
level. 

Furthermore, the calculations are made at a relatively early stage 
to obtain a building permit. During the construction process, 
alterations will be made to the original design. The performance 
levels of the as-built situation will therefore differ from the as
drawn situation. Dutch building regulations are now acknowledging 
this problem, and include more testing of the as-built situation, for 
instance in standards with respect to ventilation (NEN 1087) 
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(Nederlands Normalisatie Instituut, 1991). The interest of this 
thesis is the performance level supplied by building components 
after completion (including design, construction and repair of 
teething troubles). 

Probabilistic methods, such as developed by Siemes et al. (1985), 
require "knowledge of all aspects that influence the service life of 
building materials, elements and structures for quantifying the 
problem ( ... ) "; effects of hazards influencing the life time have to be 
quantified, and must include their uncertainties. Only on this basis, 
can the probability of failure be determined. For building 
components, quantification of the effects of hazards is not yet 
possible due to a lack of data. These data therefore have to be 
collected to enable probabilistic determination. The probability of 
failure does not provide information on the performance level before 
failure, however. 

Balancing supply and demand 
A new working group was established in 1991 within CIB called 
Design for Durability21• The background for the foundation of this 
group is, according to Croce et al. (1993), the fact that "there is a 
consequent general lack of empirical notions in support to the 
architectural and technological design that makes traditional design 
approaches and codes of practice not suitable any longer for 
assuring design and construction quality with sufficient reliability". 
This working group "aims at providing knowledge on building 
design useful to the application of a correct architectural and 
engineering design with reference to an expected life span". The 
working group, which is currently defining its research area and 
terminology, will work in the field of design related aspects of the 
life span of building components. It is therefore aimed at balancing 
the supply side of performance characteristics of building 
components and also the demand; and will put an emphasis on 
component-related characteristics, rather than material-related 
characteristics. This thesis can be seen as one of the means of 
achieving this aim. 

Within the Netherlands, this research can be related to the SBR 
publication 291 (Dicke, 1994). This document presents an overview 
of all decisions influencing the life cycle costs of the facade. It can 
therefore be seen as one of the attempts to support the decision on 
which alternative facade to choose. Relationships discussed within 
this SBR-report are those between decisions on the composition of a 
building component and the performance characteristics supplied 
by the component. This thesis aims to add a structure explaining 
these relationships. 
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1.3.2 

1.3.2.1 

Terminology 

Introduction 
This paragraph will clarify definitions and concepts used within 
this thesis. The terminology is related to three subjects: 
• Thesupply 
• Thedemand 
• Balancing the supply and demand in the choice of a specific 

solution 

The central element is the concept of"performance" in which both 
supply and demand are expressed. Another important concept is the 
concept of time as both demand and supply will change over time 
and the choice of a specific solution is based on the development of 
both required and supplied performance characteristics. 

The investigation will begin with the concepts of"performance" and 
"performance development", which indicates performance over time. 
Then terms related to the demand, the supply and balancing 
demand and supply in the choice of a solution will be elaborated. 
First, existing definitions are evaluated, then the definition used 
within this thesis is given. These definitions are summarized in 
appendix2. 

Performance and performance development 

Performance: 
Current definitions are: 
• Behaviour (of a product) related to use (ISO 6240, 1980; ISO 

6241, 1984; BS 7543, 1992) 
• Behaviour in service of a construction as a whole or of the 

building components (ASTM E631-91a, 1991) 
• Characteristic, from a quantitative point of view typical for the 

behaviour of a product during use (IC-IB; 1979) 

All three definitions use the term "behaviour". This term is 
unfortunately not defined, but seems to imply action. As such 
behaviour seems to relate rather to the concept of "performance 
over time" (or: performance development) than to the performance 
at a certain moment of time. Instead of behaviour it is therefore 
proposed to use the term "accomplishment". 

1\vo out of three definitions add "related to use". The problem in 
defining the concept of "performance" is that performance, to a 
greater or lesser extent, always refers to requirements - to the 
function of a product - as for instance was expressed in the SBR
report 258 (Spekkink, 1992). Something should be known about this 
function to be able to describe performance in a meaningful way. 
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The term "related to use" is misleading, however, as the issue is 
what the purpose ofthe product was at the beginning of a 
requirement period; it does not relate to the actual use of a product, 
or to wear and tear. Therefore instead of "related to use" it is 
proposed to use the term "function". Performance can now be 
defined as functional accomplishment. A distinction should be 
made between the type of performance (to which "functional" refers) 
and the quantity of a performance (to which "accomplishment" 
refers). In this thesis the type of performance is called 
performance category. The quantity of a performance is 
called performance level. 

Performance over time: Performance development 
In the literature performance over time has been defined as follows: 
• The function which describes how the measured values of the 

chosen properties vary with time (Masters, 1985) 
• The function which describes how specific properties vary with 

time. With this function established and with the definition of 
the limiting acceptable values, service life can be predicted 
(Masters and Brandt, 1987). 

The properties varying with time are, in relation to the definitions 
given above, the performance levels. Therefore, the definition of 
performance development in this thesis is the relationship 
which describes how the performance level (of the chosen 
performance characteristic) varies over time. 

The definitions used to describe the supply and demand can be 
derived from the general definitions of performance level and 
performance development. 

Required performance characteristics 

Required performance level 
The required performance level is usually referred to as 
"requirement". The literature distinguishes between "user 
requirements" and "performance requirements": 
User requirements: 
• Definition of conditions and facilities to be provided by a 

building for a specific purpose, but independent of its location 
(CIB W60, 1982) 

• Statement of need to be fulfilled (by a building) (ISO 6241, 1980) 
Performance requirements: 
• Definition in quantitative terms of the conditions and facilities 

to be provided by the fabric and services of a building, usually 
for a specific purpose on a specific site and reflecting particular 
design decisions (CIB W60, 1982) 

• User requirement expressed in terms of the performance of a 
product (ISO 6241, 1980) 
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The distinction between "user requirement" and "performance 
requirement" is related to the systems approach towards buildings 
discussed in paragraph 1.2, and refers to the allocation of 
requirements to different parts of the building22. Although the 
allocation of requirements does not form a core part of this thesis, 
this problem will be addressed briefly in chapter 3. As the source 
and allocation of requirements are not elaborated, a general 
definition of "requirement" will be used: The required 
performance level or requirement is defined as the minimum 
performance level which must be provided at a certain 
moment in time. 

Required performance level over time: 
The required performance level over time is incorporated into 
concepts like "required service life" and "design life": 
Required service life: 
• Service life specified to meet users" requirements (e.g. as stated 

in the client's brief for a project or in a performance 
specification) (BS 7543, 1992). This is called the technical life 
span. 

Design life: 
• Period of use intended by the designer (e.g. as stated by designer 

to the client to support specification decisions) (BS 7543, 1992) 

Neither definition makes clear whether the "service life" represents 
a required characteristic or a supplied characteristic. Therefore it is 
proposed to distinguish between a "requirement period" and a 
"technical life span":_Requirement period is the period during 
which the required performance level remains unchanged. 

Supplied performance characteristics 

Supplied performance level 
The current definitions of performance level have been stated 
above. The literature does not distinguish between "performance" 
and "supplied performance". Therefore only the definition used 
within this thesis can be given: The supplied performance level 
is defined as the maximum quantity of a performance which 
can be provided by a building component at a certain 
moment in time. 

Supplied performance over time 
In literature the supplied performance characteristics over time are 
referred to in terms like durability, serviceability or reliability: 

22 Both the allocation of user requirements to building components and the composition of the performance supplied by 
the building from the performance supplied by several building components is a field of research which needs more 
attention but which will not be treated extensively within this thesis. 
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Table 1. Terms related to supplied performance over time 

Durability 

• Is (not an absolute 
quality of a material or 
item but) a term 
expressing a human 
perception of quality 
which changes in the 
environment; it implies 
likelihood of lasting well 
in expected environmen
tal exposures, but 
usually without 
quantification of the 
expected life (CIB W80/ 
RILEM 71-PSL, 1987) 

• Ability of a building or its 
parts to perform its 
required function over a 
period of time and under 
the influence of agents 
(BS 7543, 1992) 

• Capability of a building, 
assembly, component, 
product, or construction 
to maintain serviceability 
over at least a specified 
time (ASTM E 631 • 
91a, 1991; Masters and 
Brandt, 1987; ISO 8930, 
1987; ASTM 632 • 82) 

• Life span during which a 
building and each of its 
parts can keep fulfilling 
performance, if the 
initially defined 
maintenance plan is 
executed in a normal 
way (IC-IB, 1979) 

Serviceability 

• Capability of a building, 
assembly, component, 
product, or construction 
to perform the 
function(s) for which it is 
designed and used 
(ASTM/ISO TC59/SC3, 
1993; Masters and 
Brandt, 1987) 

• Ability of a structure and 
structural elements to 
perform adequately in 
normal use (ISO 8930, 
1987) 

Reliability 

• Covers safety, service
ability and durability of a 
structure (ISO 8930, 
1987) 

• Ability to fulfil its design 
purpose for some 
specified time under the 
environmental condi
tions encountered (ISO 
2394, 1986) 

• Ability of a component 
or construction to 
perform a required 
function under stated 
conditions for a stated 
period of time (BS 6100 
1.0, 1992) 

Differences between serviceability, reliability and durability are 
(from these definitions) difficult to determine. The terms seem to 
give information on how well a component is able to fulfil given 
requirements. The nature of the "ability" or "capability", however, is 
not clearly defined. In the set of definitions stated above, the ability 
to perform is related to the performance level a component can 
supply over a period of time. Durability is defined as the 
minimum performance level that can be supplied by a 
component over a specified time (for instance: a requirement 
period). 
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For the time a building component can supply a required 
performance level in literature the term service life is used: 
• Actual period of time during which no excessive expenditure is 

required on operation maintenance or repair of a component or 
construction (as recorded in use) (BS 7543, 1992) 

• The period of time after installation during which all essential 
properties meet or exceed minimum acceptable values, when 
routinely maintained (Masters and Brandt, 1987; ASTM E 632-
82, 1982) 

The term "service life" seems to indicate a mixture of economic 
considerations (limited or normal maintenance expenditure) and 
performance levels over time. In this thesis a distinction will be 
made between the chosen life span of a building component based 
on economic considerations (which is called the economically viable 
life span or period of use) and the life span the component could 
technically fulfil a required performance level. This is referred to as 
"technical life span". The technical life span can be defined as the 
period during which the performance level supplied by a 
building component exceeds or equals the (constant (level 
of)) requirements. The circumstances (such as maintenance) 
which influence the technical life span of the component are 
investigated separately. The economically viable life span is 
evaluated as a part of the balance between supply and demand. 

If a distinction is made between the minimum performance level to 
be supplied over a period and the period over which a required 
performance level is to be supplied, it is then possible to specify a 
component's differing "durabilities" (depending on required time) 
and several "technical life spans" (depending on the required 
performance level). Instead of the term "durability" the terms 
"supplied performance over time" and "performance development" 
are used in this thesis. 
Figure 12 gives an overview of all terms defined. 

Balancing supply and demand 
The comparison of required and supplied performance levels over 
time can be made if both supply and demand for components are 
expressed in the same way. Whether or not a component is chosen 
to fulfil the requirements depends on a set of considerations which 
exceeds the more or less administrative action of comparing 
performance and requirements and also involves other 
considerations, such as preferences of participants. 

Economic considerations with respect to costs involved in obtaining, 
maintaining, replacing and demolishing the component, are 
important criteria with respect to the choice and use of a building 
component. The economically viable life span or period of use 
of a component can be defined as the period during which a 
component is actually used to fulfil the initial requirements. 
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Research problem, starting points and 
research question 
Problems found in current research, as·described above, can be 
summarized as follows: 
• Existing methodologies for prediction of performance over time 

are aimed rather at (accelerated or long term) testing than 
obtaining feedback from empirical data; while the service life 
predictions built on the results of testing show little similarity to 
experiences in existing buildings. 

• The methodologies focus on materials rather than building 
components, while at the same time data on material 
performance is found to be insufficient for the prediction of the 
performance of building components. 

• Information necessary to the management of the performance of 
building components is available in qualitative terms at most; 
the types of influences on performance levels are more or less 
known, but have not been mapped according to their influences 
on the supplied performance level at a certain moment in time 
or the development of supplied performance characteristics. On 
the extent of the effect of influences in terms ofloss or gain of 
performance level (quantitative relations), hardly any data are 
available, and no identification has been made of which data to 
collect to obtain quantitative information. 

• Existing methods for collecting empirical data investigate 
maintenance needs in the main, or failures rather than 
explanations for deviations in performance and are directed 
towards traditional components. 

• Probability analysis can only be used once sufficient and reliable 
life cycle data is available and does not offer information on 
performance levels of building components. 
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In relation to these problems, this research study adopts the 
following starting points: 
• This thesis can be seen as an elaboration of the methodology 

proposed by CIB W80/ RILEM 71-PSL (Masters and Brandt, 
1987). It will investigate the feedback from empirical data on 
building component performance, which can be seen as a part of 
the long-term ageing tests proposed in Masters and Brandt's 
methodology. 

• As no model exists of how the several variables known to 
influence performance affect the performance development of 
building components, such a model should be developed. Th be 
able to build such a model, first the variables have to be 
investigated and then their relationship to performance and 
performance development needs to be determined. Both this 
investigation of the relevant variables and the description of 
relationships between the variables and performance and 
performance development in a model form the subject of this 
thesis. 

• Quantitative data are necessary to attune performance to 
requirements successfully. The model developed should support 
the collection of data for revealing the quantitative effects of 
factors influencing the performance levels of building 
components over time. This should explain differences in 
performance levels and performance developments of building 
components, so that deviations from the average life span can be 
prediCted as well. It is related rather more to the life span 
catalogues than to the condition based maintenance methods, in 
the sense that it is directed towards data to support a more 
precise estimate oflife spans of building components. 

• Variables should consider characteristics which distinguish 
components from materials. 

• Current measuring methods should be evaluated for their 
applicability, and guidelines for the development of new 
techniques should be given if the existing methods appear to be 
insufficient. 

• The use of empirical data and its function in the prediction of 
performance should be explained. 

The research questions treated within this thesis can be defined as 
follows: 
• What variables influence the performance level of building 

components? 
• How do they affect performance levels and can those 

relationships be described in a model? 
• What data could be collected from existing buildings to obtain 

quantitative information on the effects of these factors? 
• In what ways can these empirical data be used to support 

performance management? 
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1.5 Approach 
The following approach is used to answer the research questions: 
L All variables influencing performance levels of building 

components are investigated (such as materials, shape, location, 
maintenance, deterioration) and a model is developed describing 
their relationships to the development of performance levels. A 
building description, derived from the systems approach used 
within the performance concept, is developed which can be used 
to structure information on requirements and supplied 
performance levels (chapter 2). 

2. Requirements put forward for building components are 
investigated to determine the performance categories and the 
related supplied performance levels to be evaluated (chapter 3). 

3. The variables related to specific component characteristics such 
as shape and location influencing performance levels over time 
are evaluated. For this purpose existing knowledge available in 
design handbooks, standards, maintenance manuals, building 
survey and defects handbooks were examined and rearranged 
(chapter 4). 

4. Existing possibilities for and problems in the collection of 
empirical data on the variables determined in chapter 4 are 
described. An example of the information that should be 
obtained through empirical data collection is given based on two 
existing buildings. The use of empirical data are also 
demonstrated in an example (chapter 5). 

5. Conclusions are drawn and recommendations for further 
research are given in chapter 6. 

Ad. 1.: Investigation of variables influencing performance levels 
The performance of a building component is determined by the 
characteristics of the building component in relation to its 
surroundings and the maintenance executed. The characteristics of 
the building component change over time, and in this thesis, the 
change is defined as "deterioration" (This is elaborated in chapter 
2). The deterioration is caused by the action of several deterioration 
agents. The surroundings of a building influence the quantity of 
deterioration agents. These surroundings are covered under the 
heading "influential factors". The study of performance should 
therefore involve the following variables23 : 

• the determining characteristics influencing the performance 
levels of a building component 

• the deterioration characteristics, deterioration agents, 
influential factors and maintenance influencing the 
deterioration of building components 

• the relation between deterioration and the development of a 
performance level 

23 Definitions of the terminology used are given in appendix 2. All terms will be elaborated in chapter 2 and further. 
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Figure 13. 
Variables 
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Figure 14. 
Determining 
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Deterioration agents 
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Figure 13 presents an overview of all variables investigated in this 
thesis. 

The model relating all variables to performance developments offers 
a coherent theory on building component performance (which was 
still lacking). 

Ad 2: Investigation of requirements 
Knowledge of requirements is a prerequisite for a meaningful 
investigation of supplied performance levels. Therefore required 
performance characteristics allocated to facades of office buildings 
are investigated. 

Ad. 3.: Elaboration of variables relating to determining 
characteristics of building components 
Building components are investigated specifically for non-material 
related characteristics such as shape and location (figure 14). 

By defining types of these characteristics, building components 
unique in composition and location hecome capable of comparison. 
The types of characteristics are related both to performance and 
performance developments. Data collection on performance and 
performance development of building components of different types 
of characteristics could then lead to the establishment of 
dependencies. 

Determining 
characteristics 
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Ad. 4. Investigation of data collection possibilities 
Existing empirical data collection is not aimed at performance, and 
therefore it is necessary to investigate which existing techniques 
could support the collection of data on variables described above. 
Data collection can involve both a static method (performance level 
of a component at a certain moment) or a dynamic method 
(performance level of a component over time). 1b demonstrate the 
effort needed to collect all data required, an analysis of measurable 
variables of two case studies was carried out. 

A possible method for using calculated relations between variables 
and performance is given using an example. For this purpose the 
quantitative data which should be obtained through data analysis 
is substituted by feigned quantitative relations, as the actual 
collection of data does not form part of this research. This example 
is also worked out in chapter 5. 

Target group 
As architects are the designers of buildings they are involved in the 
major decisions concerning the composition of the building, through 
the design and construction phase. Therefore knowledge on 
influences of decisions on performance levels should be available for 
architects in the first place. Architects could then use the 
knowledge in combination with an economic analysis to advise the 
principal of available choices between several alternatives. 
As building managers decide on use, maintenance and renovation, 
they form the second important group to be informed; the model 
should support collection of data which can help them decide on 
how to preserve building component performance to requirements 
through maintenance and how to adapt a building component to 
new requirements through renovation. 

Restrictions 
The following restrictions obtain: 
1. Office facades are the subject of the elaboration of shape and 

location aspects and of the case studies and the example, since 
• Maintenance costs of the building envelope form an 

important part of the total maintenance costs of a building, 
• There are many performance categories a facade has to fulfil 

and 
• The circumstances in which the facade has to perform are 

quite severe, since the facade forms the division between the 
inside and outside of a building, finally 

• There is a wide variety of types of facades, specifically for 
office buildings. 

The facade structure therefore is one of the most complicated 
problems to solve with respect to performance. If the method 
works for facade structures, it is expected to work for other 
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building components as well; and if solving the facade problem 
is not feasible, then considering the building as a whole on the 
basis of the theory developed will hot be worthwhile either. 

2. Only an indication of the performance to be provided by the 
facade in interaction with other building components is 
presented. The consequence of this restriction is that the role of 
the facade in the performance of the building as a whole does 
not form part of this particular project. Another project will be 
needed to investigate the relationship between the different 
parts of the building to form the accommodation required for 
human beings and their activities (as is described in chapter 3). 

This research study therefore does not offer "the" optimal solution 
for the choice of a facade, since there are many other factors which 
can and should be taken into account when designing a building as 
a whole; it only tries to support a designer or manager in optimizing 
his choice concerning durability of facades with respect to the above 
mentioned limited set of requirements. 

Research results 
This research study has produced the following results: 
1. A model relating all variables influencing performance levels 

supplied by building components over time 
2. An elaboration of material, and, in particular, shape and 

location characteristics of facades influencing performance 
levels and performance development. This elaboration has 
resulted in a typology of those characteristics. 

3. A demonstration of the typology and an indication of data which 
can be collected at a given moment in time, demonstrated on the 
basis of two case studies and an example of the possible use of 
the data 

4. Recommendations for further research to make more data 
collectable and the theory developed more practicaL 

Relationship to Product Modelling 
The subject and approach chosen within this thesis shows 
similarities to current research in the field of product modelling. 
This paragraph will review the way in which this thesis could be 
adapted to data exchange procedures. 

Product modelling aims at exchanging information between 
participants involved in the life cycle of a product (Tolman et al., 
1989). An international standard (ISO-STEP) has been developed 
for exchanging data for a variety of product types (mechanical, 
electrical and electrotechnical and products of architecture, 
engineering and construction (referred to as AEC) industries). 
Attached to STEP several models can be developed, which can be 
classified as "general", "industry-specific" or "product-specific". 
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For AEC applications a General AEC Reference Model has been 
developed (GARM). 

The description on product modelling given by Luiten (1994) shows 
similarities with the subjects treated within this thesis: 
1. Buildings are viewed as systems, which can be viewed both top

down and bottom-up. The top-down approach is usually related 
to a functional split up, while the bottom-up approach is related 
to the technical composition of the building. The division of a 
building into spaces, elements, components and materials is 
closely related to the division which is used in this thesis (see 
chapter 2). Several parts can form a larger part. The cohesion 
between parts determines performance. It is also generally 
agreed that the whole is more than the sum of its parts. Both 
components and requirements show interaction which obstructs 
the simple description of relationships between parts of a 
building in a hierarchical structure, and a network description 
is needed. GARM allows for relationships between functional 
units to some extent, but does not foresee relations between 
technical units. For deterioration in particular, relationships 
between technical units are very important (sequential damage). 

2. A distinction is made between requirements and constraints on 
the one hand, and performance on the other. In GARM these are 
called "functional unit" and "technical solution", although the 
"requirements and constraints" defined in GARM are not 
completely separate from the supply side (technical solutions) as 
the functional unit is a description ofthe planned performance 
expected from the building component. In this thesis this 
expected performance does not necessarily equal the required 
performance. 

3. Characteristics are used to describe a product for a specific 
purpose. The model developed in this thesis defines information 
needed within a specific field {performance development of 
building components) which could be exchanged via STEP. Th 
make exchange possible, a two-sided adaptation is needed: 
• As in STEP a general way of describing product 

characteristics is investigated (for instance geometry and 
topology), and the model developed within this thesis could 
be adapted to this general description, 

• The general description should be equipped to exchange the 
information required for this specific application; it should 
facilitate the deduction of characteristics related to 
performance developments. 

At present the standardization of the description of product 
characteristics is still being developed. This thesis will describe 
the data to be exchanged on variables influencing the 
performance development of building components. This can be 
seen as a possible future part of a product definition unit. There 
is a shared interest in developing both an unequivocal way of 
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describing building components and also in maintaining the 
importance of the distinction between requirements and 
constraints on the one hand, and building component 
characteristics on the other. Nonetheless, the focus of this thesis 
remains the pinpointing of variables important to the collection 
of data, rather than factors relevant to methods of data 
exchange. 

Research setting 
The research project underlying this thesis was executed within the 
group Building Technology of which Prof. ir. H.A.J. Henket is 
chairman. This group has undertaken research activities in the 
field of performance management of buildings for the last 10 years. 
Within this group attention is being paid both to the changeability 
of buildings (M. Choukry investigates the changes of buildings in a 
PhD-project called "Measurement of Building Change. A Knowledge 
Acquisition Method" (Choukry, 1994)), and to the durability of 
buildings (this thesis). 

Performance management can be related to several other research 
fields, such as terotechnology and life cycle costing, facilities 
management, sustainable building and quality assurance. This 
paragraph specifies similarities and differences between those 
research fields and performance management. 

Terotechnology and life cycle costing 
According to Adriaanse (1990) there have been several signs during 
the last 25 years that demands put forward for safe and productive 
use of technology are increasing. He expects that this will lead to 
more attention to an "integral interdisciplinary approach". Between 
1986 and 1989 a working party called "BOO", consisting of Dutch 
representatives of educational, industrial and govemmental 
organizations, tried to formulate recommendations for a joint 
approach of education and industry towards this new area. The new 
area was called "terotechnology" and focused on the total life cycle 
of technical systems. Dell'Isola and Kirk (1981) give limited 
economic resources as the reason for this altered approach. Life 
cycle costing is defined as '~n economic assessment of competing 
design alternatives, considering all "significant" costs of ownership 
over the economic life of each alternative, expressed in equivalent 
dollars"; while "terotechnology" was said to be "the combination of 
management, financial, engineering and other practices applied to 
physical assets in the pursuit of economic life cycle costs. 
Terotechnology is a multidisciplinary approach to ensure optimum 
life cycle costs in the development and use of equipment and 
facilities. It includes the design of various assets with the objective of 
attaining the proper balance of performance, reliability, 
maintainability, supportability, quality and related features." 
Although life cycle costing is presumably important for all kinds of 
industries it is "of particular relevance to the building industry", 
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because "long term costs of buildings can far outweigh initial capital 
costs", according to Flanagan et al. (1983). Henket states in a report 
for Stichting Bouwresearch (Houtsma, 1984), that the need to 
control the costs-in-use (the English equivalent of the "life cycle 
costs" used in the USA) is rapidly increasing for all participants in 
the building process. 

Performance management can be seen as a part of terotechnology, 
approaching the control of performance of buildings and building 
components. Performance management leads to the determination 
of"design alternatives" with respect to competing performance 
characteristics. These alternatives can then be judged for criteria 
other than technical performance only. The remaining alternatives 
can be evaluated for life cycle costs to facilitate a proper choice. 

Facilities management 
Performance management can be related to facilities management, 
facility performance and serviceability of facilities, which also forms 
part of terotechnolgy. Facilities management can involve much 
more than the performance of the building only; it can also involve 
catering services, postal services, communication networks, etc. The 
IFMA defines Facility Management as: "an integrative management 
process that considers people, process and place in an organizational 
context". Facilities management relates to the adaptation of the 
building, and other facilities to the user of a building, to optimize 
and facilitate the production process of the organization using the 
building. Performance management relates only to the performance 
of the building itself, and tries to control these during the whole life 
cycle of a building. This control is attuned to the use of the building, 
and performance is regarded from the viewpoint that it should 
answer to requirements put forward by the user of a building. 

Sustainable building 
Performance management can also be located within the context of 
raised awareness of environmental issues, where the production of 
goods has to be accounted for. Next to the limitation of the total 
quantities of goods produced and the environmental friendliness of 
the goods during their life cycle (which could be separate criteria) it 
is also important to make goods which fulfil demand, and to prevent 
early disposal and replacement of goods; as performance 
management aims to attune goods to demand, it can be considered 
to form part of sustainable development. 

Quality assurance 
Performance management fits into the eoncept of quality control 
and quality assurance of products and processes. For buildings the 
quality problem can be defined in the same way as for other 
technical systems, although the development of performance 
specifications of building components is only recent. The 
introduction of ISO 9000-series (European Committee for 
Standardization, 1987a,b,c,d,e) will probably lead to increased 
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attention among building owners and users for quality guarantees 
with respect to the building process and products. The introduction 
of performance-based standards and specifications will further 
support this development. 

The definition of performance specifications for building 
components is quite complicated as the "product" a building has to 
deliver is still poorly defined. "loss of production" and "reliability" 
are terms originating from outside the building industry, and 
should be studied for their practicality in the description of 
buildings. A problem in this respect is the fact that every building is 
to some extent composed on site in unique circumstances, making 
each building its own prototype. While, for instance, for machines 
used within a factory, the climate in which they should perform is 
more or less known and controllable, the parts and means of 
connection to be used are standardized and pre-fabricated. In this 
sense, the performance management of buildings resembles 
structural reliability problems where influences are dynamic, while 
the structure can be considered as static: in the case of the 
reliability of machines the machine is a dynamic structure, while 
the influences are known and static. 
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Introduction to the theory: 
Performance and Deterioration 
of building components 

2.1 

2.2 

Introduction 
In the first chapter the need for a model to collect data on the 
performance development of building components was presented. In 
this chapter a theory is developed indicating the contents of such a 
model. Variables influencing the performance levels supplied by 
building components are described. The model contains influences 
on both performance levels and performance developments, and 
structures the current theoretical knowledge. Influences covered 
are the characteristics of a building component, deterioration and 
deterioration agents and maintenance activities•. These variables 
are elaborated with respect to facades in the chapters following. 

Decomposition of building components is used as a means of 
structuring performance information. Within this decomposition a 
distinction is made between "packages" and "connections" as two 
inseparable parts of building components which together determine 
performance levels and performance development. 

In paragraph 2.2. the balance between supply and demand is used 
as a starting point for the construction of a theory on the 
performance levels of building components over time. In paragraph 
2.3. the performance level and performance development are 
investigated in further detail, positioning all influences. The result 
of this investigation is a model depicting influences on the 
performance development of building components and a model on 
influences on the deterioration of building components, which can 
be located within the first model. Paragraph 2.4 offers a structure 
for the decomposition of building components, while paragraph 2.5. 
links the decomposition structure to the model. 

The balance between supply and demand 
As has been shown in the preceding chapter, the technical life span 
of a building component is determined by requirements (the 
demand) on the one hand and the performance levels supplied by 

Many of the influences staled show Interaction. This has to be regarded when data collection is started, and wiU be 
mentioned in the following chapters. 
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the building component on the other (figure 1). The comparison of 
supply and demand presupposes that supply and demand are 
expressed in the same way. As the performance to be evaluated is 
stated in the requirements, knowledge of the demand is a 
prerequisite of the ability to judge the performance level of the 
supply. 

i 
Technical life span per 
performance category 

------·-· ·----- Required performance level 

Technical 
lifespan 

(DEMAND) 

Tme--4 

The various performance categories required of a building com
ponent cannot be expressed in one single variable as requirements 
are not interchangeable: extra performance supplied with respect to 
"strength" will not solve a shortage of the supply with respect to 
"water-tightness". As the demand will consist of various required 
performance categories, the supplied performance of a building 
component at a certain moment (P(t)) should also be evaluated for 
various performance categories (P1(t) .... Pw(t)). "The" performance 
supplied by a building component therefore contains a set of 
performance levels belonging to various performance categories: 
P(t)=(P1(t), ... ,Pj(t)} 

A scale should be introduced to match the required and supplied 
performance levels of components and to permit a comparison of 
altemative components. One of the restrictions made in chapter 1, 
is that this thesis only reviews performance levels during one 
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Figure 3. 
Various 
technical life 
spans of a 
building 
component 

requirement period; the technical life span therefore is related to a 
known and unchanging set of requirements only. The required 
performance level can then be represented by a horizontal line with 
the length of the requirement period. For every required 
performance category an independent check of the supplied 
performance level is needed to see if the building component is 
fulfilling its required performance level (figure 2). 

The investigation of performance levels required of building 
components in general and of the facade in particular and the 
allocation of the demand to different building components forms the 
subject of chapter 3. 
The performance levels supplied by building components can 
change over time2• The decrease3 of the performance level supplied 
by building components over time determines the technical life 
span4

• As performance levels are reviewed per performance 
category, the technical life span of a building component can also be 
reviewed per performance category. The "overall" technical life span 
of a building component can then be defined as the shortest of the 
technical life spans related to the various performance categories 
(figure 3). 

Strength IHe 
span 

Insulation IHe 
span 

Day light access 
IHe span 

Required day 
light access 

Time 

l 
1 

Although the development of a performance level in figures 1 and 2 is represented 
by a straight line, no sufficient empirical knowledge is available on the actual 
performance development over time. A curved line, showing only slight change of 
the performance level in the beginning and an accelerated change of the perform· ~ 
ance level after the component has aged, might resemble the actual snuation more: J 

The development of the performance level 

A technicaiiHe span can only be determined for building components which show a 
decreasing supplied performance level. Components showing an increasing (such as for instance can be the case for 
aesthetical performances) or constant supplied performance level have an unlimited technicaiiHe span with respect 
to the performance category investigated, as long as their supplied innial performance level is above the required 
level. This research therefore is restricted to performance categories with decreasing supplied performance levels. 

The technical life span is the period during which the performance level supplied by a building component exceeds or 
equals the requirements (chapter 1 ). In this thesis the requirements have been limned to the innial requirements. 
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For the purpose of this investigation, the development of the 
supplied performance level is represented by a straight line. The 
decrease of the performance level can either be discrete or 
continuous (figure 4). 

Discrete and continuous performance developmant 

i T 
~ Supplied I I Tight 

waterlighlneas 
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~ !?l 
"" ~ 
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Performance levels of building components 
The performance level supplied at a certain moment in time equals 
the performance level supplied at the start of a requirement period 
(P(O)) plus the loss of performance level supplied over time (dP) 
(figure 5). 

Development of performance level of 
the supply 

tP(O) 

l dP 

~ P(x) 

~ 
0 X Time----+ 

The performance level supplied at the beginning of a requirement 
period (P(O)) determines whether the building component is initially 
able to fulfil the required performance level (figure 6). This supplied 
performance level has to be determined "on site", since it is affected 
not only by design decisions, but also by the building process as a 
whole. 

SUpplied performance level at 
start 

Components 1 and 2 fulfil 
the requirements at slarl. 

·-·-·-·-··Required Components 3 and 4 have 
level an initial performance level 

below the required level 

Time----+ 
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Figure 7. 
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Figure 8. 
The supplied 
performance 
level over time 

For the purpose of this study only those performance levels which 
decrease over time are studied, and thus the maximum feasible is a 
supplied performance level which is temporarily constant. If a in 
figure 7 is an indication for the speed of performance loss, than 
O<=a<=-90°. 
If the supplied performance level decreases, both the starting point 
and the size of an influence the period the building component can 
fulfil a requirement (figure 8). 
The supplied performance level of a building component with 
respect to a performance category is determined by package and 
connection5 characteristics of the building component in use. These 
characteristics consist of material characteristics, shape 
characteristics and location characteristics (figure 9). 

Time-+ 

a .... 
·--~~~Required 

:1 : 2, :level 
'\ ' ' ' ' ' ' ' ' ' ' ' 

They are called "determining characteristics". The shape and 
location characteristics distinguish a building component from a 
building material. There can be various material, shape and 
location characteristics influencing a particular performance level, 
and each of these characteristics can change over time. The 
material (or shape, or location) characteristics of a building 
component contain a set of various material (or shape, or location) 
properties: 

M(t) = {M
1
(t), ... Mk(t)} 

S(t) = {S
1
(t), ... St(t)} 

L(t) = {L
1
(t), ... ,Ln(t)} 

The backgrounds of the concepts of "package" and "connection" will be explained in paragraph 2.4. 
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Materials 

Location 

Materials 

Shapes 

Location 

The combination of values of characteristics at a certain moment in 
time determines the performance level supplied by a building 
component at that moment of time6• 

In figure 10 an example is given for the performance category 
"daylight access" of a window. If a relevant material 
characteristic is the transparency of the glass, and the relevant 
shape characteristics are the width and height of the window 
and the relevant location characteristic is its position in relation 
to large obstacles, then the values of these characteristics7 

(transparency of the window in % of light passing through the 
glass, the height and width in m and the distance in m from the 
obstacle) should give information on the performance level 
obtained. 

The investigation of the determining characteristics for various 
performance categories is the subject of chapter 4. 

Values 
Characteristics: at timet 

Material: Porosity (M1(t)) 
Material: Color (M2(t)) 
Material: Conductivity (M3(t)) 
Material; IraDll!gar.aocy: (Mx(t)) 92% 

Shape: Thickness (S1 (t)) 
Shape~ (S2(t)) 1,6m 
Shape: Width (S3(t)) 1m 
Shape: Texture (S4(t)) 
Shape: Inclination (Sy(t)) 

L2Cati!2D' ~!2Sitioo (L 1 (t)) 12m 
Location: Orientation (L2(t)) 
Location: Sequence (Lz(t)) 

Deterioration characteristics of building components 

P1 (t)=f(Mx(t),S2(t), 
S3(t), L 1 (t)) 
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Figure 12. 
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P1 (t+Dt)=f(Mx(t+OI),S2(1+01), 
S3(1+01),L 1 (1+01)) 

Tme ___. 

1+01 

The change of the supplied performance level (the performance 
development) is the difference of the performance level at the 
beginning of an interval (for instance: at time t the performance 
level is P.(t)) and the performance level at the end of that interval 
(for instance: at time t+At it is Pa(t+At)). The performance level at a 
certain moment of time is expected to be a function of a number of 
determining characteristics, as has been discussed above. A change 
of a performance level should therefore be explained by a change in 
the values of one of the determining characteristics within the 
function. In figure 11 the example given above is used to exemplify 
this. 

For example: The transparency of the glass in the example given 
above was 92 %at the start of the requirement period, while the 
transparency 5 years later is reduced to 75 %. If the other 
determining characteristics remain unchanged, the change of 
performance level should be explained by the change of 
transparency (figure 12). 

Values Values 

Characteristics: at time at time 
t t+ At 

Material: Porosity (M1 (t)) 
Material: Color (M2(t)) 
Material: Conductivity (M3(t)) 
Mamr:ial; I11o1mumrancy (Mx(t)) 92% 75 o/o 

Shape: Thickness (S1 (t)) 
Shape .:J::!i.i.gbl ( S2(t)) 1,6m 1,6m 
Shape: Width (S3(t)) 1m 1m 
Shape: Texture (S4(t)) 
Shape: Inclination (Sy(t)) 

Locatioo; e2!2ili!2Jl (L 1(t)) 12m 12m 
Location: Orientation (L2(t)) 
Location: Sequence (Lz(t)) 

For readability purposes lhe "value of a characteristic" or lhe "value of a determining characteristic" will hereafter be 
referred to as "characteristic" or "determining characteristic". 

For lhe purpose of this example, the ntlllber of characteristics determining lhe day light access are restricted, in 
reality there are more determining characteristics than have been mentioned here. 
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This change of determining characteristics is called "deterioration"8 

(D(t)). The deterioration at time t+~t is the difference between the 
values of material, shape and location characteristics at that time 
t+~t and the values of material, shape and location characteristics 
at time t, which can be expressed as (for instance): 

The development of the supplied performance level, represented by 
angle a in the above given figure, therefore depends upon the effect 
of deterioration. 

In the example of the daylight access of a window, a reduction of 
transparency (for instance due to pollution) would be called 
deterioration. 

The amount of change of the performance level of a building 
component as an effect of deterioration is determined by the 
relative importance of the changed determining characteristics in 
the total set of determining characteristics. 

In the example, the importance of transparency in the total set of 
characteristics determining daylight access (transparency, 
height, width, position) determines the amount of change of the 
performance level (the quantity of daylight access). 

Deterioration can be caused by 
• Instability of the building component 
• Action of deteriorating agents stemming from influential factors 

in the surroundings of a building component. 

This research is restricted to deterioration caused by action of 
deterioration agents9• The deterioration agents can be of a chemical, 
biological, physical or mechanical nature and determine the "micro
climate" at component level. The influential factors are the 
circumstances in which the component is used (climate, use and 
maintenance aspects, hooliganism) which form the sources of 
deterioration agents. 

The deterioration at a certain point in time depends on: 
1. The starting level of deterioration. At the start of the first 

requirement period, deterioration is fixed at 010• 

The concept of "deterioration" is sometimes used to indicate the decrease of the performance level itself. Within this 
research the distinction is made between the characteristics determining a performance level and the performance 
level itself. The term deterioration is connected to the change of the characteristics instead of to the change of the 
performance level itself. A change of building component characteristics does not always influence a performance 
level; only if the performance level is determined by these characteristics, a change of performance level will occur. 
Only the characteristics actually influencing performance levels required have to be measured. Deterioration has to 
be expressed as the change of characteristics determining the performance level. The deterioration of a component 
does not have to be proportional to the reduction of the performance level of a building component. 
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Figure 14. 
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2. The speed of deterioration, for which the symbol .B is used 
3. The time passed. 

The remainder of a determining characteristic can then be said to 
equal the original determining characteristic minus the change of 
determining characteristic, and the change of a determining 
characteristic can be obtained by multiplying the speed of 
deterioration (.8) (which does not have to be constant over time) over 
an interval of time with the time passed within this interval 
(figure 13). 

The deterioration speed (.B) depends on: 
1. The sensitivity of a building component for a deterioration agent 
2. The quantity of a deterioration agent at the location of a 

component. This quantity is determined by: 
• influential factors in the surroundings of the component (such 

as railways, sea, industry) 
• the accumulating characteristics of the building component 
• the effect of cleaning; this effect depends on the "removability" of 

a deterioration agent by a cleaning activity and the amount and 
efficiency of the activity executed (Figure 14). 

Deterioration 
agent 

I I 
Influential Accumulation Cleaning 

factolll 

Deterioration agent is defined as whatever acts on a building or parts of a building (building components) (lntema· 
tional Organization for Standardization, 1984). 

' 0 Construction faults, material mismatches, design errors etc. are included in the as-built state and as such are part of 
the starting point. Teething troubles should be remedied before data collection is started. These effects are therefore 
not mlllked as deterioration, but are considered to be incorporated in the characteristics of the building component 
after completion and commissioning. 
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The deterioration speed (.B) is a function (g) of the actual quantity of 
a deterioration agent at a certain moment of time (A(t)). This 
function incorporates the sensitivity of a component for a 
deterioration agent: 

B=g(A(t)) 

For instance: The strength of a beam (P(t)) could be related to the 
cross-section of the beam (determining characteristic S(t)). This 
cross-section can change (deteriorate) due to corrosion of the 
metal the beam is made of (D(t)). This will cause the performance 
level to decrease (dP). The speed of this loss of performance level 
( q) depends on the importance of the cross-section for the 
performance level. The corrosion is caused by chlorides 
originating of the sea. The chlorides are the deterioration agents, 
while the (distance to the) sea is the influential factor. The 
quantity of chlorides would be represented by A(t) while the 
speed of corrosion would be represented by p. The relationship 
between the speed of corrosion and the quantity of chlorides is 
called the sensitivity and is represented by g(A(t)). 

The total quantity of a deterioration agent is a function (h) of the 
source strength of influential factors atthe location of the building 
(1), the accumulation of deterioration agents due to component 
characteristics (V) and the effect of cleaning on the quantity of 
deterioration agents (C). 
A(t)=h(I,V,C) 

For instance: The corrosion of the beam (A(t)) depends on the 
distance to the sea, which is the influential factor (1), the 
accumulation of chlorides on the horizontal surfaces of the beam 
(V) and on the regular cleaning of the beam (C). 

The total amount of deterioration at a certain moment of time can 
be decreased by repair activities. Repair can be defined as a 
(partial) restoration of (initial) determining characteristics. 
Maintenance can consist of repair and cleaning activities. It 
therefore follows that repair can remove deterioration by restoring 
the characteristics completely or partially, while cleaning can 
reduce the quantity of a deterioration agent and consequently 
decrease the speed of deterioration (temporarily) (figure 15). 

Influence of cleaning 
on deterioration 
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Figure 17. 
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deterioration 
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A summary of all influences on the total amount of deterioration is 
given in figure 16. 
Deterioration for facades is elaborated in chapter 4. 

Deterioration = ( Speed of 
XTime)-EJ deterioration 

Sensitivity of ll Quantity of each 
building deterioration 

component agent 

I 
Influential 

Accumulation Cleaning 
factors 

Th find the relationship between deterioration and decrease of 
performance level the following alternatives can be reviewed, 
assuming, following Geraerds (1983)11 , that deterioration is a 
continuous process (figure 17): 
1. The performance level supplied decreases continuously (no 

sudden changes); to find the relation between deterioration and 
performance level supplied the relation between the increase of 
deterioration and the loss of supplied performance level over 
time has to be found. 

1. Deterioration h. 
'5 ~~ '5 

5 "'.i ~ 
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2. Supplied.performance levels I 
I 

II a; 
1 

""'S '!i a.i ? II ~s 
i. 

Time Time nne 

11 The assumption on which this research is based has been stated by Geraerds:"an object subject to failure shows 
properties that change gradually from an initial value to a fatallimH, .. ". 
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Figure 18. 
The model 
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2. The performance level supplied develops in a discrete way 
(sudden changes), the sudden change is caused by the 
deterioration reaching a threshold value. To find the relation 
between the sudden decrease of the performance level and the 
increase of deterioration, the moment has to be found when 
deterioration reaches the threshold value and the amount of 
performance loss at that moment. 

3. The development of a supplied performance level is independent 
of a characteristic investigated; no relation can be found 
between the performance level supplied and deterioration. 

The model combining all influences on the performance 
development of building components is presented in figure 18. 
Horizontally, the required performance levels and supplied 
performance levels are plotted. The balance between requirements 
and supplied performances is drawn in the middle. Vertically, time 
is plotted. The requirements will change over time and several 
requirement periods can be distinguished. This research only 
investigates one requirement period and the balance between the 
required and supplied performance of a building component in this 
period. 
The supplied performance level (marked as performance levell in 
the figure) of a building component at a specific moment is 
determined by material, shape and location characteristics (of both 
connections and packages). These characteristics can change over 
time due to deterioration agents. Repair can restore the original 
characteristics either completely or partially. 
The effect of deterioration will be a new set of material, shape and 
location characteristics. This new set of characteristics will set a 
new performance level (performance level2 in the figure), which 
can differ from the former performance level. This new performance 
level should be compared to the (initial) set of requirements, to see 
if the building component is still performing sufficiently. If the 
supplied performance level underruns the required performance 
level, or if a cheaper alternative can be found, the building 
component can be replaced. 
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2.4 Packages and connections as a means to structure 
information 
Building components are decomposed into their performing parts to 
facilitate the structuring of information on their performance 
development. This decomposition should consider building 
components including their connections, as the coherence between 
components forms the building. Separate attention for connections 
next to components is justifiable as connections are charged with 
accumulated requirements in current regulations and are more 
vulnerable to deterioration at the same time (see chapters 3 and 4). 

Existing systems for structuring information on building 
components through decomposition show the following problems: 

1. The (Nl)Sffi system (Misset, 1988) is based on elements and 
does not review connections within buildings separately. Within 
the Nl-Sffi system a separation is made between the elements 
themselves and their finishing. For the development of 
performance over time it is important to review components 
including their finishing. A separation is therefore not desirable. 

2. The STABU-system (standard specification for utility buildings) 
(Stichting Standaardbestek Burger- en Utiliteitsbouw, 1990), as 
well as the SRW (standard specification for construction of 
residential buildings) (Ministerie van Volkshuisvesting 
Ruimtelijke Ordening en Milieu, 1988) and Q&Q system 
(specification for renovation (Q&Q) of residential buildings) 
(Misset, 1988) are based partly on a description of types of work 
and partly on the SID method. Because the result ofthe type of 
work is more interesting than the description of the type of work 
itself, the type-of-work entrance does not provide the 
information needed, while the STABU-system does not provide a 
connection review either. 

3. The "Bouwknoop" is chiefly a system for supporting the decision 
process on connections through modular co-ordination on the 
basis ofNEN 6000, facilitating "conditions for stimulating 
innovative development of products and connections" (Carpet 
al., 1990; Carp, 1992). The "Bouwknoop" system is also 
construction oriented. Its focus is the attuning of component and 
seam sizes and requirements between participants within the 
building process; but before the building is actually built, and in 
preference to describing the "as-built" situation. 

4. ISO/STEP describes product models (see chapter 1). The theory 
includes decomposition of a product as a way of structuring 
information (Thlman et al., 1989; Lui ten, 1994). For this purpose 
the building is decomposed into the building fabric and spaces. 
Relationships between (characteristics of) components of 
products (such as connections) can be described. The 
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decomposition of the building resembles the SiB-classification 
strongly, while the characteristics of and relations between 
components (such as connections) are not further elaborated. 
This theory is used as a framework for thinking. 

The existing (Nl)SfB classification is adapted to the purpose of this 
thesis. To make clear the distinction between the SfB specification 
and the specification used within this thesis, the name "element" is 
not used. A building can be divided into packages on the basis of its 
performing parts. These packages are connected to form the 
building. In its connected form the packages become building 
components. 
Three different items therefore should be considered in the 
decomposition of a building: 

• building component 
• package 
• connection 

A package is defined as every coherent distinguishable part 
of a building with a distinguishable set of performance 
characteristics related to a set of requirements. The word 
connection is used for every location where packages meet or 
end, counting from the place where the composition of the 
package changes for the benefit of the connection to other 
packages. A building component is defined as a package 
including its connections charged with package and 
connection requirements. 

Each level of decomposition can have several types of the same 
package (for instance: several facade types, several window types, 
several inner wall types) as well as several types of connections. 
Each package can contain several components, which in their turn 
can be decomposed. To obtain a practical end point for which unity 
is still regarded as a package and which is not investigated for 
subparts, the concept proterial12 is introduced. This is the lowest 
level of parts of a package to be evaluated. It is not necessarily 
a single layer or homogeneous part, but it is the part of which no 
performance information will be obtained through empirical 
analysis. Performance information is not offered by either the 
supplier or other specialists (for instance material technologists). In 
this thesis parts of packages such as windows, doors, outer walls 
will be considered to be "proterials". 

An example of the decomposition of a building in this manner could 
be: 

' 2 The word proterial is a contraction of the words "producf' and "material", describing that the lowest level observed 
can still consist of several parts, always has shape and location characteristics next to its material characteristics. 
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First level of decomposition: 
A building consists of the following packages: 
• Floors 
• Roof(s) 
• Inner walls 
• Outer walls (facades) 
• Main load bearing system 
• Foundation 
• Services 

Th form the building, these packages are connected. For 
instance, the facade can have the following connections: 
• Connection facade· floor(s) 
• Connection facade · roof(s) 
• Connection facade · inner walls 
• Connection facade · foundation 
• Connection facade - main load bearing system 
• Connection facade - services 

Each of the connections forms part of at least two components; 
for instance the connection facade - foundation forms part of the 
building component facade and the building component 
foundation. 

Second level of decomposition: 
Decomposition of the facade 
The component "facade" is defined as the package "facade" plus 
all above given connections. Both the connections and the 
package influence the performance of the facade. The facade 
package can contain several connected parts; it can, for instance, 
contain 
• closed parts 
• openings, which are connected in the 
• connection closed part - opening 

Third level of decomposition: 
Decomposition of the closed part of the facade 
The package "closed part" including its connection to the opening 
and other components together form the component "closed part". 
The closed part can consist of packages such as: 
• Inner leaf 
• Outerleaf 
• Cavity 
• Insulation material 

These packages are connected to form the closed part: 
• Connection inner leaf· outer leaf 
• Connection insulation material - inner leaf 
If the level of detail is sufficient, and no further decomposition is 
required, this last group of packages can be called the 
"proterials". 
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Figure 19. 
Facade 
decomposition 

Figure20. 
Packages, 
connections, 
building 
components 
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Figure 19 shows this decomposition; the lowest level of 
decomposition is the glass and framework of the windows. These 
can then be considered to be the "proterials". Chapter 5 
demonstrates the decomposition on the basis of two existing 
buildings. 

To resume: A package can include other connected packages. A 
building comprises several connected packages which consist of 
further connected packages until the packages become "proterials". 
This general principal is shown in figure 20. 
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The performance of a building component depends on the 
performance of its packages and connections. The actual 
contribution of each package and connection to the overall 
performance of the building component should be determined 
through data collection. 

Building 
components = Packages + 

Deterioration characteristics of building components 

Connections 

A data collecting model to support performance management 



2.5 

Figure 21. 
The technical 
life span of a 
building 
component 

Summary and conclusions 
Components have been described as a combination of packages and 
connections. The performance of these packages and connections 
determines the technical life span of the component. The 
description of a building component should contain the following 
parts: 
1. A description of each ofthe packages of which the component is 

composed. 
2. A description of each of the connections with which the packages 

are connected to their surroundings. 

The description should be related to the variables influencing the 
development of supplied performance characteristics of building 
components, as depicted in figures 16 and 18. Figure 21 shows the 
combination of packages and connections with the supplied 
performance development and the influencing variables. 

To study the supply, an investigation of the performance levels to be 
evaluated must first be made. Both the required performance 
categories (and levels) and the supplied performance categories and 
levels are different for packages and connections. The required 
performance categories for facades are the subject of chapter 3. The 
determining characteristics and influences on deterioration in 
relation to characteristics of packages and connections are the 
subject of chapter 4. 
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The demand side: 
Requirements 

3.1 

3.2 

Introduction 
In chapters 1 and 2, the subject treated within this thesis has been 
described as a balance between required and supplied performance 
levels of building components. Although this thesis focuses on the 
supply-side, some knowledge of the requirements is necessary to be 
able to study supply in a meaningful way. In this chapter the 
demand defining the performance categories is considered; it is 
against this demand that the performance supplied by the building 
component has to be evaluated. As demonstrated in chapter 1, the 
balance between required and supplied performance levels of a 
building component should support the balance of user 
requirements and building performance. Although this thesis 
focuses on the performance supplied by building components, it is 
necessary to indicate briefly the relationship between building 
component requirements and user requirements. 

In paragraph 3.2. an inventory is made of (the backgrounds of) user 
requirements, to gain an impression of the nature of performance 
requirements. In paragraph 3.3. an inventory of requirements for 
building components is set out based upon those laid down in 
existing standards. Requirements for facades of office buildings are 
elaborated. Paragraph 3.4. investigates measuring units for 
performance categories required for facades. The required 
performance level expressed in measuring units can be used to 
evaluate performance levels supplied by building components over 
time. The importance of defining the status of a requirement in 
terms of the decisiveness of the fulfilment of the requirements 
(resolutive or desirable) is discussed in paragraph 3.5. 

The subject of this paragraph is represented by the shaded area in 
the model given in figure 18 of chapter 2 (figure 1, next page). 

User requirements 
The starting point for a building process, whether a renovation or a 
new building, is a principal expressing a need for accommodation 
for an organization. This accommodation should offer an 
atmosphere different from the outside cli~ate. This atmosphere is 
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Figure 1. 
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this chapter 

Figure2. 
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Figure3. 
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called "conditioned space". The accommodation forms a protection 
against influences from the surroundings, and in addition has 
appropriate sizes, location and image for the purpose of the 
organization using and/or owning the building. Further, the 
principal will have a restricted budget for realizing and using the 
accommodation and will set a time during which he expects the 
accommodation to be required1 (figure 2). 

The demand: 

Need for a certain type of accommodation 

Budget available per year 

Period during which need will exist 

~6~ 'lw 
$ 

To determine which specific accommodation offers the required 
"conditioned space", such space has to be translated into a 
description of the accommodation matching the demand (figure 3). 
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Figure4. 
Specifying the 
demand 

Figures 5 
and6. 
Activities 
determine 
requirements 
for spaces 

Expression of demand: 

~6~ .. ,lJLJ 
Type? 
Where? 
How much? 
When? 

This description should contain an explanation of the type of 
conditioned space needed, the amount of space needed, the 
relationships between the spaces and the period the space is 
required (the requirement period) (figure 4). 

A tool for describing the conditioned space is the description of the 
requirements related to the different types of activities to take place 
within the accommodation (figures 5 and 6). 
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These required physical aspects of spaces should be related to the 
physical aspects and imperfections of the surroundings of the 
building to determine the requirements to be put forward for the 
accommodation. These accommodation requirements should then be 
allocated to building components. SBR report 258 (Spekkink, 1992) 
describes this process in a 3-step translation: the translation of user 
activities into user requirements; the translation of user 
requirements into functions of the building and its parts; and 
finally, a translation of functions into a quantified quality level per 
function which is called performance2

• User requirements are 
summarized in the brief, while (lower limits of) requirements for 
building components are stated in standards. 

This thesis will consider the protective task of an accomodation but it will not consider the choice of a location, the 
image of an organization and the budget available. 

Here again, the concept of "performance" is used in an ambiguous way. In chapter 1 it was argued that it would be 
more precise to use "required performance" and "supplied performance". The quantified quality level per function, 
mentioned by SBR, relates to the required performance level. 
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It is generally assumed that if building components supply the 
required performance levels given in standards, the primary user 
requirements will be met as well. Nevertheless, there are many 
alternative combinations of building components which could 
provide a solution for a specific set of user requirements, and a user 
can have specific wishes not reflected in the standards. The 
allocation of requirements to individual building components is an 
important part of the architect's responsibility. The required 
conditioned space is realized by the attunement of requirements to 
separate building components on the one hand and on the other the 
harmonious functioning of separate components3• Together they 
form the building. 

There is a lack of sufficient information about the criteria enabling 
choice between alternative (combinations of) building components, 
and also on the process of generating alternatives. In this thesis the 
allocation of requirements to the different components forming an 
accommodation is not elaborated further. Since the allocation of 
required performance categories to building components is a 
complicated topic for which no supporting tools exists, more 
research is needed, however. 

Many lists have been compiled to describe all performance 
categories to be supplied by an accommodation. If a general 
overview of all possible requirements is needed, for instance to 
generate the brief, ISO 6241 (International Organization for 
Standardization, 1984) can be used or the Bouwbesluit (van den 
Bercken, 1993), SBR reports 222 (Benes and Vrijling, 1990), 258 
(Spekkink, 1992), 264 (van Mierlo and Scholten, 1993); while in 
Belgium the "Prestatie-Gids Voor Gebouwen"4 (IC-IB, 1979) gives 
an overview of required performance categories. The building 
regulations (like the Dutch Bouwbesluit) lay down standards for 
specific building components. Although a distinction is sometimes 
made in words between user requirements and building component 
performance, a clear contrast between user requirements and the 
performance required of a building component does not exist. 

This thesis neither reviews all of these lists, nor summarizes all 
terminology which could be and is used to specify all requirements 
desired. Based on these lists, a choice of names expected to cover 
groups of performance categories has been made. The required 
performance categories for facades which can be derived from ISO 
6241, SBR report 258 and the Dutch Building Regulations are 
taken as a starting point; the thesis does not study the attunement 
of facade requirements to the requirements of other building 
components, nor does it justify the allocation of these required 
performance categories to the facade. 

The tasks of a building can be described using the following groups 
of performance categories: 
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• safety 
• comfort 
• ergonomic aspects 
• perception 
Performance categories related to "comfort" are all performance 
categories related to obtaining an appropriate physical atmosphere 
for human activity. Performance categories related to "ergonomic 
aspects" are all performance categories related to the provision of 
necessary proportions and positioning of spaces and building 
components. Performance categories related to "sensation/ 
perception" are all performance categories related to the subjective, 
individual sensation evoked by the accommodation. "Safety" can be 
described as all performance categories which guarantee healthy 
and non-threatening use of the accommodation under certain well 
described conditions. Performance categories for building 
components, and the facade as one of them, can be related to these 
four tasks of a building. 

Required performance categories for facades 
Based on the required performance categories described for the 
building as a whole, required performance categories to be 
considered for a facade can be determined. The task of a facade 
within a building is to: 
• Form a vertical separation between the interior and exterior of a 

building (comfort and safety). 
• Carry the building and/or itself if necessary, both in normal 

situations and during calamities such as fire (safety). 
• Support the usefulness of the space created inside (ergonomics 

and comfort). 
• Provide (a part oO the aesthetic image of the building 

(perception). 

It is difficult to define measuring units valid in all situations and 
for all users for performance levels related to aesthetic aspects. This 
may well be not so much a problem of a difference in required 
performance levels, but a difference of taste, and therefore a 
difference in required performance categories. Aesthetic 
requirements and all other requirements related to perception are 
left out of this research study5. 

An example of this is the use of a facade as a part of the main load-bearing structure of a building. The requirements 
put forward for the facade w.~hin such a structure relate to the requirements to be fulfilled by the other parts of the 
load-bearing structure. 

Performance Guide For Buildings 

Nevertheless~ is interesting to know the visual consequences of deterioration, since aesthetic under-performance 
due to deterioration is an important issue in the overall appreciation of a building; although a building might still be 
technically sound and able to fulfil all other requirements, prevailing deterioration might have affected its appearance 
in such a way that ~ becomes unacceptable. Aesthetic deterioration therefore is included in this thesis, without 
translating the deterioration into a change of aesthetic performance levels supplied. 
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Of the other three groups the performance categories to be reviewed 
are those for which 
• the supplied performance level decreases6 over a requirement 

period7• 

• the performance levels supplied by the facade can be evaluated 
(more or less) independently of the performance levels supplied 
by other building components. 

In table 1 each item in the ISO 6241-list has been reviewed in 
relation to facades using the conditions given above. Some choices 
made remain more or less arbitrary and are intended to de-limit the 
complexity of the research area. 
The following division has been made: 
• required performance categories subject to elaboration(+) 
• required performance categories not considered within this 

thesis on the grounds given above(-) 
• required performance categories considered differently from 

those notified in ISO 6241 (x). 

Thble 1. Performance Categories ISO 6241 

Requirements 
1806241 

Stability require
ments (safety) 

Rresalety 
requirements 
(safety) 

Required 
performance 
categories 

Mechanical 
resistance 
(Strength, stiffness, 
stability) 

Risks of outbreak 
and spread of fire 
and smoke, 
escape routes, fire 
compartimentalizers 

Review 

VariableS influencing the STRENGTH AND STIFFNESS of 
components are considered. The interaction between 
the facade and the structural system of a building 
{STABIUTY) as a whole is not discussed, as this strongly 
depends on the facades collaboration with other parts. 

FIRE SAFETY requirements count for all building 
components individually and for the connections 
between building components, so the fire 
characteristics of facades are considered, as well as 
the fire characteristics of the connections within the 
facade. The facade also plays a role in providing 
ESCAPE POSSIBR.ITIES, a characteristic which can be Only 
partly allocated to the facade, since the desired 
location of escape routes depends on the use of the 
building. Furthermore, the presence of escape routes 
will not deteriorate. Escape possibilities are not 
investigated further. 

The limitation to building components showing decreasing performance levels was discussed in chapter 2. 

Result 

+ 

+ 

Whether or not the supplied performance level decreases during a requirement period, has to be determined on the 
basis of its determining characteristics and their deterioration. This is the subject of following chapters. Although this 
chapter deals with the demand and therefore should not consider the supply side, it occurred to be practical to bring 
forward this limitation in this chapter to prevent unnecessary digressions. 
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FIRE COMPARTMENTALIZING iS a performance tO be 
supplied by the building as a whole, and is not 
investigated further 

Safety in use Protection against PRoTECTION AGAINST INTRUSION BY VERMIN iS treated, + 
requirements aggressive agents, PROTECTION AGAINST AGGRESSIVE AGENTS, iS treated as a X 

(safety) vermin and human tightness problem, PROTECTION AGAINST INTRUSION BY 
intrusion, safety HUMAN BEINGS is not treated, since protection against 
during movements this type of intrusion and theft is usually derived from 
and circulation extra provisions which are not considered to form part 

of the facade but of the building services in general. 
Safety during movements and circulation depends on 
the ACCESSIBILITY OF ENTRANCE DOORS in relation to their 
size. Since the size of an entrance does not change 
due to deterioration, the accessibility is not elaborated. 
Safety in relation to UNOBSTRUCTED PASSAGE iS not 
elaborated as it is an unchanging performance level. 

Tightness Water tightness, air The TIGHTNESS of facades is elaborated. + 
requirements and gas tightness, 
(comfort) snow and dust 

tightness 

Hygrothermal Air temperature, The hygrothermal aspects of the facade are 
requirements thermal radiation, considered as far as THERMAL INSULATION is concerned + 
(comfort) air velocity, relative (including Surface temperature). AIR TEMPERATURE, AIR 

humidity, control of vaOCITY, CONTROL OF CONDENSATION AND RELATIVE HUMIDITY 
condensation are space characteristics which depend on the thermal 

insulation of the facade and on ventilation 
characteristics of services implemented; AIR FLOWS 
depend on the collaboration with other components, 
and is not investigated further. 

Air purity require· Ventilation, control VENTILATION and CONTROL OF ODOURS are considered to 
ments (comfort) of odours be requirements to be fulfilled by the services system 

of office buildings. 

Acoustic require· Control of external The ACOUSTIC INSULATION characteristics of a facade + 
ments (comfort & and internal noise, structure is treated and elaborated. The REVERBERATION 
perception) intelligibility of TIME Of Spaces and the INTELLIGIBILITY OF SOUND iS not 

sound, reverbera· investigated 
lion time 

Visual requirements Natural and artHicial DAYLIGHT AND VIEW REQUIREMENTS are investigated for as + 
(comfort & lighting, sunlight, far as provided by the facade, perceptual aspects are 
perception) possibility of not considered, though. POSSIBILITIES OF DARKNESS OR 

darkness, aspect of (EXTRA) SUN SHADING are considered to be requirements 
spaces and for the services system of a building and are therefore 
surfaces, visual not investigated. 
contact 
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Tactile require- Surface properties, SuRFACE PROPERTIES (roughness, dryness, warmth, 
ments freedom of suppleness) are not treated separately. STATIC 
(comfort, percep- discharges of static ELECTRICITY is mainly related to floor characteristics. 
lion) electricity 

Dynamic require- Limitation of whole WHOLE BODY ACCELERATIONS refer tO the building as a 
ments (comfort & body accelerations whole. PEDESTRIAN COMFORT is related to the building as 
ergonomics) and vibrations, a whole, EASE OF MOVEMENT is related to slopes and 

pedestrian comfort stairs. The change of MANOEUVRABILITY of windows and 
in windy areas, doors is related to the deterioration of hinges and 
ease of movement, locks. This is not investigated further. 
manoeuvrability 

Hygiene require- Facilities lor human Only ease of cleaning and emissions of contaminants 
ments (safety) care and cleaning, can be related to the facade. The EASE OF CLEANING of X 

water supply, ease the facade is discussed separately in the paragraph 
of cleaning, waste on deterioration and is not seen as a requirement of 
materials, limitation !he facade. The EMISSION OF CONTAMINANTS is as far as X 

of emissions of the facade is concerned, mainly a matter of material 
contaminants choice and can in this respect not be seen as a 

requirement of the facade itse~ but of building 
materials in general. 

Requirements for Space characteris- The SUITABILITY of spaces in relation to the facade is 
the suitability of tics, services and related to the location of windows and doors. Since 
spaces for specific equipment, this performance does not change and can only be 
uses (ergonomics) furnishing considered in relation to other components, it is not 

capability, flexibility elaborated. The suitability of spaces can also be 
influenced by possibilities to decorate both the interior 
and the external part of the facade. These possibilities 
are determined by the presence of decoration means 
and by the strength of the components which are 
"decorated". This last part should be incorporated in 
the strength requirement of components and is not 
investigated further. 

Durability require- Retention of Within this thesis no separate DURABILITY requirement is X 

ments performance over defined since durability should be obtained for every 
required service life performance (see chapter 1). 

Economic Capital, running Very often ANMICIAL CONSIDERATIONS are included in the X 

requirements and maintenance list of requirements. Within this thesis, though, 
costs, demolition financial considerations are seen as an instrument for 
costs choosing between different building components in 

relation to their costs; the choice between components 
on financial grounds is not elaborated (see chapter 1}. 

The remaining set of required performance categories which are 
considered for facades is summarized in table 2. 
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Table 2. Performance categories for facades 

Performance group Performance category pso 6241) 

Safety 

Comfort 

Ergonomics 

Strength and stiffness 
Fire safety 
Protection against vermin 

Tightness 
Thermal insulation 
Acoustic insulation 

Access of daylight 

To judge a facade the performance of the facade as a whole has to be 
derived from the performance of its composing parts. The facade 
parts can be qualified in accordance with the description of their 
tasks (table 3): 
• Separating parts 

The separation parts separate the inside from the outside. 
Therefore they have to fulfil all the following requirements: 
- fire safety 
- protection against vermin 
-tightness 
- thermal insulation 
- acoustic insulation 

• Supporting parts 
The supporting parts have to fulfil the following requirements: 
- strength and stiffness 
- fire safety in relation to collapse 

• Facilitating parts 
The facility parts of the facade have to fulfil requirements with 
respect to access of daylight8• 

Table 3. Requirements for parts of the facade 

Performance group Performance category Separation Support Facilities 

Safety Strength and stiffness X 

Fire safety X X 

Protection against vermin X X 

Comfort Tightness X X 

Thermal insulation X X 

Acoustic insulation X X 

Ergonomics Access of daylight X 

Services (such as heating and ventilation, monitoring services and facilities management systems), hinges and locks 
and blinds and decoration means are not investigated. 
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Building components can combine supporting, separating, and 
facilitating tasks. The definition of these three types of functions 
therefore does not necessarily indicate three different types of 
components. Components combining tasks should be evaluated for 
requirements related to each of these tasks9• 

Special consideration has to be paid to connections in facades, since 
depending on the type of requirement needed, the connections and 
parts of other structures are supposed to be reviewed for their 
influences on a components performance. The Bouwbesluit states 
for instance for so-called "(external) partition structures": 

"A structure which separates closed space, which is accessible for 
human beings, within a building from the exterior, ground or water; 
other structures connected to the partition structure are included in 
so far as these parts influence the fulfilment of the regulations here 
stated." (van den Bercken, 1993) 

This definition of partition structures puts considerable "pressure" 
on connections, since one connection can bear the requirements put 
forward for each of the connected packages. If for instance a 
connection combines two packages with different requirements 
concerning thermal insulation, the connection shoUld perform to the 
highest insulation requirement. 

Determination of measuring units per performance category 
The required performance categories with respect to decreasing 
performance have been elaborated for supporting, separating and 
facilitating parts of the facade. It is now necessary to express these 
categories in a measuring unit to enable testing of supplied 
performance levels. In this paragraph measuring units for required 
performance categories for facades are given. 

Strength and stiffness 
The strength and stiffness of a building component relate to the 
number and size of forces and moments which can be taken by a 
structure without collapsing and with restricted deformation. These 
forces and moments can be caused by different types of loads, 
including temperature changes. The strength and stiffness of a 
structure should also be guaranteed during a fire. Measuring units 
for required performance levels are: Forces (in kN), Tension (in kN/ 
m2), Moments (in kNm), Deformation: rotation (in degrees), sagging 
(in mm) (Huisman, 1990; Kreijger and Rardon, 1990; Nederlands 
Normalisatie Instituut, 19911; van den Bercken, 1993). 

For instance windows and doors should not only be reviewed for facilitating possibilities but also for their separating 
possibilities. 
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Fire safety 
Fire safety is a characteristic preventing the collapse of a structure 
during a fire and limiting the contribution of a component to fire 
propagation and smoke production. The main characteristics for fire 
safety offacades are the fire resistance (in minutes), the 
contribution to fire propagation (class), the smoke production (in 
m3/s) (in relation to the smoke density (in m·1) in spaces) 
(Nederlands Normalisatie Instituut, 1991f,g,h,ij,k; Ministerie van 
Volkshuisvesting, Ruimtelijke Ordening en Milieubeheer, 1992; van 
den Bercken, 1993; Patterson, 1993). 

Protection against vermin 
These requirements relate to diminishing the intrusion of 
aggressive vermin from the environment into the building. The 
measuring unit is the size of openings within the facade (in m) (van 
den Bercken, 1993). 

Tightness 
The protection of the interior of a building (including its composing 
parts) against undesired moisture and air. The protection against 
moisture includes water tightness, damp tightness and rain 
tightness. The protection against undesired air limits the amount of 
undesired ventilation through seams, holes and cracks. It can be 
measured in amounts of moisture leaking through the facade (in 
dm3/s), collected within or absorbed by the facade (in kg/m2s) and 
the amount of air leaking through the facade (in dm3/s) (van Tol, 
1984; Nederlands Normalisatie Instituut, 1988, 1991a and 1991d; 
Bakker, 1990; Kreijger and Rardon, 1990; van den Bercken, 1993; 
de Wit, 1993). 

Thermal insulation 
The thermal insulation of a building guarantees (in combination 
with the heating system and use aspects) an acceptable 
temperature within a building against minimum energy costs. 
Thermal insulation is expressed in a value for the thermal 
resistance (in m2·KIW). Apart from the thermal insulation 
characteristics ofthe components, the tightness of components and 
their connections also plays a role (van Tol, 1984; Nederlands 
Normalisatie lnstituut, 1988, 1991b, 1991d; Bakker, 1990; Kreijger 
and Rardon, 1990; van den Bercken, 1993; de Wit, 1993). 

Acoustic insulation 
The acoustic insulation relates to the guarantee of an acceptable 
noise level within the building; the related measuring unit is the 
sound reduction index (dB). Noise within a building can be caused 
by both air-borne noise as well as impact noise. This noise can reach 
a room directly or indirectly via flanking transmission, sound 
leakage and bypass sound (van Tol, 1984; Wolfs, 1985; Nederlands 
Normalisatie Instituut, 1991e; McMullan, 1991; Braat-Eggen and 
van Luxemburg, 1992; van den Bercken, 1993; Templeton, 1993). 
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Daylight access 
To facilitate human activities an acceptable light level should be 
available. A part of this light should be daylight. The amount of 
daylight which can pass through a facade contributes to this level. 
The relevant measuring unit is the equivalent daylight opening (in 
m2

) (van Tol, 1984; Meerdink et al., 1988; Nederlands Normalisatie 
Instituut, 1991c; van den Bercken, 1993; Rutten, 1993). 

Each performance category to be evaluated for facades is now 
provided with one or more measuring unit(s). Both the required 
performance level and the supplied performance level have to be 
expressed in this measuring unit. The required level to choose 
depends on the function of the building. The minimum required 
performance level is given in standards and building regulations. 
The next paragraph investigates the required performance level. 

Determining the required performance level; the standards 
The lowest level of requirements is set down in standards, which 
might differ in each country or even in each municipality. In the 
Netherlands, the Bouwbesluit sets those lowest levels of 
requirements. There are different required performance levels laid 
down for residential buildings, caravans and stands, non
residential buildings (pensions, offices or other buildings); and for 
civil structures which are not buildings. The levels are different for 
newly built structures and existing structures (figure 7). 

The current standards set a minimum performance level to be 
provided by building components during their life span. A principal 
should add the requirement period. At present, the requirement 
period usually is not specified (figure 8). To take a design or 
maintenance decision relating to a building component, both the 
required performance level and the requirement period should be 
taken into account. This will indicate the decrease of the supplied 
performance level which can be allowed, if the initially supplied 
performance level is known, or the maintenance required if both the 
initially supplied performance level and the decrease of the 
supplied performance level are known. 
All participants in the building process add their own requirements 
to the brief (principal, user, society, neighbourhood, contractor, etc.) 
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and standards change over time. This makes it impossible to 
describe all requirements and wishes that might be put forward in 
this thesis. Therefore the determination of individually required 
performance levels and the evaluation of the supplied performance 
level of a building component to the individually required 
performance level will be left to the user of the model. 

Another problem with the current (Dutch) standards is that facades 
are not mentioned as a particular component in the Bouwbesluit. 
For facades the regulations on "external partition structures" are 
applicable. As has been discussed before, this means that not only 
the facade itself should perform up to these standards, but also the 
connections of the facade to other components should be taken into 
account, as well as parts of other components influencing the 
performance supplied by the facade or its connections. 

As both the numbers of participants and requirements are 
increasing, the need to distinguish between decisive and desirable 
required performance becomes more urgent. The next paragraph 
therefore investigates the status of the demand. 

'rhe status of the demand 
Due to an increasing number of requirements put forward by 
principals in the brief, the process of designing buildings is 
becoming more and more complex. The definition of too many 
requirements can, just like the definition of too few requirements, 
obstruct the design process and offers no guarantee of obtaining the 
desired building - unimportant issues are made as important as 
important issues. Next to the types of requirements to be 
considered it is equally important to determine the status of the 
demand. Requirements which have to be fulfilled unconditionally 
have to be distinguished from wishes which should be fulfilled if 
the budget allows it. 
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The part of the demand expressed as requirements should only 
contain items with the following characteristics: 
• they are decisive for the continuation of the building process 
• their required performance level cannot be interchanged with 

required performance levels of other items 
• they are not contradictory to other items. 

Requirements should be stated as much as possible in objectively 
measurable quantities to make them controllable. Wishes are those 
items within the demand which can be fulfilled if the requirements 
are all fulfilled and the budget is sufficient. Characteristics of 
wishes are: 

• they are, to some extent, interchangeable 
• they do not have decisive power in relation to the continuation 

of the building process 
• they can be contradictory. 

For the fulfilment of wishes it is necessary to take into account 
other controlling factors. These controlling factors can be allocated 
to individual wishes or to combinations of wishes. The controlling 
factors indicate the preferences of a principal with respect to the 
expenditure of his limited budget. 

Wishes can either set more severe levels to required performance 
categories already stated within requirements, or they can 
introduce new performance categories (figure 9). 
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Whether a part of the demand is a wish or a requirement must be 
decided by the principal. During the building process this might 
change, for example due to costs exceeding budgets. It is important, 
though, to state as early as possible the part of the demand that 
must be realized and to state which part of the demand is 
interchangeable. A proper definition of the demand enables an early 
judgement of the sufficiency of the budget and facilitates evaluation 
of the design. It can also support communication between the 
architect and the principal. It is the task of a principal to decide on 
items belonging to requirements and items belonging to wishes. It 
is the task of the architect to find the solution which fits the 
requirements and fulfils wishes as completely as possible. The 
subject is included in this chapter only to make participants in the 
building process aware of this situation; no further guidelines are 
given to support the choice between wish or requirement. 
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3.7 Summary and conclusions 
In this chapter the demand has been translated into required 
performance categories for building components. These required 
performance categories are provided with measuring units to make 
required and supplied performance levels of building components 
capable of comparison. An overview of measuring units for 
expressing both the required and the supplied performance levels is 
given in table 4. 

Table 4. Measuring units for performance categories 

Performance category Sub-category Measuring unit 

Strength and stiffness Forces kN 
Tension kN/m2 

Moments kNm 
Sagging mm 
Rotation degrees 

Fire safety Fire resistance minutes 
Contribution to fire propagation class 
Smoke production m3/s 

Protection against vermin Size of holes m 

Tightness Amount of air leakage dm3/s 
Amount of water leakage d~/s 
Amount of water in component kglm 

Thermal insulation Thermal resistance rn2KJW 

Acoustic insulation Sound reduction index dB 

Access of daylight Equivalent day light opening m2 

For each package and connection forming part of the facade an 
overview has to be made of its tasks in fulfilling the requirements of 
the facade as a whole. Its task can be separation, support or 
facilitating or a combination of these. Each package or connection 
should be provided with a required performance level and a 
requirement period for each of the required performance categories 
belonging to its tasks. The performance level supplied by the 
component, package or connection over time can then be compared 
to the required level and a technical life span for a specific set of 
requirements can be determined. 

The remainder of this thesis investigates the supplied performance 
of building components. Chapter 4 elaborates variables mentioned 
in chapter 2 influencing the performance supplied by a facade, its 
packages and connections. A typology of determining and 
deterioration characteristics will be designed. 
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Chapter 5 investigates possibilities and problems in the collection of 
empirical data on both performance levels and variables influencing 
the supplied performance levels. It also presents two case studies in 
which the typology designed in chapter 4 is applied. 
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Introduction 
This paragraph investigates the backgrounds of performance levels 
supplied by building components over time (figure 1). 

The purpose of this chapter is to elaborate variables which 
influence the performance levels and deterioration of building 
components. Th facilitate the structuring of information on the 
performance development of building components, building 
components are decomposed into their performing parts (packages 
and connections). A typology of packages and connections is 
designed to support the comparison of performance information of 
specific building components. 

This chapter therefore leads to a typology of building components 
(and specifically building components used for facades) related to 
the both performance levels and deterioration which could support 
this empirical data collection. Aspects investigated are 
"determining characteristics" (related to performance levels), those 
aspects related to the "sensitivity" of building components, those 
related to "accumulation" of deterioration agents and those related 
to "maintenance" of building components. 
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Figure2. 
Data collection 

A building component can then be "typecast" based on the packages 
and connections of which it is composed. The collection of data on 
actual performance levels and deterioration of a set of components 
with different types of packages and connections could then support 
quantification of relationships between the described types and 
their influence on the performance levels and performance 
development of building components. The quantified relationships 
could be used to forecast the performance development of other 
building components during design and management (figure 2). 

as a means to In chapter 2, it was assumed that the performance level of a 
quantify building component depends upon the performance of its packages 
relationships and connections. The following characteristics of packages and 
between connections within components are reviewed (figure 3): 
component type • materials used to form the package or connection 
and • the shape characteristics 
performance • the location of the package or connection in relation to other 
development components 
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The material part of the connections is the means of connection 
added to a connection to ensure a performance. 

The choice of performance categories to be evaluated for each 
building component was described in chapter 3. A number of 
performance categories were chosen to elaborate characteristics of 
building components used for facades. 

This chapter investigates what are the determining characteristics 
related to each of these performance categories. These determining 
characteristics are investigated for both packages and connections. 
A typology of material, shape and location characteristics for both 
packages and connections is designed based on a generalization of 
the determining characteristics (paragraph 4.2.). 

For types of building materials the material typology introduced by 
Wilson (1984) is used. No typology for shapes and locations of 
packages and connections exists, and the present typology is 
designed on the basis of the determining characteristics. 
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For location characteristics one typology for both packages and 
connections is designed. 

Then performance development is investigated; building component 
related influences on deterioration are used to complete the 
typology. The general model of deterioration described in figure 16 
of chapter 2 is used as a basis to describe deterioration 
characteristics of building components. First the types and causes 
of changes of material, shape and location characteristics are 
investigated. The additional part of the typology is designed for 
package and connection-related accumulation of deterioration 
agents and for the sensitivity of building components. The effect of 
maintenance is investigated as well (paragraph 4.3). 

The typology of determining characteristics and deterioration 
characteristics is combined and presented in paragraph 4.4. This 
typology maps all variables influencing the performance 
development of building components and can be used for 
characterization and analysis of all exposed components in relation 
to their performance development; Paragraph 4.5 shows how the 
typology can be tuned to serve the description of facades. In 
paragraph 4.6. guidelines are given for the use of the typology for 
other building components. 

Tables are used to structure information on materials, shape and 
location characteristics and to present the different parts of the 
designed typology. A representation of current knowledge in table 
form can never do justice to the complexity of the respective 
working areas of structural engineering, building physics, fire 
safety or maintenance management. Those working areas offer 
information in a specific situation, taking into account the co
operation of all components forming a building. This thesis only 
reviews general characteristics related to building components (in 
this case mainly the facade). The tables therefore can be considered 
to be a starting point in the representation of information which 

4. The supply side: 79 
Performance levels and Performance developmenl 



80 

can be used by non-specialists on various performance categories. 
They represent characteristics brought forward in a number of 
publications, and it is assumed that they show a direct relationship 
to a specific performance or deterioration. Data collection will show 
whether these characteristics explain the performance of a building 
component sufficiently or if other characteristics are predominant. 

The investigation of both determining characteristics and 
deterioration is based on an analysis of information available in the 
literature. For determining characteristics, handbooks on building 
design (structural design, building physics, etc.) and standards and 
regulations are used. For deterioration the major sources are books 
on surveying techniques, building defects and maintenance 
management. The information frequently relates to details of 
traditional housing which fail. Only seldom is there a clear 
statement of shape and location related characteristics of building 
components which influence their deterioration. More often, these 
underlying relationships had to be derived from the analysis of a 
number of defects described in a number of handbooks. For the 
purpose of this thesis, this information is generalized into types of 
characteristics of building components which influence 
deterioration. Direct reference to literature sources in the case of 
deterioration is therefore difficult and sources will therefore be 
given in the introduction rather than in the tables. 

The number of handbooks, standards and regulations on the 
performance and deterioration of building components is extensive. 
In most cases handbooks, standards and regulations refer to a 
specific type of component; or one or a few performance categories 
only. Unfortunately, terminology differs in more or less each 
publication; and this factor hinders comprehension and comparison 
of information. Standards are not identical in structure, owing 
partly to the fact that many are still being revised to fit the 
performance concept. Meanwhile, the number of standards and 
references in building regulations obstructs the possibility, for a 
non-specialist, of capturing all relevant aspects related to the 
performance of a component. The determination of predominant 
characteristics ("key-( determining) factors"), side effects and inter
dependence of characteristics is therefore extremely difficult, 
especially for non-specialists1• 

Although architects and building managers can not be considered to be laymen with respect to variables influencing 
the performance of a building component, it is current practice to take advice of specialists in the area of structural 
engineering, building physics and fire safety, and in this sensa most participants, including the architect and building 
manager in the building process can be considered to be non·specialists. 

Loads (for instance dead loads, imposed loads, wind loads, buckling loads, day light. rain, heat) and their 
characteristics (for instance: eccentricity, dynamics) are not included in the table as they are not (except for own 
weight and tension implied by thermal changes) component specific. 

Deterioration characteristics of building components 
A data collecting model to support performance management 



4.2 

4.2.1 

Determining characteristics and performance levels 
In this paragraph, first the determining characteristics related to 
packages are studied and then the determining characteristics 
related to connections. 

Determining characteristics related to packages 
Table 1 gives an overview of the performance categories given for 
facade packages, describing the relevant material, shape and 
location characteristics mentioned in sources available2• 

The following annotations are necessary: 
• Specific characteristics related to a material type (such as the 

sizes and position of reinforcement bars in concrete) are not 
included. In many cases, insufficient information was available 
for the determination of dependent variables. Some of the 
material characteristics depend on environmental conditions 
such as relative humidity and temperature (for instance: ll, p, !..). 

• Determining building component related characteristics for fire 
safety is difficult; design manuals do not contain explicit 
information in this area, but explain the nature of fires. 
Standards contain mainly guidelines for destructive testing of 
samples. 

• The composition of a building component of packages and 
connections with different characteristics and the location of 
each package and connection in relation to each other deserves 
extra attention. For some performance categories the 
performance of the component as a whole will be as weak as its 
weakest part (e.g., for tightness and protection against vermin), 
while for other performance categories the performance of a 
component can be decreased by an under-performance of one of 
its parts (acoustic and thermal insulation). The decrease of the 
performance level of a component due to a weaker part is 
related to the proportion of the amount of each package or 
connection in the total amount of the component. For the load
bearing system, the influence of the performance of a part 
depends on the way the structure carries loads. 

• The connection of packages with difference in mass per volume 
and the type of fixing used determines the freedom to vibrate for 
each of the packages (acoustic insulation). Connections can thus 
be seen as a specific precondition within the location of a 
package. As connections are evaluated separately, no reference 
will be given in the packages tables to "location" characteristics 
related to connections. 

• Loads applied intentionally or unintentionally - such as wind 
load, weight of objects applied to a facade, external temperature, 
etc. - are not accounted for in the tables, except for component 
related influences on these loads. 
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Table 1. Package characteristics 

Performance Material Shape Location Source 
category 

Strength and 
stiffness 
• Forces (kN) • cr maximum • b [beam I column Huisman, 1990; 
• Moments (kNm) stress (yield width](mm) Kreijger and 
• Sagging (mm) stress, ultimate • h [beam I column Hardon, 1990; 
• Rotation stress, permissi- height] (mm) Nederlands 

(degrees) ble stress) for • L [column length] Normalisatie 
tension and (mm) lnstituut, 19911; 
compression (NI • Flange sizes (mm) Seward, 1994 
mm2) • S (First moment of 

• 't maximum shear area or plastic 
stress (Nimm2) section modulus) 

• E [Elasticity (cm3) 

modulus or • I [Second Moment 
Young's modulus] of Area] (cm4

) 

(Nimm2) 
• Strain (o/o) 
• Creep (o/o) 

Fire safety 
• Fire resistance • Ignition tempera- • Surface area I • Size and shape Stichting 

(structural ture (K) mass ratio of space Bouwresearch, 
stability and • Fire load • Fire load per m2 containing the 1982a; Provinciaal 
separation) (equivalent kg soft (kg/m2) fire (l*b*h) (m) comite voor de 
(minutes) wood) • A, h [Area and bevordering van de 

• Contribution to • Smoke density height] of windows Arbeid, 1988; 
fire propagation (m-1) and walls (m2, m) Nederlands 
(class) • U [thermal • Size of openings Normalisatie 

• Smoke density conductivity] and cavities within lnstituut, 1991 
(m-1) (Wim2K) a package (m) f,g,h,i,j,k,m; 

• p [Density] • Thickness of a Ministerie van 
(kg/m3) layer (m) Volkshuisvesting, 

• c [Specific heat] Ruimtelijke 
(JikgK) Ordening en 

• Flashover (class) Milieubeheer, 1992; 
• Fire spread van den Bercken, 

(class) 1993; Patterson, 
1993 

Protection against 
vermin 
• Size of holes (m) • Width of openings van den Bercken, 

(m) 1993 
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Tightness 
• Amount of air • Porosity (%) • d [Thickness of • R; and R. Tol, 1984; 

leakage (dm3/s) • r [Pore diameter] layer] (m) Nederlands 
• Amount of water (m) • A [Size of walij Normalisatie 

leakage (dm3/s) • J.1 [Coefficient for (m2) lnstituu1, 1988, 
• Amount of water diffusion • A[Sizeof 1991a,d; Bakker, 

absorbed (kglm2) resistance] (-) openings] (m2) 1990; Kreijger and 
• Temperature • U [Thermal • length of opening Hardon, 1990; 

factor conductiv~y] (W/ (m) Awbi, 1991; 
m2K) • obstacles within Rijksgebouwendenst 

opening (rough- 1991; van den 
ness) Bercken, 1993; de 

Wit, 1993 
Thermal 
insulation 
• R [Thermal • A [coefficient for • d [Thickness of • R; and R. van Tol, 1984; 

resistance] heat conduction] layer] (m) Nederlands 
{=1/U} (W/mK) • A [Surface area of Normalisatie 
(m2KIW) • p [mass per wall] (m2) lnstituu1, 1988, 

volume] (kglm3) • A [Surface area of 1991b,d; Bakker, 
• c [specific heat openings] (m2) 1990; Kreijger and 

capacity] (JikgK) Hardon, 1990; van 
den Bercken, 1993; 

Acoustic de Wit, 1993 
insulation 
• SRI [Sound • p [mass per • d [Thickness of • location of van Tol, 1984; 

reduction index] volume] (kg/m3) layer] (m) openings within Wolfs, 1985; 
(dB) • ll [internal • Sizes (width and layer McMullan, 1991; 

damping] height) of Nedenands 
• E [elasticity openings (m) Normalisatie 

modulus] (NI • Surface area per lnstnuu1, 1991e; 
mm2) volume (m2/m3) Braat-Eggen and 

• a [absorption • Stiffness of layer van luxemburg, 
coefficient] (%) (EI in Nmm2) 1992; van den 

• Facade structure Bercken, 1993; 
• Presence, type Templeton, 1993 

and sizes ol cavity 
filling 

• Presence and 
depth of cavity (m) 

Access of daylight 
• Equivalent day • Transmission • Sizes of window • Sizes of obstacles van Tol, 1984; 

light opening (m2) factor of glass (Height, width) (m) I overhang (m) Meerdink et al., 
• Inclination of • Sizes of surround- 1988; Nederlands 

window f) ing wall; position Normalisatie 
of window in wall lnstituu1, 1991c; 
(m) van den Bercken, 

• Distance window • 1993; Rutten, 1993 
obstacles 
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4.2.2 Determining characteristics of connections 
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Connections are defined in chapter 2 as every location where 
packages meet or end, starting from the place where the 
composition of the package changes for the benefit of the connection 
to other packages. Within a connection there can be a seam (open 
space between packages). To this connection, a 'means' can be added 
which contributes to the achievement of (one or more) performance 
levels. These means are called "means of connection". These means 
of connection can function as: 
• fixing 
• sealant 
• filling 
• adjustment 
or any combination of these. 

The fixing could be said to be the "supporting" part of the 
connection as it actually fixes one package to another; sealing could 
be said to be the "separating" task of a connection, as it takes care 
of, for instance, watertightness and thermal insulation. Facility 
tasks such as daylight access are not connection related. The use of 
the means of connection as "filling" adds aesthetic performance to 
the connection; the means can, for instance, cover the sight of 
seams but also can provide appreciated shading. Since aesthetic 
performance is not further discussed, the "filling" type of the means 
of connection is studied only for its influence on deterioration. 
Adjustment is needed to put a package in the right position. As 
such adjustment can add to all performance categories a connection 
has to provide. 

As regards fixing the means of connection can be referred to as 
"mechanical" fixings and "physical/chemical" fixings. The first type 
are nails, screws, bolts, connectors and the like usually made of 
metal; while the second type are glueing, welding and soldering, 
which can be composed of several materials. 

For filling, all types of materials are used, but for facades the main 
filling types are wooden and plastic skirtings. Most sealing 
materials are plastics and rubbers of various types, while most 
adjustments are pieces of wood, mortar or adjustable bolts. 

For many connection related characteristics it appeared to be quite difficult to establish units for comparison. For 
instance: How to quantify the size of a connection (a possibility would be to use the connection length, the connection 
depth, the connection surface area, the connection volume)? How to quantify the fit of a sealant (a possibility would 
be in m2 closed connection per m2 total connection surface area, or the width, height and depth of the sealant in 
relation to the width, height and depth of the connection)? Or the number of obstacles obstructing a free flow of 
particles (air, water) within a connection (a possibility would be in extra m' connection depth which has to be bridged 
by such flow, or the m2 of inobtrudable connection surface area vs. the total connection surface)? Nevertheless, some 
propositions are made within the table. Practical experience should detennine which are appropriate measuring units. 
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An investigation of standards and handbooks on material, shape 
and location characteristics of packages and connections in relation 
to performance categories offers extensive information on packages, 
but hardly any direct information on connections. Therefore the 
determining characteristics of connections can only be partly 
deduced from separate studies in handbooks and should be deduced 
partly from package characteristics. 

For the means of connection the same characteristics should be 
reviewed as have been stated for packages in general in table 1. 
Specific characteristics of the means of connection which cannot be 
obtained from table 1 are presented in table 2, together with a 
description of the characteristics of the shape of the connection in 
relation to performance categories3• 

Table 2. Characteristics of connections 

Performance 
category 

Strength and 
stiffness 
• Forces (kN) 
• Tension (kN/m2) 

• Moments (kNm) 
• Sagging (mm) 
• Rotation 

(degrees) 

Means of 
Connection 

• Fit of fixing 
FIXING: 

• Number and 
direction of 
forces and 
moments which 
can be taken (kN 
and kNm) due to 
fixing 

• Allowable 
(dynamic) 
deformation of 
connected 
packages (m) 
due to fixing 

• Allowable 
rotation of 
connected 
packages(0

) due 
to fixing 

4. The supply side: 

Connection 
shape 

• Freedom of 
movement of each 
of the connected 
packages through 
form (Horizontal, 
Vertical, Back
wards and 
Forwards) (m) 

• Deformation of 
connected 
packages allowed 
by form (m) 

• Rotation of 
connected 
packages allowed 
by form (0) 

Connection 
location 

Performance levels and Performance development 

Source 

Stichting 
Bouwresearch, 
1993 
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Performance Means of Connection Connection Source 
category Connection shape location 

Fire safety 
• Fire resistance • Fit of fixing, • Size (m2

) and Wilson, 1984; 
(minutes) sealant, filling, form of openings Stichting 

• Contribution to adjustment over within connection Bouwresearch, 
fire propagation time; (width, height, 1993 
(class) SEAJ.ANT: depth) (m) 

• Smoke produc- • Compression • Depth of opening 
lion (!'rills) factor(·) and obstacles 

• Size and form of within opening (m) 
sealant (width, 
depth, height) (m) 

• Change of width, 
depth and height 
over time (%) 

• Compression (%) 
• Acceptable 

deformation (of 
connected 
packages) over 
time(%) 

Protection against 
vermin 
• Size of holes (m) • Fit of fixing, • Size of openings Stichting 

sealant, filling, within connection; Bouwresearch, 
adjustment over width and height 1993 
time; (m) 

SEAJ.ANT: 
• Size and form of 

sealant (width, 
depth, height) (m) 

• Compression 
factor(·) 

• Change of width, 
depth and height 
over time (%) 

• Compression (%) 
• Acceptable 

deformation over 
time(%) 
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Tightness 

• Amount of air • Fit of fixing, • Size of openings • Building Wilson, 1984Awbi, 
leakage (dm3/s) sealant, filling, within connection component 1991; 

• Amount of water adjustment over (length, height, orientation in Aijksgebouwen-
leakage (dm3/s) time; depth, area) relation to dienst, 1991; 
Amount of water SEALANT: (m, m2) windspeed (N, E, Stichting 
in component • Size and form of • Flow direction W,S) Bouwresearch, 
(kg/m~ sealant (width, • Obstacles within • Temperature 1993 

depth, height) connection differences inside 
(m) (roughness) (m' of • outside (K) 

• Compression extra connection • Local shielding (% 
factor depth) protected) 

• Change of width, • Building 
depth and height geometry: width, 
over time (m) height, depth (m) 

• Compression (%) • Distribution of 
• Acceptable openings 

deformation (of 
connected 
packages) over 
time(%) 

• Pressure of 
sealant against 
packages (N/m') 

• Position of 
sealant in 
connection 

Thermal 
insulation 
• Thermal • Fit of fixing, • Size of openings Stichting 

resistance (m2KI sealant, filling, within connection Bouwresearch, 
W) adjustment over (height, width, 1993 

time; depth) (m) 
SEALANT: • Flow direction and 
• Size and form of obstacles within 

sealant (width, connection related 
depth, height) to form 
(m) 

• Compression 
factor 

• Change of width, 
depth and height 
over time(%) 

• Compression (%) 
• Acceptable 

deformation (of 
connected 
packagesY over 
time 
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Performance Means of Connection Connection Source 
category Connection shape location 

Acoustic 
Insulation 
• Sound reduction • Fit of fixing, • Connection size • Weight proportion McMullan, 1991; 

index (dB) sealant, filling, {width, depth, of packages Stichting 
adjustment over height) related to connected (N) Bouwresearch, 
time; form (m) 1993; Templeton, 

SEALANT: • Area of openings 1993 
• Size and form of within connection 

sealant {width, (m2) 
depth, height) {m) • Surface area 

• Compression exposed (m2) 

factor • Possibilities for 
• Change of width, internal damping 

depth and height (%) 
over time(%) • Stiffness of 

• Compression(%) connection 
• Acceptable (vibration 

deformation over isolation) 
time • Discontinuity of 

• Pressure of packages 
sealant against connected 
packages (Nim1 • Obstacles within 

• Position of sealant connection (m' 
in connection extra connection 

• Possibilities for depth) 
internal damping 
(%) 

FIXING: 
• Stiffnessof 

connection 
(vibration 
isolation) 

Access of daylight 
• Equivalent day 

light opening (m2) 
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4.2.3 

4.2.3.1 

A typology for determining characteristics 
Based upon the determining characteristics of packages and 
connections a typology for material, shape and location 
characteristics is proposed. Paragraph 4.2.3.1. proposes a material 
typology for both packages and connections, 4.2.3.2. a shape 
typology for packages, 4.2.3.3. a shape typology for connections and 
4.2.3.4. a location typology for both packages and connections. 

Material characteristics 
For packages and means of connection average values of the 
material characteristics mentioned in table 1 and 2 are available. In 
most cases reference books and standards give some information, 
but it can also be derived from material technology books {Manders
Maanders, 1989; Addleson and Rice, 1991; Doran, 1992) and 
product information (NBD, 1994). In the Netherlands, SBR have 
published a report on characteristics of building and insulation 
materials (Stichting Bouwresearch, 1982b). Some average values 
for thermal and hygric characteristics offacade materials, derived 
from the SBR publication, are shown in table 3. 

Table 3. Material pharacteristics 

Material 

Steel 
Aluminium 
Marble 
Granite 
Facade Clinker 
lime sand stone 
Compact reinforced 
concrete 
Gypsum panels 
Glass 
Mineral wool 
Cement plaster 
Lime plaster 
Hardwood 
Softwood 
Potyesther (glass 
fibre reinforced) 
PVC 
Polystyreen 
(expanded) 
Polystyreen 

7800 
2800 
2750 
3000 
2100 
2000 
2500 

800-1400 
2500 

35-250 
1900 
1600 
800 
550 
1200 

1400 
15-30 

30-40 

A. 
W/mK 

exterior 

41-52 
200 
2.9 
3.5 
1.3 
1.5 
2.3 

0.65 
2.8 

0.035-0.04 
1.5 
0.8 
0.23 
0.17 
0.2 

0.2 
0.035 

0.027 

4. The supply side: 

c 
J/kgK 

480-530 
880 
840 
840 
840 
840 
840 

840 
840 
840 
840 
840 
1880 
1880 
1470 

1470 
1470 

1470 

0 
0 

6 
7 

5-0.9 

31 
0 

170.100 
12-4.5 
21-4.5 

<0.02 

8-1.2 

f.! 
(·) 

31 
250.5-2.0 
37-200 

6 
co 

1.1-1.8 
15-41 
9.0-41 

>9000 

23-150 

1.2-0.6 15Q-300 

<pH <pH q>H 
vol.% vol.% vol.% 

<1>=40% $=65% <1>=95% 

0 
0 

0.1 
1-4 
2-3 

<0.1 
0 

<0.1 
0.5 

2 
2-3 
0 

0 

0 

0 
0 

0.15 
6-12 
3-4 

<0.1 
0 

<0.1 
1 

4 
4-5 
0 

0 

0 

0 
0 

0.3 

8 

3.5 
0 

<0.1 
4 

10.12 
12-15 

0 

<0.2 

0 

Performance levels and Performance development 
89 



4.2.3.2 

90 

According to Wilson (1984), building materials can be divided into 
three groups according to their characteristics. The resemblance 
between the materials within a group is caused by the type of 
bonding between the elements within a material. These groups are: 
1. Ceramic materials (ionic bonding) 
2. Metals (metallic bonding) 
3. Wood, plastics and bituminous products (molecular bonding) 
The relative values of the characteristics of these groups are 
summarized in table 4. 

Table 4. Material typology described by Wilson (1984) 

Materials with Materials with Molecular materials 
ionic bonding metallic bonding (wood, plastics, 

bituminous products) 

Good strength in pressure Strong Low strength 
Low strength in tension 

Poor conductor of heat Good conductors of heat Poor conductors of heat 
and electricity and electricity and electricity 

E moderately high E high Elow 

Porous (except for some Non-porous Plastics and bitumen are 
types of stone and glass) non-porous; wood does 

absorb water 

There can be considerable differences in the values of 
characteristics of products within a group (especially in molecular 
materials), while the production process and implementation 
circumstances (moisture content, temperature) can cause 
significant deviations in the actual values of material 
characteristics in existing buildings. Therefore data on material 
characteristics should be collected on site. 

Shape characteristics of packages 
The shape characteristics of packages differ significantly from those 
of connections. Therefore packages and connections will be 
investigated separately. 

The following denominators can be used as main groups of 
characteristics for structuring information on the shape of 
packages: 

Composition 
Form 
Dimensions 
Direction 

The composition of a package from several layers or parts 
determines much of its performance. Very often a layered or 
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composed structure is used to obtain the desired combination of 
performance levels: 

In a cavity wall (a layered package), for instance, the inner leaf 
can be the load-bearing part of the wall, insulation material in 
the cavity can provide sufficient thermal and acoustic insulation, 
while the outer leaf and damp-proof layers provide sufficient 
tightness. 
In a facade (a composed package), the combination of closed 
parts (for instance a cavity wall) and open parts (windows) is 
often used both to provide performance related to separation and 
that related to daylight access. 

The form of packages influences most performance categories. 
A clear example is the influence of the form of the beam and 

column on the strength of a structure. Another example is the 
presence of openings in a layer related to thermal, acoustic and 
tightness performance. 
Dimensions are strongly related to the form of a package. 
Performance is related to some size and/or proportion of the 
package. 

For instance: The thickness of an insulation layer determines the 
thermal insulation of a package. 

The direction of a package (in particular: windows) is important 
mainly for daylight access. 

Table 5 gives an overview of types of shapes of packages, related to 
performance levels. 

Table 5. Shape characteristics of packages 
related to performance levels 

Denominator 

• Composition 
Layered, homogeneous, composed 

Form 
Form of each part (e.g. rectangular, 
round, concave or convex) 

Continuity of each part (perforated, 
solid, hollow) 

4. The supply side: 

Homogeneous or layered 

Forms of packages 

Solid or perforated 

Solid or hollow 
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Dimensions 
Sizes of each part 

Proportions of each part (width: 
height:depth:A:V) 

Sizes of different parts of a package in 
relation to each other and in relation to 
the sizes of the package as a whole 

Direction 
Direction of each part and/or package 
(vertical, horizontal, inclined) 

Shape characteristics of connections 

height~~l ~depth 
wtdlh 

Horizontal, vertical or 
inclined 

The same denominators as were used to describe a package shape 
can be used to describe a connection shape. 

• Composition 
The composition of a connection is related to the means of 
connection and the packages connected: 

The means of connection can increase the ability of a connection 
to perform. 
For example: Fixings increase the number and sizes of forces and 
moments which can be taken, but diminish the deformation 
which can be accepted. Sealings prevent unwanted ventilation 
and moisture infiltration, while fillings can be used as an 
improvement of the aesthetic performance of a connection. 
Adjustments take care of proper fit, and in this way can add to 
all performance levels related to sizes of openings within the 
connection. 

• Form 
A connection can be described according to the position ofthe 
connected packages in relation to each other (penetrating, non
penetrating, overlapping). This characteristic will influence a 
number of performance categories: 
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Penetrated - non penetrated: 
1. Related to strength and stiffness through the number of 

forces, moments and the amount of transformation which 
can be taken without the help of the means of connection. A 
penetrating connection resists more directions of movement 
than a non-penetrating connection; the penetrating 
connection can be supposed to be less flexible than the non
penetrating connection; the lack of flexibility diminishes its 
acoustic performance with regard to flanking noise 

2. The transmission distance through the connection is (for the 
same sizes of components) longer for penetrated than for 
non-penetrated connections; therefore it should take longer 
for flames, smoke, water and air reach the other side of the 
connection (related to the fire safety, thermal insulation, 
sound insulation and tightness). 

3. If a building component completely penetrates another 
component, the tightness ofthe other component will be 
diminished since extra transportation routes are formed for 
water, air, noise, heat and fire. 

The form of the means of connection has an influence on the 
number of forces and moments which can be taken and on the 
effect of a cold bridge(= area oflow thermal insulation). With 
respect to the last performance a point shaped cold bridge is 
"better" than a line shaped or surface shaped cold bridge. 

• Dimensions 
The dimensions of the connection influences the capacity to cope 
with differences in expansion of each package, which is 
important for instance with respect to fire safety, tightness, 
protection against vermin, and indirectly, thermal and acoustic 
insulation. 
The size of a connection can be expressed in the surface area or 
length of the connection and the size and type of the means of 
connection used. The size of the openings within a connection 
are related to the protection against vermin and the tightness of 
the connection. The "fit" of a connection therefore is an 
important issue in providing all types of performance levels. 
The number of packages connected and the number of 
dimensions of those connected packages influences the capacity 
of a connection to cope with differences in expansion of each of 
the connected packages and increases the rate of difficulty for 
realizing a tight connection. 
The dimensions of seams within connections are important to 
prevent existence of capillaries, while wide connections cause 
leaking. 
The routing of a connection, and whether or not a connection is 
"through and through" or partial is important in relation to the 
obstruction of undesired (air and water) flows. 
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• Direction 
The direction of a connection is of specific importance for the 
deterioration of building components and the connection itself 
(next paragraph). 
Exposed connections leading into a structure may lead a flow of 
agents (air, water, pollutants) into a package (tightness). 

Table 6 gives the designed shape typology for connections based on 
determining characteristics. 

Table 6. Connection shape 

Denominators 
• Composition 

Packages connected 

Means of connection used 

Form 
Penetrating • non-penetrating 

Fixed or non-fixed 

Sealed or non-sealed 

Filled or non-filled 

Adjusted or non-adjusted 

Point, line of plane shaped connection· 
means 

. 

Symbol 

D = .:·:. 
Cavity wall 

+ 

Type of fixing 
(screws, bolts, glue .. ) 

Type of sealant 
Type of filling 

Re-inforced 
concrete floor 

~m[;"'~ 
Non- Penetrating Overlap 

penetrating 

Sealed 

FiRed 

Adjusted 

Non
fixed 

Non
sealed 

Non
filled 

D 
Non· 

adjusted 

Line Plane 
shaped shaped 

·Point 
shaped 

connection 
means 

connection connection 
means means 
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• Dimensions 
Number of components (or parts) 
connected 

Number of dimensions of the 
connection made 

Sizes of different parts within the 
connection in relation to connection 
size 

Number of packages 
connected 

1-dimensional 2-dimensional 3-dimensional 
connection connection connection 

~ 
Hm = Height of COIV1ectioo means We = Connection width 
He = Aeight of conneclion Dm = Depth of COIV1ectioo means 
Wm " Width of connection means De " Connection depth 

Sizes of connections in relation to the 
sizes of the packages connected 

~ 
W< 

Hm Height of COIV1ectioo means Dm = Depth of COIV1ection means 
Hp = Height of package De = Connection depth 
Wm = Width of connection means Op = Depth of package 
We • Connection width 

Connection "through and through" or 
limited to one or a few layers of a 
package 

The "routing" of the connection is 
important for the number of obstacles 
that a flow of water, air or vermin will 
find on its way into the component 

• Direction 
Direction of a connection (vertical, 
horizontal, leading into the building, 
leading out of the building) 

4. The supply side: 
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Location characteristics 
The location of both packages and connections can be investigated 
on several levels of detail (table 7): 
• Location of a part of a package in relation to the other parts 

within the same package 
For example: The position of sealants in a connection is 
important in relation to tightness. 

• Location of a package in relation to the surrounding packages 
For example: The location of a window in relation to other parts 
of a facade is important with respect to daylight access 

• Location of a package in relation to the building and its 
surroundings 
The position of a layer with respect to the uelocity of the air in its 
surroundings is important with respect to thermal insulation 
and tightness. 

Table 7. Location characteristics 

Denominators 
Position 
Horizontal, vertical posijion 

Sequence 

Dimensions and relative position of a 
package in relation to surrounding 
components/spaces 

Symbol 

I 
Vertical 
positiOn: 
Abovelbetow 

Horizontal position: 
On 1ha left side of 

I right side of 

Sequence 
(Belor,e. behind, in between) 

Sizes and proportion 
related to surrounding 

components 
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4.3 

4.3.1 

REQUIRED 
PERFORMANCE 

LEVELS 

Performance development and deterioration 

Introduction 
If the material, shape and location characteristics change, the 
performance levels dependent on those characteristics also change. 
The change of characteristics and its influence on the performance 
levels of building components form the subject of this paragraph 
(figure 4). 

TirE 
BALANCE 

REQUIREDVS 
SUPPLIED 

SUPPLIED 
PERFORMANCE 

LEVELS 

~------~--r---~-~~.__ 
Period i 1 

Figure 4. The 
contents of this 
paragraph 

Figure5. 
Variables 
influencing 
deterioration 

of use ~ Technical I 1 LifeSpan 
(Replaiment) !! I 

~ locadons 

The change of characteristics responsible for this decrease of 
performance level was called "deterioration". In chapter 2, a model 
of variables influencing deterioration was presented (figure 5). 

This paragraph elaborates influences on the deterioration of 
building components. First some general remarks are made on the 
speed and nature of deterioration (paragraph 4.3.2.). Second, 
deterioration agents are investigated (4.3.3.) as well as influences 

Deterioration - ( Speed of XTime)-B - deterioration 

Sensitivity of l Quantity of each 
building deterioration 

component agent 

I 
Influential 

Accumulation Cleaning 
factors 
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on the quantity of deterioration agents (influential factors, 
accumulation) (4.3.4). The sensitivity of building components is 
reviewed in paragraph 4.3.5. and finally maintenance is 
investigated for its influences on deterioration (4.3.6.). The typology 
of shape and location ofbuilding components is elaborated further 
in paragraphs 4.3.4. and 4.3.5. 

The speed of deterioration and deterioration types 
The actual speed of deterioration cannot be simply calculated as no 
practical data are available on so-called "dose-effect" relations for 
building components. These "dose-effect" relations model the 
relationship between a quantity of a deterioration agent and the 
deterioration of a building component. According to a research 
project directed by TNO Building and Construction (Siemes and 
Monnier, 1991), even for materials only few quantitative models are 
available. The existing knowledge on material deterioration has 
been collected in various Failure Mode and Effect Analysis reports 
(Manders-Maanders and Lamers, 1991; van Schayk and 
Raymakers, 1991). Most of this knowledge refers to laboratory 
conditions only, which complicates the use in practical situations (as 
described in chapter 1). Moreover, there is no standard way of 
defining a dose-effect relationship, which makes comparison and 
combination of the results of various institutes difficult. 

Manders-Maanders (1989) collected existing knowledge on dose
effect relationships in 1989. These dose-effect relationships express 
the effect of deterioration in one type of change only (usually loss of 
weight or size). The dose-effect relationships to be developed should 
describe changes of all characteristics (material, shape and 
location) influencing performance levels. 

First the nature of deterioration is investigated. Deterioration can 
be divided into package changes and connection changes. Both can 
be expressed in: 
• changes of material characteristics 
• changes of shape characteristics 
• changes of location characteristics 

Examples of each are: 
Changes of material characteristics: 
Due to the influences of water and oxygen, a material (e.g., a 
metal) can corrode. A corroded material has characteristics other 
than the uncorroded material; for instance in relation to 
strength. 
Porous materials with high moisture content have a lower 
thermal insulation coefficient than the dry material. 
Wet building materials are weaker than the same materials when 
they are dry (Eldridge, 1976). 
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Changes of shape characteristics: 
Due to corrosion, water absorption or a rise in temperature a 
component can expand and therefore change its form. 

Changes of location characteristics: 
Expanding components can push surrounding components aside, 
thus changing their location. 

The shape and location changes can be caused by external loads, 
but the absorption of water, temperature changes, rotting and 
corrosion may lead to dimensional changes as well: material, shape 
and location changes are closely related. 

Deterioration can cause either direct effects on the performance of 
the changed component, or affect the performance of surrounding 
components. Some changes are the start of a series of changes. This 
effect is called sequential damage. 

An example is corrosion of a component which causes the 
decrease of the performance levels and aesthetic qualities of the 
component affected, but can also cause stains on other 
components, which do not have to be located exactly next to the 
component affected. A case of indirect deterioration is the 
expansion of a component, which might not influence the 
per{o77rf,ance level of the expanded component, but can cause 
cracking of surrounding components. This process has a negative 
effect on, for instance, the strength of these surrounding 
components. 

All changes therefore have to be judged both for their direct and 
indirect consequences for performance. 

Figure 6 (next page) shows all types of changes mentioned. The left 
part of each section shows the action of a deterioration agent, the 
right part the result of this action. 

The indirect effects of deterioration are incorporated into the theory 
as sources of deterioration agents on component level; for instance 
in the case of corrosion as an extra source of chemical agents (extra 
pollution) or in the case of cracking as an extra source of 
mechanical agents (extra loads). This point is noted, and is not 
developed further. 

Causes of deterioration: Deterioration agents 
The summary below lists types of deterioration agents (table 8): it is 
based on existing literature on building defects (Eldridge, 1976; 
Wilson, 1984; Tolstoy et al., 1990; Building Research Establishment 
(BRE), 1991; Hollis, 1991; Richardson, 1991) and failure mode and 
effect analyses of various materials (Manders-Maanders and 
Lamers, 1991; van Schayk and Haymakers, 1991). 
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Direct deterioration Indirect deterioration 

Package Connection 

Movement Movement 

Table 8. Deterioration agents 

Package 

Movement 
(sequential damage) 

Connection 

Chemical agents: • material incompatibility (e;g., galvanic series of metals) 
• pollutants 
• air pollution 
• pollutants from other building components 
• pollutants resulting from use (or: mis-use) and cleaning 

Biological agents: • insects 
• fungi, algae, vegetation, bacteria 
• excrement 

Physical agents: • light I radiation 
• temperature 
• moisture I rain 
• wind and particles transported by wind 

Mechanical agents: • loads and use (wear and tear) 
• movements 

Deterioration characteristics of building components 
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Many (most) changes result from a combination of these agents; 
Biological deterioration of wood for instance is related to relative 
humidity, temperature, and the presence of oxygen, 
Chemical processes may be accelerated due to increasing 
temperatures or the presence of catalysts, 
Efflorescence can be caused by substances within the material 
itself or substances transported to the material: a flow of water 
is needed to either wash out or transport the substances. 

When measuring quantities of deterioration agents, the presence of 
water is often a crucial agent in the occurence of deterioration. 

An other very important agent is the influences of cycles (changing 
deterioration agents); an example of this is the influence of freeze
thaw cycles on porous materials in particular or the influence of 
thermal changes on the elasticity of many materials. These time
related influences should also be considered when measuring 
deterioration agents. 

Deterioration agents can be found both inside a building component 
and outside the component. 
Internal sources: 
• Stresses incorporated within materials or components due to the 

production process (both chemical as due to moulding) (e.g., 
metals, plastics, glass) 

• Efflorescence due to substances washing out of a material, 
causing staining and/or disruption of the material (surface) ( 
e.g., bricks, wood) 

• Changes due to the combination of materials: 
Aggression of materials (material incompatibility) (e.g., 
galvanic series of metals} or its efflorescence (e.g., stains due 
to metal corrosion on brickwork). 
Loads originating from expansion, shrinkage or movements 
of other components (e.g., cracking of brickwork) 
Transport of water contents of one component to another, 
causing deterioration in the receiving component 

External sources: 
• temperature 
• moisture (both from the inside of the building and from the 

outside) 
• radiation (sunlight) 
• air pollution 
• loads originating from use, own weight, wind, etc. 
• water or wind flow containing particles 
• efflorescence due to transportation of substances from the 

outside through a material 

Most of these agents cause gradual deterioration. Sudden 
deterioration is also possible, due to calamities such as explosions 
and fire. These are not considered here. 

4. The supply side: 101 
Performance levels and Performance development 



4.3.4 

4.3.4.1 

Figure 7. 
Absorbing vs. 
non-absorbing 
materials 
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Quantity of deterioration agents 
The quantity of deterioration agents depends on the presence of the 
above mentioned sources (inside the component, within the location 
of the building or stemming from use and maintenance of the 
building), and characteristics of building components. Sources of 
deterioration agents in the surrounding of a building are called 
"influential factors". The influential factors can be defined at 
several levels (regional, local and building related): 
I. Regional levels of industrial, maritime and agricultural 

deterioration agents (mainly chemical) 
II. Local levels of deterioration agents from traffic, railways, local 

factories, hooliganism (both chemical and mechanical) 
III. Specific building related sources are cleaning and repair, loads, 

wear and tear related to the type of use 
Next to these influential factors, the quantity of deterioration 
agents also depends on component related accumulation 
characteristics. 

The quantity of deterioration agents stemming from regional, local 
and building related influential factors should be measured on site. 
The accumulating characteristics of the building component 
influence the total quantity of the deterioration agents stemming 
from those influential factors affecting a building component. 
Again, these characteristics are separated into material, shape and 
location characteristics of the building component based on an 
analysis of information on the occurrence of deterioration found in 
literature earlier mentioned. 

Material characteristics related to the accumulation of deterioration agents 
The most important material characteristic from the viewpoint of 
quantities of deterioration agents is its absorption characteristic. 
The amount of absorption determines the time of wetness (which 
has been described as one of the important agents in relation to 
speed of deterioration) and the quantity of pollutants collected 
which can attack a material from inside (Eldridge, 1976) (figure 7). 

Non·absotbing Absorbing 

Within Wilson's material typology, porous (absorbent) materials are 
a number of ceramic materials and wood. 
Unsuitable additives are enclosures within the material itself which 
can cause deterioration. This has formerly been referred to as 
"instability" and is not further investigated (Hollis, 1991). 
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Shape characteristics of packages related to accumulation of deterioration 
agents 
Denominators were used to describe the relevant shape 
characteristics with respect to performance levels (table 9); these 
are retained: 
• composition 
• form 
• dimensions 
• direction 

Table 9. Shape characteristics 
influencing the quantity of deterioration agents 

Denominators Symbol 
Composition 

Form 
Some forms are more "collecting• than c='J r=---:1 
others (concave, convex, flat) convex concave nat 

The texture of surfaces influences the 
collection of dirt; the smoother the 
surface the less dirt collection 

Dimensions 
Proportion (exposed) horizontal 
surface: (exposed) vertical surface: 
volume 

Direction 
Horizontal surfaces will collect more 
dirt and moisture than vertical ones, 
inclined surfaces leading into the 
structure or building are worse than 
surfaces leading out of the structure or 
vertical surfaces 

More texture more accumulation 

.__( ___ __.?' 

Shape characteristics of connections related to accumulation 
'l)rpes of shape characteristics of connections in relation to the 
accumulation of deterioration agents are described in table 10. 
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Table 10. Shape characteristics of connections 
related to accumulation 

Denominators Symbol 

• Composition 
The means of connection can obstruct 
ventilation and therefore prevent 
drying of wet connections 

Form 
Penetrating connection can collect 
more deterioration agents than non· 
penetrating connections 

• Dimensions 
The width of the opening determines 
its tightness; too small: capillary 
suction; too wide: leakage 

Direction 
The direction of the connection 
determines the quantity of deteriora
tion agent (specifically chemical, 
biological and water) that can be 
collected 

Direction of a connection (vertical, 
horizontal, leading into the building, 
leading out of the building) influences 
the quantity of deterioration agents 
flowing into the component 

Location characteristics in relation to accumulation 

D 0 
LJ 

The direction of a 
connection 

Location characteristics again have to be reviewed on several levels. 
The orientation of exposed building components is an important 
characteristic related to physicill agents such as sunshine, wind, 
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Deflection of flow 
towards vertical face 

Figure 8. 
The influence 
of shape on the 
flow of water 
(Source: 
Addleson and 
Rice (1991)) 

rain, temperature and temperature differences. The wind and rain 
can transport chemical agents, aggressive to a component. 
Sunshine not only determines the amolint of radiation, but 
determines the time of wetness and the amount and size of 
temperature changes as well. 

The building as a whole can be shielded from exposure by 
surrounding buildings, but the opposite can occur as well. Building 
components can be shielded from deterioration agents by other 
components, but it is also possible that a building component 
influences the flow of matter in such a way that an unequal 
distribution of deterioration agents occurs or a component is more 
submitted to this flow (figure 8} (Eldridge, 1976; Addleson and Rice, 
1991). 

Possible point 
for entry of 

Orlp • profile may be 
Main !IOW----1,11\1 varied but must 

in(:OfPOrate vertical 
face nf'arest flow 

ConttoUed tone for 
holhomal flow and 
!or dripping 

Soffit and 
part of 
vertie&l face 

""" -~ """'"' 

8a$iC flow lndin~d soffit 

ControHed zone for 
horizontal flow and 
for dripping 

Main flow-------:J 

The combination of absorbent and non-absorbent materials is 
important, especially when they are exposed as in facades. As the 
lower parts of a facade are subject to more polluted (rain-)water 
than the higher parts, the use of absorbent materials in lower 
regions of the facade is more prone to deterioration than the use of 
the same materials in higher regions. Where a combination of 
absorbent and non-absorbent materials within the facade surface 
occurs, the absorbent materials should be positioned above the non
absorbent. 

The location of each part in relation to other parts is important with 
respect to sequential damage. The failure of one component can 
form an extra load on other components. This aspect is not 
developed further. 
Types of location characteristics are presented in table 11. 
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Table 11. Location characteristics 
influencing the quantity of deterioration agents 

Denominators 

• Orientation 

• Shielding of building by surroundings 

Shielding I exposure of components 

Sequential damage 

Combination of absorbing I non
absorbing materials 

Symbol 

N 

s 

W~hln the flow I 
outside flow 

llll'fl 
Sequential damage 

Above or below 
absorbing packages 

The quantity of change occurring due to deterioration agents 
depends upon the sensitivity of a building component for a quantity 
of deterioration agent and the quantity of deterioration agent 
available. The sensitivity of building components related to 
material, shape and location characteristics is investigated in the 
next sub-paragraph. 

Sensitivity of building components: building principles 
The next step is to investigate variables influencing the sensitivity 
of building components for deterioration agents. Three parts are 
discussed: 
First, the sensitivity of materials used for components (both 
packages and means of connection) are described. Second, the 
sensitivities of shapes of packages and connections are investigated; 
and third, the sensitivity of locations of packages and connections. 

Material sensitivity 
As was described in paragraph 4.2.,Wilson (1984) distinguishes 
three types of materials: 
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Materials with ionic bonding (ceramic materials) 
Materials with metallic bonding (metals) 
Molecular materials (wood, plastiCs and bituminous products) 

Next to a similarity in determining characteristics there is also a 
similarity in the sensitivity of materials within the same group 
(table 12). 

Table 12. Sensitivity of material types 

Materials with Materials with Molecular materials 
Ionic bonding metallic bonding (wood, plastics, 

bituminous products) 
Chemically inert May or may not be chemically Chemically inert in many 

inert (susceptible to corrosion environments (salts, acids, 
via transport of electrical industrial atmospheres) 
current, galvanic series of attacked by molecular 
metals, impurities in metal) solvents such as acetone 

High melting point Fairly high melting point Low melting point 

Moderate coefficient of Coefficient of thermal Much higher coefficient of 
thermal expansion expansion is little higher than thermal expansion than 

that of ceramics metals 

Brittle More ductile Brittle or ductile 

According to current literature (Addleson and Rice, 1991; Stichting 
Bouwresearch, 1989; Viitanen and Elsinen, 1988) the following 
assumptions can be made: 

Ceramics are basically sensitive to moisture through absorption. If 
the moisture freezes, the stone cracks. The moisture can also cause 
efflorescence of salts; lime and other residues may be washed out of 
the brick, causing patches on the brick itself or on its surroundings. 
Moisture between plaster and stone causes the plaster to become 
detached from its background. Algae and other vegetation may start 
to grow on stone when the amount of moisture is combined with a 
suitable temperature. Plant roots and termites may even under
mine the structural soundness. Strong wind with sand particles 
might cause erosion of softer types of ceramics. Ceramics crack 
when put under tension force if no reinforcement is added. An in
appropriate combination of ceramics with plaster or paints from an 
expansion/contraction point of view, causes cracking of plaster and/ 
or paints. A connection restricting movements might cause cracks. 

Metals are sensitive to corrosion due to contact with other metals 
(galvanic series) and corrosive agents from its environment (80

2
, 

NOx, CI-). Also the combination of metals with concrete may cause 
problems. Pollution is therefore the main deterioration agent. High 
temperatures seem to aggravate the corrosion process. 
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Wood is sensitive to moisture. Combined with sufficiently high 
temperatures, wood rot occurs, and mould and other biological 
deterioration agents develop. Moisture and temperature cause 
shrinkage and expansion. If not dealt with correctly this 
combination may cause damage to the wooden component and/or its 
surroundings. Water can also wash out substances from the wood 
which are essential for its durability. Furthermore, wood is 
susceptible to radiation, which results in loss of colour and even 
cracking through excessive drying. 

The main deterioration agent for plastics is radiation. This not 
only causes discolouring, but may also provide the necessary 
environment for relaxation of the plastic. Chemical deterioration 
problems in relation to the presence of water depend strongly upon 
the type of plastic used. 

The most important deterioration agent, which affects all materials, 
is moisture. The total corrosion effect is determined chiefly by the 
"time of wetness" ('lblstoy et al., 1990). Some materials display 
different characteristics in different directions (for instance cross
cut wood). This aspect has to be considered carefully when 
designing a component. 

Sensitivity of shape 
Changes of shape relate to material bound problems such as 
described above (expansion, shrinkage, etc.), but also depend on 
certain characteristics of the shape itself. Addleson (Addleson, 1989; 
Addleson and Rice, 1991) has elaborated the background of building 
component changes. He defines why changes occur and translates 
this into a number of building principles that must be obeyed to 
keep a desired performance level over time. These principles are 
shown in figure 9. 

With respect to the backgrounds of these principles, Addleson states 
the following: 
"The principle of high>low is derived from thermodynamics, and 
refers to the natural order of things in two respects: first, gravity and 
second, the phenomenon whereby a large quantity, whether of water, 
heat or pressure, in one place (or on one side of a construction) tends 
to move or want to move towards places with a lesser quantity ( ... ). 
As a result of their response to changing conditions, materials tend 
to be in a state of constant movement ( .... ). Apart from, or in addition 
to, the physical processes, some materials will react with others if the 
two different materials are in contact and there is another agency 
present, such as moisture. Therefore there may be either physical or 
chemical reasons for separating some materials from others ( .... 
separate lives). The principle of creative pessimism follows 
naturally from the inevitability of variations( .. .) and uncertainty 
generally. (="Murphy's law" (M.H.))(, .. ). Continuity( ..... ). The 
thinking behind it is that no material can be expected to perform its 
intended function fully if it is not continuous ( .... ) 
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Figure 9. 
The 5 building 
principles of 
Addleson 

Principle 1: Hlgh>low 

Principle 2: Separate lives 

Principle 3: Continuity 

Principle 4: Balance 

Principle 5: Creative peaelmlam 

+ + 
+ 

+ + 
+ 

+ + 

However, in some cases, continuity of performance is achieved by a 
discontinuity of materials. A characteristic of constructions is that 
they create a different environment internally to that outside. A 
characteristic of the environment is that they are changing virtually 
all the time. The objective of balance is to hold or maintain the 
natural equilibrium of a construction relative to the environment 
within and outside a building. ( ... ) In trying to achieve what is in 
effect a new state of equilibrium with its environment, movements 
and I or adjustments of materials within a construction take place. 
These may be facilitated or their worst effects reduced in a number 
of different ways, such as provision of movements, ( ... ). ( ... )Certain 
composite materials or elements require arrangements to ensure that 
their inherent balance is maintained so as to avoid or reduce their 
distortion or deformation." 
He gives the following examples of these building principles 
(table 13): 

4. The supply side: 
Performance levels and Performance development 

109 



110 

Table 13. Examples of the building principles given by Addleson 

HigMow 

Separate lives 

Continuity 

Balance 

Creative pessimism 

• Gravity (water flow I structure) 
• Temperature gradient 
• Vapor pressure gradient 
·Air pressure gradient 
·Reversion 
• Differential movements 
• Differential durability 
• Incompatible materials 
• Process of assembly 
·Structure 
• Thermal insulation 
• Sound insulation 
• Fire protection 
• Cavity separator 
• Damp-/ waterproofing 
- With surroundings 
-Laminates 
• Between parts and the whole 
• Uncertainty introduction 

These principles form a good summary of shape characteristics of 
building components relating to sensitivity, derived from current 
literature; and can thus form the basis of a description of the 
sensitivity of shapes of building components. Both packages and 
connection characteristics are therefore evaluated in accordance 
with these principles. 

Table 14 presents related types of shape characteristics for 
packages. The following annotations must be made: 
• The use of multi-layer packages or packages built up of several 

parts requires extra care with respect to deterioration; the 
reason is the use of a combination of materials with different 
characteristics. By comparison, the use of homogeneous 
structures is less complex. These principles go back to 
Addleson's principles written as "separate lives", "continuity" 
and "balance". Although different layers are usually necessary to 
obtain all required performance levels for separation of two 
environments (High>low), these layers introduce extra 
sensitivity with respect to deterioration (Verver and Fraay, 
1991; Eldridge, 1976). 

• Some forms are more stable than others with respect to load
bearing capacities. This stability is strongly related to the types 
of connections used with respect to forces and moments which 
can be carried. 

• The borders of packages are usually their weakest point, both in 
relation to mechanical damage as in respect to protection 
against chemical, physical and biological deteriorators as the 
protecting layers can be damaged, thinner or even completely 
absent. 
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• The dimensions of each part of a package in relation to 
deterioration can be related to the "separate life" principle. 
Larger parts expand and shrink more than smaller parts of the 
same composition. The smaller the parts used, the more 
connection length is obtained, and the more exposed surface 
area in relation to volume, which means that more surface area 
is exposed to two different environments (high> low). 

Table 14. The sensitivity of package shapes 

Denominators 
Composition 
Layered packages 

Composed packages 

Enclosure of flows of deterioration 
agents 

Form 
Stability of form 

Dimensions 
Estimation of dimensions 

Proportion 

Number of edges per volume 

Direction 

4. The supply side: 

Symbol 

I< [ffll] 
Homogeneous. composed or layered 

Composed: undesired flows: 
Contlnully 

comes in should gel oUI: 
Prevenl enclosul'e of floWs -

l lJ:---:1 
~~ 
The form chosen should be 
stable under loads: Balance 

Estimate w. reality 

Edges lonn a sudden 
disconlinuily: Continully 

Performance levels and Performance development 
111 



4.3.5.3 

112 

• Edges are more sensitive to (mechanical) damage than the 
"middle parts" of packages as they form a sudden discontinuity 
within a surface (continuity principle). Therefore forms with 
many edges are relatively sensitive to mechanical deterioration. 
The adhesion quality of protecting layers such as coatings and 
paint is less at the edges than in a middle part. The protection 
layers are often thinner, or even completely absent (as described 
above). This is particularly the case if a material has been cut 
after a protection layer was added. 

Sensitivity of connection shapes 
The sensitivity of connections relates to the sensitivity of the means 
of connection (which can be described as a combination of material 
and package sensitivity) and the tolerance of movements of the 
packages provided by the connection. 
The following notes can be made: 
• For the composition of a connection the same principles are 

valid as for the composition of a package; the more parts there 
are the more difficult it is to fulfil separate life possibilities. 

• Since connections are by definition a lack of continuity of a 
structure, they can be expected to be more vulnerable than the 
packages connected, while at the same time extemal 
deterioration agents can intrude easily through connections. As 
has been described above, the edges of packages, where 
connections are located, are also vulnerable places. Therefore 
the quantity of connections is an important measure for the 
sensitivity of a building component. 

• The dimensions of the space between the packages connected 
(the connection size) should be related to the dimensions and 
expansion of those particular packages (separate life principle). 

• The filler, fixings, sealants and adjustments should be able to 
follow these changes of dimensions (balance). Since forecasting 
these changes might be difficult, "creative pessimism" is needed. 

• There is a difference in sensitivity for deterioration between 
connections "through and through", or limited to one layer. If the 
climatological environments on both sides of the component 
differ widely, a problem of "balance" occurs. For a connection 
inside a package this problem is reduced. 

• The number and dimensions of packages connected together is 
related to the remarks given on the composition of the 
connection; the more components and the more dimensions 
connected the more difficult it is to design and construct the 
connection in such a way that separate lives and balance can be 
safe guarded. 

• Of especial importance in relation to the form of a connection is 
the principle of differential movement. A fixed connection allows 
less movement than a connection without a fixing. Stresses 
might occur more easily in fixed connections than in non-fixed 
connections. The influences of changes of filled connections 
depend strongly on the ability of the means of connection to 
follow the expansion and shrinkage of the packages connected. 

~~~~~--~~~~~~~----~--~~~---·-----
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• A penetrating connection allows less movement and expansion 
than a non-penetrating connection. Movement and expansion in 
a penetrating connection introduce tension more easily than in a 
non-penetrating connection. On the other hand the 
consequences of movement and shrinkage with respect to fire 
safety, watertightness, thermal and acoustic insulation and air 
tightness are probably less severe in a penetrating connection 
than the consequences of movements in a non-penetrating 
connection. 

A summary of types of shapes of connections is presented in table 
15. These relate to the sensitivity of connections in accordance with 
Addleson's principles. 

Table 15. Sensitivity of connection shape 

Denominators 

Composition 
Means of connection: adaptation to 
changes 

Means of connections: obstruction of 
movement 

Form 
Connection through and through vs. 
partial 

Penetrating vs. non-penetrating 
related to allowable movements 

Penetrating vs. non-penetrating 
related to shrinkage 

Dimensions 
Number of packages connected 

4. The supply side: 

Symbol 
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Connection 
'through and 

through' 

Partial 
connection 

Number of packages 
connected 
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Figure 10. 
Effect of 
protection 
layers on the 
life span of a 
building 
component 
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Number of dimensions of the 
connection made 

~ u 
1-dimensional 2-dimensional 3·dimensional 

connection connection connection 

Sizes of different parts w~hin the 
connection in relation to connection 
size 

~~-~-----JEF 
Wm 

't;t 
Hm = Height of connection means We = Connection width 
He " Height of connection Dm = Depth of comection means 
Wm = Width of connection means De = Connection depth 

Sizes of connections in relation to the 
sizes of the packages connected 

wm 
'W: 

Hm = Height of connection means Dm = Depth of connection means 
Hp = Height of package De = Connection depth 
Wm = Width of connectiOn means Dp = Depth of package 
We = Connectiion width 

Number of means of connection 
Direction 

Sensitivity of location 
The sensitivity of location is more or less related to the presence of, 
or protection from, deteriorating agents in the vicinity of a building 
component (and is therefore strongly related to the quantity of 
deterioration agents). 
Layers sensitive to a deterioration agent can be protected against 
those agents by a layer which is more resistant (for instance 
protection of wood against moisture and radiation through paint). 
This layer increases the life span of a component, since it postpones 
the starting time of deterioration (figure 10). The binding between 
the protecting and protected layer is an important parameter for 
the deterioration of the package as a whole. 

Threshold for starl of 
deterioration of protected 

component 
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Table 16. Sensitivity related to location 

Denominators Symbol 
Position 
Sequence 

Protection layers >[l§ . 
. 
. 

. 

Multilayer or composed to 
prevent undesired flows: 

High> low 

The effect of maintenance on deterioration 
Maintenance can also prevent or correct deterioration. Cleaning 
and repair of protection layers can be seen as preventive actions, 
while the repair of components can be seen as a corrective action. 
Within this thesis, only maintenance of the affected components is 
considered, although other possibilities remain for settling changed 
performance levels: 
• changing performance levels of related components which (can 

start to) co-operate in fulfilling a required performance level, 
• adapting requirements. 
These other types of adaptation are equally important as the 
maintenance option chosen in this thesis, specifically when 
reviewing a whole building rather than one component. Although 
even for maintenance hardly any quantitative information is 
available, the lack of information in the other areas is even more 
acute. 

The effects of cleaning and repair for different deterioration agents 
are: 
• Cleaning can only be effective for removal of chemical 

pollutants. As the existence of biological deterioration agents 
depends strongly on physical conditions, these conditions must 
be altered before removing them. Attention must be paid to the 
aspect that cleaning in itself can work aggressively on materials 
owing to the amount of water introduced to the materials, or to 
detergents used. A technique such as blasting must be used 
carefully, especially on soft materials; its basis is the destruction 
of an amount of material. As such it will inevitably affect the 
performance level within some performance categories. 

• Physical and mechanical deterioration agents cannot be 
removed by cleaning. Instead of repeatedly repairing the 
consequences of physical and mechanical deterioration, it is 
more effective to treat the source of this type of deterioration if 
possible. 

The same three characteristics considered for performance and 
deterioration can be considered in relation to the effectiveness of 
aintenance. 

4. The supply side: 
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Material characteristics related to maintenance 
Several techniques can be distinguished for maintenance of the 
various types of materials used for packages and connections. 
Generally speaking it is possible to clean all materials, although for 
plastics cleaning becomes more difficult when the time span 
between two cleaning activities is longer. Special care has to be 
taken when cleaning porous materials with water. The cleaning 
process can then work as a deteriorating agent, rather than a 
preventive action. Further, the type of detergent chosen should fit 
the material cleaned. The detergent can work as a chemical 
deterioration agent on the component cleaned or on other 
components situated in the polluted water flow originating from the 
component treated. 

The most frequently used repair activity is repainting. As discussed 
above, a layer of paint (or another coating) delays the time at which 
the underlying package starts to deteriorate. Keeping a paint layer 
in good condition is therefore an effective way of preventing the 
underlying layer from changing. This remains true as long as the 
paint layer itself does not introduce moisture problems, and as long 
as there are no other deterioration agents than the ones excluded 
by the paint layer. 

Repair is difficult for all components made of plastic. For the other 
materials, techniques are available for partial replacement of 
materials. The combination of old materials with new ones 
introduces problems described above under "separate life" 
principles; although the new product replacing the old one is made 
of the same material, the characteristics of a material change over 
time. 

These considerations lead to the conclusion that although repair 
can remove some deterioration, it does not lead to au "as new" 
situation. The cleaning or repair technique used for a certain 
material can even cause deterioration of components due to 
aggressive action of detergents or mechanical damage resulting 
from the maintenance action itself. Any cleaning and repair 
techniques chosen must be evaluated against this criterion. The 
maintenance possibilities have to be investigated per material. 

Shape characteristics related to maintenance 
The dimensions of a package or connection determine the total 
amount of maintenance to be executed. Although this is a simple 
rule it must be taken into account when comparing maintenance 
costs of buildings. For paint work smairparts with many edges are 
more difficult to paint properly than large, smooth, areas. 
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Location characteristics related to maintenance 
The accessibility of a component also influences the total cost price 
of a maintenance activity. The time needed to actually approach a 
building component (for instance: climb time for facades) is one of 
the influential factors. This time factor is, in its turn, related to 
other factors; the position of the component in respect to other 
components (height above ground level and inclination or obstacles 
preventing easy access), the presence offacilities and, in the case of 
ladders the quality of the supporting ground. The efforts needed to 
actually gain access to a component if "hidden" behind other 
components and the space available for maintenance activities to 
facilitate execution of the work should also be considered. The 
inclination of (parts of) a facade causes problems with respect to 
accessibility of facades in general (and other vertical building 
components). 

A typology of building component characteristics 
All types of components described in paragraphs 4.2 and 4.3. can 
now be combined. 

For material types, Wilson's three groups (materials with ionic 
bonding, materials with metallic bonding, molecular materials) can 
be used to obtain a first impression of performance and 
deterioration to be expected of materials, but in practice the 
material characteristics have to be measured on site. 
Table 17 gives a summary of all aspects related to shape 
characteristics of packages. 

Table 17. Shape characteristics of packages 

Denominators 

Composition 
Layered, homogeneous, composed 

Form 
Form (e.g. rectangular, round, concave 
or convex) of each part 

Symbol 

Homogeneous or layered 

Fonns of packages 

+ 

+ 

Continuity (perforated, solid, hollow) of 
each part 

[W 
Solid or perforated 

EP (4=() 
Solid or hollow 

4. The S!lPPIY side: 
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Stability of form 

Some forms are more "collecting" than 
others (concave, convex, flat) 

The texture of surfaces influences the 
collection of dirt; the smoother the 
surface the less dirt collection 

Horizontal surfaces collect more than 
vertical or inclined surfaces 

Dimensions 
Sizes of each part 

Proportions of each part 
(width:hejght:depth:A:V) 

Sizes of different parts of a package in 
relation to each other and in relation to 
the sizes of the package as a whole 

Number of edges per volume 

-l:JL] 

~ 
The form chosen Should be 
slable under loads: Balance 

flat 

More texture more accumulation 

Edges fonn a sudden 
discontinufiy: Continu"y 
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Direction 
Direction of each part and/or package 
(vertical, horizontal, inclined) 

Horizontal, vertical or 
inclined 

Table 18 gives a summary of all aspects related to shape 
characteristics of connections. 

Table 18. Shape characteristics of connections 

Denominators 
• Composition 

Packages connected 

Symbol 

D-=D + 

Cl!vilywall 
Re-inforced 

concrete noor 

Means of connection used 

Means of connection: adaptation to 
changes 

• Form 
Penetrating • non penetrating 

Fixed or non fixed 

Sealed or not sealed 

Filled or non-filled 

Adjusted or non-adjusted 

4. The supply side: 

Type of fixing 
(screws, bolts, glue .. ) 

Type of sealant 
Type of filling 

Type of adjustment 

20={] 

u- ~ 
Non- Penetrating Overlap 

penetrating 

Fixed 

Sealed 

Filled 

Adjusted 

Non
fixed 

Non
sealed 

Non
filled 

Non
adjusted 
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Point, line or plane shaped means of 
connection 

Dimensions 
Number of components (or parts) 
connected 

Number of dimensions of the 
connection made 

Point 
shaped 

connection 
means 

Line Plane 
shaped shaped 

connection connection 
means means 

Number of packages 
connected 

1-dimensional 2-dimensional 3-dimensional 
connection connsction connsction 

Sizes of different parts within the 
connection in relation to connection 
size 

EF 
Wm 
'!;;t 

Hm = Height of connection means We = Connection width 
He = Height ol connection Om = Depth ol connection means 
Wm = Width ol connection means Do = Connection depth 

Sizes of connections in relation to the 
sizes of the packages connected 

~ 
we 

Hm = Height of connection means Om = Depth of connection means 
Hp = Height ol package Do = Connection depth 
Wm = Width ol connection means Dp = Depth of package 
We = Connection width 

The width of the opening determines 
its tightness; too small: capillary 
suction; too wide: leakage 

Connection "through and through" or 
limned to one or a few layers of a 
package 

The "routing" of the connection 

9Jg] 
01 . . 

---nJ 
LJI 

Connection 
'through and 

through' 

I . . 
. 
. 

. 

Partial 
connection 

'Ob$tacle - Routing with 
free' rooting obslacles 
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Direction 
Direction of a flow within a connection 
(vertical, horizontal, leading into the 
building, leading out of the building) 

The direction of the connection 

.~· 
The direction of a 

connection 

1f ~ 
8 ~ 
CJDc=[] 

Table 19 gives a summary of all aspects related to location 
characteristics of building components. 

Table 19. Location characteristics of packages and connections 

Denominators Symbol 
Location 

Position posttion: 

Horizontal, vertical position I 
Vertical 

Above/below 

Sequence 

Dimensions and relative position of a 
package in relation to surrounding 
components/spaces 

4. The supply side: 

Horizontal posttion: 
On the left side of 

I right side of 

Sequence 
(Before, behind, in between) 

Sizes and proportion 
related to surrounding 

components 

Performance levels and Performance development 
121 



122 

Orientation 

Shielding of building by surroundings 

Shielding I exposure of components 

Sequential damage 

Combination of absorbing I non· 
absorbing materials 

Protection layers 

N 

w E 

s 

Wfthln the flow I 
outside flow 

Sequential damage 

Above or below 
absorbing packages 

'§ .. ·· .. ·.· .. · ... · ......•.... · .... ·.····.·.· .. · .. ··•···.·.·.·· . . :; -· ~ :· :. :, . :-

_:-'.·->·.·· 

.,-· . 

- __ -. 
-.- . . 

- ~-' -. -... ;' 

Multilayer or composed to 
prevent undesired ftows: 

High> low 
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4.5.1 

4.5.2 

Tuning the designed typology for facades 

Introduction 
The typology developed can be used for various (exposed) building 
components. Depending on the type of building components to be 
evaluated, the typology can be further specified, especially for 
packages. 

For instance: frequently used combinations of layers for roofs can 
be described; or specific connections of inner walls and ceilings 
could be investigated. 

In this paragraph some parts of the typology are specified for 
facades as an example of elaboration possibilities. 

As has been described in chapter 2, a facade can be decomposed into 
packages and connections and this decomposition can have several 
levels of detaiL At each level the packages and connections can be 
evaluated for the characteristics mentioned in the above given 
tables, as long as the evaluation is based on requirements allocated 
to a specific package or connection. 

The levels described in this example are: 
• facade as a whole 
• facade types 
• parts of a facade type 

Materials used for facades 
For facades of office buildings all types of materials are used: 

For the structural parts of the facade reinforced concrete and 
steel are most frequently used. These are materials with good 
strength characteristics. The resistance of steel to fire is not 
very good, therefore steel is often wrapped in a further, more fire 
resistant material such as wood. 
For the fulfilment of the separating task all types of 
combinations have been used, from very traditional materials 
(brickwork) to more or less modern materials (structural 
glazing, plastic elements). It is customary to use a combination 
of materials with specific characteristics. 
For instance: materials with low water absorption (good water 
tightness) are combined with materials with good thermal 
insulation properties and materials with good strength 
properties in sandwich constructions. 
For facilitating structures such as windows and doors, frames 
are usually made of wood, aluminium, steel and plastic which 
have sufficient strength characteristics, in combination with 
single or double glazing which, due to its transparency, provides 
daylight access. Both materials used for the frame and glazing 
are chosen or combined with other materials to obtain sufficient 
tightness, thermal and acoustic insulation. 

4. The supply side: 123 
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Figure 11. 
Facade types 

Picture 1. 
Painted 
plastered 
concrete facade 
(Espoo, 
Finland). Paint 
does not hold 
on facade. 
(picture: VTT, 
1992) 
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oomm 
The material characteristics mentioned in earlier paragraphs can 
be used to evaluate facade materials with respect to performance 
levels, sensitivity (picture 1), accumulation and maintenance. 

Shapes used for facades 

Levell: Facade as a whole 
For the package facade as a whole the following specification 
could be made: 
• Composition: 

The different facade types used to form the facade as a whole 
(figure 11). 

• Form 
• Dimensions 

The size of the facade as a whole in relation to the building size; 
An estimate of the oversizing of the facade (more facade used 
than necessary to span the floor to floor height or to surround 
the floor plan); 
The sizes of the various facade types. 

• Direction: 
The angle under which the facade is placed: vertical or inclined. 

The connection of the facade as a whole to surrounding packages 
can also be investigated to determine the frequently-occurring types 
of these connections and to determine sequential damage 
possibilities (picture 2). 
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Picture 2. 
Connection 
facade-awning 
causes 
deterioration, 
probably due to 
incorrect 
drainage. 
(Espoo, 
Finland). 
(picture: VTT, 
1992) 

Level 2 Facade type 
For a facade type denominators can be: 
• Composition: 

A facade can be described using its load-bearing structure 
(either a wall or a framework), its closed parts and its windows 
or glass parts and doors. 

• Form 

• Dimensions: 
The sizes of each of these parts in relation to each other 
determine the facade pattern. Four types of patterns can be 
distinguished (figure 12). 

1 A traditional facade; relatively small windows within a closed 
area which is subdivided at most by the floors. 

2 A parapet structure; the windows fill the complete width of the 
facade, closed areas form bands between the windows 
(picture 3). 

3 A frame or element facade: The closed parts consist oflarge 
elements with a width related to the bay-size of the load-bearing 
structure. 

4 A curtain wall: The facade is placed in front of both floors and 
column structure, has little texture, and has a small division; 
often open and closed parts are not clearly recognizable from the 
outside (picture 5). 

• Direction 
Each part can be inclined or vertical (picture 4). 

The connections to be investigated are connections between types of 
facades. 
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Picture 3. 
Parapet 
structure 

Picture 4. 
NMBmain 
office, 
Amsterdam. 
Inclined 
(porous) facade 
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Figure 12. 
Facade 
patterns 

Picture 5. 
Main building 
EUT, 
curtain wall 

Level 3 Facade parts 
Characteristics of the supporting parts, the separating parts and 
the facilitating parts of facades can be specified. 
For instance: The supporting part of a facade can be: 

a wall 
a framework 

This supporting part can be decomposed into smaller parts such as 
columns and beams of which the sections can have several types of 
forms (rectangular, circular, H, I, Lor U-shaped). 

The connections to be investigated are connections between parts of 
facades . 

1. Tradijional 2. Parapet 3. Element, frame 4. Curtain 

• 

4. The supply side: 127 
Performance levels and Performance development 



4.5.4 

Figure 13. 
Shielding of 
facade as a 
whole 

Figure 14. 
The position 
within the 
facade 

Picture 6. 
Peraseinajoki, 
Finland. 
Shielded 
facade 
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Location of facades 
The facade as a whole can be shielded by other components such as 
the roof, floors and balconies (picture 6 and figure 13). 

'Z:J~---~v 
The lower regions of a facade and areas in the vicinity of edges are 
exposed to larger amounts of water (and pollutants) than other 
parts. As the lower parts are often more within reach as well, they 
tend to suffer more from human interaction (both mechanical and 
chemical) than other parts as well (figure 14). 

D D D D D, 
DDDDD 

DDDDD 
DDDDD 

• The position of the facade in relation to other components. The 
"Bouwknoop"-project (Carp, 1992), mentioned in paragraph 3.1. 
gives 9 possibilities for the position of the facade. These are 
given in figure 15, which is a combination of a picture given in 
the Bouwknoop•report and the facade types stated above. 

• The relative position of parts within a facade . 
To determine the position of each part within the facade an 
agreement should be made on the co-ordinate system used. At 
this present time, no such system is found. The absence of such 
a system complicates the description of a facade . The location for 
instance of windows within the facade, both in the facade plane 
as perpendicular to the facade plane, is important with respect 
to the amount of daylight access (figure 16). 
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Figure 15. 
The position of 
a facade 

Figure 16. 
The position of 
facade parts 

High 

Height Middle 

Low 

Figure 17. 
The position of 
the load
bearing 
structure 

1. 
Facade in 

Ironto! 
floor and 

load 
bearirlg 
structure 

1. Traditional 2. Parapet 4. Curtain 

• The position of the supporting part is important in relation to its 
contribution to the separating task of the facade. As the 
supporting part of a facade can either be a wall or a framework, 
8 possibilities can be identified (figure 17); the supporting part 
can either be completely covered by layers fulfilling the 
separating task and protecting the supporting part, the 
supporting task can be exposed to the inside of the building but 
protected on the outside or vice versa, so that parts of the 
separating tasks are taken over by other layers. The supporting 
part can have to fulfil all separating tasks by itself. 

Edge Centre 

Facade type 1 

Wldlh 1 

4. The supply side: 

Edge 

Facade type 2 ... . 
Wldlh2 

Inside 

Outside 
Inside 

-
Afi'it*Wfiti!:M;7'sequence 1 

Oeplll 

Otmlfde 
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Conclusions and recommendations 
Facades were chosen as a starting point to elaborate performance 
levels and the performance development supplied by building 
components. In chapter 3 a set of seven performance categories 
relevant for facades was chosen. In this chapter the determining 
characteristics of packages and connections related to each of those 
seven performance categories were established. A typology was 
designed covering the material, shape and location characteristics 
of packages and connections relevant to the whole set of 
performance categories. 

Then the deterioration of packages and connections was 
investigated. Types of changes of material, shape and location 
characteristics were distinguished. Accumulating characteristics of 
both packages and connections and the sensitivity of building 
components were investigated. For both accumulating 
characteristics and sensitivity a typology was designed, while for 
sensitivity characteristics the building principles of Addleson were 
used as a starting point. Maintenance aspects of building 
components were investigated separately. 

The applicability of the designed typology for components other 
than the facade should now be considered. Some general aspects of 
facades in relation to other components can be considered: 
a. Facades usually form a complex combination of a large variety 

of packages and connections 
b. They are exposed to both the outside and inside climate and 
c. Have quite a number of different requirements to satisfy. 
Of course, these aspects are strongly related to each other. 
This means that, with respect to performance levels and 
performance development, the facade is a complicated building 
component. Other building components will be less complex related 
to their composition, less exposed or have a smaller number of 
requirements to satisfy. 
By designing the typology for facades it is expected that the range 
of building component characteristics in the domain of the 
performance categories elaborated is covered for building 
components in general. 

The characteristics investigated cover building components in 
general, while specific facade related characteristics are also dealt 
with. The choice of materials, shapes and locations used for 
packages and connections of facades differs from the combination of 
materials, shapes and locations of packages and connections of 
other components. (A roof is usually built up in a different way and 
uses materials and shapes different from those for a facade). The 
designed typology, however, relates to material, shape and location 
characteristics relevant to performance categories and can be used 
irrespective of the building component evaluated. 
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For example: the characteristics relating to water-tightness can 
be established without knowing whether the component under 
consideration is a facade or a roof 

To apply the designed typology for other building components the 
following steps can be taken: 
• First an analysis of relevant performance categories must be 

made. The typology designed covers the performance categories 
determined in chapter 3. If another performance category 
requires evaluation, the typology should be reviewed for its 
applicability and completeness for this new performance 
category. As at present, the typology for both packages and 
connections covers characteristics related to seven different 
performance categories, a considerable part of the typology can 
be expected to be applicable for other performance categories as 
well. 

• The typology of determining characteristics (related to the above 
mentioned set of performance categories) designed in paragraph 
4.2. can be used for other building components as well. 

• The change of determining characteristics (deterioration) of a 
building component is heavily dependent on its exposure. The 
building envelope, and the facade as a part of that, is the most 
exposed part of the building. For building components used 
inside the building the exposure will be, generally speaking, less 
intense and deterioration characteristics can therefore in 
average be expected to be less important. 

• The sensitivity of a building component should, nevertheless, be 
determined in relation to the presence of deterioration agents. 
The typology designed in paragraph 4.3. can be used for 
determination of the sensitivity. On the basis of the expected 
presence of deterioration agents, it can be decided whether or 
not it is necessary to investigate accumulation characteristics 
(no agents, no accumulation). 

• If accumulation should be investigated, the typology designed in 
paragraph 4.3. can be used. For accumulation characteristics 
related to the location, the typology designed relates to exposed 
components with respect to aspects such as orientation and 
shielding. For components inside the building the relevance of 
the determination of orientation and shielding should be 
determined. 

• The general considerations on maintenance of building 
components, given in paragraph 4.3.6, can be used for 
components other than the facade as well. 

• The next step would be to tune the designed typology to serve 
for a specific component, as has been demonstrated in 
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paragraph 4.5 for facades. Combinations of material, shape and 
location characteristics typical for a building component can be 
defined. These typical combinations can be compared to the 
designed typology to evaluate its expected properties with 
respect to performance levels and deterioration. The comparison 
of these expected properties with the results of empirical data 
analysis could provide a better understanding of variables 
influencing the performance of building components. 
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Possibilities and problems 
in data collection 

5.1 Introduction 
In chapter 4 a typology for package and connection characteristics 
was designed; and this was related to performance levels and 
deterioration. The relationships stated are no more than qualitative 
since empirical information is lacking. 'lb obtain quantitative 
information empirical data collection is necessary. This chapter 
investigates current possibilities and problems in the collection of 
empirical data. 

First, a theoretical study of problems and possibilities relevant to 
data collection is made; and two case studies are then presented. 
These studies demonstrate the use of the designed typology and 
describe the type of data which should be collected during a single 
measurement fitting into a dynamic measuring method. An 
indication can then be obtained of the amount of work needed to 
collect data of an existing building. 

The case studies have only a restricted value as, due to limited 
time, budgets and the number of measuring techniques available, it 
was not possible to measure all the desired variables of a building 
(component) throughout its period of use. An analysis of the 
performance development can only be derived from a comparison of 
the current condition of the buildings with descriptions of their 
initial condition and could therefore not be investigated in the case 
study; the model will not be filled with data. 

Nevertheless, the case studies are useful in the sense that it can be 
expected that the measurements which can be executed at one 
moment in time can also be executed repeatedly. The feasibility of 
executing all possible measurements, however, is heavily dependent 
on the budget permitted as many of the available techniques are 
expensive. 

Paragraph 5.2 investigates the strategy for data collection; existing 
measurement techniques are studied in paragraph 5.3; and the 
description of both case studies is to be found in paragraph 5.4. 
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The possibilities for using data once obtained are discussed in 
paragraph 5.5; and the conclusions on the possibilities and 
problems in data collection are drawn in paragraph 5.6. 

Strategy for data collection 
The collection of empirical data should start the moment the 
building is put into use. The measurements should involve the 
actual building instead of the "drawing board design", since many 
changes in configuration occur during the construction phase. The 
first measurements should be taken once any "teething problems" 
have been solved. Those initial measurements form the basis for 
further investigation and, if possible, calculation. 

Two procedures can be followed for data collection: 
• The first is to collect a random indication of performance levels 

and determining characteristics of a large number of building 
components. This is called a static method. 

• The second is to collect longitudinal information on performance 
levels, determining and deterioration characteristics, 
maintenance, deterioration agents and influential factors during 
the period of use of a building component; and then to compare 
this information with the variables and performance 
development of other building components. This is called a 
dynamic method. 

In the first case, the number of different measurements to be 
executed per measurement is restricted; it is based on the repetition 
of a limited number of measurements on a large variety of building 
components. 

In the second caae, the number of measurements is extensive and 
the measurements are repeated over a period of use of a building 
component. The results of these longitudinal measurements per 
component are compared to the results of the measurements of a 
large variety of building components. 

During the period of use of the building follow-up measurements 
should be done. Maintenance might have taken place between those 
follow-up measurements and earlier measurements and should 
therefore be investigated as well. Th be able to analyze the influence 
of cleaning and repair, the quantity of deterioration agents at 
component level and the component characteristics should be 
measured both before and after an activity. 

The first, static, method can support the establishment of 
quantitative relations between performance levels and determining 
characteristics by comparison of a large amount of building 
components. 
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The second, dynamic, method, in addition to the results which can 
be obtained through the first method, supports the establishment of 
quantitative relations between 
• performance development and deterioration, 
• deterioration speed and deterioration agents related to the 

sensitivity of a building component 
• deterioration agents, cleaning and influential factors related to 

the accumulation characteristics of a building component 
• deterioration and repair 

By analyzing the development of performance levels and building 
component characteristics of a large number of buildings (with 
different influential factors and maintenance activities executed) 
the relationships can be estimated. If the data show no coherence, 
new investigations should be started with respect to the nature of 
the determining characteristics. On the basis of these fresh 
investigations new relationships and measurements should be 
defined. 

'lb find the relationships an indication should be given of the type of 
function expected (linear, quadratic, logarithmic, etc.). Existing 
methods of calculation do not involve connection characteristics and 
therefore cannot often be used to obtain this first estimate. No 
solution to this problem other than "trial and error" has been found. 
This area therefore needs future attention. 

The reliability of the relationships found depends on the number of 
building components measured in relation to the number of 
characteristics to be investigated. As the number of characteristics 
to be measured is extensive, the number of building components 
needed is very large. Therefore, a restriction on the number of 
characteristics to be analyzed is inevitable: this means the 
investigation of one performance level at a time, or one type of 
building component or one type of influential factor at a time. The 
choice of variables to be investigated should be related to the needs 
of current building practice, and needs to be elaborated in future. 

The measurements should reveal which are the decisive variables 
for performance levels and performance development and which are 
of minor influence: The key factors can be determined. Further 
investigations could then concentrate on these key factors. 

Elaboration of the data collection procedure 
The data collection procedure involves measurements of 
performance levels, determining and deterioration characteristics, 
deterioration agents, influential factors and maintenance. 

The performance categories to be evaluated were defined in table 4 
of chapter 3 (table 1). 
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Table 1. Performance categories 

Performance category Sub-category 

Strength and stiffness Forces 
Tension 
Moments 
Sagging 
Rotation 

Fire safety Fire resistance 
Contribution to fire propagation 
Smoke production 

Protection against vermin Size of holes 

Tightness Amount of air leakage 
Amount of water leakage 
Amount of water in component 

Thermal insulation Thermal resistance 

Acoustic insulation Sound reduction index 

Access of daylight Equivalent day light opening 

Measuring unit 

kN 
kNim2 

kNm 
mm 
degrees 

minutes 
class 
m3/s 

m 

dB 

The deterioration characteristics of building components relate to 
two types: 
• Characteristics relating to the accumulation of deterioration 

agents 
• Characteristics relating to component sensitivity 

An inventory of these characteristics must now be made based on 
the typology designed in chapter 4. If the building process were 
followed carefully, the actual configuration of the building should be 
known in the initial phase. If measurements are inadequate for 
determining the actual as-is state, the updated versions of drawings 
and specifications can be used. During the first months of the use 
phase, some changes in the original configuration might be 
necessary to solve "teething troubles". These alterations must be 
included before starting measurements. During the in-use phase 
alterations due to functional changes might occur. This thesis only 
investigates technical changes during one requirement period. 

The sources and quantities of deterioration agents must be 
measured: 
• The investigation of sources involves the surroundings; the 

number of influential factors in the surroundings (such as 
climate, industrial pollution, sea, traffic) 

• The second measurement involves the deterioration agents at 
component level; samples should be taken to determine the 
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actual quantities of pollutants, moisture, algae, etc. on the 
building component. The deterioration agents to be measured 
should be based on the sensitivities described in chapter 4. 

Finally, maintenance activities should be taken into account; these 
should describe both the type and degree of an activity and the 
effect of the activity. Measurements should be taken directly before 
and after the maintenance activity to measure the effect. For 
cleaning, measurements involve the quantities of deterioration 
agents present at component level; for repair measurements they 
involve the restoration of determining characteristics. 

The quantities of the different types of deterioration agent on the 
component investigated directly before and after cleaning should be 
measured. The type and degree of a cleaning activity executed 
should be described to enable identification of the effects of 
cleaning. 

Measurements can start at the beginning of a requirement period of 
a building and can be repeated as often as possible afterwards. 
These measurements should involve: 
1. Performance levels 
2. Determination of types of determining and deterioration charac-

teristics based on the typology given in chapter 4, related to: 
determining characteristics 
sensitivity 
accumulation 

3. Influential factors in surroundings of the building 
4. Deterioration agents at component level 
5. Determination of the number and type of cleaning activities 
6. Determination of the number and type of a repair activities 

The data collection procedure is described in figure 1. Time is 
plotted horizontally, and three icons are drawn to show the change 
of determining and deterioration characteristics over time. The 
initial measurements should be done at time = 0. The variables to 
be measured are given vertically - these are performance levels, 
determining characteristics, accumulation and sensitivity 
characteristics, influential factors, deterioration agents, 
maintenance. The information obtained from the measurements 
can be compared over time. These comparisons are stated for each 
building under the item "comparison". Statistical analysis of the 
data of a number of buildings enables quantification of 
relationships. These relationships can then be used for estimation 
of performance levels and deterioration of other buildings by filling 
in the specific variables of the building. 

Measuring methods are needed to collect the data. The next 
paragraph describes and evaluates existing measuring techniques 
for their usefulness and practicality in the process of data 
collection: Thchniques to be developed are described. 
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Tlme=t 

Change of detenniniflll 
characteristics, sensitivily and 
accumulation 

Change of deterioration agent 
Change of influential factors 

Change In repair 
Change In cleaning 

Repair 
Cleaning 

Timest+ Dt 

Change ol determinin9 
characteristics, sensniVity and 
accumulation 

Change of deterioration agent 
Change of influential factors 

Change in repair 
Change in cleaning 

Quantities of deterioration 
agents at component 
lrilluential factors in 
surroundings 

Repair 
Cleaning 

of deterioration agent 
ol influential factors 

Relation performance levels· determining characteristics 

Relation deterioration speed • quanlily of deterioration a~ts at component: sensitivily 
Relation quantily of deterioration agents at component • Influential factors in 
surroundings: accumulating characteristics 

Relation deterioration • repair 
Relation cleaning - quanlily of deterioration agents at component 
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5.4 Existing measurement techniques 
Depending on the time and place of measurement a distinction can 
be made between: 
1. Laboratory testing; testing of the material or product before 

implementation in a real building. This preliminary testing is 
performed under laboratory conditions. 

2. In situ testing; testing of building components on site but not in 
a building in use; mostly testing of a single component. 

3. Condition assessment; testing of building components in 
buildings in use. 

The first two types of testing are summarized using the term 
pretesting, since the conditions are to some degree artificial. As the 
interest lies with measuring characteristics of existing buildings, 
condition assessment techniques are investigated further. The 
following techniques can be defined: 

visual inspection techniques (no instruments used) 
non-destructive techniques (with instruments) 
destructive techniques (often combined with laboratory 
research) 

Depending on the object of measurement a distinction can be made 
between: 
1. Material testing; techniques applicable for one (group of) 

materials only, measuring one or more characteristics of a (layer 
of) material (size, hardness, corrosion rate, moisture level). This 
is of interest mainly when investigating material 
characteristics. 

2. Component testing; techniques applicable for building 
components; the measurement of one or more characteristics of 
a building component (air tightness, cold bridges, cracks, 
settlements) more or less independent of its (material) 
composition. These techniques are suitable for measuring 
package and connection characteristics and performance levels 
of a building component. 

3. Spatial testing; testing applicable for the evaluation of spatial 
conditions, measuring one or more characteristics of a space 
(within or outside the building) (air temperature, the pollution 
rate of the air, the amount oflight), independent of components 
used. These techniques are useful for measurements of 
influential factors and for measurements of the co-operation of 
several components to obtain spatial performance (not 
investigated here). 

A summary of the characteristics describing a measuring technique 
is given in table 2. 
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Table 2. Characteristics of measuring techniques 

Type of technique: Visual 

lime of application: 

Object: 

Non-destructive (with instruments) 
Destructive (with instruments) 

Pre-testing 
Condition Assessment 

Material 
Component (connection I package) 

Within this project the focus lies on non-destructive techniques 
(visual and non-destructive), as destructive techniques induce 
changes in the component. It should be noticed however, that the 
damage produced by a "destructive" technique can be minimal (e.g., 
small holes from a moisture meter in wood) · the word "destructive" 
stands for all types of damage done to a component, no matter how 
minimal. 

Measuring techniques available for performance levels, 
determining and deterioration characteristics, deterioration agents 
and influential factors are summarized in appendix 3. 

The following conclusions can be drawn on the availability of 
measuring techniques: 
• Measurement of performance levels: 

No techniques were found for direct determination of strength, 
stiffness and fire safety. These should be developed. The sagging 
and rotation of a component can be measured using techniques 
mentioned under "determining and deterioration 
characteristics". Tightness and thermal insulation can be 
measured directly. Existing techniques seem to be useful and 
practical (the equipment is used frequently). The protection 
against intrusion of vermin can be measured with the 
measurement techniques listed for measurement of determining 
and deterioration characteristics. Measurements of noise 
reduction and amount oflight include aspects of the room as 
well. The contribution of the component to the total noise 
reduction or amount of light should be deduced by supporting 
measurements (table 3). 

• Measurement of determining and deterioration characteristics: 
Several techniques are available for measuring material 
characteristics. They are usually appropriate for one type of 
material only, and this factor makes comparison difficult. With 
regard to material characteristics, testing samples on site or 
in laboratories, which is always a more or less destructive 
activity, is still the most important way to obtain the desired 
information. Non-destructive techniques should be developed 
which are appropriate for use on more types of materials. 
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Table 3. Availability of measurement techniques 

Performance category SUb-category Measuring technique 

Strength and stiffness Forces 

Fire safety 

Tension 
Moments 
Sagging 
Rotation 

Fire resistance 
Contribution to fire propagation 
Smoke production 

+ 
+ 

Protection against vermin Size of holes + 

Tightness Amount of air leakage + 
Amount of water leakage + 
Amount of water in component 

Thermal insulation Thermal resistance + 

Acoustic insulation Sound reduction index +1-

Access of daylight Equivalent day light opening +1-

With regard to obtaining information on shape (composition, 
form, direction, dimensions) and location characteristics of 
building components (also for hidden and/or invisible 
structures), several techniques are now available. However, as 
most of these techniques require expensive and sensitive 
equipment, they are seldom used. After setting priorities for 
data collection (which characteristics have to be evaluated first) 
the existing techniques should be optimized for practical and 
frequent use. 

• Measurement of influential factors and deterioration agents: 
Data on the climatic conditions in which the building has to 
perform can be obtained from meteorological institutes. As the 
local situation might differ from these data, extra 
measurements might be necessary to determine the exact 
quantities of pollutants, sunlight, wind, etc. 
Measuring equipment is available for physical agents; 
instruments which determine air quality can be used for 
chemical and biological agents. These instruments measure 
pollutants which are more or less dangerous to human health, 
and it is thus uncertain whether all deterioration agents 
important for building component deterioration are included. 
This matter should be investigated. 
"Pollutant collectors" are available for horizontal external 
surfaces (inside or outside the building). No specific measuring 
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techniques were found for internal surfaces except for collecting 
dust and dirt samples from internal surfaces. Measurements of 
internal stresses in connections were not found. 

Specific equipment should be developed for measuring 
deterioration agents relevant for deterioration. This equipment 
should allow for measurement within a building component as 
well. 

• Maintenance 
A repair or cleaning activity can be assessed by the type of 
activity, the materials and means used for repairing or cleaning 
and the man hours spent. No measuring techniques are needed 
for this description. The effect of the maintenance activity is 
either a restoration of determining characteristics or removal of 
deterioration agents (which both can be measured through the 
above mentioned techniques). 

A general conclusion is that the existing equipment seems to be 
rather expensive and sensitive and its use is very often work for 
specialists. At present, a very limited number of measurements are 
usually made at one building inspection. It is therefore difficult to 
estimate the effort needed to measure and analyze all data 
required. Nevertheless, restriction of the characteristics to be 
measured appears inevitable with the current state of technique. 

Case studies 

Introduction 
In this paragraph two case studies are elaborated based on the 
performance and. deterioration models described in chapter 2 and 3, 
the typology developed in chapter 4 and the data collection strategy 
in paragraphs 5.2 to 5.4. 

As has been explained in the introduction the models and typology 
could not be tested completely for the following reasons: 
• The research was carried out over a 4 year research period as a 

PhD-project. At the start of the research period neither the 
performance and deterioration models, nor the typology existed. 
As data collection could only be started after determination of 
the type of data to be collected, the development ofthe models 
and typology had priority and insufficient time remained for 
longitudinal empirical data collection. Such longitudinal data 
collection should cover a time span related to requirement 
periods and the technical life span of a building. A time span of 4 
years would have been insufficient in any case for obtaining 
sufficient longitudinal data. 

• Costs involved in collecting data on all required aspects of a 
facade of a building would far exceed the research budgets 
available at university. The techniques used can be marked as 
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"visual" techniques combined with simple equipment in the case 
of the GAB-building. The financial consequences of measuring 
all variables should be considered once large scale data 
collection is started. 

• For many variables no measuring techniques are available. 

The case studies demonstrate the application of the typology. The 
expected performance and deterioration of a number of components 
within the facades of the case studies is described on the basis of 
this typology. 
Where applicable and available the results of condition assessments 
are indicated. 

The value of the case studies is to: 
• Exemplify the model and typology described 
• Indicate the amount of work needed to obtain data of an existing 

building. 

Future research activities should involve the testing and 
modification of the designed typology to support large scale data 
collection. 

Approach 
The approach is to describe the facades of both case study buildings 
following the procedures given in chapters 2, 3, 4 and 5. The facades 
were investigated on several levels: first the facade was studied in 
relation to surrounding components, then the facade types used to 
form the facade as a whole were investigated, and finally the 
components forming a facade type were elaborated. This last group 
forms the "proterials" for these case studies (see chapter 2). The 
choice of these levels prevents unnecessary repetition of mutual 
characteristics or influential factors as much as possible. 

On each of these levels the procedure is the same: 
First, to investigate the proper performance levels a review of the 
requirements is made. 
Second, at each level, the components are translated into a number 
of types, based on the typology: 
• General characteristics of the package or connections are 

determined, based upon the general typology designed in 
chapter 4, 

• Then the determining characteristics are identified, and the 
expected performance is described, 

• The deterioration characteristics are typecast for both 
sensitivity and accumulation and expected deterioration is 
described 

• Where applicable, the influential factors are studied. 
Maintenance is listed at the end of each case study. 
At each level both the drawings of the existing situation as well as 
the typology are presented. 
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A full data collection procedure should involve the actual 
measurement of performance levels and deterioration agents and 
should follow the changes of component characteristics over time. 
Maintenance effects and the presence of influential factors should 
be considered in more detail. 

The expectations considering performance and deterioration can 
then be tested based on analysis of data collected. By measurement 
and comparison of actual performance levels with determining 
characteristics a relationship can be found. Repetition of 
measurements over time gives an indication of the performance 
development related to the development of determining and 
deterioration characteristics. This process supports the 
determination of key factors, while less important characteristics 
can be excluded. The comparison of the performance development of 
a building component with the required performance level gives the 
life span of the building component for a particular use. This is 
discussed in paragraph 5.6. 

The choice of two buildings 
The two buildings chosen were: 
• The facade of the GewestelijkArbeidsbureau-building (GAB) in 

Veghel 
• The facade of the "Bestuursgebouw" (BG) of Eindhoven 

University of Technology. 

These two facades are significantly different, as the facade of the 
GAB consists of untreated (hard)wood, while the Bestuursgebouw 
has a metallic facade. Although both buildings are situated in the 
same part of the country (south-east Netherlands) the difference in 
material type and shape type makes them suitable for the purpose 
of this study. 
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Pictures 1 
and2 
The Gewestelijk 
Arbeidsbureau 
(GAB) in 
Veghel 

Both buildings are 
relatively new (built 
around 1985). Their 
condition can be 
expected to be still 
quite good, while 
"teething problems" 
can be considered 
ended. The 
temptation to look 
severe building 
defects is thus 
avoided, so that the 
focus can lie on their 
performance. Both 
are government 
buildings. They were 
chosen for the 
relatively large 
amount of data 
available. 

Furthermore, the GAB was the subject of a joint investigation by 
Eindhoven University of Technology (Henket and Hermans, 1991; 
van Schayk, 1991), Delft University of Technology (Verver and 
Fraay, 1991) and TNO-building laboratory (Gard, 1991; Siemes and 
Monnier, 1991) in the period 1990-1991. 

The research compared global techniques for condition assessment 
(Damen, Gorter van Rooij) with the material scientists approach 
put down in the Quality Measurement System (KMS) (Kwaliteit 
Meet Systeem) developed by van Schayk. The applicability of both 
methods for forecasting the performance and technical life span of 
building components was investigated. 

The results of the global assessment technique differed 
substantially from the results obtained through the "quality 
measurement system"; in the global assessment the condition of the 
facade compared to other buildings was found to be excellent. No 
need for maintenance was found. The average technical life span of 
the facade-type investigated was estimated 75 years for the wooden 
parts, 50 for the windows and 25 for the glazing. As the field 
inspection did not reveal deviations from the average, this life span 
was adopted for the GAB. 
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Figure 2. The 
floor plan and 
elevations (also 
page 16) of the 
Gewestelijk 
Arbeidsbureau 

The KMS on the other hand found numerous signs of deterioration 
which needed further investigation. No estimation of the remaining 

· technical life span could be given. 
A need for a method in which the global assessment method is 
refined to fit specific buildings was defined. This thesis is based on 
the knowledge gaps and starting points defined in the joint 
research project (Henk:et and Hermans, 1991). 

The joint investigation comprised a field examination of the GAB, 
in which a visual assessment was combined with simple measuring 
techniques: endoscope, moisture measurements, feeler gauges, 
magnifying glass. The results of these investigations have been 
used in this case study and are noted in the text where applicable. 

The Bestuursgebouw is one of the Eindhoven University of 
Technology buildings, of which information, including inspection 
reports, has been stored ever since the initial stage of the building 
process. 

All information available for these case studies and the participants 
involved in the building process is summarized in appendix 4. 

The GAB is a small-size office building with 2 floors, built in 1986. 
Picture 1 and 2 show the GAB-building. The Bestuursgebouw is a 
university office building with 4 floors and a basement, built in 
1985. Only the facades of these buildings were investigated. The 
floor plan and elevation drawings of both GAB and Bestuursgebouw 
are given in figures 2 and 9. (Figure 9 is given at page 35 where the 
case of the Bestuursgebouw is elaborated.) General data of each of 
these buildings are summarized in table 4. 

The performance categories studied for the facades of the two 
buildings were stated in table 1. 

Floor plan (Ground Floor) Floor plan (First Floor) 
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Table 4. General data 

Shape 
Gross floor area 
Number of floors 
Form of floor plan 

Location 
Shielding 

Influential factors 

Gross floor area 
Number of floors 
Form of floor plan 

Location 
Shielding 

Influential factors 

1170 m2 
2 

GAB, Veghel 

Rectangular; 22,6 * 28 m 

Veghel (Middle-South of Netherlands) 
No high rise buildings/obstacles in direct vicinity 

No highways, railways, factories or sea in direct vicinity, 
agricultural area, substantial air pollution 

BG, Eindhoven 

5500m2 
4 floors + basement 
Rectangular; 

Eindhoven (Middle-South of Netherlands) 
One high rise building in direct vicinity 

No highways, railways, factories or sea in direct vicinity 
Substantial air pollution 

Elaboration of the Gewestelijk Arbeidsbureau and Bestuursgebouw 

GAB 
The facade of the GAB does not form part of the main load-bearing 
structure of the building; it only carries itself, any extra and 
accidental loads for instance due to decoration, and wind loads. 
Structural failure of the facade does not influence the stability of 
the building. The facade is horizontally supported by the floors and 
roof (figure 3). 

The facade is connected to the ground floor, first floor, roof and 
inner walls. These connections should be checked for both facade 
requirements and requirements put forward for the other 
components. Within this case study they are investigated for facade 
requirements only. In general the connections influence the facade 
performance if the connection changes the facade composition. For 
the acoustic performance also the weight of the packages connected 
and the stiffness of the connection (freedom to vibrate) are 
important. The connections facade ground floor, facade - roof and 
facade - first floor influence the performance of the facade with 
respect to its separating and supporting functions; the connection 
facade - inner wall does not influence the (initial) performance of 
the facade, as it does not change its composition, but may influence 
its deterioration. 
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Figure 3. The 
connection of 
the facade to 
floors and roof 

The facade is placed in front of (on the outside of) the first floor and 
the main load-bearing system, and between the roof and ground 
floor, as will be discussed further on, the facade-type is framework. 

The first part of this facade to be used as an example for 
elaboration is the facade connection to the ground floor 
(figures 4 and 5). 
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Connection 
facade - ground 
floor 
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Connection facade • ground floor 

Requirements 
The connection has to fulfil requirements related to strength and 
stiffness, fire safety, protection against vermin, tightness, thermal 
insulation and acoustic insulation. 

General typology 
• Materials 
Means of connection are: 
Fixing: 3 Steel strips (2*30 mm) per beam, screwed onto the 

beam and bolted (MlO) to the floor. 
Sealing: Lead on the outside to prevent water to enter the 

connection; PUR-foam to obtain tightness; 
Filling: The floor cover (concrete) covers the seam facade

floor, wooden skirting hides the seam facade - floor 
cover. 

Adjustment: Fillets for vertical positioning. 
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penetrating 

~c! 
Fixed Filled 

Sealed Adjusted 

2-0imensional 
connection 

Conneclion 
'through 

and 
through' 

Horizontal 

Routing 
with 

obstacles 

• Shape 
Composition 
Two packages are connected: Facade and ground floor. The exact 
composition of the connection should be determined in situ. 

Form 
The connection type is a non-penetrating connection (the facade 
stands on the floor) which is fixed, filled, sealed, and adjusted. 

Dimensions 
Two perpendicular packages (facade and ground floor) are 
connected (2 dimensions). 
The connection is through and through, the connection depth 
(leading into the building) is 250 mm, with 7 angles. The connection 
follows the perimeter of the building and stops where the hard glass 
facade type starts (see section on "Facade types"), total length: 
95000 mm, total surface: 24.106 mm2 (4,5% of total facade surface). 

Direction 
The connection facade - ground floor is a horizontal connection. 

• Location 
The connection is located at the foot of the facade, which means 
that it is quite exposed to deterioration agents. 

Performance 
• Strength and stiffness 
Steel strips should protect the facade to move horizontally 
(perpendicular to its plane), no moments can be taken, some 
movement is allowed parallel to the facade plane (both horizontal 
and vertical). Possible movements can be measured, but for the 
actual strength and stiffness no measuring techniques were found. 

• Fire safety, tightness, protection against vermin, thermal 
insulation, acoustic insulation 

The size and the length of the route leading through the connection 
is expected to influence all these performance categories. If the 
facade surface at the bottom had been flat, the connection depth 
would have been 210 mm. The extra depth is 40 mm, which is 20% 
extra route. The number of angles within the route and the 
direction (leading upward) is expected to form an extra obstacle for 
transport. The connection and the fixing specifically is protected 
from exposure by the concrete cover of the floor and by the skirting. 
This is expected to increase the fire safety and acoustic insulation of 
the connection. 
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The acoustic insulation is expected to depend on the weight and 
stiffness of the packages connected. These should be detennined. 
Fire safety cannot be measured in situ, but tightness can be 
measured. Sizes of holes (protection against vennin) can be 
measured; thermal insulation and acoustic insulation of the 
connection is probably difficult to measure separately from the 
performance of the whole structure. 

Deterioration 
• Accumulation 
Materials 
Absorption characteristics of the means of connection should be 
detennined. 

Shape 
The connection is horizontal, non-penetrating, but contains many 
angles which means that water and pollutants could collect inside. 
Because the route is long, leads upwards, and the connection is 
sealed, water might not easily penetrate. The width and exact route 
of the connection should be measured as it might influence leakage 
and capillary suction. Once inside, ventilation is expected to be 
difficult and therefore drying is expected to take a long time 
(relatively long time of wetness). 

The moisture content inside the connection, the time of wetness and 
the amount of chemical and biological agents inside should be 
measured. Comparison with other types of connections can show 
the relative accumulating characteristics of this type of connection. 

Location 
The roof has a large verge (1,66 m) which partly shields the facade 
from rain and sun. The most exposed areas of the facades are 
expected to be the areas near ground floor (of which the facade 
containing the main entrance is most exposed to mechanical 
damage) and around the edges of the building. 
The connection facade - ground floor lies in the most exposed area. 
Comparative measurements should be done with respect to amount 
of sunshine, rain and wind and amounts of (polluted) water at each 
type of location. The perfonnance levels of components situated at 
each of these types of locations should be compared. 

• Sensitivity 
Materials 
The materials connected are iroko and concrete. The means of 
connection are galvanized steel, wood, PUR and lead. Material 
incompatibility should be investigated. All materials within this 
connection are only slightly sensitive to moisture. Only extensive 
moisture over a long period would start deterioration and start the 
framework, adjustments and filling to rot. Moisture can cause 
bleeding ofwoodjuices, which causes aesthetic deterioration (which 
was, however, planned and appreciated), but could also, in the long 
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Figure 6. 
The facade 
types of the 
GAB 

term, cause more serious problems (loss of fit, (leading to:) loss of 
tightness, protection against vermin and acoustic qualities). 
Thermal insulation and tightness properties of the insulation and 
framework can also be reduced through moisture. The moisture 
content should therefore be measured. As long as moisture is not 
allowed to get into the connection, chemical and biological agents 
will probably not find their way in. If the connection is leaking, 
specific chemical and biological agents should be defined for each 
material and measured. The materials used are not very sensitive, 
though. 

Measurements executed in 1991 have shown that the soft wood 
parts in the facade have an increased moisture content and that 
some of the connections are wet; the consequences for the means of 
connection could not be determined. The hard wood parts are 
sufficiently dry. 

Shape 
· Composition 
The number of materials used within the connection and the fixing 
of the connection are expected to hinder separate life possibilities of 
floor and facade, and this could cause mechanical damage. 
Shrinkage is not expected to cause immediate problems with 
respect to tightness. The means of connection should be checked to 
see if they can follow movements of the facade and floor . 

. Dimensions 
Sizes and dimensions are stated above. 

· Direction (-) 

Location ( -) 

Facade type 1 
The facade of the GAB comprises two types; type 1 is a wooden 
facade, consisting of a iroko framework filled with western red 
cedar rabbeting, while type 2 is a glass structure (figure 6); General 
data on the characteristics of the facade types are given in table 5. 

- .. .. " .. ''l .. ..· 
Facade type 1 Facade type 2 
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Table 5. General data on 

Shape 
Composition: 

Form/Dimensions: 

Direction: 

Location 

Shielding 
Orientation 

Position 

Facade type 1 
Facade type 2 

Height 
Facade surface area 

5,3m 
564m2 

The facade is a vertical surface 

30% of facade is shielded by roof verge 
South East; Facade type 1 148 m2; 

Shielded: 45 m2 

North Easl; Facade type 1 120m2; 

Shielded: 36 m2 

North West;Facade type 1 126m2; 

Shielded: 38 m2 

Facade type 2 22 m2; 

Shielded: 7 m2 

South West; Facade type 1 120m2; 

Shielded: 36 m2 

Before floors and main load bearing structure 

Influential factors and quantities of deterioration agents 
The orientation detennines the amount of physical agents such as 
sunshine, wind, rain and temperature changes. Two types of 
environment can be detennined in relation to influential factors: 
1. The south-west orientation 

In this environment the iroko framework can be expected to be 
more subject to sunlight, wind loads and rain, and large changes 
in temperature and moisture content. Many and large 
movements can be expected. Due to differences in deterioration 
agents, tension can occur between the shielded part of the 
facade under the verge and exposed parts of the facade, and this 
can cause differential movements, differences in pollution and 
differences in the quantities of juices washed out. This should be 
investigated. 

2. The north-east orientation 
In the second environment, the direct sunlight and wind and 
rain load is probably less, but the duration of wetness may be 
longer. Biological agents might be important deterioration 
agents here, together with a higher degree of pollution because 
the facade will not be cleaned by rain as often as the south west 
facade. Measurements should be taken to reveal actual 
differences in exposure between the orientations and to reveal 
differences ofperfonnance levels of identical components at 
various locations. 
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This case study considers only facade type 1. The performance 
categories must be allocated to different parts of the facade. The 
facade is built up of supporting, separating and facilitating parts. A 
component can be supporting, separating and/or facilitating at the 
same time. For existing buildings the exact intentions of the 
architect with respect to allocating performance categories cannot 
be retrieved. Therefore, assumptions have to be made on the way 
the facade was supposed to work and performance categories 
supposed to be allocated to components. 

Requirements 
All of the components add to the function of the facade as 
separation structure. They should therefore fulfil requirements 
with respect to fire safety, protection against vermin, tightness, 
thermal insulation and acoustic insulation. The framework is the 
supporting part of the facade. It should therefore also be reviewed 
for its strength and stiffness. The windows have to fulfil 
requirements with respect to daylight access. All performance levels 
to be measured for each component are stated in table 6. 

Table 6. Performance categories for components 

Performance category Subcategory Framework Closed parts Windows 
Strength and stiffness Forces X 

Tension X 

Moments X 

Sagging X 

Rotation X 

Fire safety Fire resistance X X X 

Contribution to fire propagation X X X 

Smoke production X X X 

Protection against vermin Sizes of holes X X X 

Tightness Amount of air leakage X X X 

Amount of water leakage X X X 

Amount of water in component X X X 

Thermal insulation Thermal resistance X X X 

Acoustic insulation Sound reduction index X X X 

Access of daylight Equivalent day light opening X 
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Figure 7. 
Vertical cross
sections facade 
type 1 
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General typology 
Figures 7 and 8 and picture 3 show the details of facade type 1. 

• Materials 
Main groups of materials used within this facade type: Iroko, 
Western red cedar, anodized aluminium windows, glass. 

• Shape 
Composition 
The following packages form part of this facade: 
- iroko frame work 
-(closed) filling of the frame work 
- casement windows 
-windows 

Form 
The form and composition of facade type 1 is given in figures 
7 and8. 

Dimensions 
The total facade surface area is not more than needed (no over
sizing) so that no unnecessary area is created which is exposed and 
should be maintained (figures 7 and 8 and table 7) . 

Direction 
The facade is a vertical component. 
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Inside 

Outside 

Absorbent materials 
below 

non-absorbent 
materials 

Outside flow 

Figure 8. 
Horizontal 
cross-sections 
facade type 1 

• Location 
The filling and windows are placed within the framework, the 
framework is exposed both on the inside and the outside of the 
building. Therefore facade type 1 has a framework pattern. The 
windows are non-absorbent surfaces, while the framework and . 
rabbeting are to some extent absorbent. The detailing is such that 
the flow of water is as much as possible directed off the facade. 

Performance 
The performance ofthe framework and rabbeting will be discussed 
further on. 
The windows take care of day light access, but also influence the 
separating performance of the facade as a whole. Particularly for 
thermal performance, the windows can be expected to be a weak 
point. The It-value determined by Rijksgebouwendienst for the 
whole building lies between 13.5 and 14.8. The closed parts of the 
facade are expected to have a k-value of0.44 W/m2K, while the 
insulated windows should have a k-value of 1.57 W/m2K. These 
values should be measured in practice. 
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Picture 3. 
Detail of facade 
type 1 
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Deterioration 
• Accumulation 
The closed parts are lying in the same plane as the framework; the 
windows are placed in the middle of the framework and lie back
wards. The outer surface of the facade is therefore not completely 
smooth (A "degree of smoothness" should still be established). 

• Sensitivity 
Facade type 1 consists of several parts (table 7) which all have their 
own characteristics in relation to shrinkage and expansion. 
Possibilities of differential movements of those parts should be 
investigated. Sensitivity characteristics of the different facade parts 
are investigated separately. 
Table 7 summarizes general data on facade type 1. 

Table 7. General data on facade type 1 

Shape 
Composition 

Form 
Facade pattern type 
Smoothness 

Dimensions 

Direction 

Location 
Position 

Framework 
Closed parts 
Windows 

Frame work facade 
Framework & closed parts in one plane, 
window placed backward 
Total facade surface area 
Horizontal oversize 
Vertical oversize 
%glass 
The facade packages are placed vertically 

Closed parts and windows in framework 
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Homogeneous 
package 

The components of the facade should be subdivided into packages 
and connections following the theory given in chapter 2. These 
packages and connections should be reviewed for their 
characteristics related to these performance levels and for their 
sensitivity and accumulating characteristics. If possible, 
performance levels of connections and packages should be 
determined separately and compared to the performance level of 
the component as a whole. As an example for the elaboration of 
packages the framework and the closed part of the facade are 
reviewed. 

Package: Framework 

Requirements 
See table 6 

General typology 
• Materials 
lroko jambs and rails. 

• Shape 
Composition 
Framework consisting of double (vertical) jambs and (horizontal) 
rails (see figures 7 and 8 and picture 3). 

Form 
Both jambs and rails are solid, homogeneous single layer packages, 
with a more or less rectangular form (67*144 mm). 

Dimensions 
See "form" and figures 7 and 8. 

Direction 
Jambs: vertical; Rails: horizontal 

• Location 
The rails are positioned between the jambs. Both jambs and rails 
are exposed both on the outside and on the inside. 

Performance 
• Strength and stiffness 
The important characteristics can be derived from table 1 and 2 of 
chapter 4. The width, depth and length of the rails and jambs 
should be determined. The maximum load per mm2 of the iroko 
should be determined. The sagging and rotation of the framework 
should be investigated. 

• Fire safety, protection against vermin, tightness, thermal 
and acoustic insulation 

Material characteristics can be obtained from table 1 and 2 of 
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chapter 4. For all these performance categories the depth of the 
jambs and rails is important. No openings (no cavities nor 
penetrations) can be expected within the jambs or rails (the 
connections have to be investigated separately). The jambs and 
rails are unprotected at the outside, and partly protected on the 
inside (inner walls, skirting, cable troughs, floor). Unprotected rails 
have an exposed inner surface area of 85*1800 = 153.103 mm2 and 
an exposed outer surface area of 140*1800=252.103 mm2 on a total 
surface area of820.103 mm2 volume of25.106 mm3 (20%, 31% and 
0,6 %, 1% respectively). Protected rails only have an outer exposed 
surface area. Unprotected jambs existing of two jambs have an 
exposed inner surface area of2*113*(5300-520)=540.103 m2; an 
exposed outer surface area of2*149*5300=790.103 m2• Total surface 
area 3300*103 mm2, volume 50.106 mm3 (16%, 24%, 1%, 1,6%). The 
exposed (external) surface is smooth, but has 4 edges. 

Deterioration 
• Accumulation 
Material 
Iroko can absorb water and pollutants. 

Shape 
· Composition (-) 

·Form 
The form of the rail is such that water runs off the rail outward 
from the facade. The rail is therefore not expected to lead water into 
the facade (see previous section). This should be investigated. 
All surfaces are flat and smooth. No extra pollution is expected. 
This can change if, due to age the iroko starts to roughen. 

· Dimensions (-) 

. Direction 
The exposed surfaces of the rail are inclined, leading out of the 
building, and vertical. Water and pollution are not expected to 
accumulate heavily, but accumulate more than on vertical surfaces. 
This should be investigated. All external jamb surfaces are vertical. 

Location 
The jambs are exposed to water running from higher parts of the 
jamb downwards. The rails are exposed to water running from the 
facade parts above, of which windows are less absorbing than the 
rails. This would mean accumulation of water and pollutants on/in 
the rails, with more pollution towards the lower parts of the facade. 
This should be measured. 

Comparative measurements should be made with other types of 
packages. 
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• Sensitivity 
Materials 
The material used is iroko, which is not preserved. Woods are 
mainly sensitive to moisture and radiation and are subject to 
expansion and shrinkage due to thermal and moisture differences. 
Iroko is a class 1 wood, which means it is relatively insensitive to 
moisture. Water can wash out wood juices, causing changes of 
material characteristics, changes of colour and roughening of the 
material surface. Sunlight can have the same effect. Iroko can 
corrode metals. 

Changes in material characteristics can influence all performance 
levels; shrinkage and expansion can cause cracking which can 
influence strength and stiffness and all performance levels related 
to continuity of layers. If shrinkage and expansion do not cause 
sequential damage, they can influence all performance categories 
related to the tightness of connections. Cracking, discolouring and 
roughening of the surface causes aesthetic deterioration. 
Roughening of the surface and cracking can also aggravate 
accumulation of chemical pollutants and water. These changes in 
material characteristics should be measured. 

Some shrinkage and expansion cracking was observed in the field 
measurements. No sequential damage was found. Some color 
change was noticed in the field measurements, but this only had a 
aesthetic effect. 

Shape 
· Composition 
As both rails and jambs are homogenous structures, no problems 
with respect to separate lives are expected within the package. No 
protection is offered by extra layers. 

· Form (see drawings) 

· Dimensions 
The exposed outer surface area of a rail is 140* 1800=252.103 mm2 

on a total surface area of820.103 mm2 volume of25.106 mm3• The 
jambs have an exposed outer surface area of2*149*5300=790.103 
m2• Thtal surface area 3300*103 mm2, volume 50.106 mm3• Both 
jambs and rails have 14 edges in its section of which 4 are directly 
exposed. 

· Direction (-) 

Location 
The iroko will become stained by the wood juices originating from 
the western red cedar. This effect will be worse on the lower parts of 
the facade and on parts of the facade more subject to rain and 
water. The weight of the framework, the filling of the framework, 
wind loads and other, accidental, loads cause tension, sagging and 
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rotation. These loads are transferred to the jambs and rails, the 
rails transfer it to the jambs. The jambs transfer the load to the 
main load-bearing system through its connections with floors and 
roof. The total load can be calculated using existing calculation 
methods. The wind load can be measured, the weight of the facade 
(and accidental loads) can not be measured in situ. 

Staining has been observed in the field measurement, as well as 
cracking of the iroko rails due to obstruction of shrinkage and 
expansion. 

Closed parts 

Requirements 
(See table 6) 

General typology 
• Materials 
Western red cedar, insulation material, foil, block board, softwood 

• Shape 
Composition 
The composition is a multi-layer, composite package that fills the 
framework and is exposed to both the inside and the outside of the 
building. The Western red cedar rabbeting is exposed to the outside, 
while the block board is exposed to the inside (figure 7 and 8 in 
previous section). 

The field investigations with endoscope showed that the 
composition is as on drawing. 

Form 
See figure 7 and 8 previous section. 

Dimensions 
Dimensions of each layer and part are stated in the drawings and 
should be checked in the real building. 

Direction 
Horizontal rabbeting on the outside ofthe package 

• Location 
General description oflocation can be followed 

Performance 
The closed part should be investigated for fire protection, protection 
against vermin, tightness, thermal insulation, acoustic insulation 
The rabbeting and cavity take care of rain tightness, the ventifol of 
water tightness, the P.E. foil of damp tightness. The cavity and 
rockwool insulation provide acoustic and thermal insulation. 
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Normally speaking there should not be openings within the 
package. The tightness of the ventifol and damp-proof layer 
determine the tightness of the package, the thermal insulation 
characteristics and thickness of the insulation material are, 
together with the cavity, important for the total thermal and 
acoustic insulation characteristics, although the other layers also 
can be expected to add to this. The means of connection used 
penetrate the insulation, ventifol and damp-proof layer and connect 
the outer and inner climate. This can cause undesired heat and 
moisture flow, which decreases performance levels as a whole and 
can increase the deterioration speed. 

Deterioration 
• Accumulation 
Materials 
The western red cedar, the soft wood, the block board and the 
insulation material can absorb water and pollutants. 

Shape 
· Composition 
The rabbeting is not completely watertight. It obstructs the inward 
flow of much water, but it can absorb water and water can pass 
through its connections to other components. The soft wood and its 
connections can therefore be exposed to moisture. Ventilation will 
help to dry the interior of the package. The moisture will 
accumulate particularly on the horizontal surfaces within the 
package. Combined with sufficiently high temperatures the 
softwood can start to rot, while the glue, used to connect the 
softwood to the iroko frame, can degrade. 

In the field investigations wet soft wood was found (relative 
humidity> 20%). As the soft wood had a purpose for construction 
work only, this situation is not urgent. 

·Form 
The wrc rabbeting is an overlapping structure, which is not 
completely smooth and has some external edges. 
The rabbeting is becoming more rough over time. 

· Dimensions 
There is some over-sizing due to overlap. 

·Direction 
The rabbeting is a vertical exposed surface with some overlap which 
can collect some deterioration agents. 
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Location 
The rabbeting is exposed to polluted water flowing from the less 
absorbing windows over the iroko along the western red cedar (see 
earlier sections). The iroko does not lead the flow of water directly 
towards the western red cedar, though. The quantities of moisture 
and pollutants should be measured. 
The flow of water will be more polluted with wood juices originating 
from the western red cedar on the lower parts of the facade. 

Staining was found on both the western red cedar, the windows and 
the iroko from juices originating from the western red cedar, 
specifically on the lower parts of the facade. The Western Red 
Cedar changes its color depending on the wetness of the wood 
(darker North-East elevation and darker to the bottom of the 
facade). 
Some biological agents were found on the rabbeting of the North
East elevation. 

• Sensitivity 
Materials 
WRC: 

Soft wood: 

The material used is western red cedar (wood), which 
is not preserved, but is a class 2 type of wood. See 
iroko. Western red cedar can corrode aluminium, its 
juices can cause staining on other components. 
Soft wood can be expected to be more sensitive to 
moisture than iroko and western red cedar. 

Insulation: The insulation is mainly sensitive to moisture. 
Moisture will cause a decrease in thermal resistance. 

Ventifol and damp-prooflayer:Ventifol and the damp-proof layer 
are made of PVC. They are mainly sensitive to 
radiation and moisture and can show fatigue due to 
extensive movement. 

Block board: Block board is made of wood. For sensitivity see soft 
wood. 

Shape 
· Composition 
The closed part is a multi-layer package, the number oflayers 
connected will obstruct the possibilities for separate life (see 
previous sections). 

-Form 
All layers other than the western red cedar rabbeting, are solid 
except for penetrations through the fixing means. 
Water that comes into the package could be removed by ventilation. 
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· Dimensions 
9 Rabats are used for the rabbeting, which introduces 10 
connections, with both vertical and horizontal surfaces, which are 
expected to be more sensitive than the rabats themselves for 
deterioration. 

· Direction (-) 

Location 
The outer layer should protect inner layers for rain. 

The WRC is exposed to physical agents (sun, wind, rain, external 
temperature) and external chemical and mechanical agents. The 
environments determined for the facade type in general can be 
defined here as well. 

The parts inside the package can be exposed to moisture, biological 
and chemical agents entering from either inside or outside the 
building if one of the layers is leaking. Mechanical agents are 
tensions invoked by expansion and shrinkage and loads transferred 
from the outside or inside. 
The internal parts of the package will be exposed to the internal 
physical and chemical climate of the building and can be exposed to 
mechanical damage due to use and maintenance of the building. 
Expansion and shrinkage due to thermal and moisture differences 
can occur specifically in the WRC rabbeting with a south· west 
orientation. Shrinkage and expansion can cause cracking of the 
wood (see also: Framework) and extra leakage of water. 

Maintenance 
No repairs have been undertaken since the building was taken into 
use. The windows have been cleaned regularly. This can have 
influenced the amounts of pollutants not only on the windows, but 
also on the framework and closed parts of the facade. Before and 
after measurements should be done to investigate the decrease of 
the amount of pollution due to cleaning. 

Cleaning can also increase the amount of water flowing over the 
facade surface. The wood therefore gets wetter. This might start 
deterioration, if the duration of wetness is long. The water might 
also get transported into the facade structure or even into the 
building, causing internal deterioration. This effect could also be 
measured. Finally, the detergent used might contain chemicals for 
which one of the materials used in the facade is sensitive. This 
should be evaluated and measured. 
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Pictures 4 and 5 
The Bestuursgebouw (BG) in Eindhoven 

Facade type:!:~ 

East Elevation 

• 
. . 

West Elevation 
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the facade 

Figure9. 
Floor plan and 
elevations 
of the 
Bestuursgebouw 

Bestuursgebouw 
The Bestuursgebouw forms part of the Eindhoven University of 
Technology. It has four floors and a basement and was built in 1985. 
In this case study the facade of the Bestuursgebouw will be 
investigated more closely. Pictures 4 and 5 show the 
Bestuursgebouw. 

The east and west facades of the Bestuursgebouw form part of the 
main load-bearing structure of the building. The north and south 
facades are non-load-bearing and are supported by the floors and 
main load-bearing structure of the building. 

The facade is connected to and placed in front of the floors, the load
bearing structure, inner walls and roof, and is also connected to the 
foundation (figure 10). 

These connections do not influence facade performance relating to 
fire safety, protection against vermin, tightness and thermal 
insulation, but may influence its strength and acoustic 
performance. 

South Elevation 

Facade type 5 

Facade type 4 Facade type 3 

North Elevation 

Floor plan 
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Facade types 
The facade of the Bestuursgebouw consists of five types; type 1 is a 
parapet structure with insulation and metal sheeting; type 2 is a 
concrete wall structure with insulation and sheeting; type 3 is a 
curtain wall with steel framework and windows and doors; type 4 is 
a concrete wall, separating the basement from the surrounding 
terrain; type 5 is a poriso wall with insulation and metal sheeting. 
Figure 9 shows the location of each of these types within the facade. 

The exposure of each facade type depends on its orientation (see 
GAB). 
The facade is not protected by verges, but cleaning balconies were 
added to the south facade. These balconies and their connections 
are not investigated with respect to performance but are related to 
the number of deterioration agents on the facade and material 
incompatibility. The balconies at the least influence the flow of 
water along and onto the facade surface and could be a source of 
chemical deterioration (for instance due to material incompatibility) 
or can concentrate pollutants. Mechanical damage could also be 
intensified due to the use of the wash balconies. 

Table 8 gives an overview of general characteristics of the facade 
types. 

Table 8. General characteristics of facade types 

Shape 
Dimensions Total facade surface area 3660 m2 

Surface area facade type 1 2480m2 

Surface area facade type 2 350m2 

Surface area facade type 3 195m2 

Surface area facade type 4 440m2 

exposed: 150m2 

Surface area facade type 5 195m2 

Direction The facade is a vertical surface 

Location 
Orientation Facade type 1 North 1445m2 

South 1035m2 

Facade type 2 East 175m2 

West 175m2 

Facade type 3 South 195m2 

Facade type 4 North 67m2 

South 67m2 

East 8m2 

West 8m2 

Facade type 5 North 130m2 

South 65m2 

This case study reviews only facade type 1. 
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Figure 10. 
The position of 
the facade in 
relation to 
surrounding 
components 

Parapet 
pattern 

Facade type 1 

Requirements 
Facade type 1 has a concrete 
parapet as supporting structure. 
The parapet has supporting 
tasks for facade type 1 only. This 
parapet, together with 
insulation and metal sheeting, 
forms the separation. The 
openings within the facade type 
are daylight facilities. These 
must also be reviewed for their 
separating qualities. 
An overview of performance 
levels to be measured is given in 
table 9. 

General typology 
• Materials 
Parapet: Concrete, insulation, metal sheeting 

Anodized aluminium with double glazing Windows: 

• Shape 
Composition 
Parapets and windows 

Form 
The windows are arranged in horizontal bands on the facade. The 
facade pattern therefore resembles the "parapet''-type (figure 11). 

Dimensions 
in table 10 

Direction 
The facade is a vertical element. 

• Location 
The windows are placed in the front plane of the parapet package 
(figure 12). 

General data on facade type 1 are summarized in table 10. 
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Figure 11 
and 12. 
Facade pattern 
Position of the 
windows 
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Table 10. General data on facade type 1 

Shape 
Composition 

Form 
Dimensions 

Location 
Smoothness 
Positions 

Components 

Facade pattern type 
Total facade surface area 
Horizontal over-size 
Vertical over-size 
%glass 

Parapet 
Windows 
Parapet 

Window and parapet in one plane, but parapet rough 
Windows are carried by parapets 

1240 m2 

1240m2 

2480m2 

0% 
0% 

40% 

The parapets of facade type 1 and their connection to the windows 
are reviewed for their characteristics with respect to separating 
performance categories. 

Performance 
• Strength and stiffness 
Facade obtains its strength and stiffness from the reinforced 
concrete parapets. These should be investigated based on table 1 
and 2 of chapter 4 to determine the maximum load, sagging and 
deformation. 

• Fire safety, protection against vermin, tightness, thermal 
and acoustic insulation 

The windows form a weak spot for all performance categories in the 
separating tasks of the facade. Measurements should indicate the 
loss of performance due to the windows. The performance of the 
parapet will be reviewed in the following section. 
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Figure 13. 
Composition 
of parapet 

Deterioration 
• Accumulation 
The south facade is rough due to the washing balconies, and both 
facades are rough due to the composition of the parapet. 

• Sensitivity 
The sensitivity ofthe parapet will be investigated in the next 
subsection. For the sensitivity of the windows, the sensitivity of the 
aluminium, glass and elastic cement should be investigated. The 
combination of materials should be evaluated for material 
incompatibility (aluminium- concrete) as well as the freedom of 
movement. Deterioration agents relating to these sensitivities 
should be determined. 

Parapet 

Requirements 
(see table 9) 

General Typology 
• Materials 
Concrete, mineral wool, aluminium sheet box. 

• Shape 
Composition 
Reinforced prefabricated concrete parapet, mineral wool, cavity, 
aluminium box. It is a multi-layer structure that is not 
homogeneous (figure 13). 

5. Possibilities and problems in data collection 

~111 J.l 

175 



176 

Form 
(see drawings) 

Dimensions 
The layers are (from inside to outside:): 
-Concrete parapet: 150 mm thick, 3350 mm long, 1650 mm high 
- 60 mm mineral wool insulation fixed to the concrete parapet 
- 40 mm cavity 
- Enamelled aluminium sheet boxes, sheet thickness 2,5 mm, width 
1700 mm, height 795 mm, depth 40 mm. The boxes are connected to 
the parapet or load-bearing structure through metal brackets, 
profiles and bolts. There are 4 boxes and 4 windows per parapet. 
The horizontal distance between boxes is 30 mm. 

Direction 
The parapet is used vertically, the boxes horizontally. 

• Location 
The parapet is situated in front of the floors, and between the 
columns forming part of the load-bearing structure of the building. 

Performance 
• Strength and stiffness 
The concrete parapet is the load-bearing part of the package. It also 
carries the window above. Its strength and stiffness are determined 
by the tension and pressure that can be taken by the reinforced 
concrete, its sizes and its connections to surrounding structures. 

• Fire safety 
Material characteristics and sizes influence fire safety, and neither 
should the parapet be perforated (which it is expected not to be). 

• Protection against vermin 
The parapet should be a tight structure without holes. No vermin 
should be able to enter through the parapet. 

• Tightness 
The metal sheeting and cavity take care of rain tightness, the 
parapet guards against water, air and damp. Rain tightness of 
metal sheeting and cavity depend on the tightness of the material 
used for the sheeting, the size of openings within the sheeting 
(there should be none), the size and type of openings between the 
aluminium boxes, and the presence of bridges in the cavity. 
Numerous bridges are present by means of the brackets and 
profiles connecting the sheeting with the parapet. 

• Acoustic insulation 
The concrete parapet is a heavyweight structure insulating against 
air borne noise. The insulation and cavity add to the noise 
insulation capacity of the wall, but the metal sheeting can produce 
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Smooth 
surface 

impact noise through wind movement. Its brackets penetrate the 
acoustic insulation and as such reduce the acoustic performance of 
the wall. The sizes of the parapet, the thickness of the insulation 
and cavity and the number and size of the bridges influence the 
total acoustic performance. 

• Thermal insulation 
The most important layer for thermal insulation is the mineral 
wool. The thickness and conduction characteristics of this layer and 
the presence and size of a cavity, the number, size and conduction 
characteristics of bridges influence the thermal performance of the 
wall 

Deterioration 
• Accumulation 
Materials 
Aluminium does not absorb water; insulation material can absorb 
water as well as concrete. Those last two materials are only 
expected to be exposed through condensation on the inside of the 
aluminium box. This condensation could be dried by ventilation. 

No signs of condensation have been found during the field 
inspection. Repeated measurements should show continuous 
dryness, though. 

Shape 
· Composition(-) 

·Form 
The exposed surface might be cleaned by rain or cleaning activities 
as they are within the water flow; the inner surface is not cleaned, 
and accumulates more and has a longer duration of wetness. 
All surfaces are expected to be flat and smooth in the original state, 
which should be investigated, as the horizontal surfaces in 
particular collect more deterioration agents and water if they are or 
become concave and rough. 
During a field inspection in february 1991 it was found that the 
ahuninium sheeting was slightly polluted. The horizontal parts of 
the facade have insufficient drainage, so that pollution and 
biological agents are collecting . 

. Dimensions 
Evecy box has 0,03*1,7 m = 0,05 m2 exposed horizontal surface on 
top and the same 0,05 m2 on the inside. 

·Direction 
Water and other deterioration agents can accumulate on all 
horizontal surfaces of the aluminium boxes. 
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Location 
All boxes guide water towards the horizontal surfaces of boxes 
below. 

• Sensitivity 
Materials 
Aluminium is sensitive to moisture and chemical pollutants. 
Specifically Cl·, S02 and NO,.). The quantities of these chemical 
pollutants should be measured around the building and at the 
facade itself. Aluminium can also corrode if in contact with other 
metals, due to material incompatibility. The connections of 
aluminium with other components and the means of connection 
therefore have to be checked. Measurements should be tuned to 
expected exposed and sensitive areas. 

Insulation is sensitive to moisture. It loses its thermal qualities 
when wet. 

Concrete is sensitive to moisture, and specifically acid moisture. 
The concrete can absorb water and the reinforcement can start to 
corrode if water and pollutants reach it. Biological deterioration 
agents can also grow on concrete when it is wet. 

Shape 
· Composition 
As the parapet structure is a multi-layer structure composed of 
several materials, separate lives are difficult to establish. 
Water passing the metal sheeting as well as condensation is 
expected to dry through ventilation in the cavity. If it does not dry, 
it can cause deterioration. 

·Form 
The tightness of the package is undermined by the means of 
connection between the aluminium boxes and the insulation. These 
means of connection can cause undesired flows of heat and 
moisture, which in their turn result not only in the deterioration of 
the means of connection, but also in the perforated layers. 
Measurements should reveal if these flows exist and if they cause 
problems (figure 14, next page) . 

. Dimensions(-) 

· Direction (-) 

Location 
The metal sheeting is expected to form a rain barrier, which should 
keep the inner layers dry (as mentioned before condensation could 
occur, though). 
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Figure 14. 
Penetration of 
package by 
means of 
connection 
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Figure 15. · 
The connection 
windows 
parapet 

Connection parapet - windows 

Requirements 
See table 9 

General Typology 
•· Materials 
Means of connection: 
Fixing: Metal frame, 
Sealing: Foil, rubber profiles and 

insulation material 

• Shape 
Composition 
Windows are connected to the parapet 
through a fixed and sealed non-penetrating 
connection. No filling or means of 
adjustment are used. No further details are 
given on the fixing except an aluminium 
frame to which the window is connected 
(the adjustment can be incorporated in the 
fixing). 

Form 
The connection is non-penetrating, fixed, sealed and non-filled. 
Drawings of the connections are presented in figure 15 . 
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Dimensions 
The window and parapet are both vertical components (1 
dimension). 
The connection length is 140 mm, connection surface is 0,5 m2• The 
routing is approximately 180 mm, with a slope and 3 angles, which 
is 30% extra. 

Direction(-) 

• Location (-) 

Performance 
• Fire safety, protection against vermin, tightness, thermal 

and acoustic insulation 
The material characteristics of the means used can be derived from 
table 1 and 2, chapter 4. The tightness of the connection, important 
for all these performance categories, is determined by a metal 
sheet, foil, rubber profiles and insulation material. The tightness 
depends on the fit of the means and the absence of openings within 
the means used. 
The thermal and acoustic insulation of the connection is expected to 
be influenced by the penetration of insulation caused by the metal 
sheet. The rubber profiles obstruct heat flow through the other 
metal parts of the connection. The acoustic insulation also depends 
on the weight of each connected package and the fixing used. 

Deterioration 
• Accumulation 
Material(-) 

Shape(-) 
· Composition 
The means of connection are expected to prevent water reaching the 
inside of the building. 

·Form 
Ventilation can dry water which has entered the connection. 

· Dimensions 
The route of the connection is relatively short, as the connection is 
non-penetrating, therefore water which can penetrate the 
connection will reach the inside of the building quite easily. The size 
of the route determines whether leakage or capillary suction could 
take place. 

·Direction 
The connected surfaces are inclined horizontal surfaces. 
Penetration is reduced because the route is directed upward. Some 
collection of moisture and pollutants can take place. 

Location(-) 
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• Sensitivity 
Materials 
The metal sheet is sensitive to moisture and chemical pollutants. 
Their quantities should be measured. 
The rubber, foil and insulation are sensitive to moisture and can 
crack due to extensive and/or repeated expansion or shrinkage. 

Shape 
. Composition 
Due to the large number of parts used, separate lives are difficult to 
esta,blish. The capacity of the means of connection to follow 
expansion and shrinkage of the different parts (concrete, window 
frame) should be determined both with respect to their flexibility 
and their size. 

·Form 
The non-penetrating connection allows some movement and 
expansion of each of the packages connected, but because both 
packages have the same direction and the connection is fixed, the 
amount of movement actually allowed is minimal. The metal 
sheeting is allowed to move and expand to some extent. 

·Dimensions(-) 

· Direction (-) 

Location ( -) 

Maintenance 
The facade is cleaned on a regular basis. Cleaning should reduce 
the number of pollutants that can collect on the facade, but can also 
introduce chemical deterioration agents through detergents. 
Cleaning can also cause wetness inside the facade which can 
increase chemical and biological deterioration. 
No repairs have taken place. 
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5.6.1 

Using the data 

Theory on the use of data 
In the case studies a set of hypotheses with respect to expected 
relationships between determining characteristics, sensitivity, 
accumulating characteristics and the performance and 
deterioration of components was constructed. The relationships 
defined were based on the theory developed in the preceding 
chapters. This set of hypotheses should now be tested on the basis 
of empirical data. A small number of measurements, basically 
related to the accumulation of deterioration agents, was executed in 
the case studies. 'lb actually test the hypotheses the number of 
measurements should be increased and the results of the GAB and 
BG should be compared to other buildings (figure 16). 
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Collection of empirical information on 
performance levels and deterioration 

Use of empirical Information to support the 
design and management of buildings 

Figure 16. 
Testing of 
hypotheses 
based on 
empirical 
information 
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Data should be collected on building components of different types. 
The different types should relate both to their determining 
characteristics as well as to their deterioration characteristics. 

Once the data is collected it should be analyzed to obtain 
relationships between 

performance levels and determining characteristics, 
performance development and deterioration 
speed of deterioration and quantity of deterioration agents in 
relation to sensitivity characteristics 
influential factors and deterioration agents on the component 
itself in relation to accumulation 
repair and deterioration and 
cleaning and the quantity of deterioration agents. 

The analysis of the data can show if using types instead of 
extensive component descriptions is sufficient to explain the 
performance development and deterioration of building 
components. By structuring the information on building 
components by means of a typology, the level of detail can be 
restricted; layered packages should be compared with homogenous 
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packages, fixed connections with non-fixed connections. This would 
mean that the level of information would be more specific than the 
information obtained through global visual inspections but does not 
have to be as specific as the information necessary to fill, for 
instance, the KMS. 

These relationships can be used to evaluate building components 
during the design stage or to evaluate maintenance programmes for 
building components. The evaluation would be based on the 
typology. 

The performance level of a designed component can be compared to 
required performance levels. Then the deterioration to be expected 
of the building component can be evaluated using an estimate of 
characteristics on influential factors at the location and 
maintenance possibilities for the component. This deterioration will 
cause a development of the performance level over time. The 
performance level over time can be compared to the required level 
to obtain a life span. If the life span is not sufficient, the following 
steps can be taken: 

1. Optimize the design of building components in relation to 
performance levels: 
• Adapt the determining characteristics of a building component 

2. Optimize the design of building components in relation to 
deterioration: 
• Choose an other orientation or even location for the building 
• Decrease component sensitivity 
• Decrease the accumulating characteristics of a component 

3. Optimize the maintenance of building component in relation to 
deterioration: 
• Choose effective repairs if possible 
• Choose effective cleaning if possible 

During a management stage, possibilities for repair and cleaning 
can be evaluated for their effect on component deterioration and the 
development of the performance level. 

Example of the use of data 
The information obtained from empirical data collection can be used 
in the design or maintenance phase. As no empirical data collection 
has taken place yet; the examples given within this paragraph 
cannot be based on data analysis. 
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Figure 17. 
Evaluation of 
initial 
performance 
levels 

Figure 18. 
Determination 
of (technical) 
life span 
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Say that information on for instance thermal insulation has been 
collected for a number of components. For all these components the 
collected data include: 

descriptions of the performance level at a number of moments in 
time 
descriptions of the characteristics related to this performance 
level at a number of moments in time 
descriptions of influential factors in the surroundings and 
deterioration agents at component level 
descriptions of characteristics expected to influence the 
sensitivity of the component for a deterioration agent 
descriptions of characteristics expected to influence the 
accumulation of deterioration agents 
descriptions of maintenance activities. 

This information can be used in several ways: 
The architect could search types of components which all fulfil his 
requirements initially (their performance level at t=O equals or 
exceeds his required performance level) (figure 17). 

Component type a 

Component type b 

Component type c 
Required 

·-·-·-·-·-·-·-·-pertorrnance 
Component type d level 

Time__. 

He could then review their performance development over time. 
This would offer the architect information on the expected {average) 
technical life span of the component type for this particular 
requirement (figure 18). 

Required 
·-·- pertormance 

level 

Technical life span /ime -4 

Technical life span b 
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He could compare this technical life span to the requirement period 
and exploitation costs of each component type and decide whether 
he would like 
• A component with a technical life span shorter than the 

requirement period, which will have to be replaced 
• A component with a technical life span longer than the 

requirement period which it is possible to reuse afterwards 
• A component with a technical life span which equals the 

requirement period and which is replaced at the end of the 
requirement period 

Of course, it has to be remembered that the actual performance 
development of a component can deviate from the developments 
stated. 

Another possibility for use would be the architect's choice of a 
desired type of component, coupled with his wish to optimize its 
performance level and development. Data analysis could reveal the 
key factors for performance levels and the specific sensitivity of the 
component type for deterioration agents. He could then try to adapt 
the sensitivity or reduce the quantity of deterioration agents. 

A building manager could in the same way compare maintenance 
alternatives for one type of component. He could, to some extent, 
adapt the performance development of the component to the desired 
life span through the choice of a maintenance programme. 

A last possibility would be the use of information on similar 
components by an architect or building manager just to obtain an 
estimate of the expected performance development and technical 
life span of a component. 

Conclusions and recommendations 
The number of techniques available for component testing involving 
both packages and connections is small. Many of the existing 
techniques are bound to one type of material, which complicates 
comparison of the results of various components. 
No techniques have been found (neither direct, nor indirect, nor to a 
limited destructive extent) for testing of fire safety in use. For both 
strength and fire safety, laboratory testing is the only possibility for 
obtaining direct data. "In use" data for these performance 
categories have to be indirect since direct maximum performance 
testing naturally leads to destruction. 

Measuring actual bUildings is frequently at present a very 
expensive, major operation, requiring a specialist team to tum a 
building inside out. The equipment used is often sensitive and 
unsuitable for monitoring purposes. The specific measurement 
methods for building physics require extensive wiring for sensors, 
or vast pressurization equipment, while time planning is closely 
related to weather conditions. This makes many of the existing 
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techniques, although accurate, impractical for extensive measuring 
schedules. Further development of overall techniques is therefore 
recommended, next to a restriction of the number of characteristics 
to be measured. 

The models and typology form a practical guideline to describe and 
investigate a building component, its constitution, characteristics 
and performance levels. Most important topics with respect to 
performance and deterioration ~eem to have a position within the 
model, but an unequivocal format for describing all types of a 
component and executing measurements is still lacking. To be able 
to measure characteristics, such characteristics should be defined 
more concisely and unambiguously. For some specific 
characteristics, particularly those related to location and texture, 
no exact definition exists. This definition must be made to facilitate 
comparison. 

Interactions between characteristics and interactions between 
components must be investigated more closely. Sequential damage 
is mentioned as a cause of deterioration, but needs more attention. 

As the model so far has elaborated facades and the deteriorating 
performance of facades only, the number of measurements to be 
made when all types of components and all types of performance 
categories are reviewed can be expected to be extensive. Limitations 
are needed to make the model more practical and feasible. 

For complex components (both packages and connections) the 
position of all parts is very important. A description using terms 
like "penetrating" and "non-penetrating" can be expected to be 
insufficient and impractical; the "logic" of the component should be 
explained first. The model does not support this sufficiently. 

As the model incorporates a large set of characteristics for each 
component, special attention must be paid to data management and 
control. This thesis has investigated types of influences on 
performance levels of building components. The management and 
control of large amounts of data resulting from data collection have 
not been investigated, but forms an important precondition for data 
collection. 

For a number of performance levels and characteristics, 
measurement techniques are still lacking. The area for data 
collection is still restricted, while parts of the model need further 
elaboration to facilitate data collection. Analysis of collected data is 
expected to support the design and maintenance process. The 
relationships found could be used to generate design or 
maintenance alternatives, optimize the characteristics of a 
component which occur to be key factors and to evaluate a design or 
maintenance alternative. 
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Results, conclusions and 
recommendations 

6.1 Introduction 
If the performance concept should become generally accepted and 
used in building, knowledge should be available on variables 
determining the performance and performance development of 
building components. At present this knowledge is available only in 
a very fragmentary fashion and offers qualitative information only. 
Participants in a building team can hardly be expected to have an 
overview of all existing regulations and standards and on all 
influences on building performance. The building process is thus 
expected to be based on "trial and error" with respect to obtaining a 
building permit. 

To make the performance concept more practical and workable and 
to stimulate its primary aim (the introduction of more freedom for 
the design team) information should be available in the light of 
which all participants in the building process could make their 
decisions. This information should be both accessible and 
intelligible and it should offer quantified information. 

Two goals can be set: 
make the knowledge available and accessible for anyone 
occupied in the building process 
offer knowledge on quantitative relations between variables and 
performance levels and performance development, because only 
in this way can control be obtained. 

To offer quantitative knowledge on the performance of building 
components, this knowledge should be first collected and made 
available. The quantitative information can be established by 
analysis of data on the performance development of building 
components. This data can be collected in several ways: laboratory 
testing, in situ testihg, in-service testing. In this thesis the 
empirical approach was investigated. 

To collect proper data an investigation is needed of variables 
influencing the performance development of building components. 
This thesis therefore adds a structure to existing knowledge on 
variables influencing the performance development of building 
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components. And a typology was designed to order performance 
information of building components to enable comparison. This 
typology can be used as a basis for data collection. 

Results 
The research in this thesis produced the following result: 
A model was developed in chapter 2 which relates all variables 
influencing the performance levels of building components over 
time. The model contains existing knowledge on variables 
influencing the performance of building components, and adds a 
description on how these variables influence this performance over 
time (figure 1). 
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Materials 

Shapes 
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Special attention was given to the concept of deterioration, which 
was defined as a change of determining characteristics. Influences 
on these changes were described (figure 2). 

Deterioration - ( Speed of XTime)-B - deterioration 

Sensitivity of Ll Quantity of each 
building deterioration 

component agent 
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Accumulation Cleaning 
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Facades were chosen as an object for elaboration. A study of 
requirements put forward for facades was made to determine 
performance categories to be evaluated. 

Then the collection of data on these variables was investigated. 
This data collection should be based on empirical knowledge; the 
performance data of existing buildings can then be used to forecast 
the performance of other building components (figure 3). 

l'; ~ 
~.. ~ 
~ \( Quantified o 5 
~o relatiOnships ~z 
8=-! between component r~!il 
o~ tvPeand ill 
1i a: performance ~ 
!!l~ development !!i~ 

~ ~ 
~ m 

Collection of empirical information on 
performance levels and deterioration 

Use of empirical Information to support the 
design and management of buildings 

Figure3. 
Forecasting 
performance on 
the basis of 
empirical data 

A classification of buildings and building components was needed to 
structure information on building components. As connections are 
important for both performance and deterioration, the concept of 
"connections" was added to the systems approach of buildings, such 
as described in the SfB system; building components were described 
through their packages and connections. 

As every building and every building component is to some extent 
unique, an instrument was needed to enable comparison of building 
components. Therefore a typology was designed. This typology 
comprises determining characteristics, accumulating characteristics 
and sensitivity characteristics of both packages and connections. 

The component "facade" covers a wide range of different types of 
materials, shapes and location (exposure) combinations. The 
domain of the typology is therefore considered to be sufficiently 
large to cover most components; although the typology was 
designed for facades, it can be used for other building components 
as well, as long as the same performance categories are reviewed; 
the typology is based on determining characteristics which are 
related to a specific· set of requirements. 

The typology can be refined, however, to fit a type of component. 
The adapted typology will contain component specific 
configurations of materials, shapes and locations. An example of 
this tuning is given for facades. 
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Existing measurement techniques were reviewed for their ability to 
support the collection of the data required and recommendations 
were given for further development of measurement techniques. 

On the basis of the models on performance and deterioration and 
the typology of building components, empirical data to be collected 
are stated and an indication of their use is given. A demonstration 
of the application of the typology and. the data to be collected in an 
inspection of buildings is given on the basis of two existing 
buildings. 

Analysis of empirical data should yield quantitative information on 
relationships between the performance development of building 
components and material, shape and location characteristics of the 
building component, deterioration agents in the surroundings of the 
building component and maintenance. An example of the use of 
quantitative relations which might be found through analysis of the 
empirical data is given. 

Conclusions 
The theory developed can be seen as a tool to collect data on the 
performance of building components. Although the practicality of 
the theory can only be demonstrated through data collection, the 
models and typology can in themselves be seen as a valuable result 
of the investigations: 

The models of performance and deterioration facilitate the 
understanding of the performance development of building 
components and give an indication of how this performance 
development could be influenced. The distinction between 
performance development and deterioration is important as it 
enables a separate observation and control of the variables 
determining each. 

The elaboration of the model into a typology of component 
related characteristics for facades adds information to the 
current state of the art on variables - specifically shape and 
location characteristics - which should explain the difference in 
material and component performance found in current building 
practice. 

Connections have been studied in the past mainly to co-ordinate 
activities during the construction process. Connection 
characteristics are also of importance to the explanation of the 
performance of building components. The investigation of 
connection characteristics and their performance and the design 
of a connection typology therefore provides new information to 
support decisions on connections. 

The designed typology for connection and package 
characteristics facilitates the comparison of building 
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components which are by nature unique. The generalization of 
information is important in the collection of data on the 
performance of building components. Furthermore, the typology 
can add information to projects involved in exchanging 
information on building products (such as ISO/STEP). 

The models can be used as a framework for further knowledge 
acquisition in the field of building component performance as 
areas in which knowledge is still lacking are described. They can 
also be used as a tool to relate research projects in the field of 
performance developments of building components so that better 
attunement of research is possible. 

The model can be used as a theoretical elaboration of the part of 
the generic methodology for service life prediction proposed by 
CIB W80/ RILEM 71-PSL which considers building components 
and empirical feedback of information. 

The current model relates together variables influencing the 
performance of building components. As a design for a tool for data 
collection, it promotes quantification of effects on performance of 
building components. As such, it can be considered a step forward 
towards a decision support tool in the presentation of arguments for 
choices of configuration and maintenance scenarios related to 
building components. This tool could be used by all participants 
involved in the building process, but is particularly relevant to 
architects and building managers. 

Recommendations 
To evaluate the model developed, data collection is necessary. The 
analysis of data collected should facilitate quantification of 
relationships as stated in this thesis. The reliability of these 
relationships should be weighed against the effort in time and 
money needed to collect and analyze data and compared to existing 
life span manuals to determine the feasibility. 

Data collection could be a task for a national institution which has 
excellent contacts with and the trust of all participants in the 
building industry. The directors of large building concerns could 
deliver information on their building stock to this institution and 
obtain information on design, construction and maintenance 
support, based on analysis of data of all building owners in return. 
It can be expected that these directors will be reluctant to deliver 
information for both competitive and defensive reasons. However, if 
the information obtained in return serves to improve the price/ 
quality ratio of building components significantly, participation can 
be expected. Nevertheless, it is of the utmost importance to execute 
data collection and distribution as objectively as possible, to refrain 
from judgements on decisions taken, and to distil and distribute 
neutral information. 
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This institution could also set out a policy on the sequence of data 
collection based on knowledge of the needs and possibilities of 
building practice. This sequence could be derived from existing 
problems in building practice, could be directed towards 
components frequently used or, on the contrary, towards new types 
of components of which hardly any information is available. 

As the number of possible combinations of characteristics 
influencing performance levels is extensive, the data to be collected 
to determine quantitative relations are enormous. Both the number 
of performance categories and the type ofbuilding components 
reviewed within this thesis were limited. Therefore a data explosion 
can be expected when investigating all performance categories of 
building components. 

Restrictions in the amount of data to be collected are probably 
needed to make data collection feasible. Therefore a step-wise 
approach is advised. Restrictions can contain the following 
limitations; the number of performance levels to be reviewed, 
determining characteristics to be reviewed, deterioration agents 
investigated, or the types of building components to be reviewed or 
a combination of the four. 

A suggested procedure would be first to carry out measurements 
following a static method: 

Choose a performance level to be measured. 
Collect information exclusively on the determining 
characteristics (material, shape and location) and performance 
levels of a large number of different components 
Analyze the data resulting from these measurements. 

This analysis would clarify whether or not the theory of variables 
determining performance levels is correct. If the theory were proven 
correct, measurements forming part of a dynamic method could be 
taken including the performance development and deterioration. 
The number of measurements per inspection would then increase 
and components would be inspected repeatedly. A possible 
procedure would be: 

Choose a specific type of component (for instance: windows), 
Set at least one determining characteristic (preferably material 
and shape, if standard products are considered) and 
Evaluate the effects of difference in location (influential factors), 
deterioration agents and maintenance programmes on 
performance levels 

To make the collection of data possible, all characteristics to be 
measured should be defined uniquely and unambiguously. At 
present the required description of a building component is too 
extensive and not precise enough to facilitate comparison. The 
typology of specific shape and location characteristics (such as 
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position, texture, sequence) require more concise and unequivocal 
descriptions and measuring units. The more complex the 
composition of a package and connection the more ambiguous their 
description becomes. Elaboration of these, together with current 
developments in product modelling, should take place; a similar 
typology is looked for in such modelling. 

Furthermore, a tool for storing three dimensional information on 
building components, their packages, connections and respective 
sizes and position in relation to each other and to the environment, 
would reduce the number of descriptions needed to explain the 
composition of components and buildings. Although the drawings 
and specifications of a building (should) contain all information 
necessary to construct the building, collecting and exchanging 
information on one specific detail is very time consuming as' 
specifications are activity-oriented instead of result oriented, and 
alterations are usually added separately. The comparison of an 
existing building with the planned building is therefore difficult. 
Automated storage of 3-D information would be a step forward 
towards automated analysis of buildings for characteristics related 
to size, position, direction, and location. Examples are: points of 
contact of incompatible materials, selection of all components 
having a certain orientation, checking combinations of absorbent 
and non-absorbent materials, and checking horizontal components 
for exposure. It is therefore advisable to link further development to 
the ISO/STEP research activities. 

The relationship between the performance of a building or a space 
and the performance of its constituent components needs further 
investigation. This research should involve two areas: 

The allocation of requirements at the different levels of detail 
(building- spaces- components- packages- connections) 
Collaboration between components to constitute the 
performance supplied over time by spaces and the building as a 
whole. This investigation should also include the interaction 
between packages and connections in the performance supplied 
by a component. 

Future research should therefore be directed towards this area 
before considering in more detail each separate characteristic. 
Further research should also include an investigation of the 
interaction between characteristics influencing performance levels. 
On the basis of this work, the number of characteristics for which 
data collection is required can be reduced. Later, the model could 
well be extended with other types of components and other types of 
performance categories. 
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Appendix 1 

Methodology for service life 
prediction 
Proposed by CIB WSO I RILEM 71-PSL 

Described in: Masters, Larry W., Brandt Erik, Prediction of Service life of building 
materials and components, CIB W80/ RILEM 71-PSL ·Final Report, 1987 

The methodology, which is presented in figure 1 (see next page), 
contains the following steps: 

1. Definition 
specification of user needs 
identification of building context 
identification of performance requirements 
identification of performance criteria 
characterization of material or component 

2. Preparation 
identification of possible degradation mechanisms and 
identification of type and range of expected degradation factors 
identification of possible effects of degradation and choice of 
most important effects and degradation indicators 
identification of how to induce degradation characteristics by 
ageing tests 

3. Pretesting 
Design and perform preliminary short-term aging tests 

4. Testing 
Design and perform predictive service life tests 
Design and perform long-term aging tests under in-use 
conditions 
Determine type and rate of change in degradation indicators 
Compare results of predictive service life tests and long term 
aging tests 

5. Interpretation and discussion 
Find the relationship between results of predictive service life 
tests and long-term aging tests and develop mathematical 
models for comparing rates of change 
Predict service life under expected in-service conditions 
Report data and discuss the result 
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Specify User needs (ISO 6241) 
(safety, habitability, suitability, durability, reliabi§ty, economy) 

Identify building context (CIB Master list and ISO 6241) taking into acoount whether the material or component 
is intended for specific applications or for general use (climate, site, occupancy effects, design consequence). 

Both type and range of all agenta influencing the periormence must be idantified. 

ldanlity performance requiremants (CIB Master list) (mechancial, strength, optical transmission, acoustic 
insulation, durability) 

Identify periormance criteria 

Characterize the material or the component by chemical composition, structure and performance 
characteristics 

ldent~y the possible degradation mechanisms based 
on knowledge of the matarials 

by type and range the expected degradation 
based on knowledge of the building context 

the possible effects of degradation and choose, among the performance properties, the most important I 
significant to serve as degradation indicators 

Postulate how degradation characteristics of in-use performance can be indUCE!d by S!Jinsne:st I 

Design and pelform preliminary short-term (or accelerated) aging tests to demonstrate rapid failure caused by 
applied extreme degradation factO!$ and to indicate degradation mechanisms 

Design and pertorm predictive service life tests 
using the degradation facors of importance to 

determins the d9Pendence of the rate of 
degradation on exposure conditions 

Determine type and rate of change In degradation 
indicators 

Design and perform long-term aging test und&r 
in-use conditions 

Determins type and rate of change in 
indicators 

Compare the results obtained by the pradic!ive service life tests and the tong-term aging tests under in-use 
conditions 

Find the relationship between resu~s of predictive service l~e tests and long-term aging tests ancl 1 
develop mathematical models for comparing rates of change 

Predict service lila under expeciad in-sentice oonditions 

Report the data and discuss the resutt JUDGEMENT 
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Appendix 2 

Definitions 

Accumulation 

Building component1 

Changeability 

Cleaning (Henket, 1988) 

Connection 

Deterioration agent 

Deterioration 

Pile-up of deterioration agents[§ 2.3] 

Package (within a building) inCluding 
its connections charged with both 
package and connection requirements 
[§ 2.4] 

Capacity of a material system to allow 
change (Henket et al., 1993) [§ 1.1] 

All activities aimed at removing 
pollutants from building components 
[§ 2.3] 

Every location where packages meet 
or end, starting from the place where 
the composition of the package 
changes for the benefit of the 
connection to other packages[§ 2.4] 

Whatever acts on a building or parts 
of a building (building components) 
(International Organization for 
Standardization, 1984) [§ 2.3] 

Change of determining characteristics 
[§ 2.3] 

Deterioration characteristic Sensitivity and accumulating 
properties of a building component 
influencing its deterioration [§ 2.3] 

Determining characteristic Property of a building component 
responsible for a performance level at 
a specific moment in time; These 
properties can be divided into material 

Adapted combination of the definitions of "component' and "building sub-system• given by ISO 6241·1984 (E): 
Component: Product manufactured as a distingct unit to serve a specific function (or functions) 
(Building) Sub-system: Part of a building fulfilling one or several of the functions needed to meet the user 
requirements 
In which "Product" is replaced by "Package including its connections• and "function" by "Requiremenr 
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Durability 

Influential factor 

Maintenance2 

characteristics, shape characteristics 
and location characteristics of 
packages and connections [§ 2.3] 

Minimum performance level that can 
be supplied by a building component 
during a specified time [§ 1.3] 

Source of deterioration agents at a 
building site (climate situation, traffic, 
industry, sea, hooligans) [§ 2.3] 

All activities aimed at conserving the 
condition of an existing building or 
restoring the building into a condition 
which is sufficient to fulfil the initial 
requirements during a requirement 
period (Henket, 1988; Geraerds, 1983) 
[§ 2.3] 

Material system System of physical elements (Henket 
et al., 1993) 

Package Every coherent distinguishable part of 
a building with a distinguishable set 
of performance categories related to a 
set of requirements [§ 2.4] 

Performance category Type of performance[§ 1.3] 

Performance development Relationship which describes how the 
performance level varies with time 
[§ 1.3] 

Performance Functional accomplishment (Henket 
et al., 1993) [§ 1.3] 

Performance level Quantity of performance [§ 1.3] 

Period of use Period duri:Qg which a building 
component is actually used to fulfil the 
initial requirements (also called 
economically viable life span) [§ 1.3] 

Proterial Lowest level of parts of a package to 
be evaluated[§ 2.4] 

Repair (Partial) restoration of (initial) 
determining characteristics[§ 2.3] 

Required performance level Minimum performance level which 
must be provided at a certain moment 
in time (also called: requirement) 
[§ 1.3] 

Founded on the maintenance definitions of Geraerds ( 1983) and Henkel ( 1988) witll and adjustment of the object 
maintained to fit the specific subject of this thesis 
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Requirement period Period during which the required 
performance level remains unchanged 
[§ 1.3] 

Sensitivity Relationship between the quantity of a 
deterioration agent and the 
deterioration speed of a building 
component [§ 2.3] 

Supplied performance level The maximum quantity of 
performance which can be provided by 
a building component at a certain 
moment in time [§ 1.3] 

Technical life span Period during which the performance 
level supplied by a building 
component exceeds or equals (the 
constant (level of)) requirements 
[§ 1.3] 
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Appendix3 

Measuring techniques 
related to performance 

Explanation of abbreviations 

TYP 
ND 
D 
APP 
PRE 
CA 

Type of technique used 
Non destructive 
Destructive 
Time of application 
Pretesting 
Condition Assessment 
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OBJ 
MAT 
COMP 
PACK 
CONN 
SPACE 

Object of investigation 
Material 
Component 
Package 
Connection 
Space 
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N 
PERFORMANCE TECHNIQUE SUBJECT OF MEASUREMENT REFERENCE TYP APP OBJ 0 

~ 
CATEGORIES (PERFORMANCE LEVEL MEASURED) 

Strength Vibration monitoring Vibration 4 NO CA COMP 
Load testing Ability to perfonm under normal loading 1 NO CA COMP 
Stress-Wave propagation equipmen1 Strength, modulus of elasticity WOOD ND CA MAT 
Pull out test In s~u strength of concrete CONCRETE D CA MAT 

>o Coupon Stress-strain relationships METALS D PRE MAT Q.~ 
II> (I) 

;;; ~. 
0 Comfort <> ~ 

~!!:. 1. Thermal Infra red thermography Heat leakage, surface temperatures 1, 5, 8, 9, 10, 11NO CA COMP ii" o· (')"' Thermal conductivity device I flow meter Heat flow through a oomponent, thermal resistance (R) 13, 14 D CA COMP ::::(") 
::J ::I' Thermometer Temperature of spaces 10, 11, 15 NO CA SPACE (Q II> 

3 I» Thermometer Temperature of surfaces 10 ND CA MAT 
on Hot box I Cold box Thermal resistance 6, 14 ND PRE COMP a.-
(I)"" 
- ::t "Labda' -needle-probe Thermal resistance 13 D CA MAT -"' 0:!: 

"' <> I:"' 2. Air tightness Tracer gas I anemometers Air tightness of facede 1 ND CA COMP .., 0 .., - Infra red thermography/over·(or under)pressure Air tightness of facade 1' 11 ND CA COMP OCT 
;::.o:: Pressurization I air flow measurements Loss of pressure (air tightness) 7 ND CA COMP ..,;s: 
Cl> -· Flowmeter Airflow 11 ND CA COMP ~"' c;-cc Smoke pipes Location of air leaks 11 ND CA COMP ~ n 
3 0 
II> 3 

"'""' 3. water tightness Wet and dry bulb thermometers, Whirling hygrometer Relative humidity in spaces 9,10 ND CA SPACE no 
Cl>"' Color change humidity indicator Relative humidity 1 ND CA SPACE 3"' 1»;:. Electricallmpedence Hygrometer Humidity changes 1 NO CA SPACE ::J"' 
II> Artffical sprinkling I overpressure Water I rain tightness of facade I underpressurization 7 ND CA COMP (Q 

Cl> Flowmeter Waterflow 11 ND CA COMP 3 

"' Condensation indicator Condensation 9 D CA COMP ;:. 
Neutron scattering I hydrotector Moisture content 1' 11 NO CA MAT 
Electrical resistance meter Moisture content 1, 9, 10 ND CA MAT 
Dielectric moisture meter Moisture content 1 ND CA MAT 
Resistance meter (insartion of probes) Moisture content WOOD 1, 9, 10,11,12 D CA MAT 
Microwave absorption Moisture conteont CONCRETE 1 ND CA MAT 
carbide moisture meter Moisture content, hygroscopity 9 D PRE MAT 



Oven drying Moisture content of sample 1 D PRE MAT 
Ultrasonic leak detector Water leakage through cracks 9 NO CA MAT 

Combined Facade tester Air tightness, water tightness, stiffness, strength 11 NO CA COMP 
Combined temperaturelhumidity probes Temperature and relative humidity of spaces 9, 10, 15 NO CA SPACE 

4.Sound Sound level measurements Sound level in spaces 9 NO CA SPACE 
> .., .., 

Ergonomics "' ;;;) 

c. 1. Access of daylight Photometry Amount of light 9 NO CA SPACE ;::(" 

""" 2. Manoeuvrability 

Determining and deterioration characteristics 
Materials Liquid penetration in site Porosity, changes in mat. characteristics, cracks and voids 1 D CA MAT 

Sampling & chemicaVphysical testing Most material characteristics 9 D PRE MAT 
Infra red photography Change of materials or material characteristics 9 NO CA COMP 
Schmidt hammer Surface hardness CERAMICS 1 NO CA MAT 
Pilodyn pentrometer (penetration tests) Density (strength), degree of degradation WOOD 1 D CA MAT 
Windsor Probe Depth of penetration (related to compressive strength)CONCRETE 1 D CA MAT 
Awl test Presence of wood rot WOOD 12 D CA MAT 
Adhesive tape test Adhesion of paint PAINT 12 D CA MAT 
Rub test Powdering of paint PAINT 12 D CA MAT 
Concrete reinforcement location wheel Extent of corrosion 9 NO CA MAT 
Electric potential or half cell test Corrosion of concrete reinforcement 8 NO CA MAT 

Shape 
Composition Metal detectors Presence of metal parts 1, 9 ND CA MAT 

Acoustic emission Presence of flaws I cracks CONCRETE 1 NO CA MAT 
Acoustic impact Presence of debonds, hairline cracks and voids CONCRETE 1 ND CA MAT 
Impulse radar Continuity of layers, presence of voids 1, 9 ND CA PACK 
Eddy current Continuity and thickness of coatings on metals METALS 1 ND CA PACK 
Ultrasonic testing Continuity of layers 1, 9 NO CA PACK 
Magnetic-particle inspection Cracks and irregularities in magnetizable materials METALS 1 NO CA MAT 

N 
Q 
U1 



~ Form and dimensions Laser measurement External building sizes 9 ND CA COMP 
<» 

Photogrammetry External building sizes 9 ND CA COMP 
Sonic measurement Sizes of space 9 ND CA SPACE 
Tape measures, measuring rods Sizes of building components 1, 9,10 ND CA COMP 
Callipers gauges Sizes of small components, cracks 1, 10, 12 ND CA COMP 
Crack gauge Size of cracks 9, 16 ND CA CONN 
(Measurement bar with) strain gauges Deformation 1,2, 3 ND CA COMP 

l>C Tell-tales Movement and growth of cracks and seams 11, 16 D CA CONN 0.~ 

"'"' Linear variable displacement transducers (LVDT) Movement measurement and registration 16 ND CA COMP - ~ "'-· 0 
n ~ 

2..e! Direction Level meters Horizontalitylverticality 9, 10 ND CA COMP ii> c;· 
n ::> Angle meters Angle of deviation 9,10 ND CA COMP 
!:t.n 
::> :::r Plumb line Verticality 9 ND CA COMP 

cQ "' 
3 iil 
0 0 Combinations Visual inspection Presence, location, sizes of components, defects etc. ND CA COMP c.-

"'"' -:::::::!. High energy ultrasonics Thickness, quality, uniformity CONCRETE ND CA MAT -"' o::: X-ray I Gamma radiography Presence and iocation of reioforcement, hidden details 1, 9 ND CA PACK "'0 
c: "' Continuity of layers, Decay, Moisture content CONCRETE 1 ND CA PACK "00 
"0 - Ultrasonic testing Continuity CONCRETE 1 ND CA MAT Oc:r 
;:::.c: Elasticity modulus, strength CONCRETE 1, 8 ND CA MAT "'a: "'-· Indication of strength I amount of rot WOOD 1 ND CA MAT ~ ::> 

o"" Depth meter Size, location and corrosion of reinforcement 9 ND CA MAT 
~ 0 
3 0 Electrical risistivity Slab thickness and location of reinforcement CONCRETE 1 ND CA MAT 
"'3 =-o 
no 
"' :::> Location Visual inspection Larger, visible components ND CA COMP 3"' 
"'~ Endoscope I Fiber optics Smaller, invisible components 1, 9, 10 ND CA COMP 
::>"' 

"' Radiography Invisible components ND CA COMP 
"" "' Infra red thermography Hidden structures 1 ND CA COMP 3 

"' Cover meter I Pacho meter (magnetic detection) Location of steel reinforcement CONCRETE 1, 10 ND CA PACK 
~ 

Influential factors Weather station Temperature, solar radiation, Relative humidity, windspeed, rainfall 15 ND CA SPACE 
Ventometer Wind speed and direction 9 ND CA SPACE 
Chemical analysis of air samples Type and amount of pollutants 9 ND PRE SPACE 
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Appendix4 

Case studies 
Documentation and participants involved in the building process 

GewesteUjk Arbeidsbureau Veghel (GAB) 

Documentation available 
Brief 
Specifications 
Drawings 

- Minutes of site meetings 
- Minutes of building management meetings 

Documentation on choice of facade materials 
Certificates 
Cost calculations 

- Maintenance guide 
Report om physical aspects of the GAB by Rijksgebouwendienst 

Participants 
Principal: Rijksgebouwendienst Centrale Direktie I Gewestelijk 

Arbeidsbureau Veghel 
Architect: Architectenburo Henket 
Contractor: Smits Bouwbedrijf Someren BV. 

Other participants involved: 
Raadgevend Adviesbureau Smits van Burgst BV 
Geurts 'Thchnisch Adviseurs 
Elektrotechnisch Installatie Buro W. v. Santvoort BV 
Broeders Technische Installaties 
Rijnvis Metalen BV 
Eldee BV 
Derako Timmerfabriek BV 
Bouw's Staalbouw BV 
Oskomomera BV 
Glascom 's Hertogenbosch 
C. Pierers en Zn. BV 
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Bestuursgebouw (BG) 

Documentation available 
Brief 
Specifications 
Drawings 
Cost calculations 
Record of Completion 
Minutes of site meetings 
Minutes of building management meetings 
General building documentation 
Maintenance costs 
Maintenance specifications 
Inspections reports 

Participants 
Principal: College van Bestuur Eindhoven University of 

Technology 
Architect: OD 205 BV 
Contractor: IBC Bouwgroep Nederland BV 

Other participants involved: 
Raadgevend Ingenieursburo Aronsohn BV 
Deerns 
Ingenieursburo Snellen, Meulemans en van Schaik BV 
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Information obtained through case study: 
Gard W. (1991), Ontwerpalternatieven voor de houten pui vtm het 
GAB te Veghel, TNO Bouw Centrum voor Houttechnologie, 
Rapportnr. B-91-0397 (in Dutch) 

Henket H.AJ. and Hermans M.H. (1991), Het bouwdeelonderzoek 
op basis van empirie. Materiaaltechnologie en levensduur van 
bouwdelen, Technische Universiteit Eindhoven, Faculteit 
Bouwkunde (met bijdragen van L.A. van Schayk, vakgroep FAGO 
TUE en Ing. A.A.J. Damen, Bureau Damen, Gorter en van Rooij), 
Report no. FAGO 91.31.M. (in Dutch) 

Scbayk L.A. van (1991), Inspectie en analyse van de conditie van 
het gevelwerk GAB gebouw te Veghel volgens de K-M-S systematiek. 
Rapport in het kader van het IOP-onderzoeksproject: 
"Materiaaltechnologie en levensduur van bouwdelen", Technische 
Universiteit Eindhoven, Rapportnr. FAGO - 91.30.M. (in Dutch) 

Siemes A.J.M. and Monnier Th. {1991), Kaderprogramma voor 
verdere onderzoeksactiviteiten materiaaltechnologie en levensduur 
van bouwdelen, TNO-Bouw, Rapportnr. Bl-91-112 (in Dutch) 

Verver M. and Fraay A. (1991), De duurzaamheid van 
geveltimmerwerk van noord-europees naaldhout met 
milieuvriendelijke verven, Technische Universiteit Delft, Faculteit 
der Civiele Techniek, Stevinrapportnr. 25.1-91-12/AS (in Dutch) 
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Summary 
Deterioration characteristics of building components 

A data collecting model to support performance management 

Marleen Hermans 

A major problem in current building practice is the lack of 
information concerning the performance of building components 
over time. This information is needed to support design and 
management decisions. One method of obtaining reliable 
information is the collection of empirical data; the development of a 
model to gather such data is described here. The model delineates 
the variables influencing the performance levels at a specific 
moment in time and the performance development of building 
components over time. The model is of potential value to the process 
of empirical data collection; the choice of variables to be measured 
could be based on this model. The information to be derived from 
data collection could then support performance management. 

The investigation of variables influencing the performance of a 
building component began with an investigation of existing 
knowledge and knowledge gaps leading to the definition of the 
research questions. The concept of performance was studied, the 
necessary terminology defined and then the model itself was 
elaborated. 

The model comprises several parts: 
First, the variables influencing the initial performance level of a 
building component are described. They are called "determining 
characteristics", and comprise the material, shape and location 
characteristics of the packages and connections of which a building 
component is composed; these have to be established for each 
performance category required of a building component. In this 
thesis, determining characteristics relating to a number of 
performance categories relevant for facades were investigated. The 
determining characteristics should reflect the "as-built" situation, 
including design and construction decisions and preliminary 
alterations. 

Second, the variables influencing the performance development of a 
building component are established. This research focuses on 
decreasing performance levels over time. This decrease is caused by 
"deterioration" which is defined as the change of determining 
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characteristics. This change is caused by the action of deterioration 
agents, which can be of a chemical, physical, mechanical or 
biological nature. 

Deterioration characteristics of building components affect their 
change. These deterioration characteristics are the sensitivity of the 
building component on the one hand and its characteristics with 
respect to the accumulation of deterioration agents on the other. 

The amount of deterioration agents is also affected by climatic, 
social and pollution characteristics of the surroundings of a 
building. These characteristics are called "influential factors". 
Maintenance (both cleaning and repair) is another variable 
influencing deterioration. 

A model of the variables influencing the deterioration of a building 
component is presented in figure 1. 

Deterioration = ( Speed of 
XTime)-B deterioration 

Sensitivity of J_ Quantity of each 
building deterioration 

component agent 

I 
Influential 

Accumulation Cleaning 
factors 

The effect of deterioration on the performance development depends 
on the importance of the changed determining characteristics for a 
specific performance level. 

A model of the variables influencing the performance level at a 
specific moment and the performance development of building 
components is presented in figure 2. 

A typology was designed for material, shape and location 
characteristics of packages and connections related to their 
influence on the performance of a building component. The typology 
considered both determining characteristics and deterioration 
characteristics. The typology was based on building components 
used in facades, but guidelines for the use of this typology for other 
components were given as well. 
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Existing possibilities and problems for collecting empirical data on 
the variables defined and performance levels are investigated based 
on a study of current measuring and condition assessment 
techniques. Two approaches can be used in data collection: the use 
of a static method (one measurement per building) and the use of a 
dynamic method (repeated measurements). The first type relates to 
the quantification of the relationship between a performance level 
at a specific moment in time and determining characteristics only. 
Only through the second method variables influencing performance 
development can be quantified as well. 

Quantification of relationships between variables and performance 
development is necessary for performance forecasting. This 
quantification can only be established after future data collection. 
The data collected should consider different types of components, 
their performance levels and performance development. This 
information can then support performance management. 

Two case studies are presented which indicate data to be collected 
in one measurement fitting into the dynamic method. An example 
of the use of empirical data is also given; the empirical data can be 
used to determine the expected performance levels and performance 
development of building components. This will provide more insight 
into the effect of a design or management decision relating to the 
variables described above on the performance of a building 
component. 

A limitation of the number of variables is necessary to make data 
collection feasible. The development of a model of all variables was 
important, though, to obtain a structured overview of the whole 
problem area. Future research should focus on the determination of 
key factors (the most important variables) in the model. 
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Samenvatting 
Degradatie van bouwdelen 

Een model voor het empirisch verzamelen van gegevens 
om prestaties te beheersen 

Marleen Hermans 

Een van de problemen in de huidige bouwpraktijk is het gebrek aan 
informatie over het prestatieverloop van bouwdelen. Deze 
informatie is nodig om ontwerp- en beheerbeslissingen te 
ondersteunen. 
Een van de mogelijkheden om betrouwbare informatie te verkrijgen 
is empirische gegevensverzameling. Binnen dit onderzoeksproject 
wordt een model ontwikkeld om deze empirische gegevens te 
kunnen verzamelen. In dit model worden de variabelen die van 
invloed zijn op het prestatieverloop van bouwdelen beschreven. Het 
verzamelen van empirische gegevens zou in de toekomst gebaseerd 
kunnen worden op dit model. De verkregen empirische informatie 
kan de prestatiebeheersing ondersteunen. 

Het begrip "prestatie" wordt onderzocht. Bestaande kennis en 
kennislacunes worden gemventariseerd om de variabelen die van 
invloed zijn op de prestatie van een bouwdeel in kaart te brengen. 
Deze inventarisatie leidt tot de definitie van de onderzoeksvragen. 

Vervolgens wordt het model zelf uitgewerkt. Het model bestaat uit 
een aantal delen: 

Bouwdelen worden beschouwd als samenstellingen van m2-

pakketten en aansluitingen. De variabelen die van invloed zijn op 
het beginniveau van de prestatie van een bouwdeel worden 
beschreven. Deze variabelen worden "determinanten" genoemd. De 
determinanten van aansluitingen en m2-pakketten zijn materiaal-, 
vorm- en plaatskenmerken. Deze determinanten betreffen het 
opgeleverde bouwdeel, zodat ontwerp- en uitvoeringsbeslissingen en 
voortijdige veranderingen meegenomen worden. 

Voor elke prestatiecategorie waarvoor eisen gesteld worden aan een 
bouwdeel dienen deze determinanten te worden bepaald. De 
bepalende kenmerken van gevels worden, voor een aantal 
prestatiecategorieen, nader onderzocht. 

Vervolgens zijn de variabelen die het prestatieverloop van een 
bouwdeel be1nvloeden bestudeerd. Dit onderzoek richt zich 
uitsluitend op een dalend prestatieverloop. Deze daling wordt 
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veroorzaakt door degradatie. Degradatie wordt gedefinieerd als de 
verandering van determinanten. Deze verandering wordt 
veroorzaakt door de inwerking van degradatie-agentia. Deze 
agentia kunnen chemisch, fysisch, mechanisch en biologisch van 
aard zijn. 

De hoeveelheid degradatie van een bouwdeel wordt be1nvloed door 
de degradatiekenmerken van het bouwdeel. Deze 
degradatiekenmerken bestaan enerzijds uit de gevoeligheid van een 
bouwdeel en anderzijds uit het vermogen van het bouwdeel om 
agentia te verzamelen. 

Naast het verzamelend vermogen van het bouwdeel, is ook de 
aanwezigheid van externe bronnen (zoals klimaat, vandalisme, 
verkeer en (lucht)vervuiling) in de omgeving van het gebouw van 
invloed op de hoeveelheid agentia. Deze externe bronnen worden 
samengevat onder de term "invloedsfactoren". 

Een laatste variabele van invloed op de degradatie van een 
bouwdeel is onderhoud. Schoonmaakonderhoud kan agentia doen 
verwijderen en daarmee de degradatiesnelheid doen afnemen, 
terwijl reparatie de opgetreden degradatie geheel of gedeeltelijk 
kan herstellen. 

Een model van de variabelen die van invloed zijn op de degradatie 
van een bouwdeel is gegeven in figuur 1. 

Deterioration = ( Speed of xnme)-B deterioration 

Sensitivity of Ll Quantity of each 
building deterioration 

component agent 

I 
Influential 

Accumulation Cleaning 
factors 

Het gevolg van degradatie voor het prestatieverloop is afhankelijk 
van het belang van de veranderde determinant voor een bepaald 
prestatieniveau. 

Het model van de variabelen die het prestatieniveau en het 
prestatieverloop van bouwdelen bei:nvloeden is weergegeven in 
figuur 2. In dit model is ook de relatie tussen geleverde en 
gevraagde prestaties weergegeven; de balans tussen vraag en 
aanbod bepaalt de levensduur van een bouwdeel. 

Deterioration characteristics of building components 
A data collecting model to support performance management 



REQUIRED 
PERFORMANCE 

LEVELS 

Fig. 2. 
Variabelen van 
invloed op het 
prestatieniveau 
en het 
prestatieverloop 

TITE 
BALANCE 

REQUIRED VB 
SUPPUED 

SUPPUED 
PERFORMANCE 

LEVELS 

COMPONENT 
CHARACTERISTICS 

Een typologie van materiaal, vonn en plaatskenmerken van m2-

pakketten en aansluitingen is ontworpen, gebaseerd op de invloed 
van deze kenmerken op de prestatie van een bouwdeel. De typologie 
heeft betrekking op zowel detenninanten als degradatiekenmerken. 
De typologie is ontwikkeld voor bouwdelen in gevels, maar is ook 
toepasbaar voor andere bouwdelen. Voor de toepassing bij andere 
bouwdelen worden richtlijnen gegeven. 

Aan de hand van een inventarisatie van bestaande meet- en 
inspectietechnieken zijn de bestaande mogelijkheden en 
onmogelijkheden voor het verzamelen van empirische gegevens ten 
aanzien van de in het model genoemde variabelen en prestaties 
onderzocht. 

Het verzamelen van empirische gegevens kan bestaan uit statische 
metingen (een opname per gebouw) of dynamische metingen 
(herhaalde opnamen) van de genoemde variabelen en 
prestatieniveaus. De eerste methode kan uitsluitend gebruikt 
worden om de relaties tussen detenninanten en prestatieniveaus te 
kwantificeren, terwijl de tweede methode daarnaast kwantificering 
van de relaties tussen variabelen van invloed op het 
prestatieverloop toelaat. 

Aan de hand van twee case studies wordt het gebruik van de 
typologie nader toegelicht. In de case studies worden de gegevens 
die in een meting binnen de dynamische methode verzameld zouden 
dienen te worden aangegeven. 
Daamaast wordt een voorbeeld gegeven van de wijze waarop 
empirische gegevens na analyse gebruikt zouden kunnen worden 
ter ondersteuning van prestatiebeheersing; de gegevens zouden 
kunnen worden toegepast voor het bepalen van het te verwachten 
prestatieniveau en prestatieverloop van een bouwdeel. Hierdoor zou 
meer inzicht verkregen worden in de gevolgen van een ontwerp- of 
beheerbeslissing voor de prestatie van een bouwdeel. 
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De kwantificering van relaties tussen variabelen en bet 
prestatieverloop is nodig voor bet voorspellen van prestaties. 
Kwantificering kan aileen plaatsvinden na gegevensverzameling. 
De verzamelde gegevens zouden betrekking moeten bebben op 
diverse typen bouwdelen, hun prestatieniveaus en prestatieverloop. 
Om gegevensverzameling prak:tiscb baalbaar te maken lijkt een 
beperking van bet aantal variabelen ecbter noodzakelijk. 
Toekomstige onderzoeksactiviteiten zouden dan ook gericbt moeten 
worden op de bepaling van de sleutelfactoren (de belangrijkste 
variabelen) in bet model. 
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Theses 

1. Shape and location characteristics are at least as important as material 

characteristics in the performance development of building components, while 

connection characteristics are at least as important as package characteristics; to 

date. neither shape and location nor connection characteristics have received their 

due respect. 

2. While the allocation of connections to only one building component is a necessity 

for cost calculations, for performance evaluation connections must be investigated 

for all connected components. 

3. The number of variables influencing the performance development of building 

components is so extensive; empirical data collection concerning all variables is 

virtually impossible. A more detailed elaboration of those variables than has been 

given here is therefore not advisable and more abstraction should therefore now 

be the aim. 

4. If quality is defined as the property of a product to supply a required performance, 

knowledge of requirements is crucial to determine the quality obtained. In large

scale advertising campaigns the individual requirements of consumers are not 

known. The use of slogans such as "high quality" in those campaigns is therefore 

misleading and ought to be prohibited. 

Deterioration characteristics of building components 
A data collecting model to support performance management 



5. The term "quality" should be replaced by "qualitime" where a product has to fulfil 

requirements for more than a single moment. 

6. The participation of parties opposed to European unification in the European 

Elections is a contradictio in terminis which logically follows democratic principles. 

7. Some of the most painful experiences in the design process, and so in the 

preparation of this thesis, are associated with the concept of "less is more". 

8. Reduction of the quality and duration of Dutch university education will increase 

the number of graduates who refer to the university as "school" and wiho remain 

incapable of soMng research and design problems independently. 

9. The Dutch "Bouwbesluir (Building Decree) is too complex to be fully understood, 

let alone correctly applied. Its name indicates that even its authors were aware of 

this handicap. 

1 0. Dutch meetings should follow the Finnish example and be held in a sauna, 

thereby decreasing tension and stress even when discussions are heated. 

Theses 




