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CHAPTER 9

MAINTAINABILITY GRADING
SYSTEM

9.1. General

The global construction and real estate industries are facing shrinking
maintenance budgets, rising construction and maintenance costs and
increasing competitive global markets. It is of compelling logic to
improve a building’s level of maintainability right from the planning and
design stages. The rationale of developing a maintainability benchmark is
to enable the decision maker to select a more maintainable design option.
Yardsticks like grading systems would assist in the selection of highly
maintainable building designs. 

The objective of grading systems is to promote buildings with high
maintainability through a structured risk assessment protocol. It attempts
to improve the performance of a building and reduce the life cycle cost
(LCC) during its post occupancy period. The broad term “LCC” encom-
passes initial, future and demolition costs. 

9.2. Grading System — State of the Art

Scale and scope of the entire available framework ranges from simple to
chronologically complex; prescriptive to performance-based; grading of
design-guideline to environmental, impact assessment. Most systems
exhibit combination of all these approaches [1].

Mathematically such systems can be classified as:

— first generation: Nominal (pass–fail type certification);
— second generation: Simple additive;
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— third generation: Weighed additive;
— others.

Major examples from each category are shown in Table 9.1.

9.2.1. First Generation: Pass–Fail Systems

Most of the examples are prescriptive certification programs for conven-
tional building design — Judged against codes, standards or by-laws and
with limited focus on energy and indoor environmental quality (IEQ).
Few examples are listed in the following section. 

9.2.1.1. R-2000, Canada

R-2000 [2] jointly developed by CHBA and NRC, started operating in
1981 to promote energy efficiency and reduction of greenhouse gas
emissions of residential buildings (R-2000, n.d.). A performance-based
energy target for space and water heating was established as per R-2000
standard and calculated for each house, taking into consideration the
size, fuel type, lot orientation and climatic location. Upon fulfillment of
mandates, certification is issued by the authority.

9.2.1.2. P-Mark Certification System, Sweden

The P-mark System [3] of 1989 by SP, Sweden primarily certifies of pre-
fabricated detached houses, but can also be used at project level. It covers
products (wooden windows, particleboards and nail plate trusses); quality
system (crawl space, concrete slab foundations, basement walls, external
walls, kitchen etc); or both against standard test methods or design rules.
It involves (1) testing for ventilation, air-tightness of house and ventila-
tion ducts and (2) inspection for HVAC performance, water-tightness of
kitchen or toilet. In the long run, P-mark has resulted in a reduction in
number of major faults [4].
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9.2.1.3. ELO and EM Schemes, Denmark

In 1997 Danish Energy Authority developed ELO and EM schemes
as energy labeling program for existing large buildings (total floor
area >1500m²) and small buildings, respectively, to cover various
building types catering to residential, trade, private service and public
uses. Both schemes consist of two parts, namely, an energy label and an
energy plan. For energy label, three individual values for electricity,
heat and water consumption are measured in a scale of A to M and com-
pared with calculated values based on performance of similar buildings.
In case of significant difference between these two values, recommen-
dations are made as energy plan. Mandatory annual renewal of the label
is exempted for two years if a project earns “A” for heating and elec-
tricity consumption.

9.2.1.4. Energy Star, USA

Energy Star [5] is a joint venture of U.S. EPA and DOE. Certified new
homes must meet EPA guidelines and are at least 15% more energy
efficient as per prescriptive and performance-based criteria set by 2006
International Energy Conservation Code (IECC). It includes effective
insulation; high-performance windows; tight construction and ducts;
efficient heating or cooling equipment; and Energy Star qualified lighting
and appliances.

9.2.2. Second Generation: Simple Additive Systems

A set of second-generation, simple additive systems appeared to have
gained popularity in a short while due to support from various government
agencies. However, there is a very little scope for user modification to
reflect regional differences or individual preferences, hence amendments
are realized for such systems (ASMI, 2002b). For example, few logical
drawbacks of LEED for new construction are rectified in LEED for home,
which is under pilot stage. Similarly Green Mark has few more environ-
mental proposals to complement its present form [6]. 
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9.2.2.1. LEED, USA

In 2000, the United States Green Building Council (USGBC) proposed
LEED and it presently includes various types of buildings, namely, new
construction and major renovation (NC); existing buildings (EB); com-
mercial interior (CI); core and shell (CS); homes (H); and neighborhood
development (ND). 

For LEED-NC [7], a total score of 69 is distributed among five major
assessment areas namely, (1) sustainable sites; (2) water efficiency;
(3) atmosphere; (4) materials and resources; (5) IEQ (Indoor Environmental
Quality) and in addition a bonus for innovation and design. Among
69 points, seven are prerequisites or mandatory, 57 are core credits and
additional five points are allocated for innovative design. LEED follows a
simple additive system, where total score is calculated by adding each
credit earned upon fulfilling one or more criteria or their alternative(s). The
building is rated as Certified, Silver, Gold or Platinum based on a mini-
mum score of 26, 33, 39 and 52, respectively, out of the total score of 69.

Unlike LEED-NC, LEED-H for homes can be customized for differ-
ent climatic zones such as dry, wet or normal region, by allocating
different points to (1) irrigation; (2) landscaping and surface water man-
agement; and (3) material durability. Critical issues are mandatory and
provided with higher grades and intricate details. This pilot scheme is
expected to undergo further refinements [7]. Though the total score for
any building irrespective of its geographic location cannot exceed the
maximum of 108 points, individual scoring of few criteria can be confus-
ing, for example, a building in dry zone may earn 26 out of 24 for material
and resources. 

9.2.3. Third Generation: Weighed Additive Systems

Currently the highest-end tools recognize the different impacts of various
parameters and therefore have adopted additive weighing systems.
Determination of weightage mostly involves judgmental or conscious-
based values due to inherent complexity and lack of objective basis.
Expert opinion is sought to rank the parameters and then weighings
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are allocated by analyzing such data through various methods such as,
analytic hierarchy process, statistical correlation, artificial neural net-
works, etc. Horvat and Fazio [8] classified the weighing into two major
categories, namely, (1) pre-weighed credits such as HQAL or BREEAM
and (2) weighing after scoring such as BEPAC or SBTool. 

9.2.3.1. BREEAM, UK

BREEAM [9–12] was initiated by Building Research Establishment
(BRE) of UK in 1990 and is applicable to residential houses (known as
EcoHomes), industrial buildings, offices, prisons, retail facilities, schools
and minor refurbishments. For any unconventional or multi-tenancy
building, a “Bespoke BREEAM” is carried out with project specific
assessment criteria and functions. Eight assessment categories that are
evaluated include management, energy use, health and well-being, pollu-
tion, transport, land use, ecology, materials and water. EcoHomes cover
all of them except management. Each category has sub-categories allo-
cated with pre-weighed points that are either cumulative or otherwise,
depending on performance against certain specified standards such as
SAP 2005. The awarded credits add up to a final overall score, rated on a
scale of Fail, Pass, Good, Very Good and Excellent. The benchmarking
procedure and minimum requirement varies with building types and
stages. For pre-weighed credits, integers (as in EcoHomes) can be more
user-friendly than fractions (as in BREEAM office) or percentage scores
of EcoHomes XB.

EcoHomes XB deals with minor refurbishments during routine planned
maintenance as their effect cannot be captured solely by EcoHomes. It has
a scoring system of 1–100 split into breaks of three without any rating. The
smaller breaks reflect the effects of small works. A property once assessed,
any further improvement can be monitored and the score is adjusted appro-
priately. The rating is limited to housing stocks as the management section
for the stockholder’s company policies is not applicable to individual own-
ership. Score for a whole development with different types of new houses
is given by Eq. (9.1), while the same for existing buildings as mentioned
in EcoHomes XB is derived by Eq. (9.2).
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(9.1)

where,
n = the total number of house types,
N = each individual house type.
Note: Only identical homes can be classed as a “house type”.

(9.2)

where,
n = the total number of house types covered in all assessments to date,
N = number of dwellings of each individual house type.

In 1999, ECD (Energy Citation Database) Energy and Environment
worked with TerraChoice to develop BREEAM Green Leaf eco-rating
program for offices, multi-residential, industrial and recreational buildings.
This question-based tool with percentage scoring is aimed to be
more streamlined than BREEAM and easily harmonized with LEED-
Canada. 

9.2.3.2. BEPAC, Canada

BEPAC was developed in 1993 by the Environment Research Group at
the University of British Columbia. The method is based on BREEAM
and considers new or existing offices or commercial buildings for grad-
ing. Design and management criteria for both base building and tenancies
are formulated as four modules, with five topic areas namely, (1) ozone
layer protection; (2) environmental impact of energy use; (3) IEQ; (4)
resource conservation; and (5) site and transportation. Although no hier-
archy of importance is implied, the first two topic areas are observed to
have profound implications [13]. For these two “performance-oriented”
topics, points are awarded over a continuum for assessed performance. By
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contrast, rest of the topics are “feature-specific” and points are typically
given if the feature is present. These criteria are ranked as essential,
important and supplementary.

Each topic area constitutes of relevant criteria graded in a scale of
0–10 and few of them may have sub-criteria. Weighing on the points is
based on its significance, its priority relative to other criteria within the
same topic area, or the effort required to meet the criteria. The point scores
are multiplied by the weighing factors to obtain individual credits for the
five topic areas. Due to fundamental difference between the topic areas, the
credits are not added but together they represent the building profile [8].

9.2.3.3. Green Globes Rating System, USA

This system was marketed by The Green Building Initiative (GBI) in 2004.
It is based on BREEAM, UK and is the only grading system recognized
by American National Standard Institute (ANSI). Its management
tool includes an assessment protocol, rating system and guide for environ-
ment-friendly design of commercial and institutional buildings. Thirty-one
parameters are grouped into seven categories namely, (1) project
management — Policies and practices; (2) site; (3) energy; (4) water
resources; (5) building materials and solid waste; (6) emissions and efflu-
ents; and (7) indoor environment. The checklist is in a questionnaire format
with data to be filled in and points vary from 0 to 100 depending on sig-
nificance and performance summing up to 1000. After obtaining a self
assessment score of a minimum 35% in two stages of schematic design and
construction document, a formal rating of one, two, three, or four Green
Globes is awarded for a minimum total score of 35%, 55%, 70% and 85%,
respectively [15].

9.2.3.4. GEM, UK

In 2002, Green Globes for existing buildings was introduced in the
United Kingdom as the Global Environmental Method (GEM) under the
control of GABS and RICS foundation. GEM’s six sections namely,
energy, water, resources, environmental management, indoor environ-
ment and emissions have 19-subsections summing up to 1020 points.
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GEM weighing is the mean of weighing recommended by BREEAM, the
Harvard Scale and the EPA. Comparing with buildings of similar age,
type or geographical zone, two kinds of ratings are provided: (1) scores
that give the percentage of possible points that have been awarded for
implementing best practices; and (2) quintile ratings to show perform-
ance relative to other benchmarked buildings [16].

9.2.3.5. Go Green and Go Green Plus, Canada

In 2004, Green Globes for existing commercial buildings was adopted by
the Building Owners and Manufacturers Association (BOMA) of Canada
and presently known as Go Green which addresses 10 management
and operation requirements under five environmental areas namely,
(1) resource consumption; (2) waste reduction and recycling; (3) build-
ing materials; (4) interior environment; and (5) tenant awareness. A
three-year valid certificate is issued upon meeting its “best practices”
requirements [17].

Green Globes Plus is a more in-depth benchmarking tool that can be
considered as superset of Go Green. Based on “yes/no” type questionnaire
regarding 19 parameters grouped into six major criteria, such as energy,
water, waste reduction, emission, indoor environment and environment
management [18]. After individual assessment is done for each category,
a minimum total score of 70% out of 1010 points earns a certification.

9.2.3.6. HQAL, Japan

Housing Quality Assurance Law (HQAL) of Japan Government came into
effect in 2001 to improve quality and performance of residential buildings
of various types namely, detached, apartment, pre-fabricated, built-on-site,
timber, reinforced concrete or steel structure. Though it deals in detail
with certification of manufacturers of wooden building material and also
with dispute solving, HQAL deserves a special mention as it is the only
program directly addressing durability in terms of reduced deterioration
and enhanced service life [14]. Among four objectives, the third one
sets “Housing Performance Indication Standards” based on recommenda-
tion of Japanese standards. These standards cover architectural design,
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construction process for foundation, structural framing process and interior
finishing. The specific types of performance characteristics include: (1)
structural performance; (2) fire safety; (3) durability; (4) ease of mainte-
nance and management; (5) energy efficiency; (6) air quality; (7) ratio of
exterior openings to total wall area; (8) noise transmission; and (9) barrier
free design. A prescriptive and detailed “Judgment Standards for Defects”
is proposed [19] against which dwelling units are ranked as 1 for fulfill-
ment of requirement to 3 or 4 for better quality.

9.2.3.7. MSS, Singapore

Maintainability Scoring System (MSS) is developed by National
University of Singapore to mitigate the higher LCC comprising of repair,
replacement and cleaning cost due to harsher nature of tropical climate. A
higher score indicates easier maintenance [20,21]. MSS defines building
as combination of five major components namely, façade, basement,
internal wet area, roof and M&E system. The system relies on a compre-
hensive database of “Material Manual” and “Defect Library” (http://www.
hpbc.bdg.nus.edu.sg). Data collected from a detailed study of 450 build-
ings were modeled into MSS using back-propagation method of artificial
neural network. Replacement and cleaning costs can be predicted for each
sub-component based on the data fed in. 

9.2.3.8. Green Star Rating, Australia

The Green Building Council of Australia (GBCA) developed the Green
Star environmental rating system in 2003 for whole life cycle assessment
of office buildings and extended the scope to pilot assessment for shop-
ping centers, healthcare and educational facilities. Multi-unit residential
buildings and convention facilities are scheduled to be launched by the
end of 2007. The program rates a building in relation to eight environ-
mental impact categories namely, management, IEQ, energy, transport,
water, materials, land use and economy and pollution. Each category has
various sub-categories and one or more points are allocated as per Green
Star technical manual [22].
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The single (overall) score of a project is determined by: (1) calculating
each category score; (2) applying an environmental weighing to each cate-
gory; (3) adding all weighed category scores together; and (4) adding any
innovation points that may have been achieved. The calculation is as follows: 

Category score (%) = No. of points achieved/No. of points
available × 100%, (9.3)

(9.4)

Total score = Weighed category score + Points for innovation. (9.5)

For a particular project, nonapplicable credits are excluded from
“points available”. For example, use of recycled content of structural
concrete is excluded for a refurbishment project. The category weighing
was derived from variety of scientific and stakeholder inputs, as well as
considering geographical location, to reflect issues of importance in each
territory. For energy calculations, computer software tool Australian
Building Greenhouse Rating (ABGR) is used to measure environmental
impact of office building. ABGR evaluation for new and existing build-
ings in a scale of 1–5 is implemented through “commitment agreement”
and “performance rating”, respectively.

The maximum possible score for Green Star rating is 100 for the
weighed categories with an additional 5 points for innovation. A grade of
1–6 stars is determined for overall minimum score of 10, 20, 30, 45, 60
and 75, respectively. GBCA certifies only the last three, i.e. 4 star or “Best
Practice”, 5 star or “Australian Excellence” and 6 star or “World Leader”.
The grading is simple and logical by excluding nonapplicable points, but
unsuitable to use on a global basis as input for zones is denoted by
Australian provinces rather than the climatic data. 

9.2.3.9. NABERS, Australia

The National Australian Built Environment Rating System (NABERS) is a
performance-based rating system in its developing stage designed by

Weighed category score

 
Category score (%)  Weighing fact

=
¥ oor (%) 

100
Â

,
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DEUS of New South Wales, Australia for evaluation of existing buildings
including home, office building or office tenancy during operation and is
based on energy data of last 12 months [23]. Both existing ratings for office
and the proposed program for home, utilize ABGR and Energy Smart
Home Rating or ESHR [24] complemented by Green Star of GBCA and
various software programs such as BASIX [25], NatHERS (Nationwide
House Energy Rating Scheme) and FirstRate. 

This benchmarking tool comprises of six environmental aspects
namely, energy, transport, toxic materials, waste, indoor air quality (IAQ)
and occupant satisfaction. Among those, the key impact categories identi-
fied by DEUS are energy use and greenhouse emissions, refrigerant use,
water use, storm water runoff, storm water pollution, sewage outfall vol-
ume, landscape diversity, toxic material and IAQ. For each category
relevance, realism and practicality are illustrated to measure them in a
scale of 1–5 and finally combined into three scores as follows:

• Overall greenhouse score — Average of energy/greenhouse and refrig-
erant use.

• Overall water score — Average of water use, storm water runoff and
sewage outfall volume.

• Site management score — Average of storm water pollution, landscape
diversity, toxic materials, refrigerant ozone depletion and IAQ.

The final score is set at the lowest of these three “overall” scores, with
a slight prioritization given to the first two. Refinement of benchmarks
and simplification of overall scoring principle are major recommenda-
tions made in the first trial of NABERS.

9.2.3.10. HK-BEAM, Hong Kong

HK-BEAM or Hong Kong Building Environmental Assessment Method
came into existence in 1996 through HK-BEAM Society. This BREEAM-
based tool can be regarded as predecessor of SBTool and provides
certification of new construction, major refurbishment and existing build-
ings of various types such as residential, commercial, industrial and
institutional projects. Environmental issues are assessed in terms of local,
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global and indoor impacts grouped into five major areas including site
aspect, material aspect, energy use, water use and IEQ. The final score
depends on 72 parameters each carrying 1–10 performance-based credits
and bonus points. Additionally, the framework includes 24 other parame-
ters, five points for innovation and guidelines for annual energy use. Any
nonstereotype building is judged on a case-by-case basis and any nonap-
plicable point, for example, inferior performance due to externality
beyond the control of the client such as source of power supply, are
excluded from “credits available”.

Weighing of credits is based on expert opinion and other similar
systems especially referring to the local standards. Few topics, for
example, impact noise, for which local standards are not available,
national or international codes are used. In case of conflicting rules,
client can select either. For subjective issues, a checklist is used for
equitable assessment. Alternative methods can be submitted along with
method statement [26,27].

The award classification framework uses assessment benchmark as
zero credit level. Overall assessment grade is based on % of applicable
credits gained and it is mandatory to obtain a minimum % of credits for
IEQ as it is given higher importance. For estate development, common fea-
tures like site aspect, transport, water use undergo group assessment while
IEQ and energy use are multiplied by ratio of floor area and summed up.

9.2.3.11. GBTool 2005, International

Based on BEPAC, an International Framework Committee (IFC) com-
prising of 13 countries proposed the Green Building Assessment (GBA)
as an environmental performance assessment framework at international
level. It resulted in the Green Building Challenge’98 (GBC ’98) confer-
ence held in Vancouver, Canada [28] and Green Building Tool software
(GBTool). GBC 2005 or SB05 is a continuation of the GBC ’98 — 2002
presently involving 25 countries. International Initiative for a
Sustainable Built Environment [29] is the official promoter of SBTool.
Both new and renovation projects of residential, office, retail, hotel,
motel, hospital, industrial, assembly, institutional and school can be
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graded along with a combination of any two, three or four different types
of building occupancy.

In an Excel environment, GBTool is structured hierarchically in four
levels, with the higher levels logically derived from the weighed aggrega-
tion of the lower ones as 1 goal, 7 issues, 29 categories and 109 criteria.
Few criteria, for example, IEQ has sub-criteria. Issue and categories
reflecting regional or city scale forms module-A. Its benchmarks and
weights are fixed by national teams using diverse methods such as AHP
or analytic hierarchy process [30], Pearson’s product–moment correlation
[31], etc. Criteria and sub-criteria contained in module-B are project
specific and used as self-assessment as set by module-A. In both cases,
default values can be used. Nonapplicable parameters such as HVAC in a
naturally ventilated building, weigh zero. Weighings at the sub-criteria
and criteria level are fixed and are evenly weighed, unless in exceptional
cases. Pre-defined weighings of category are selected as per Table 9.5.
The values range between –2 and +5, where,

• −1 = unsatisfactory, 
• 0 = minimum acceptable performance,
• 5 = considerably advanced of current practice,
• 1–4 = intermediate performance levels and 
• 2 = normal default or null value (except for mandatory parameters

ranging from 3 to 5). 

All issues have individual score of 100 and totals up to 100%.
These values are auto-generated within SBTool in any of the following
ways [32]:

• Explicitly defined target value: difference between “best” performance
target and the benchmark divided by 5.

• Fixed interval: The subsequent values for scores are calculated as
difference with the benchmarked value.

• Percentage scale: For criteria measured as % of resource saved or
used compared to fixed % value of benchmark. The scale intervals
can be set to determine the full range. 
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9.2.4. Other Examples

9.2.4.1. CASBEE, Japan

CASBEE (Comprehensive Assessment System for Building Environ-
mental Efficiency), developed by Japan Sustainable Building Consortium
(JSBC) differs from other assessment system by BEE (Building Environ-
mental Efficiency) — A quotient to measure environmental performance
of building. For both residential and nonresidential buildings, four grad-
ing tools for building life cycle are (1) Tool-0: CASBEE-PD for
pre-design; (2) Tool-1: CASBEE-NC for new construction; (3) Tool-2:
CASBEE-EB for existing building; and (4) Tool-3: CASBEE-RN for
renovation [33].

The basic structure of CASBEE has four major aspects with 80 items
re-grouped into (1) Q or Quality: the environmental quality and perform-
ance of the building and (2) L or Loadings: the building’s environmental
loading with three sub-groups each. A scale of 1–5 is used with 3 as stan-
dard grade or ordinary level for each assessment item. Grades are
tabulated on score sheet, weighed using pre-defined co-efficient for each
to get overall scores SQ1~Q3 or SLR1~LR3. Next overall scores SQ and SLR are
calculated to compute BEE as:

(9.6)

Building complex score = Σ (Score for each building type ×
Corresponding floor ratio). (9.7)

The same logic applies for a building with multiple use. Weighing
coefficient for each assessment field for different kinds of building
are based on the outcome of a questionnaire survey of designers,
building owners and operators, related officials and others users. The
responses were analyzed by analytic hierarchy process (AHP). For
example, Level 1 is awarded for noise level >50 dB for office, hospital,

BEE  
 (Building environmental quality and performance)
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=
¥ -
¥ -

25 1

25 5

( )

( )
,

S

S
Q

LR

FA

462 Maintainability of Facilities

b885_Chapter-09.qxd  12/29/2009  11:04 AM  Page 462



MAINTAINABILITY OF FACILITIES - For Building Professionals
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/architecture/7566.html

hotel, apartment but for school a much lower value of 45 dB is recom-
mended. Similarly, multiple scoring is provided for points with
variations such as the criteria to reflect special regional characteristics.
Examples of such customizations are regional versions developed in
Nagoya and Osaka [34].

CASBEE calculations are done in excel environment and graphical
representation in assessment sheet includes BEE, radar chart and bar
graph. For BEE, points are plotted with Q values on the Y axis and L
values on the X axis to determine the BEE position, in a scale of class C
(poor), class B−, class B+, class A and class S (excellent), in order of
increasing BEE value. 

9.3. Maintainability and Management

In maintenance management, maintainability is a critical decision mak-
ing process which involves the optimum selection of building elements
that require minimum cleaning, repair and replacement. In general, this
is not a straightforward task, given (1) the large number of materials and
variety of systems and designs, (2) variation of performance and (3) dif-
ference in the risk of failures associated with different systems and
components. 

Building maintainability is hence a composition of many factors. It
could be modeled in various forms, one of which is LCC [35]. In such case,
optimum maintainability, i.e. the optimum LCC is set at the minimum level
of risk. Defining the minimum level of risk involves a series of decision-
making process known in the construction industry as “risk management”.

The most common method for contemporary risk management, the
“five-tiered” model might be used for maintainability management. This
might be expressed as [36]:

(1) risk identification,
(2) risk estimation,
(3) risk evaluation,
(4) risk response and
(5) risk monitoring.
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Of the five steps, risk estimation and evaluation are closely related and
thus are collectively referred to as risk analysis. Similarly, risk response
and risk monitoring could also be combined into a single broader category
such as risk control (Fig. 9.1).

9.3.1. Risk Identification and Primary Risk Factors 

The number of risk factors that describe a typical risk environment of
maintainability could often run into hundreds. However, not all of them
are significant when considering the local conditions of the user. For
example, risk of snowfall in affecting the maintainability of façades is
unlikely to be experienced by buildings located along the tropical belt.
Hence, in identifying risks to maintainability, historical maintenance data
from a large pool of buildings would be most useful.

Risk factors that determine the level of LCC and hence maintainabil-
ity of housing stocks were reported [37–41]. The significance of quality
of constructional components at the time of completion, technical aspects
of the aging process, maintenance methods and practices and level main-
tenance as preliminary factors of LCC was identified.

The following sections look at the following risk factors 

(1) design (water-tightness, stress accommodation, water flow control,
accessibility, downtime and material performance) risk,

(2) construction (quality) risk,
(3) maintenance (quality) risk,
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Risk identification

Risk analysis Risk response

Risk monitoring

Risk control

Fig. 9.1. Risk management cycle.
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(4) risk from environment and usage, and 
(5) risk from building’s profile.

Façade as an element is used as an example in the following sections.
Figure 9.2 illustrates primary risk factors related to façade. 

From a detailed survey [35], 22 risk factors that were significant to a
façade’s maintainability were identified. These factors were further
grouped into 14 clusters (Table 9.2).

Details of the risk factors of other components are described in the
Maintainability Website (http://www.hpbc.bdg.nus.edu.sg/) under the
topic “Maintainability Scoring System”.

9.3.2. Risk Analysis 

Once significant risk factors have been identified, they could be analyzed
in depth. Such risk analysis was concerned with the severity of each risk
attribute to LCC. Over the past years, several formal techniques have
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Fig. 9.2. Façade preliminary risk factors.
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been developed to facilitate risk analysis. They ranged from simple tech-
niques such as elementary risk analysis to more sophisticated techniques
that involved modern concepts such as application of expert systems and
neural networks.

To carry out a risk analysis, it is necessary to estimate and quantify
each of the risk. Probabilistic techniques and discrete interval methods
were few of the techniques that could be used. In practice, various
indices that were associated with parameters describing risk factors
were specified in their own dimension and units. For instance, risk of
water penetration was well-described by depth of penetration while
accessibility was considered as area of coverage. However, from an
analytical point of view, using a homogeneous set of inputs was much
more computationally feasible than a set of heterogeneous inputs. 

9.4. Maintainability Prediction and Integration

Maintainability is a design parameter and hence should be addressed right
from the design phase. In previous chapters, the major elements of a facil-
ity is discussed in the form of risk analysis and subsequently converted to
sets of checklist. The relevant chapters and tables for each of the elements
are summarized in Table 9.3.

This section discusses work conducted in NUS of which the elements
of a facility were graded in terms of cause and criticality. Guidelines in
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Table 9.3. Summary of checklists for elements.

Element Chapter Table

Civil and Architecture Wet area 2 2.7, 9.6
Façade 3 3.3, 9.5
Basement 4 4.3, 9.4
Roof 5 5.1, 9.7

Mechanical and Electrical Sanitary-Plumbing 6 4.1, 9.8
HVAC 6 4.2, 9.9
Elevators and Lifts 6 4.3, 9.10
Electrical 6 4.4, 9.11
Fire protection 6 4.5, 9.12
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the form of maintainability checklist were developed. The relevant
factors, their significance and relative weights were evaluated. The
result may be used, with relevant adjustment to the different needs of
the user, as a benchmark for good design, construction and maintenance
practices and provides guidelines for optimum selection of maintenance
strategies.

The work focused on major building systems and services maintained
by central facility management. The elements or subsystems were
grouped under two main systems, civil- architectural (C&A — Basement,
façade, wet area and roof) and mechanical–electrical (M&E — Sanitary-
plumbing, HVAC, elevator, electrical and fire protection). The work was
conducted in three phases:

•• defect analysis;
•• benchmarking for design, construction and maintenance;
•• integration of subsystems based on maintainability parameters.

9.4.1. Defect Analysis

As per FMECA rules, the nine subsystems were divided into compo-
nents. List of associated defects, their causes and effects were noted from
literature, site investigation, discussion with building professionals and
facility managers (FM) and past maintenance records. The causes
were divided into: (1) design/specification; (2) construction/installation;
(3) maintenance; and (4) external factors, e.g. age, vandalism, etc.
Criticality was expressed through defect frequency and severity given
by impact on (1) economy; (2) system performance; and (3) health,
safety and comfort. Severity Index (Sv) and Criticality Index (Cr) were
proposed as:

where X
–

EC, X
–

SP, X
–

HS and X
–

FR are the mean rating (out of 5) or
weighted average for economic impact, system performance impact,
health–safety–comfort impact and defect frequency, respectively.

Sv    and   Cr
Sv=

+ +
= ¥

X X X XEC SP HS FR

3 5 5
,
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The grading scale for frequency and severity depends on the situation.
Here a five-point scale was selected to suit the five-point Likert scale of
questionnaire. Such structured data collection strategy ensures unbiased
and unambiguous response. For frequency, 1 = very rare (once in 10 years.
or rarer); 2 = rare (once in 5 years); 3 = occasional (yearly); 4 = frequent
(quarterly); 5 = very frequent (monthly or more frequent). For severity,
1 = negligible; 2 = slight; 3 = moderate; 4 = serious; 5 = very serious,
hazardous or fatal. In a questionnaire survey, experienced FMs graded
the defects in terms of frequency and three severity parameters. A critical
defect has ≥1 of these four factors found significant in statistical t-test
with 95% confidence interval. The null hypothesis (H0: µ ≤ µ0) was
tested against the alternative hypothesis (H1: µ > µ0), where µ is the
population mean and µ0(=3) is critical rating above which a factor was
called significant.

9.4.2. Benchmarking for Design, Construction and Maintenance

For each subsystem, guidelines to achieve higher maintainability were
developed in the form of defect-mitigating checklist factors based on
literature and DL (Defect Library). These factors were grouped under
design–construction–maintenance aspects and further sub-grouped under
components of the subsystem. Factors’ relative weights (RW) are their
ability to mitigate both critical and noncritical defects and scores was set
as 5 = full compliance with the requirements; 1 = violation of the same and
0 = factors not applicable. Weighted sum of the MS of each factors indicate
MS for individual subsystem. The ideal score ≈ 100%. Using 80–20 rule,
RW of i-th factor RWi is:

where Wi = weight of a factor, N = no. of factors for a subsystem, P, Q =
no. of critical and noncritical defects respectively, Cr = criticality index
for a defect. This generic formula is applicable to any component or any
building phase. In that case RWs of only relevant factors are to be renor-
malized to obtain a new set of RWs.

RW   for   Cr Cri = = += = =Â Â ÂW W Wi ii

N
i pp i

p
qq i

Q

1
0 8 0 2� � � �. . ,¥ ¥

FA

Maintainability Grading System 469

b885_Chapter-09.qxd  12/29/2009  11:04 AM  Page 469



MAINTAINABILITY OF FACILITIES - For Building Professionals
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/architecture/7566.html

9.4.3. Integration of Subsystems Based on Maintainability
Parameters

Figure 9.3 shows the AHP model for integration of nine subsystems in
terms of maintainability. As per problem definition, higher building main-
tainability was goal and subsystems were at lowest strata. Expert FMs as
respondents considered technical viability of subsystems (objective param-
eter) and business profile (subjective parameter) rely on height and zone,
respectively. Hence these two were criteria and their different options
(mutually exclusive) were sub-criteria. From individual responses, group
decision for RW of subsystems was derived as per standard method. The
numeric values were matched to grading logic and the MS of the building
was yielded from weighted sum of MS of subsystems. 

Tables 9.4–9.12 show the maintainability factors for various elements
with their relative weights for reference only. Users should use the rele-
vant weights according to their own needs for the best performance.

9.4.4. Overview of Scoring of All Subsystems

For the entire building a total of 731 guidelines were proposed
(Table 9.13). Design related guidelines were undoubtedly the highest in
number. Details of the guideline is tabulated in the Maintainability
Website (http://www.hpbc.bdg.nus.edu.sg/).
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1 Mutually exclusive for zone option 2 Mutually exclusive for height option

Higher Bldg.  Maintainability

High
>20 st 2

Low  
≤ 8 st.2

Mixed  
zonel

Residential 
zonel

Medium 8-
20 st. 2

Bldg. Location Bldg. Height

GOAL  

Bldg.
systems

Sub-
systems

Criteria

Sub-
criteria

Commercial 
zone l

Industrial
zonel

C&A — Civil and
Architectural

Basement, Façade, Wet
area, Roof

M&E — Mechanical
and Electrical

Sanitary-plumbing, HVAC, 
Elevator, Electrical, Fire protection

Fig. 9.3. The AHP model to integrate building subsystems into COMASS.
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