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ABSTRACT
The objectives of the Building Envelope Life Cycle Asset Management (BELCAM) Project were to

develop techniques to predict the remaining service life of building envelope components and

procedures to optimize their maintenance. Six enabling technologies were identified as critical to the

tasks: service life prediction, life cycle economics, risk analysis, maintenance optimization, and

information technologies. Roofing systems were chosen as the domain for the "proof of concept" of the

techniques and procedures. Information technology was to be used extensively in the course of the

project. During the three-year term of the project, data were collected on 2800 roof sections from a

wide range of systems and climatic regions across Canada. Data in this paper are presented based on

age, material type, geographic location and condition of the roofing sections. Markov Chain modeling

was used to predict the change in conditions of representative samples; deterioration curves were

generated to predict the change in condition, and remaining service life of specific components of the

roofing system could be estimated from these data. The first objective was accomplished through these

activities. The project then developed techniques to estimate the life cycle costs for different

maintenance strategies and to estimate the risk of envelope failure. Multi-objective optimization was

used to prioritize planned maintenance, based on maximizing condition, while minimizing risk of failure

and cost of repairs; thereby attaining the second objective of the project. A prototype, graphical,

decision-support tool, developed as a result of this research, is described. A main goal of the project

was to utilize information technology to a heavy degree in data collection, analysis and display.

However, slow developments in the field of standards for product models in the building envelope and

asset management domains (i.e. Standard for the Exchange of Product Model Data - STEP and

International Alliance for Interoperability - IAI) prevented the development of frameworks for storing

and sharing these data. There is a need for continued research in these areas. This research will

continue for an additional three years in collaboration with four Canadian universities; in course of this

research additional roofing data will be collected and industry foundation classes (IFC) will be

investigated as models for data exchange.
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INTRODUCTION
The Building Envelope Life Cycle Asset Management (BELCAM 2001) project was conceptualized

over five years ago (Lacasse & Vanier 1996; Vanier & Lacasse 1996). It was initiated collaboratively

by the National Research Council Canada (NRCC) and Public Works and Government Services



	Page 3


Canada (PWGSC) in March 1997 and was based on these organizations' extensive research on

durability and service life prediction. One overriding goal of the project was to investigate service life of

building components in a holistic fashion, rather than just investigating material properties.

Project objectives
Initial investigation in the service life research for BELCAM (Lacasse & Vanier 1996) indicated that

few research projects looked at components systemically, with very few of the projects even

mentioning economic issues, risk factors or user requirements. That is, pre 1990's the body of research

literature on durability relied principally on material properties to determine service life. BELCAM was

one of the first attempts to investigate the service life of multi-component systems using visual

inspection techniques. It also identified a number of other enabling technologies affecting the service

life of components including: life cycle economics, risk analysis, maintenance management, user

requirement models and information technologies (Vanier & Lacasse 1996).

The objectives of the BELCAM project were: (1) to develop techniques to predict the remaining

service life of building envelope components and (2) to develop procedures to optimize their

maintenance management. Since the domain of the entire building envelope was too large for the

budget of the project, it was decided to concentrate on one specific domain in a vertical rather than a

horizontal implementation scheme. Roofing systems were chosen as the domain for the "proof of

concept" of the techniques and procedures based on the high cost of roofing maintenance, repair, and

renewal and the availability of a roofing system condition assessment survey (CAS) technique (Bailey

et al 1989). It was also planned to use information technology extensively in the course of the project

based on NRCC’s experience in this field and the pre-eminence of this technology in business at that

time.

A consortium was formed by NRCC and PWGSC to finance the proposed research endeavour. The

first phase of the BELCAM project lasted three years ending in March 2000. The total project costs,

including “in-kind” contributions were approximately $ 2.0 million CDN ($ 1.0 CDN = $0.67 US =

$0.80 Euro). The BELCAM Consortium partners are listed in the Acknowledgements at the end of this

paper. A small team of four to five researchers participated full-time in the project and a handful of

inspectors collected roofing data at various locations across Canada.

Six enabling technologies
As identified earlier, initial investigation into the field of service life prediction identified six enabling

technologies that were critical to the attainment of the aforementioned objectives of the BELCAM
project: maintenance management (Lacasse & Vanier 1996), service life prediction, life cycle

economics, user requirement models (Vanier et al 1996), risk analysis (Lounis et al, 1998) and

information technologies (Vanier 1998). Each of these enabling technologies was required by

practitioners to estimate the remaining service life of components and to assist in maximizing the return

on maintenance expenditures. Each enabling technology, in its own way, contributes a different facet to

the service life maintenance management of building envelope components. For example, building

owners are naturally interested in the material properties of their components; however many of their

components and systems were being replaced prematurely owing to poor maintenance, changes in user

requirements, high life cycle costs, or increased risk of failure. In addition, there were few metrics to

determine the contributions of each one of these facets of life cycle asset management.

BELCAM METHODOLOGY
Efforts were initiated to investigate each of these six enabling technologies. In the course of the

project, a number of papers have summarized these efforts to date (BELCAM 2001). Without going
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into the exhaustive detail outlined in these related papers, the project attempted to reach the

aforementioned goals with the following steps:

1. Develop a life cycle asset management framework,

2. Select condition assessment survey (CAS) protocol,

3. Collect data meeting BELCAM criteria,

4. Centralize collected data,

5. Develop a Markov Chain-based service life prediction model,

6. Generate simplified deterioration curves,

7. Develop risk model, and

8. Develop decision support software to display graphically the existing and forecast data.

Condition assessment survey protocol
The following subsections describe the material and methods used to collect data for BELCAM.

Data collection tool
Following an evaluation of available roofing inspection and maintenance management software (Vanier

et al. 1998), MicroROOFER vers.1.3 (Bailey et al. 1989; MicroROOFER 2001) was selected as the

base data acquisition software for the project. The software evaluation examined four commercially

available packages relative to: ease of use, required minimum hardware configurations, operating

platforms and database structure, technical and reporting features, as well as their ability to interface

and link with other applications. The evaluation also did not consider nine roofing software tools from

the review and from usage in the project because they did not meet BELCAM essential criteria for

condition assessment surveys. This short list also included a number of programs that were proprietary

to the developing company and not commercially available. MicroROOFER was considered to be the

most comprehensive software package of the products studied in the domain of condition assessment
and was selected to host the data for the regional surveys.

Electronic data capture on site
A review of existing data collection technologies, both hardware and software lead to the expansion of

the standard data collection framework to include electronic data collection on site. The Fujitsu 1200

Stylisticpen-based computers running Microsoft Windows 95operating system was selected

owing to its cost, availability, and robustness. Other overriding factors for the selection of this

equipment included the important issue of visibility of the screen under extreme lighting conditions

(transflexive screen with gray scales and backlighting). The units are valued at approximately CDN$

7000.

Digital images
The utility of digital images was noted and, although not explicitly a component of the standardized data

collection package, each agency was encouraged to use these digital visual-recording techniques as

part of their "survey kit". The digital cameras were used primarily in the inspection process to record

the actual condition of the roofing distresses.

BELCAM protocols
An examination of the existing data fields of MicroROOFER (2001) and a comparison to the

BELCAM information requirements revealed numerous data gaps. In order to assure that adequate

information was collected on all aspects of roofing performance (design and as-built conditions,

material and workmanship quality, and condition of structural elements), these additional BELCAM
data requirements were identified and appropriate storage locations within MicroROOFER were

selected as a repository for the BELCAM data. In all cases, the identified BELCAM protocol

requirements were recorded in existing remarks fields in MicroROOFER.
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The BELCAM “Roofing Condition Assessment Survey” (RCAS) methodology assisted in obtaining

consistent and easily interpreted information by detailing recommended methods of data collection and

recording. A web-based On-line RCAS Manual provided a description of the MicroROOFER (2001)

program requirements, as well as the BELCAM data requirements (Lounis et al 1999). The RCAS
files were also made available in electronic form for easy access on the pen-based systems. Many of

the recommended RCAS procedures offered innovative methods for inspection, and recording

information (e.g. determination of deck type and condition, quantification of extent of ponding, etc.).

Use of the on-line RCAS manuals, coupled with the pen-based systems and digital cameras, reduced

learning time required to conduct inspections and minimized the time between inspection and data

entry.

BELCAM’s RCAS provided the regional data collection teams with easily accessed information on

roofing defects, their definitions, how and what to inspect as well as a consistent methodology to record

specific roofing distresses. It was also supplemented with the electronic versions of the related

MicroROOFER manuals, both on the web and on the pen-based systems.

Data gathering
During the three-year term of the project, data were collected on over 2800 roof sections from a wide

range of systems and climatic regions across Canada. Because of the usage MicroROOFER as the

only data collection tool, there was a standard data format and versioning from the data collected in the

field.

MicroROOFER runs under Microsoft Access®. The BELCAM regional survey sites forward their

complete database file (*.mdb) annually to the authors by email. A macro created in MS Access®,

exports the required MS Access® data to a number of text files (*.txt). These files are imported into

the BELCAM national database, running on 4

th

Dimension®. These data include inventory information

(location, roof type, areas, roof and building age, sketches, etc.), condition of the membrane, insulation

and flashings, and the type, severity, and quantity of the distresses. Although the first phase of the

project is complete, data collection is continuing for another three years under the auspices of a Natural

Sciences and Engineering Research Council grant (NSERC 2001).

Data analysis
The MicroROOFER methodology uses the quantification of visible distresses to determine the condition
rating of the roof flashing and membrane. The condition rating of the insulation is determined from core

sampling and evaluation of the percentage of wet insulation (Bailey et al 1989). These condition ratings

are mapped to condition states adopted in a discrete Markov chain model. For example, a

MicroROOFER rating of 85% to 100% is mapped to BELCAM State 7 or excellent condition and a

MicroROOFER rating of 0% to 25% is in a failed state or BELCAM State 1 (Lounis et al 1999).

Roofing condition data
Data were received from across Canada, as shown in Fig. 1. The small circles represent the central

location for the regional surveys and the large circles show the area extent of the data collection. Since

the data collection tool is standardized, data from the regional survey sites are highly compatible. These

data were grouped into seven climatic zones (one region has three climatic zones, one with higher

rainfall and one that is colder).
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Figure 1. Map of BELCAM regional surveys.
These regional surveys primarily include roofs owned and operated by federal and provincial

governments, crown corporations or publicly funded universities. The data are from roughly 600

buildings in approximately 15 cities or towns. Each building typically has a number of roof sections. In

total, roughly 13,000 individual visual distresses were identified, classified and quantified (Kyle &

Vanier 2001) on the 3000 roof sections.

Fig. 2 shows the distribution of representative roofs in-situ by material type. The vast majority of

sections in the survey were BUR or multi-layer application of modified bitumen membranes. While the

population profile is representative of the typical Canadian situation, it does not reflect the membrane

type profiles for new roofing construction (CRCA 1995). In consideration of the industry’s increasing

usage of thermoplastics (PVC & TPO) and the necessity to have reliable in-situ performance data,

future BELCAM survey samples will include higher percentages of these membrane materials.

Figure 2. Histogram of membrane type.
Figure 3. Histogram of membrane age.
As the BELCAM survey sites typically performed visual inspections on their total portfolio, the roof

ages reflect the age of their building stock as well as the extent of renewal. Figure 3 shows the

distribution of membrane age, grouped into age classes. It must be kept in mind that the building owners

in this survey are government or para-government organizations and, as such, are knowledgeable

owners and try to optimize their life cycle costs.

Figure 4 illustrates the assessed condition of the membranes in the survey sample. In general, the

condition of the roof sections in this study is very good. As well, the high percentage at relatively young

ages is an indication of a good renewal rate. This particular characteristic is believed to be because of

the high percentage of government and para-government owners in the survey. Figure 5 illustrates the

assessed condition of flashings. Histograms are also available for roof insulation (Vanier & Kyle 2001).



	Page 7


Figure 4. Histogram of membrane condition. Figure 5. Histogram of flashing condition.
Figures 6 and 7 show the condition of the roof membranes and flashings respectively on a regional

basis. One can readily see the direct relationship between age and condition in these two figures.
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Figure 6. Histogram of age class and region.
Figure 7. Histogram of condition and region.
Roofing distress data
Figure 8 presents the percentage of distresses for the different membrane types. The predominant

systems in the project are built-up roofs (BUR) and modified bituminous (Mod. Bit). Figure 9 displays

the severity breakdown for the entire sample and Fig. 10 plots the percentages of the three severity

types of multiply roofing membranes for each age class. Generally, low severity distresses become high

severity distresses over time; more detailed data can be found in the related paper (Kyle & Vanier

2001)
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Figure 8. Distresses. Figure 9. Distress severities.Figure 10. Distress severity and roof age.
Service life prediction modeling
A Markov Chain model was used to develop a roofing deterioration model that predicts the change in

conditions of representative samples. Deterioration curves were then generated and plotted to predict

Roof sections

Roof sections

State
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the change in condition. The remaining service life of the roofing system could be estimated from these

data (Lounis et al 1998). Figure 11 displays average deterioration curve of BUR roofs for all regions

across Canada. Similar curves were developed for Mod. Bit. and single ply roofing, as were regional

curves for generalized conditions and for specific membrane types.
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Figure 11. Average condition curve of built-up roofing membrane
Maintenance prioritization
The project team developed techniques to calculate life cycle costs of alternative maintenance

strategies based on standards (ASTM E917) and estimate the risk of envelope failure (Lounis et al.
1999). Multi-objective optimization is used to prioritize the planned maintenance, based on a trade-off

analysis of maximizing condition, while minimizing risk of failure and cost of repairs (Lounis & Vanier

2000).

Decision support software
A two-dimensional, graphical prototype tool christened Visualizer was developed to demonstrate the

decision support capabilities; it is described elsewhere (Kyle et al. 2002). An original goal of the project

was to utilize information technology extensively in the collection, analysis and display of data. This was

possible for the data collection and analysis, but it was only possible for a limited number of applications

related to the roofing domain. Figure 12 displays the use of Visualizer to import a background image as

well as the data files from MicroROOFER. Figure 13 shows how the graphical elements on the

imported image (white rectangle at top left of figure) can be linked to the imported data file from

MicroROOFER (menu pick in the displayed dialogue box). The gray scales in Fig. 13 represent

numerical data such as roof condition or cost of repair; for example, darker shades of gray could either

represent inferior condition or expensive repairs, respectively.
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Figure 12. Import option for images and files. Figure 13. Linking database records to
graphics
DISCUSSION
The discussion concentrates on the individual components of the project identified in the second section

of the paper. Issues regarding the overall project and its major facets are presented in the Summary

and Conclusion section.

Condition assessment survey protocol
The current BELCAM protocols and database provide the capability to assess a large data set and to

examine various aspects on a population-wide basis including regional differences in component

condition, age distribution and material selection. The condition of the roof sections in this study is

generally very good. As well, the high percentage of relatively young age roofs is an indication of a

good renewal rate and progressive owners. While the population profile is small, it is representative of

the typical governmental existing building stock, but it does not reflect the type profiles for new roofing
construction (CRCA 1995).

The data collection for the project proved difficult both to initiate at individual regional sites and to

continue in subsequent years; the asset managers of the portfolio had to be convinced of the merits in

order to secure funding for the inspections. The cost of the software was miniscule compared to the

labour required to inspect the roofs. The cost of inspection for the BELCAM regional surveys is not

available and could not be considered representative of trained and certified CAS inspectors; however,

companies currently performing a similar service (including core samples) are charging CDN$ 0.13 per

square metre (Sydneysmith 2001). More roof data will be collected in the upcoming two years by

BELCAM team in an affiliated project (NSERC 2001).

The pen-based computers assisted in data collection, but some inexperienced users encountered

problems mainly related to use of character recognition software; however, the equipment was useful

by dedicated and trained users. It was noted by some organizations that the equipment would be

expensive for agencies with many inspectors.

Data gathering
The amalgamation of the data from the seven organizations participating in the BELCAM project

proved to be quite simple. Since the data collection tool has been standardized to one version of

MicroROOFER, the extracted data was consistent; the same holds true for different versions of



	Page 10


MicroROOFER. However, the majority of other computerized maintenance management software

(CMMS) in the roofing domain does not save the mandatory data for the service life research. Some

extraneous records were found to be present in some of the data transmissions, but these were easily

culled.

Data analysis
The majority of the reported distresses occurred on BUR roofs, with roughly one-third being flashing

related. The flashing distresses for modified bituminous installations accounted for approximately 20%

of those observed. Single-ply installations, however, had more reported flashing defects than membrane

issues. While the single-ply roof sample is small, the high percentage of flashing distresses may indicate

a lack of familiarity with some material-specific flashing design or construction concerns not at issue

with more conventional (multi-ply) practices.

The severity of defects is typically expected to worsen with time. The observed severity populations

confirm this. However, it must be noted that there is a significant difference in the nature of change of

the severity from one distress type to another, i.e. the shapes of the percentage population curves for

low, medium, and high severity are distress specific.

Service life prediction modeling
Industry will require years if not decades of data collection to have enough data to develop Markov

Chain-based service life models in all the important domains. This three-year project barely produced

enough data to generate service life curves for the generalized cases for specific types of low slope

roofs. In addition, insufficient multi-year data was collected in the term of the project for two principal

reasons: (1) there is very little change in the performance in this time frame to warrant annual

inspections and (2) inspections are too expensive to carry out annually for every asset type in a large

portfolio. In place of multi-year data, a technique using random sampling of data was used to generate

the required deterioration curves.

In addition to the data analysis using Markov Chain, a small research project using case-based

reasoning (CBR) was completed. Because of the dearth of multi-year data, the CBR results cannot be

used at this time. It is hoped to resume this effort in the future using multi-year and repair data in

related projects (NSERC 2001).

As indicated in the previous subsection, there was not adequate multi-year data and there was not

enough data in specific classes of roofing types or regions to provide adequate service life prediction

for these cases. As more users begin to collect data for condition and as more performance metrics

are developed, there will be more ready access to this type of data for service life prediction.

Maintenance prioritization
The conceptual model for maintenance priorization was developed in the course of the project (Lounis

et al 1999 2000). However, the maintenance priorization was not fully implemented in the decision-

support software owing to time concerns and insufficient resources. A simplified engineering model

was developed and implemented in Visualizer to identify the maintenance projects meeting the criteria

of “worst condition”, “oldest assets” or “most inexpensive”. The theoretical possibilities of this

implementation is presented in a related paper at this conference (Kyle et al 2002).

Decisions regarding the prioritization of maintenance projects must take into account three objectives:

condition, cost and risk (Lounis et al 2000). An “engineering” model for risk assessment was

implemented in Visualizer to identify the potential cost of repair of the envelope and the cost of
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collateral damage to the building and occupants. The risk of failure is dependant on the type of facility,

which is based on the building category code obtained from MicroROOFER. Each building category

code is assigned a collateral damage (CD) code using heuristics about that type of facility. CD values

range from 1 for low damage to 7 for high damage; the potential collateral damage is then equal to

10

CD+1

. This simplified approach is used to determine the “relative” risk of failure amongst a number of

assets and to position that risk in relationship to the cost of maintenance and repairs.

Decision support software
Maturity in the field of interoperability and product modeling has been very slow over the past three

years. This slow developments in the field of standards for product models in the building envelope and

asset management domains, namely the Standard for the Exchange of Product Model Data (STEP

2001) and International Alliance for Interoperability (IAI 2001) prevented the development of suitable

“product model” frameworks for storing and sharing these data.

In place of the preferred implementation of product model technology, interfaces were developed in the

BELCAM project using “off-the-shelf” software applications such as Microsoft Exceland VBA. It

is hoped that the next stage in BELCAM (NSERC 2001) will include the development of industry

foundation classes (IFC) to address interoperability issues.

RECOMMENDATIONS
The following recommendation are made to progressive researchers and practitioners interested in the

field of life cycle asset management:

Condition assessment surveys (CAS)
 There is a need for more CAS performance metrics in the construction area. Reliable and
rigourous performance evaluation cannot take place without CAS. However, CAS’s are difficult to

develop and to validate. Researchers and practitioners should develop CAS performance metrics

and try to standardize them.

 There is an increasing interest in CAS in the construction industry. “Early adoption” practitioners
should use this technology as soon as possible.

 Although the type of data collected and the amount of detail were mandatory for the research,
simplified performance evaluations should be used until validated CAS are available.

Materials Testing
 Future research should examine the correlation between visual inspection data and laboratory
testing. This endeavor will increase the available samples and lead to refined statistical linkages

between deterioration of membrane and insulation.

 In consideration of the industry’s increasing usage of thermoplastics (PVC & TPO) and the
necessity to have reliable in-situ performance data, future studies in the roofing domain should

include higher percentages of these membrane materials.

Process Automation
 The CAS performance metrics should be implemented in software, as data collection automation
will reduce the number of transmission/transposition errors from paper-based systems.

 Automated data collection should use “wearable computers” running on well-accepted O/S
platforms and stored in well-known database formats.

 Data collection for any portfolio should always use standardized tools.
 Need robust software interface to allow users to override the computer-generated priorities.
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 Work collaboratively with IAI to develop IFCs in roofing domain as well as IFCs for generalized
asset management.

BELCAM Data Collection
 Continue data collection for upcoming years for the BELCAM project (NSERC 2001).
 More data need to be collected to get a full representative sample of the roofs in-situ and the roofs
being constructed.

 Continue data collection to enhance the Markov Chain models and CBR approach (NSERC 2001).
Service Life Models
 Develop generalized models for deterioration as temporary substitutes until sufficient data are
available (Vanier 2001).

 Need to refine the risk model to take into account different sections of large buildings that have
different occupancies and therefore different risks.

 Need to document protocols for multi-objective optimization (Kyle et al 2002a).
SUMMARY AND CONCLUSIONS
This section is broken into the six categories discussed in the previous two sections.

Condition assessment survey protocols: It can be assumed that condition assessment surveys (CAS)

are representative of the current state of the roofing infrastructure for governmental and para-

governmental agencies in Canada. The same holds true for the distresses; they are representative of

both the type and the proportions found in the general population of these types of roofs. It can

therefore be concluded that CAS is a viable method to determine the performance of in-situ roofing
systems.

Data Amalgamation: Large organizations with considerable assets should standardize on

methodologies of performance metrics, if not the software tools, for the data collection.

Data Analysis: More data are required to implement Markov Chain models in the various construction

domains. This will only occur if there is a rapid increase in the use of computerized maintenance

management models (CMMS) in industry and if there is continued and strong interest in CAS

performance metrics.

Service Life Prediction Modeling: This is an essential component of any asset management system.

Life cycle costs cannot be calculated without establishing a viable service life for each and every

component. Markov Chain models are one of the most promising technologies to determine the

remaining service life; however, techniques such as CBR are also reliable.

Maintenance Prioritization: Asset managers require decision-support tools that allow them to

prioritize the plethora of maintenance and repair projects. To date, subjective techniques are

predominant; however, in the future, techniques employing objective data such as condition,

performance, risk of failure and life cycle costs will dominate.

Decision Support Software: There is a need for continued research in these areas. The BELCAM
research will continue for an additional two years in collaboration with a number of Canadian

universities (NSERC 2001); in course of this research additional roofing data will be collected and

industry foundation classes (IFC) will be investigated as a potential model for data exchange.
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The project identified and developed the essential constituents for comprehensive life cycle asset

management. BELCAM achieved its two original objectives: (1) to develop techniques to predict the

remaining service life of building envelope components and (2) to develop procedures to optimize

maintenance management at a network level.
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