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Durability and sustainability of infrastructure — a
state-of-the-art report!

Saeed Mirza

Abstract: This paper discusses the basic coneepts involved ininfrastructure. durability. and sustainability. At present,
infrastructure facilities are designed and constructed on the basis of direet costs only. without explicit consideration of
maintenance and depreciation over its service life as in other industries. Proper design. operation. and management of
infrastructure must deal with every facet of its service lite, ranging from conception. feasibility studies. design. con-
struction. operation. maintenance. repair and rehabilitation, and finally decommissioning and disposal of the system af-
ter it has outlived its useful life. Every step of these considerations must be guided by overall sociocconomic and
environmental concerns: in summary. they must be guided by the principles of sustainable development. which embrace
the issue of embodied energy in the materials. construction. and both initial and recurring maintenance. The degrada-
tion of the performance of Canada’s infrastructure over the past few decades is reviewed. along with the consequences
of proper or deterred maintenance and their impact on Canada’s infrastructure deticit. The roles of the civil engineering
profession. including education and training. and those of the public and private sectors are discussed briefly.

Kev words: depreciation, design, deterioration assessment. durability. durability audits. infrastructure surveys. mainte-
nanee. life-cvele performance and costs, repair and rehabilitation. sustainability.

Résumé : Cet article aborde Tes concepts de base des infrastructures. de Ta durabilité et de la viabilite, De nos jours.
les infrastructures sont concues e baties aniguement en se basant sur les colis directs, sans tenir compte explicitement
de Tenr maintenance et de leur dépréciation au cours de leur exele de vie utiles comme ¢lest e cas dans d7autres indus-
tries. La conception, Popdration ¢t L gestion approprices des infrastructures doivent tenir compte de chagque aspect de
Teur vie wile. allant de Ta coneeption. des études de Taisabilité. des caleuls, de Ta construction. de Foperation. de i
maintenance, des réparations et de farestauration et finalement. de fa fermetare et de Pelimination dusysteme une
fois quielles ont atteint Ta fin de leur vie utile. Chague étape de ces considérations doit etre guidee par les questions
~ociodconomigues eb enyironnementales générales: en bref. ces activités doivent ¢tre guidées par Tes principes de deve-
loppement durable. qui aborde Ta question de Fénergie intrinseque des matériaus aimsi queles activites de construction
et de maintenance. initiales of récurrentes. La dégradation du rendement des intrastructures canadiennes au cours des
quelgues dernicres decennies est examinde. de meéme que les conséquences diune bonne maintenance ou dune mainte-
Hanee reportee. ainst que leur impact sur e deticit eninfrastructure au Canadi Les roles de Pingemenr civill incluant

Feducation ¢t i formation. et ceun des secteurs publies et privds sont abordes bricvement.

Vors cles - depreciation. caleul. conception. evaduation de Tadéterioration. durabifite. audits sur T durabilite. examen

des itrastructures, maintenanee. performance et cott des eveles de vies reparation et restaaration. viabihie.
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Fig. 1. Lincar approach in current infrastructure activities (adapted tfrom Roberts 1994,
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normally decommissioned. and the debris is transported to a
tandfill. The waste generated by the construction industry
constitutes about 30% of the total waste in landfills, Because
of the tremendous improvements in transportation: systems
over the past 200 years, from canals to railroads. highways.
shipping and port factlities. and airplanes and airports. the
volume of goods transported in international trade has in-
creased by a factor of more than 10, The construction indus-
try acts as though the resources from the Barth are
inexhaustible. the ability 1o process and supply construction
products is considered to be unlimited. and the Earth's ca-
pacity for accepting construction waste is deemed o be

endless. Before the Industrial Revolution. consumption of

energy and gencration of waste produced only minor pollu-
tion and slow global changes. With the sixfold increase in
world population. however, energy consumption. polution
of land. water. and air, and landfilts have become such a se-
rious problem that the “traditional™ lincar approach needs to
be modified significantly.

By contrast. most natural ccosystems function as closed
loops that change quite slowly. For example. the hydrologic
cycle involves continuous evaporation of water from the
oceans, lakes. and other sources into the atmosphere. This
vapour moves over the land and causes precipitation as rain
and snow. which in turn returns to the ocean through surface
Mow (streams and rivers) or groundwater. The process is re-
peated over and over without cessation. Similarly, the food
cycles mvelving plants and animals, is another closed loop
that is repeated continuously in nature. It should be noted
that changes occur in nature over centuries or millennia.
such as gradual climate change, evolution of plants and ani-
mals. and i some cases their complete disappearance or ex-
tincion. “These very slow changes in natural ccosvstems
permit adaptation of the natural environment over tine.

Sustainability has also been popularly restated as satisfy-
ing “the needs of the present without compromising the abil-
ity ol the future gencrations (o meet their own needs”
(WCED 1987, A definition from the 1996 Civil Engi-
neering and Rescarch Foundation Symposium (CERE 1996
states that sustainable development seehs o meet “erowing
human needs for natural resources. industrial products, en-
crev. food. transportation. shelter and effective waste man-
agement white conserving and  protecting envirommental
guality and the natural resource base essential for Tuture
generations™. In summary, sustainable development is a pro-
cess ol harmoniously exploiting resources. directing i est-
ment. and accomplishing institutional change 1o enhance
hath current and Tuture potential to meet present and future
human needs.
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In light of past human practices. the detinitions of durabil-
ity and sustainable development imply a focus on human in-
terests and needs around the world. despite the differences in
values and cultural perspectives that characterize the present
human condition. Current engineering knowledge is unable
to provide guidance on designing, building. and managing
infrastructure and the environment. Engineers need a lot of
work to fully comprehend “sustainabitity™ and “sustainable
development™ and to develop new technologies, along with
changes in basic values and political thinking. to incorporate
these coneepts in the design process. The resulting objec-
tves and criteria would influence lite-cycele costs of tacili-
ties. the waste and pollution generated by the construction
process. and the impact of the facility on the productivity of
the accommodated activity.

This paper presents a state-of-the-art report on infrastruc-
ture durability and sustainability concerns. It deals with en-
vironmental planning. historical development. and surveys
of Canadian and American infrastructure: issues of deferred
maintenance: qualitative performance. life-cyele costing. and
durability audits of infrastructure: education: and a national
infrastructure policy.

On the basis of an analysis of the situation, Roberts (1994)
proposed four  fundamental  principles  of - sustainability.
termed the Natural Step:

Resources should not be extracted from the Earth at o rate
faster than they can be redeposited. reabsorbed. or recreated
te.g. sustainable forest industry ).

The use of resources extracted tfrom the Earth should be
reduced to the extent that it leaves no ecological footprint.

Resource-depleting activities should be balanced with re-
storative work so s o leave no negative impact,

Past environmental damage should be remedied o leave
net positive impact on the Earth.

The ideal would be 1o derive wll raw materials from exist-
ing products ~o there would be no need for new resources
from the Earth. This could be achieved by transforming the
current inear systems (Fig. 1y 1o closed-loop systems, where
the use. processing. transportation. and consumption of’ re-
sources flow continuousty oy a closed loop and not as a
once-through system (Fig, 2.

The outer loop involves reevceling of intercepted waste
materials betore they are dispatched to the landfiils, This re-
cyeling reduces the demand for new materials. but the con-

sumption ol cnerey is stll high, The inner loop involves
reuse ol conds and products. with some repair and recondi-
tioning. This cradle-to-cradle philosophy requires consider-
ably lower expenditure of enerev. and in the ideal situation,
with nothing voing to waste. it results in o considerable re-
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Fig. 2. A proposed closed-loop svstem for infrastructure activi-
ties tadapted trom Roberts 1994,
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duction in encrgy consumption in remanufacturing activities.
The probability of attaining this ideal is low: however. the
approach can be more effective ina multiple-enterprise con-
sortim, where the waste from one enterprise becomes the
raw material for another. thereby reducing the need for vir-
ein material extraction and considerable remanutacturing.

Environmental planning

Most North - American environmental  impact analyses
(1IAS) are based on those developed in the 1900s: recently,
their validity has been questioned. Present practice is shown
in Fig. 3. Once a project is proposed for a specific site. the
environmental evaluation may be delayed untit after the
evaluation of the project and before the initiation of the fea-
sibility studies or their completion. At this stage. the envi-
ronmentalists - and  government  officials  frequently  get
involved in disputes. cach with independent environmental
studies and extensive data that may have Tittde influence on
the design outcome. These environmental confrontations
usually result in wasteful studies. significant legal costs, and
lengthy delavs. As the project gets approved. there s fre-
quenthy inadequate monitoring of the environmental conse-
gquences ol construction or ot the completed project.
Theretore, the impact of the project may be considerably
difterent from that depicted in the original studies.

The wbove shortcomings have led some engineers and
planners o use an improved approach for conducting envi-
ronmental impact studies on infrastructure projects (g, 3).
The environmental assessment starts carlier and continues
throughout the project and in some cases after the project
has been completed. Long-ter strategic economic develop-
ment plans must strike @ balance between the development
necds of a growing population and the need for environmen-
tal protection. Appropriate expert systems can be used o
predict environmental impacts. albeit appronimately. as part
of Tong-ringe development studies. After project plnning is
initiated. the scope ol the environmental studies should he
eradoally incrcased as the project alternatives are detined
and constdered. The various long-term ¢conomic costs ol the
project and social ind cultural issues must be considered.
alone with the indirect costs resulting from offsite environ-
mental pollution. Enviconmental monitoring should be un-
dertaken durime and atter construction and throughout the
service Dife ot the fuctlitn until ity decommissioning. 11 the
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anticipated environmental impacts ditfer from the predic-
tions. the design should be appropriately moditied.

Infrastructure history

Sound. well-functioning infrastructure in a country is s-
sential for its sustained economic growth. international com-
petitiveness, public health. and overall quality of lite. These
characteristics are closely linked to the adequacy of the
transportation infrastructure, water quality. and waste dis-
posal. The need for new infrastructure and the renewal of
deteriorated infrastructure first became evident immediately
atter the Industrial Revolution (end of the 19th century): the
infrastructure in urban centres was in deplorable condition.
However. there was no systematic method for repair or re-
placement.

A broader awareness of the current infrastructure crisis
emerged during the mid-1970s and the carly 1980s. when se-
rious problems were noted in the municipal infrastructure
svstems. The problems were due o budgetary constraints
during the recessions. some post-World War 1T infrastructure
approaching the end of its serviee life, the rapid inflation of
the 1970s. a competing demand for municipal services. de-
ferred maintenance as a result of reduced funding frony all
levels of government. and -increased public involvement in
decision-making.

The vesults of various infrastructure surveys in Canada
and the United States were presented by Siddiqui and Mirza
(1996). A brief summary is included here for completeness.

A survey undertaken in 1995 by MceGill University and
the Federation of Canadian Municipalities (FCM) examined
Canada’s municipal infrastructure for the cities within the
following four population groups:

Group Population

| <10 000

2 10 000 — 100 000
3 100 000 400 000
+ >400 000

Although some of the problems. such as the funding
shortage. were common to all four population groups. there
were some differences in the needs. problems. and deficien-
cies in the different infrastructure categories, as well as in
the issues revolving around them. In general. transit, roads,
and curbs were worsening in all municipalities. However, in
aroup I municipalities. roads and hazardous-waste disposal
were the prime concern. whereas in group 2 the sanitary and
combined sewers were of most concern, The larger munici-
palities. in groups 3 and 4. faced the most significant wors-
ening ol transit tacilities and roads. Thus. the population of
a city has a direct impact on its infrastructure needs. prob-
lems, deficiencies, and related issues. and this needs to be
considered in developing long-range plans tor infrastructure
renewal and new facilities (MeGill FOM 19900,

The survey determined  that Canada’s municipal infra-
structure deficit was CANSSS billions and it was about
CANSTOO billion for all infrastructure under the various ju-
risdictions federal, provincial, and others. At present.
these  frastructure  deficits are CANSOO - billion and
CANSI2S billion, respectively. Detailed results of the survey

w2006 NRC Canada
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Fig. 3. Current and proposed future practices tadapted from Roberts 1994,
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for cach population group are presented celsewhere (MceGill
FON 1996,

American infrastructure

In 190X the American Societs of Civil Engineers (ASCL)
undertook a detailed survey of selected infrastructure catego-
ries i the United States and followed it with improved and
more detailed surveys in 2001, 2003 and 2005, Each survey
was directed by an advisory council. whose membership in-
creased Tfrom T for the 2001 survey 1o 24 tor the 20035 sur-
veys The T9US survey divided highways into two categories:
roads and bridges. Rail. securits. and energy were added as
new categories in the 2005 survey. The surveys evaluated
cach designated category for all states and the country, and
the results were tabulated in formal report cards, which were
passed on o federal otficials and made available (o the me-
di (ASCE TO98. 2001, 2003, 2005). The national results for
cach infrastructure category in the four report cards are sum-
marized in Table T Fhe results of @ 1988 survey of about
FOCc of all USA infrastructure (eight categoriesy by the Na-
tional Council on Public Works Improvement tappointed by
the president of the Enited Statesy are also included in this
table (NCPWIT TOSS) . In-eenerall the condition for a given
ttrastructure category cither did not change significanty or
deteriorated eradually from 199X 10 2003, The individual
erades were based on examination of condition and capacity
and of Tunding versus need. but they also summarized the
opinions of 2000 engineers. solicited o determine what was
happenmg in the field, The final orade Tor all USA infra
structure was derived by averaging the grades inall catego-
ries. Phe overatlh mrastructure grades raneed from Cin 1998
to D 2005 wath projected S vear needs inercasing [rom
USSTO wilhon in TUSK o USST.O willion i 2005, Alter
having receved o D+ 20000 the USA infrastructure
showed Tittle or no improvement in the next two survess.
with some arcas shiding toward Tailing grades.

dentificanon of Al Concerned Panties
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Design Truly Balanees Developiment Needs (Due
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In reviewing the 2003 ASCE report card. Intrastructure
Canada (2003) noted that the main message was the need for
new federal Tegistation and increased federal tunding. The re-
port also emphasized the ereation of a long-term infrastruc-
ture agenda and increased federal funding for research on
waste-to-energy programs. In 2002 the federal government of
Canada committed itself to long-term measures 1o modernize
Canada’s infrastructure. Unfortunately, infrastructure: surveys
similar o those of the ASCE do not exist in Canada. The
Technology Road Map «CSCE 2003) recommended the cre-
ation of aninventory of Canada’s infrastructure. along with its
existing state of health. Such an inventory would be essential
for developing o strategic long-term policy. for decision-
making. and for establishing priorities and future directions.
The sociocconomic and environmental impacts of these new
waste-to-energy programs also need to be considered. in con-
sultation with the stakeholders. The current experience in the
United States. Australia. Japan. and some other countries
clearly demonstrates the need for proactive leadership from
all Tevels ol government in Canada, as well as from the pro-
tessional societies and individual experts in the various sec-

Lors,

Qualitative performance of Canada’s
infrastructure

A significant proportion ol civil and marine structures
around the world has deteriorated considerably as aresult of
dgeing. overuse. misuse initial design inadequacies. poor-
quality control i construction. lack of maintenance. or de-
terred mamtenance. Hereo maintenance is defined as a set of
activities undertahen o keep infrastructare ina fully fune-
tionimg or operating condition. or (o return it to that condi-
ton. and 1o ensure long-lasting benelits for the users. A
qualitative refationship between the deterioration of Can-
ada’s infrastructure and the fevel of maintenance tmainte-
nance expenditures expressed as o pereentage of the tacilin

2000 NRC Cunada

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissionyz\w\w.manaraa.com



Mirza

Table 1. Summuary of USA infrastructure survey findings (1988, 1998, 2001, 2003, and 2005).

1088 1998 2001 2003 2005
Infrastructure category evaluated
Aviation B- C D — D+
Bridges C+ C- ¢ - C
Dams D D — D
Drinking water B- D] D — -
Inergy — — — D]
Hazardous waste D D- D+ — D)
Navigable waterways D+ - 1)-
Public parks and recreation D C-
Rail — — — C-
Roads C+ D- D+ — D
Schools I D- — D]
Security -~ - I
Sohid waste C ¢ C+ — C+
Transit - C C — D+
Waste and Energy - - D+ D —
Wastewater ¢ D+ D] — D-
Water resources B
Infrastructure GPA C D D+ D+ D
Total investment needs (CANS trilliony! 1.0 1.3 1.3 1.6 1.6

Note: Adapted from ASCE (1998, 2001, 2003, 2005). Grading criteria: AL exceptional (904 100702 B, wood
(8O RV Cu i (7000 790 DL poor (190 0000 FLinadequate (<4070 0 condition remained un-
changed: 1 insatticient information. The 1988 data, for comparison, are from NCPWT (TU8S),

Estimiated 5 vear needs,

Fig. 4. Qualitative deterioration  time relationship for various Tevels of maintenance (Mirza 2004,
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costy, repair, and rehabilitation over a period of 60 years is 2¢¢. The current financial constraints at the different fevels

shown in Fig.o 4. which is self-explanatory (Mirza 2004).
The qualitative infrastructure performance is rated on a scale
from 0 1o 1. with | being perfect. Tt can be noted that with a
higher level of maintenance te.g.. equivalent 1o 2 of the in-
frastructure construction costs), performance increases sig-
niticantly. along with anticipated service life. It can be seen
that if maintenance s completely neglected (0% mainte-
nance ). the deterioration fevel after about 45 years would be
<o hieh that the facility could not be rehabilitated and would
have to be replaced. Depending on the type and condition of
the tacility . the annual maintenance costs normally incurred
vary between 20 and 4000 however, maintenance expendi-
tures in Canada have traditionally varied between 0% and

of government suggest that these trends are Jikely 1o con-
tinue over at least the near future.

As well as developing the qualitative performance versus
time curves described above. Mirza (2004) caleulated Can-
ada’s infrastructure deficit versus time curves for four levels
of maintenance: 0%, 1% 1.5% and 2. The infrastructure
deticit is the difference between the Tunds needed to upgrade
Canada’s infrastructure 1o an acceptable level and the tunds
available from all levels of government and other sourcees.
As mentioned carlier. Canada’s infrastructure deficit in 1993
wis CANSTOO billion tor facilities under all jurisdictions
municipal. provincial. and federal. At present. this deficit is
about CANSI23 billion. If Canada’s infrastructure is al-
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Fig. 5. Variation of Canadi's intrastructure deficit with time
(Mirza 2004,
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lowed to deteriorates without any significant maintenance.
the accumulated infrastructure deficit could casily grow 1o
about CANST trillion in 60 years (Fig. 3y,

Aninvestment on maintenance of at least 24 of the infra-
structure construction costs would decrease the deterioration
rate and future repair costs and enhance the life of the infra-
structure. thereby delaying any costly replacement. This in-
vestment would  result in significant cconomic growth,
mcreased productivity. better international competitiveness.
and improved quality of lite Tor all Canadians. The renewal

process would also Tead to the development and transter of

innovative weehnologies wnd best practices (IntraGuide 2003,
InfraGiuide. Canada’s national network of experts on sustain-
able municipal infrastructure. was founded by the FOM and
the National Research Council of Canada (NRCH. is funded
by Infrastructure Canadi has been assisted by national and
mternational oreantzations (see www.infraguide.caaboutus/).
and has deseloped more than 30 best practices. Some Cngi-
neers and practitioners claim that adopting the hest practices
tor reparring and rehabilitating the deteriorated infrastructure
and constructmg new facilities could result in annual savings
of between CANST billion and CANS2 billion. 1t should
also be noted that 794 of Canada’s infrastructure is already
beyond s anticipated service lite «CSCE 2003,

Failure 1o address these serious problems will result in an
ansustaimable ifrastructure system. which it would se-
noush jeopardize Canada's nternational - competitiveness
and abiliny o captialize on existing and fure market oppor
tunitics. Ao it would deave o Taree infrastructure delicit as
a lecaey tor fiure eencrations. which would initiate @ seri
ous tanciab erisis 10 s not appropriate that the present een-
cration should enjov a hivh quahity of Tile at the expense o

Can. J. Civ. Eng. Vol. 33, 2006

future generations. The time to act is now. and the various
levels of government must ensure that maintenance for any
existing facility or new infrastructure projects is not deterred
for any reason.

Life-cycle costing

The durability design requirements in the various national
codes are basically empirical. derived from long-term expe-
rience with various types of structures in various aggressive
environments. Such design requirements have not been de-
veloped interms of performance criteria. For example. for
conerete. they relate to water/cement ratio. minimum cement
content, minimum conerete cover thickness, maximum crack
width. and other variables. In addition, these code provisions
have proved 1o be inadequate in some aggressive environ-
ments and oo rigorous in other environments  (Sicmes
[996).

Increased durability should normally result in an in-
creased intial cost but Tower maintenance costs over the ser-
vice life of the facility. Unfortunately. current design
methods. which are basically for the construction stage only.
cannot be used 1o determine the cost benefits that would be
attained during the service life of the facility. Because of the
empirical nature of code provisions. which are not always
clearly understood by practising engineers, it is not possible
to determine the service life in terms of the performance of
the system. Also. no guidance is available to determine the
maintenance requirements or the probability of Tailure. Thus.
it is difficult 1o demonstrate the savings in future mainte-
nance costs. which s aserious drawback for costing the life
cyele of a facility. In summary. the current design practice
mhibits any competition based on optimum durability con-
siderations and life-cycle costing.

It1s clear that any objective assessment of durability must
be established on performance-based durability design. The
behavior of the structure over its service life must be based
on aceurate. probabilistic time-dependent environmental and
material models. Such design procedures must also he appli-
cable for any preventive maintenance. rehabilitation. or ret-
rofit ol the structure. The performance of the structure over
it service life requires consideration of life-evele costs
based on extension of the principles underlyving the current
himitstates design methods o altimate and - serviceability
limitstates over its service life. Inoother words, efforts
should be focused on developing a reliability -based code for
the destgn ol durable concrete. steel. or wood structures 1o
ensure safety and serviceability over the entire serviee life,

Comparison with other industries

Industries such as offshore platform building and ship and
car manulacturing devote more attention 1o inspection. main-
tenance. and regular replacement of components than does
the construction industry. which needs o change its basic at-
titude. Instead of using continually updated  standards and
codes as tor structural engineering. the ship or navigation in-
dustry uses classification socicties with the ¢lose imolve-
ment - of oversee

construction and workers. Manning (19923 noted that the nu-

surveyors too cheek a0 desion and
clear industry has rigorous requirements for design. quality
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assurance. mspection: and  maintenance. controlled by a
strong regulatory agencey. He stressed that service-life pre-
diction is o sensitive issue. and very often the inspection re-
quirements may  compromise on durability. The  various
systems should be designed with a sound knowledge ot the
problems and an understanding of their causes. and the de-
signer must strive to minimize the problems.

Building structures are generally difficult to inspect prop-
erlv: however. there are similarities with the nuclear. aireraft.

and automobile industries. all of which contain a skeleton of

critical components and redundancies. or multiple load paths.
Most of those industries have the following (Quinion 1992):
() an explicit requirement for inspection and maintenance.
(hy warrantics. () strong  regulatory agencies  with
Jurisdiction for in-service performance. (o) scheduled re-
placement of parts. (¢) occasional use of identical high-cost
products. (/) cconomic incentives for product uniformity.
(¢) testing of components and finished products under ab-
normal loading conditions. (/i) products with a finite service
lite. (/) manutacturer’s vested interest. and () alteration dur-
ing product use.

Durability achievement
All parties imvolved with the construction industry agree

on the need for better quality control during all stages of

planning. design. construction. operation, and maintenance
of the system. In most cases. o small inerease in the initial
cost of the facility will pay dividends in terms of improved
service lite, The selection of the contractors must be based
on proven cood performance and maintenance of the high
standards required for the tyvpe of construction involved: and
it must be on evidenee of the successiul use of established
quality: management systems. This will ensure that the re-
quired quality and durability are achieved i a given project.
Normally. durability problems are manifested during the first
1O 15 years of the svstem's lifes which are eritical vears in
an aggressive environment. It has been observed that about
60 of these problems become apparent during the first
3 years (Quinion 1992y, Despite limited success with difter-
ent types of fuctlities. the engineer must focus on attempis to
achieve improved service liter continually expanding accu-
mulated knowledee through rescarch and development. ex-
perience. and innovation. However, due consideration must
be given to the impact of knowledge through rescarch and
development on practice and on the durability of the sys-

(Cms.

Industry difficulties

The solutions adopted to augment durability are the de-
stgn and construction of robust structures and the improve-
ment of Joints and other features that have led to durabilitny
problems, The construction dustry is having so many dilfi-
cultics for a variety of reasons, For example. clients do not
recovnize durabifity: problems and the Tong-range impact on
service lifes sothey are unwilling (o mvest more money to
increase durabilitv, As welll the indusiry as fragmented. with
alaree number of owners and chients. designers. contractors,
subcontractors, and suppliers with Taree and small bust-
nesses, Their mode ot operation can be best deseribed as
“divide and compete”™ vather than “unite and improve™
(Quinion 19920 Obviousiyv, addressing these issues would be
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helptul.. In addition, there is a strong need for civil
engineering graduates o study management and the design.
preservation, and renovation of durable systems. The knowl-
edge of the practising engineer can be similarly enhanced
through specially designed continuing education programs.

Design and construction

The difficulties that hinder progress toward aceeptance
and adoption of performance-based design and construction
fall basically into two categories: technical and nontechnical
(Somerville 1992). The technical difficulties consist ot un-
certainty, variability. sensitivity, interaction. and a general
lack of knowledge.

Somerville (1992) stated that the nontechnical difficulties
can be more important than the technical ones and include
the following:

{a) a general need for broad acceptance by all parties in-
volved. especially the owners. who should be made
aware of the benefits o using investment appraisal and
value engineering to integrate financial, functional. and
technical performance in terms of life-cycle costs.

(h) the owner’s preferred breakdown of initial capital in-
vestment and subsequent maintenance Costs.

(¢)y the legal liability of the designer for a given nominal
lite. Should the lability extend over a period of 5-
10 years it a durability assessment is undertaken at the
end of that period

() fulfilling the defined objectives and developing a consis-
tent approach. when many parties are involved in fi-
nancing. designing.  constructing.  operating.  and
maintaining any system.

Durability audits

Durability audit procedures are especially suited for the
assessment o deteriorated  infrastructure. Usually, some
damage or deterioration occurs before the service life ot the
facility has expired. The engineer needs to have Knowledge
of the properties. geometry. and response of the existing fa-
cility and to be abie to casily make observations and mea-
surements. However. unlike when a new facility is being
designed. the engineer has no treedom o adapt materials,
components, and geometry at this stage. The construction
and maintenance history of a facility and all the damage. de-
terioration. and other changes that have occurred make it a
complex system. Further ditferences between an existing and
a new tacility are the mcereased cost for uperading and 1m-
provement. the added difficulties of analysis. and the possi-
bility of a reduction in the performance requirements or the
intended serviee life.

Recent federal budgets

The 2005 federal budget proposed o new infrastructure
program funded by a share ot the federal gasoline tax: this
would bring the namber of current tfederal infrastructure pro-
orams to five. The Canada Infrastructure: Works Program
CCTW P of the mid-1990s helped Taree cities cope with the
prohibitive costs of modernizing waterworks, highway s, and
other laree civil infrastructure projects essential for the qual-
iy of dife i large metropolitan arcas. Over the past decade.
the old CIWP has been replaced by the Infrastructure Cun-
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ada Program. the Canada Strategic Intrastructure Fund. the
Municipal Rural Infrastructure Program. the Border Infra-
structure Fund. and the New Deal for Cities and Commu-
nities Fund. The five programs have different intiation and
termination dates. spanning collectively the period 2000
2013, and involve CANSI2.T billion in projected spending.
ol which CANSS billion will be invested through the New
Deal for Cities and Communities Fund.

Unfortunately. the Targe cities are no longer the priority in
infrastructure spending. Although there is some overlap be-
tween the programs. the fine print shows a tendeney (o list
priorities without giving them any relative weighting in im-
portance. according to an cditorial in The Gazerre (2005).
The editorial provided examples. such as tourism projects
being considered as worthy as waterworks projects under the
Strategic Infrastructure Fund rules: and the  Infrastructure
Canada Program has no restrictions on investment in “im-
proving of community infrastructure”™ — it can mean any-
thing. This situation is not surprising, because no politician
would Tike to cut the ribbon for a sewage disposal project:
they are “out of sight. out of mind™. Arcnas and parks are
more visible to the voters: however, they are not as essential.

It is important to bring some rigour to all of Canada’s in-
frastructure programs, which need to be overhauled. stream-
lined. and have their objectives prioritized. A higher priority
needs 1o be assigned to the great challenges faced by the
large cities. which were initially the spark plug for these
programs. For too long. the municipal infrastructure in large
population centres has been ignored. with serious results.,
For example. Canada [eads the developed countries in dump-
g untreated human waste into lakes. rivers. and oceans.
Over the past decade. there have been some problems with
the drinking water in Walkerton and Kashechewan, Ontario:
in North Battletord. Saskatchewan: and in some other com-
munities.  In particular. the tsolated community - of  the
Kashechewan First Nution has been on a Health Canada
hoil-water advisory over the past 2 vears, and many such ad-
visories have been issued over the past few decades. Because
of the deadly Escherichia coli bacteria i the water supply.
more than hall ot the Tocal population has suffered from var-
1ous stomach and skin discases. The incorrect location of the
waler intake (constructed about 1O yewrs ago). about 130 m
downstream from the communitny s sewage lagoon. will con-
tinue 1o cause the drinkimg water 1o be contaminated with
sewage. The advice of the Jocal community on positioning
the antake was enored. These health and other socioeco-
nomic problems of the community can he attributed to con-
tusion over federal and provincial jurisdiction and 1o the
lack ol political will and government action o resolve the
crisis. Only o comprehensive political solution. in partner
ship with the atfected communitios. can alleviate the serious
drinking-water faced by
Kashechewan and at least another TOO native communities in
Canada,

sociocconomic and problems

Recent natural calamities. such as Hurricane Katrina. the
South Bast At tsunamis and the devastating carthquake in
Pakistan and Indias nghhiehe the deficiencies in desien. con-
struction. and nanntenance of infrastructure e these coun-
tries. For example. the devastation in New Orleans due to
Hwrrcane Karima could have been mimimized considerably
il the Tevees had been desiened Tor ahigher intensity hurri-
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canc. Morcover, the needed reliet activities were slow. as a
result of a Tack of preparedness and competence and because
of the tardiness of government action,

Politicians need 1o answer these questions with well-
considered priorities. It is important to revert to the original
core values in focusing the Timited funds available on crum-
bling metropolitan infrastructure. These regions are the heart
and liteline of most cconomic activity in Canada. It would
also be useful to fold all five programs into a single one with
a short-term emphasis on the largest cities. which are the en-
gines of Canada’s cconomy.

As mentioned carlier, Canada’s present infrastructure defi-
citis about CANSI2S billion. The small investments by the
three levels of government will not return the badly deterio-
rated infrastructure to an acceptable level. The governments
must scek other innovative sources ot funding. If this invest-
ment is not made soon. the infrastructure, especially in large
cities. will deteriorate at an accelerating rate. similar to any
unchecked cancer in a human being. Would the cost of
spending another CANS2 billion or CANS3 billion annually
on our infrastructure be more significant in the long term
than the cost of delaying the retirement of the accumulated
federal and provincial deficits?

Education

Civil engineering curricula at most universities deal with
the basics and the design and construction of new infrastruc-
ture facilities. However. maintenance. repair and rehabilita-
tion. and rational management of the existing deteriorating
infrastructure hardly receive much attention. (Mirza 2004).
This is reflected in the current role of engineers: they spe-
cialize m one of design. construction of new facilities. or
management of infrastructure. which involves maintenance.
operation. and repair and rehabilitation. The Tatter group has
developed this specialization on the basis of experience and

judgment. without much formal training during undereradu-

ate years. The needs and challenges of civil engineering
practice have focused emphasis on environmental protection
and amehoration. requiring a reorientation ol technology,
The development ol these curricula and related  details
should be aimed basically at protection and restoration strat-
caies sensttive 1o local practice.

Consideration ol all technological options imvolves look-
ing at ethical responsibilities and sociocconomic and envi-
ronmental impacts. and e maost lead o holistic decisions
without any negative impact on heatth and safety of people.
The emphasis should be on cleaner technologies with highly
ctficient resource and energy use and waste minimization.
Implementation of the principles of sustainable development
tmvolving sociocconomic, environmental, and  other con-
cerns) requires the engineer to reduce. reuse. reevele. and
above all rethink a practice adopted by the Canadian So-
ciets Tor Civil Engineering ind the American Association of
Engincerime Socicties. Engineering practice for a sustainable
tuture would require a greater degree of involvement in po-
litical. environmental. cconomic. technical. social. and man-
agement issues. This sustamnability can be o achieved by
changing the current practice of designing tor the first cost
tdesten and construction) and focusing on the lite-ayele
costs ol infrastructure subjected o a varicly ol ageressive

2006 NRC Cuanada

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissionyz\w\w.manaraa.com



Mirza

cenvironments and by adopting the cradle-to-cradle philoso-
phy. instead of the cradle-to-grave system that currently pre-
vails, In addition. sustainable infrastructure would require
minimization of the energy embodied in the processing and
use of construction materials, and as well as the energy em-
bodied in construction processes.

Dealing with the present mfrastructure erisis and the need
for sustainable development requires broad thinking and a
multidisciplinary education. well bevond the conventional
engineering courses. This broader education would include
courses on sustainable development. financing. politics, law,
management. sociology, and work-orientation skills. Mult-
idisciplinary partnerships will be needed to address cultural.
social, and environmental issues. The current basic design
concepts will have to be revised considerably to incorporate
sustainable development. Basic civil engineering education
must provide a solid understanding of environmental and so-
cloeconomic issues, evaluation of the risk and potential im-
pact ot every deciston and action in terms of time and space.
and the subsequent effective management of these risks and
impacts. There would also be a hasic need for courses in de-
erioration sciences, assessment technology. renewal engi-
neering. and nstitutional  effectiveness and  productivity
(Mirza 2004).

The focus would have to be shitted from the design of

new structures to the rehabilitation, retrofitting. and manage-
ment of structures with serious deterioration: to revised use:
and to anthropogenic threats, Significant changes in educa-
tion are needed to prepare engineers for the new technology
and practice aimed at sustainable development. The present
curricula are compartmentalized. without adequate interdis-
ciplinary content. and lack synthesis: the universities are
teaching too much content and not enough process and
open-minded problem-solving.

The above philosophy was used partially in significantly
revising the curriculum at MceGill University in the 1990s:
details are available in a committee report (MceGill Univer-
sity 1993). The Canadian Engineering Accreditation Board
ol the Canadian Council of Professional Engineers (CCPE)
must take cognizance of the major changes in professional
practice. which in turn should be reflected in major changes
in undergraduate civil engineering curricula,

National infrastructure policy

Aside from combating Canada’s rapidly growing infra-
structure deficit. the infrastructure renewal programs shared
by the three levels of government have accelerated economic
growth and created jobs in all regions of the country. Can-
ada’s population is concentrated mostly in cities and town-
ships just to the north of the United States: this unique
geographical feature has led the federal government 1o as-
sume responsibility since 1867 for major national develop-
ment projects. such as the Canadian Pacitic Railway and the
TransCanada Highway. For similar reasons, it is appropriate
that the federal government assume leadership in the renewal
of Canada’s infrastructure. Of course. the provincial. territo-
rial. and municipal governments would be key partners in
this important venture.

The FCM and NRC. with the strong support of Infrastruc-
ture Canada. have developed the national InfraGuide net-
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work. which provides guidance on best practices in the ame-

lioration of infrastructure in Canada. Use of the appropriate

InfraGuide best practices can result in significant savings in

expenditure on repair and rehabilitation of  infrastructure:

these savings are estimated to be between CANS$I billion
and CANS2 billion annually. Other learned and professional
organizations. such as the Canadian Society for Civil Engi-
neering, the Canadian Council of Professional Engineers. the

Association of Consulting Engineers of Canada. and the Co-

alition to Renew Canada’s Infrastructure, have expressed

very strong support tor the new infrastructure programs.

The federal government has shown some leadership in re-
newing Canada’s infrastructure and has taken positive steps
by creating a special department. IntraStructure Canada. with
a designated minister to deal with all related issues. How-
ever. a national infrastructure policy is needed urgently, de-
veloped with federal Teadership and input from all parties
involved. to provide long-term direction on all infrastructure
matters (Mirza 1997). Such a policy will result in several na-
tional benefits, including nation-building: development of
appropriate technology and best practices (e.g.. InfraGuide):
cconomic benefits accruing from the international marketing
of new technologies: economic benefits and opportunitics
for all regions of Canada (e.g.. generation of new jobs result-
ing from infrastructure renewal investments and other related
industries): and significant improvements in productivity. in-
ternational competitiveness. and the overall quality of life of
Canadians.

The national infrastructure policy should consist of long-
term commitments and must address all issues of infrastruc-
ture in Canada under the jurisdiction of the tederal. provin-
cial. territorial. and municipal governments, as well as the
issues of infrastructure in the private sector. The policy
would address at lTeast the following issues:

* The policy would acknowledge the present infrastructure
crisis, its rapid growth over the near future, and its overall
cost to Canadian socicety. The cost of extremely deterio-
rated and malfunctioning infrastructure includes the loss
of investment. diminished economic growth, the loss of
jobs, and decreased international competitiveness.

« All deteriorated faciliies to be rehabilitated and all new
intfrastructure facilitics should be designed. constructed.
managed, operated. and maintained over a predefined life-
cycle. with due consideration of all associated direct and
indirect costs. These activities should incorporate the prin-
ciples of sustainable development. accounting for all re-
lated socioeconomic. environmental. and cultural issues.

» The depreciation of these facilities should be incorporated
into lite-cycle accounting.

o All levels of government should develop strategic infra-
structure programs (for all types of infrastructure for a pe-
riod of at least 10 years) and provide sustainable funding
for all related activities.

e The maintenance of any infrastructure facility should not
be deferred under any circumstances.

e Provision should be made for sate drinking water. sate
disposal of sewage and solid and hazardous waste, and
pavement with a safe and comfortable riding surface.
Other provisions could be added here.

¢ Muanagers and operators should have the required tools for
properly managing infrastructure. and they should have
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access o information on the best practices in all manage-
ment. investment. decision-making. and technical arcas
related to infrastructure. This information is currently
available from InfraGuide.

o In all major cities across Canada. centres of excellence
should be established to undertake rescarch and develop-
ment on ocal. regional. and national topics of interest,
besides providing advice to infrastructure managers, tech-
nical personnel. and decision-makers on the various best
practices.

* The policy must ensure that cach user pays appropriately
for services und benefits received. The basic costs for ser-
vices should be assessed on the basis of equity. cconomic
ctliciency, accountability, and transparency and should in-
clude appropriate administrative costs.

Where do we go from here?

Lfforts to renew and rehabilitate ageing infrastructure
should focus on prolonging the functional life of the facil-
ity’s components and systems and ameliorating their safety.
OF necessity. these activities must be pertformed in situ. and
they must be economical and cuause the least amount of dis-
ruption. Development of efficient and effective renewal tech-
nologies must by nature be interdisciplinary, and besides
using traditional materials, engineers must adopt recently
developed advanced and high-performance materials. protec-
tive systems, and joining methods. In addition, contrary to
current practice. scientile design for renewal and reuse should
be promoted. Urgent rescarch is needed in these arcas.

Summary and conclusions

The basic issues involved in intrastructure durability and
sustamnability have been reviewed. along with the future
needs of the profession. Unlike the aireralt and automobile
industries. the construction industry designs and builds infra-
structure on the basis of first costs only, without explicit
consideration of the maintenance and depreciation of the fa-
cility over its service hife. The paper emphasizes the con-
cepts ot ife-eyvele performance and the associated costs.,
including depreciation of the facility over its service life. It
is strongly recommended that life-cyele performance and
management of infrastructure facilities deal with every facet
of the service life its conception. feasibility studies., de-
s1ign. construction, operation, nyaintenance. repair and reha-
bilitation. and finally decommissioning and disposal of the
system after it has outlived its useful lite. Every step of these
considerations must be guided by overall sociocconomic and
cnvironmental concerns. These activities must be guided by
the principles of sustainable development and must consider
the energy embodied in materials and construction and in
both initial and recurring maintenance.

The degradation of the performance of Canada’s infra-
structure over the past several decades has been reviewed.
along with the consequences of proper or deferred mainte-
nance and their impact on Canada’s infrastructure deficit.
The roles of the civil engineering protession. including cdu-
cation and training. and those of the public and private
sectors were discussed brietly. Examples of recent techno-
logical advances have been summarily presented.

Can. J. Civ. Eng. Vol. 33, 2006

Finally. the paper emphasizes the need for a national in-
frastructure policy and attempts to answer the guestion.
Where do we go from here?
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