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ABSTRACT 
It is well understood that the main objective of infrastructure design code specifications is to protect 
the public’s welfare, health, and safety; none of which appear to be directly related to sustainability, 
which as a movement focuses attention on protecting the natural environment, conserving resources, 
and minimizing the toxicity of construction materials and processes. However, a number of 
jurisdictions have adopted language based on the United States Green Building Council to curtail the 
adverse effects of global warming gases and minimize environmental impact of new construction; in 
some cases to improve air quality in the community and to increase the long-term viability of local 
construction. In this chapter, we provide a survey of the available literature and review recent and 
some pending changes to design specifications found in building codes related to sustainability; 
particularly related to structural concrete, steel, timber, and other construction materials. These 
materials’ code writing entities have made a commitment to provide guidance to the design 
professionals regarding sustainability. Some of the groups are further along than others, but all have 
working groups (as of early 2011). Also, the International Code Council, Inc. has written a public 
version of the International Green Construction Code with the final version slated to be published in 
2012; this is the first step towards making sustainability common place in all infrastructure design.  
 
Keywords: Sustainability, LEED, Steel, Concrete, Timber, Design Specifications, Performance-Based 
Structural Design 

 
 

 
 
INTRODUCTION 
With recent changes in governmental policies to address, in part, increased awareness of concerns over 
greenhouse effects on the environment and more effectively utilize our limited natural resources, sustainability 
has become an important aspect in infrastructure design. Current innovations in sustainability are spearheaded 
by professional organizations such as the American Society of Civil Engineers (ASCE), the American Institute of 
Steel Construction (AISC), the American Concrete Institute (ACI), the American Forest & Paper Association 
(AF&PA), and the U.S. Green Building Council (USGBC). Through extensive work from the aforementioned 
organizations, various changes in standards and specifications have been developed, proposed to building code 
officials, and some have already been implemented.  These professional organizations’ main goals, from a 
sustainability standpoint, are to reduce the carbon footprint of structures, curtail any negative effects on the 
environment caused by the construction of buildings, and improve indoor environmental quality (particularly 
indoor air quality). A further goal of these professional organizations is to reduce social and economic impact 
through the use of a sustainability certification of existing and new structures to rate their overall impact on the 
environment, society, and the economy. The main path for attaining all these goals is by working with engineers 
and architects to implement changes that reflect sustainability methods in building codes; with the U.S. Green 
Building Council leading the way through their Leadership in Energy and Environmental Design (LEED) 
certification program, which serves to standardize and rate the overall sustainability of a building using a point 
system. The LEED certification program has created standards of design and development for new construction, 
existing buildings, commercial buildings, residential homes and neighborhoods. It awards points based on site 
selection (Site Sustainability, Location and Planning), Water and Energy Efficiency, Materials and Resources used, 
Indoor Environmental Quality (including indoor air quality), Innovation in Design, and Regional Priority. For 
new construction ratings in LEED v3 (version 3 is the current rating), buildings are awarded points on a 100-point 
scale (plus an additional 6 points for Innovation in Design and 4 points for Regional Priority) and classified as 
certified (40 to 49 points), Silver (50 to 59 points), Gold (60 to 79 points) or Platinum (80 points and above).  
Of the eight major areas that LEED addresses, Materials and Resources, and Innovation and Design are directly 
related to sustainable materials, which is the main theme of this book. Also, two other areas are indirectly related 
to sustainable materials: Energy & Atmosphere and Indoor Environmental Quality; particularly when 
considering that a great deal of the carbon emissions and other pollutants are generated in the mining or 
harvesting, processing, transportation, and installation of construction materials; discussed later in the Pollution 
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section. Therefore, a high level of sustainability cannot be achieved without detailed consideration of materials in 
infrastructure design. Various methods to address sustainability during the design and construction phases 
include specifying recycled materials or materials from sustainably managed sources, reusing parts of 
demolished structures (deconstruction), specifying locally available materials, using prefabricated components 
whenever possible, and more importantly designing structures that can be altered and can be adapted to new 
uses (reuse) or loading conditions.  
Although building sustainable infrastructure has historically been seen as more expensive and less profitable for 
developers, recent advances in materials, processes, and equipment make the cost of building “green” 
competitive. Also, changes in industry standards and codes have enabled sustainability to become widely 
accepted in building design and construction. Some of the most important changes have been spearheaded by 
government agencies through the adoption of LEED certification for public projects; for example, requiring all 
public governmental buildings to be LEED certified, including public academic institutions.  Although there is a 
1-2% increase in building construction costs associated with achieving the lowest LEED certification (Kats, 2003), 
the lifecycle cost (including energy consumption of the building) is lower as compared to the costs of 
conventional construction (this will be discussed further in the next section). To increase public sector investment 
in development using environmentally friendly techniques, particularly LEED certified structures, there are a 
number of incentives from governmental policies, including grants, tax credits, and low interest loans. 
Furthermore, substantial benefits can be achieved due to the increased productivity resulting from better 
ventilation, temperature control, lighting control, and reduced indoor air pollution; all also contributing to better 
living spaces. In fact, several studies since 2008 have found that LEED for-rent office spaces generally achieve 
significantly higher rents, sale prices and occupancy rates (Miller et al., 2008). All of these incentives should 
present lower investment risks and much higher profits as compared to conventional construction.  
 
 
COST OF SUSTAINABLE INFRASTRUCTURE MATERIALS 
As the cost of construction materials continues to increase because of the ever increasing costs associated with 
production, there has been a move toward use of renewable and more sustainable materials in infrastructure 
design. In recent years, there have been changes to concrete, steel, wood, and masonry productions in efforts to 
provide consumers a more sustainable product while reducing economic and social adverse impacts. Even 
though more cost effective production methods are currently in use, there is still an average increase of 
approximately 2% in the overall cost associated with “green” construction when compared to conventional 
building construction, see Table 1.  
 

Table 1. Average cost increase associated with different levels of LEED rating (Kats, 2003) 
 

LEED Rating Number of Projects Green Cost Premium 

Certified 8 0.66% 

Silver 18 2.11% 

Gold 6 1.82% 

Platinum 1 6.50% 

 Total = 33 Average = 1.84% 

 
 
This table lists the percent initial cost premium associated with each of the four LEED rating levels (Kats, 2003). 
The table includes data from 33 LEED registered projects; 25 are office buildings and 8 are schools. It is interesting 
to note that the average increase for gold-LEED certification is lower than that for silver-LEED certification. There 
are two primary reasons, there are more LEED-silver projects than LEED-gold and the LEED-gold projects were 
constructed more recently; this later reason is a result of “economies of scale” – more LEED certified buildings 
lower cost for sustainable construction/equipment (derived partially from learning by doing). Also, the only 
platinum building in the data had an increase of 6.5% in cost.  Note that this initial cost premium for high-
performance can be offset over the life of the building by the optimized design and project quality components. 
This is the conclusion reached by the U. S. Department of Energy; that is, the average 2% initial cost associated 
with construction of sustainable high-performance structures is rather small when compared to the lifecycle cost 
savings associated with a more efficient structure (Kats, 2003). The long-term cost savings for high-performing 
buildings can be substantial. A study of 60 LEED-certified buildings in 2003 concluded that these buildings were 
on average 25-30% more energy efficient (Kats, 2003).  And given that over 40% of a building’s energy 
consumption (not including the energy required to manufacture all building materials and construction) is 
associated with its operation, a 25% savings can result in as much as a 10% reduction in a building’s energy 
consumption. This translates in over a 10% return on the initial investment – just on operation alone.  It is clear 
that choosing a sustainable design with a modest increase in initial cost can reduce operation costs during the 
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building’s lifetime, resulting in substantial savings. The potential lower lifecycle cost is the primary reason why a 
number of private and public entities are specifying LEED certified structures.  
In a typical building, the structural system usually accounts for 10% – 20% of the construction costs (depending 
on building use), with office buildings having the greatest percentage (18%) of construction cost devoted to 
structural components (Kneer and Maclise, 2008). Therefore, the increased cost associated with the structural 
materials for LEED compared to non-LEED construction is only between 0.2% and 1.2% (i.e., 18% of the average 
increase of overall costs associated with LEED compared to non-LEED construction as listed in Table 1). 
An additional cost of sustainability is the emerging risks of potential legal issues with sustainable construction. 
Bristol and Dolan (2008) warn that the demand for sustainable design and construction may outpace the 
acquisition of knowledge and skills of most engineers and others in the construction industry. Of particular 
concern is litigation resulting from expanded warranties, breach of contract, or issues from untested “green” 
products and technologies that have been hastily used to achieve a specific LEED rating level. Brinson and Dolan 
(2008) recommend that engineers address these risks upfront in the contracts by explicitly stating the duties and 
responsibilities of design and construction members, and by clearly defining the expected performance of “green” 
products. 
 
 
POLLUTION IMPACT OF INFRASTRUCTURE MATERIALS 
As noted earlier, two sustainability areas (Energy & Atmosphere and Indoor Environmental Quality) are 
indirectly related to sustainable materials. These areas are primarily concerned with control of pollutants and 
their effects on public health and the environment; particularly curtailing carbon dioxide (CO2) emissions to 
reduce climate change, and control other pollutants that adversely affect human health. Considering that only 
approximately 20% of a building’s environmental impact is embodied in the materials (the other 80% is 
contributed by operations), it would appear that the environmental effect of construction materials is minimal 
(Hays and Cocke, 2009). However, all of the environmental impact from construction materials happens initially, 
before operations have any environmental impact, which happens over the life of buildings. Noting that 
approximately 37% of CO2 released today will be present in the atmosphere 100 years later (Kang and Kren, 
2007); and considering the conclusions of the Intergovernmental Panel on Climate Change regarding the 
catastrophic changes to the environment expected if drastic steps are not taken immediately to reduce CO2 levels 
in the atmosphere (Mehta and Meryman, 2009), global warming effect from materials should be expected to be 
much more severe than those of operations (with more time society will be able to develop more carbon-neutral 
operations systems). This has been one of the primary factors why manufacturers (primarily motivated by 
consumers) have made substantial changes toward using more sustainable practices that have a lesser, immediate 
impact on the environment. Also, current laws have incentivized limiting the amount of pollutants produced in 
the manufacturing of concrete and steel. Therefore, concrete and steel production companies have opted to 
reduce energy consumption and recycle concrete and steel in order to comply with current environmental 
protection laws and reduce processing costs.  Limitations of air emissions and waste from manufacturing have 
both contributed to environmental improvements in both the concrete and steel industries. The carbon footprint 
from cement (the main ingredient in concrete) had nearly doubled between 1990 and 2005; see Figure 1, which 
depicts historic and projected annual cement consumption rates. If annual cement consumption rates continue 
along their current trend, we can expect pollution levels from cement production to double about every five 
years. To produce cement, calcium carbonate (CaCO3) must be converted into calcium oxide (CaO) as follows 
(Mehta and Meryman, 2009): 
 

CaCO3 + Heat → CaO + CO2 
 

 
 

Figure 1. Historic and projected annual cement consumption rates (Mehta and Meryman, 2009). 
 
The main by-product of the chemical reaction and that of the combustion of fossil fuels to generate the Heat is 
CO2. It is estimated that a ton of CO2 is produced to manufacture a ton of cement. When the cement is combined 
with aggregate and water to form concrete, this figure goes down to about a third of a ton of CO2 per ton of 
concrete (Falk, 2010).  
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Therefore, to reduce the carbon emissions associated with concrete, we must reduce the amount of cement used 
in concrete. To accomplish this, cement manufacturers have recently resorted to adding fly ash or slag into 
cement mixtures. For example, Europe uses Portland-slag cements containing over 50% ground granulated-blast-
furnace slag (Mehta and Meryman, 2009) as cement replacement in concrete. Also, the Portland Cement 
Association has developed recommendations for fly ash and slag cement replacement by weight, as listed in 
Table 2. PCA also lists the replacement allowed depending on the region where the construction project will be 
located. Production of cement and concrete also generates large amounts of dust that can escape into the 
atmosphere. In order to regulate this, the Environmental Protection Agency has placed a limit on the quantity of 
dust that is released into the atmosphere. Therefore, cement manufacturers are recycling the dust emitted during 
manufacturing, which can be done with mechanical collectors, electrical precipitators, or fabric filters. Recycling 
the dust is a complex process because of its high alkalinity, which must be reduced before it is used.  
 
 

Table 2. Portland Cement Association recommendations for fly ash and slag cement replacement (Kang and Kren, 2007). 
 

Product PCA/ACI Recommended 
Replacement by Weight Comments 

Fly Ash  
Class C 15% - 40% 

 
Pozzolanic and cementitious properties 
Generally available on the East Coast and the Midwest 
Not allowed in California hospitals or public schools 
[California Building Code] 
 

Fly Ash  
Class F 15% - 25% 

Pozzolanic properties 
Generally available on the West Coast, allowed in 
California hospitals and public schools [California 
Building Code] 

Slag 30% - 40% Typical  
 
 
This recycled material can be used in agricultural soil treatment, diverting it from landfills. Sulfur emissions are 
another concern along with CO2 that results from cement and concrete production. As for steel, because of its 
high recyclability a large amount of deconstructed and scrap steel is used to manufacture new steel. This greatly 
decreases the energy consumption needed to produce a ton of steel. In fact, as shown in Figure 2, the energy 
consumption per ton of steel shipped in the United States, on average, has decreased by about 75% over the past 
half century (Stubbles 2000).  The most drastic change came in the 70’s and 80’s when the industry began using 
recycled steel and switching from coal burning furnaces to electricity. The carbon footprint from steel is relatively 
small (0.73 tons of CO2 are produced to manufacture a ton of steel) considering its high strength-to-weight ratio 
(AISC, 2011). Also, as shown in Figure 3, the iron and steel sector’s normalized air toxicity releases show a 70% 
decline from 1994 to 2003 and appear to have leveled out. Most (99%) of pollution releases are air, with less than 
1% water release.  The main pollutants released into the air are manganese, chromium, and lead (US EPA, 2006). 
Also, if current trends in recycling and reusing of structural steel continue, steel may become a carbon-neutral 
material. Furthermore, Table 4 lists the total greenhouse emissions in teragrams of CO2 equivalents from 1990 and 
2005. For iron and steel production, there was a decrease of about 47% in the CO2 emissions. The incorporation of 
recycled steel in the production of new steel has drastically decreased the carbon footprint of the industry. 
 

 
 

Figure 3. Toxics Release Inventory (TRI) Air and Water Releases by the Iron and Steel Sector (US EPA, 2006). 
 
 
Other energy conservation measures adopted by the steel industry include consolidation of the industry at 
product plants that are more modern (know as mini-mills) and process improvements, particularly in 
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transportation and manufacturing of steel. As a result of these process improvements energy consumption in the 
production of steel is continuing to decrease over time as shown in Figure 2. These improvements were realized 
even before the sustainability movement because it made good business sense. With further funding in research 
of energy efficient technologies, the steel industry aspires to keep reducing their carbon footprint to become a 
carbon-neutral industry (Sustainable Steel: Energy Reduction, 2010).  

 
Table 3. Benefits and challenges of deconstruction (Calkins, 2009) 

 
Benefits of Deconstruction Comments 

Reduced environmental and 
health impacts from raw 
material use, acquisition, 
manufacture, and processing of 
new materials 

Use of reclaimed or recycled materials will reduce virgin resource use, 
habitat destruction, energy use, and emissions from acquiring and 
manufacturing new materials. 

Reduce landfill debris 

Reduction in materials that must be landfill can save costs of landfill 
tipping fees, which are substantial in some areas. In some cases the 
savings will pay for the increased labor costs of deconstruction. 
Additionally reducing landfill disposal preserves land and may reduce 
the possibility of any future problems associated with landfill.  

Management of hazardous 
resources 

Deconstruction allows for management of hazardous materials, such as 
pressure treated-lumber, as they can be segregated and disposed of 
appropriately rather than commingled and land filled, where they hold 
the potential to leach hazardous substances. In addition, when hazardous 
waste is commingled with non-hazardous waste, the entire load must be 
treated as hazardous waste. 

Strengthens the salvage and 
recycling industry 

Growth in markets for reclaimed and recycled materials is directly related 
to the increase in deconstruction activities. The more deconstruction 
taking place, the stronger the markets for reused and recycled materials. 
This can result in job growth and benefits the local economy.  

Design opportunities with use of 
reclaimed materials (e.g., 
aesthetic, historic, symbolic) 

Reclaimed materials can add a layer of meaning to a project, revealing the 
cultural history of a place that is often difficult to achieve with mass-
produced, internationally distributed, new materials. Reclaimed materials 
are sometimes unique and one of a kind. 

Can achieve LEED credits 

Deconstruction can contribute directly to achievement of two LEED 
credits: MR Credit 2.1: "Construction Waste Management: Divert 50% 
from Disposal" and "Divert 75% from Disposal." It can also help achieve 
several other credits in areas of "Material Reuse" and "Regional Materials."  

Can save costs of new materials 
Using reclaimed and reprocessed materials can often be cost effective, 
saving material acquisition expenses. Hauling and landfill expenses can be 
saved if materials are reused on site.  

 
Use of timber in construction can have a significant impact on the environment, both positive and negative. Until 
third-party certified sustainably harvested wood became available, timber production resulted in soil erosion, 
pollutant runoff, increased CO2 levels, and habitat loss. Timber that comes from certified forests has been 
managed to maximize timber yield, minimizing erosion to protect waterways, and promote healthy ecosystems 
for wildlife habitat. Unfortunately, only about 20% of the currently available timber products come from certified 
forests (De Stefano, 2009). Also, to mitigate the effect of clear-cutting old growth forests, we rely on wood that is 
farmed using fertilizers and pesticides. These forests are harvested relatively frequently resulting in smaller 
diameter trees being used as structural wood, which can be produced into Engineering Wood (EW) products such 
as plywood, oriented-strand board panels, glued-laminated lumber, laminated and parallel strand lumber, and 
laminated veneer lumber. These EW products require binders, which will make EW products more difficult to 
recycle. The binder used in EW products is either phenol- or urea-formaldehyde resin.  



 

ESEMPI DI ARCHITETTURA, 2014,  VOL.1, N.2 

124 HECTOR ESTRADA, DELICIA H. BORJA, LUKE LEE 

The Federal Green Construction Guide for Specifiers suggests avoiding products manufactured with urea-
formaldehyde resin (a potential carcinogen). Phenol formaldehyde is less harmful and is the primary binder used 
in the aforementioned EW products. The potential adverse effects of engineered lumber are offset by their more 
efficient use of natural resources and use of recycled content. Also, a recent study by Kang and Kren (2007) 
indicates that structures account for 49% of sulfur dioxide emissions, 25% nitrous oxide emissions, and 10% of 
particulate emissions, all of which adversely affect urban air quality. A further impact that building construction 
has on the environment is solid waste from demolition, construction, and remodeling, which in 1996 was 
estimated at 136 million tons (approximately 35% of non-industrial waste) and 170 million tons by 2003 (US EPA, 
2009); this constitutes an increase of over 20% in 14 years. The average percentage breakdown of this solid waste 
by materials is as follows: 40-50% concrete and mixed rubble, 20-30% wood, 5-15% drywall, 1-10% asphalt 
roofing, 1-5% metals, 1-5% bricks, and 1-5% plastics. It is anticipated that in the near future, most of these 
materials will be reused or recycled. 
 
 
EMBODIED ENERGY IN INFRASTRUCTURE MATERIALS 
More natural resources go into the built environment than any other manmade use. As resources become scarce 
(forests and fossil fuels), the infrastructure industry is resorting to recycling and reusing; this can also result in 
additional revenue and decreased costs in construction. Recycling is also promoted by state and local 
municipalities through increased fees in landfill use and waste emission reduction laws. The current state of the 
environment is slowly improving because of some of the sustainability practices being adopted by contractors, 
such as using locally produced and renewable materials and specifying materials with low embodied energy – 
energy required to produced, transport, and install the product. At first glance structural engineers appear to 
have little to contribute to sustainability; however, Hays and Cocke (2009) make a compelling case to the contrary. 
One particular approach is to reuse existing buildings to reduce embodied energy in construction materials – after 
all, “the greenest building is one that is already built” Carl Elefante. Hays and Cocke (2009) presents an embodied 
energy analysis of an adaptive reuse of a 1950’s, 2-story concrete warehouse.  
 
 

Table 4. Total greenhouse gas emissions in teragrams of CO2 equivalents (Clakins, 2009). 
 

Source 1990 (Tg CO2 Eq.) 2005 (Tg CO2 Eq.) % Change 

Carbon Dioxide (CO2)   

Iron and steel production 84.9 45.2 -46.7 
Aluminum production 6.8 4.2 -38.2 
Zinc production 0.9 0.5 -44.4 

Methane (CH4)   

Iron and steel production 1.3 1 -23 
Hydrofluorocarbons (HFCs), 
Perfluorocarbons (PFCs), & 
Sulfur Hexafluoride (SF6) 

 

Aluminum production 18.5 3 -83.7 
 
 
To construct a new building and replace the 50,000 square-foot space, it would require over 110 million BTU’s 
worth of energy: 56.5 million BTU’s embodied energy in the existing building, 0.775 million BTU’s to demolish 
the building, and 56.5 million BTU’s to construct the new building; a new high-efficiency building could not save 
this amount of energy over a fifty-year service life (Hays and Cocke, 2009). This example illustrates how the 
structural engineer can make a substantial contribution to sustainability. It may only be possible to reuse the 
entire building in a few cases; but every existing building has parts that can be reused or recycled.  
These options should be considered in every project in order to decrease the use of raw materials in the 
production of construction materials. There are a number of established programs that address reuse and recycle 
of materials: building deconstruction, construction materials salvage, and reuse of reclaimed materials in new site 
and building projects. Table 3 lists some benefits and opportunities associated with deconstruction (Calkins, 
2009). Use of recycled materials can decrease extraction of raw materials and reduce the embodied energy of a 
construction project, particularly for concrete and steel. In order to reduce the embodied energy in concrete, the 
industry has instituted a number of programs. For example, concrete production methods have been improved, 
concrete is being obtained from local producers, and in deconstruction cases concrete can be recycled and used as 
aggregate. When concrete recycling and fly ash are used on the same project, the result is a decrease in the carbon 
footprint of concrete by as much as 50% – 60% (Teller and Bergman, 2010).  
As discussed in the last section, steel recycling and new processing methods have dramatically decreased its 
embodied energy (by as much as 75%) over the past six decades (see Figure 2); resulting in steel having a 
relatively low impact on the environment.  
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Due to its cradle-to-cradle (rather than cradle-to-grave) property, the majority of steel mills incorporate recycled 
steel into the production of new material; resulting in steel being one of the most recycled materials today.  
In fact, at the end of a building’s life, over 98% of all steel is recycled and reconstituted into new steel products 
(AISC, 2011). Furthermore, technological advances in new machinery have allowed the steel industry to generate 
steel that is 40% stronger than steel from 40 years ago (Hewitt, 2003). Along with the substantial reduction in 
greenhouse emissions discussed in the previous section significant reduction in water utilization has been 
achieved, as much as 40%. The global steel industry continues to work to address sustainability issues by 
reducing steel’s embodied energy and to further reduce its impact on the environment. In particular, they are 
working on higher strengths, better durability and sustainable characteristics to allow steel to become the most 
energy efficient construction material. Much of the efforts from both the concrete and steel industries have been 
concentrated in reducing the effects of steel on the environment. Both industries continue to work on technologies 
that reduce their carbon footprint and embodied energy. These efforts should be rewarded through high marks 
on the LEED certification process for sustainable materials improvements. However, currently, LEED does not 
directly account for embodied energy, but it can be included indirectly in a number of the LEED areas. In future 
versions of LEED, embodied energy will probably be explicitly included; particularly through the work of the 
Sustainable Preservation Coalition, which has been formed to incorporate preservation, social, and cultural values 
into LEED (Hays and Cocke, 2009). 
 
 

 
Figure 2. Energy consumption per ton of steel shipped in the U.S (Stubbles, 2000). 

 
 
SUSTAINABLE ATTRIBUTES OF DIFFERENT CONSTRUCTION MATERIALS 
Wood and stone are considered to be the earliest construction materials; and were used to build shelters by many 
ancient societies. Wood has continued to be used as a construction material since ancient times. Stone, on the 
other hand, was replaced with mud brick in some parts of the world. Mud brick can be considered the earliest 
composite material because it was reinforced with natural straw to prevent cracking of the brick, given the poor 
tensile properties of dried soil. This practice was common at the time of ancient Egypt, and was so successful that 
it is still in use in many parts of the world today. The early practice of reinforcing mud with straw is documented 
in the Bible, Pharaoh told the Hebrew slaves that they would not be given any straw, yet they would have to 
produce their full quota of bricks. The ancient Romans invented concrete and built many structures and 
monuments with concrete, including the Pantheon in Rome, which was constructed using concrete over 2,000 
years ago and stands to this day. Steel is a more recent discovery, with the first application to infrastructure 
happening in 1779, the Coalbrookdale Arch Bridge in Shropshire; an iron bridge on England's Severn River. This 
bridge weighs 378 tons and spans 100 feet, and is still used as a pedestrian bridge today. In the past century, a 
number of new construction materials were invented; from high-performance conventional materials to advanced 
composite materials. As civilization has progressed, the embodied energy (as well as the CO2 emissions) in 
construction materials has continued to grow over the centuries.  
As shown in Table 5, the CO2 emissions per ton of material has also grown as new materials have been 
developed, with virgin aluminum being the worst at 4.5 tons of CO2 per ton of aluminum. Following is a 
discussion of the steps currently being undertaken to reduce the embodied energy and to promote sustainability 
in contemporary construction materials: concrete, steel, timber, masonry, and composites. 

 
CONCRETE 
One of the key ingredients in the production of concrete is cement (the other two are aggregate and water). 
Cement production is energy intensive and generates large amounts of CO2 – as noted earlier, producing a ton of 
cement generates approximately one ton of CO2. As cement producers are under increased pressure to reduce 
CO2 emissions, they have resorted to optimizing cement mixtures and adding complementary cementing 
materials, such as recycled fly ash (a pozzolanic by-product of coal-fired electricity generation) and blast-furnace 
slag (a pozzolanic by-product of steel blast furnaces). The benefits of using these pozzolanic by-products are two 
fold: the materials are diverted from the landfills and the cement’s environmental impact is reduced because of its 
replacement with a carbon-neutral by-product. According to the Portland Cement Association, fly ash and slag 
are optimal substitutes for raw cement because their use results in no degradation to the mechanical properties of 
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concrete. This is particularly important since cement on average accounts for 83% of the energy needed to 
produce concrete, but only makes up approximately 15% of the mix. Therefore, using these by-products and 
reusing some hardened concrete can result in a potential for creating a material that is 50 – 60% recycled and 
much more energy efficient (Teller and Bergman, 2010).  

 
 

Table 5: Net Carbon emissions in producing a ton of various materials (Falk, 2010) 
 

Material Net CO2 Emissions (ton CO2/ton) a,b 
Near-term Net CO2 Emissions 
Including CO2 Storage within Material 
(ton CO2/ton) c,d 

Framing lumber 0.033 -0.457 
Medium-density 
fiberboard 
(virgin fiber) 

0.060 -0.382 

Brick 0.088 0.088 
Glass 0.154 0.154 
Recycled steel  
(100% from scrap) 0.220 0.220 

Concrete 0.265 0.265 
Concrete e 0.291 0.291 
Recycled aluminum 
(100% recycled content) 0.309 0.309 

Steel (virgin) 0.694 0.694 
Plastics 2.502 2.502 
Aluminum (virgin) 4.532 4.532 

a Values are based on life-cycle assessment and included gathering and processing of raw materials, primary and secondary 
processing, and transportation 
b Source: EPA (2006) 
c From Bowyer and others (2008); a carbon content of 49% is assumed for wood. 
d The carbon stored within wood will eventually be emitted back to the atmosphere and the end of the useful life of the wood 
product. 
e Derived based on EPA value for concrete and consideration of additional steps involved in making blocks. 
 
 
Paul Tennis from the Portland Cement Association (PCA) has noted that as much as 20% of cement never 
hydrates because rapid reaction inhibits uniform cement distribution throughout the concrete material (Arbuckle, 
2010). This issue is more critical for early strength concrete because concrete may not reach its full potential 
compressive strength at the specified age. In efforts to minimize the un-hydrated cement, PCA has developed a 
number of admixtures to promote cement hydration and obtain a higher compressive strength earlier, resulting in 
a high performance material. High performance concrete also requires selection of high quality aggregate (sand 
and gravel) with optimized gradations to produce a more impermeable hardened concrete. Because of lower 
concrete permeability, corrosive chemicals (such as chloride) are less likely to reach the concrete reinforcement, 
postponing corrosion of the steel, which results in an increased material longevity (durability). Thus, mix designs 
optimized for early strength and rapid construction can lessen concrete’s environmental impact. Improving 
concrete’s durability can also result in a much lower life-cycle cost. An added beneficial sustainable characteristic 
resulting from higher strength concrete is smaller components for a given target capacity. 
From the discussion in this section, it appears that concrete’s adverse environmental impacts can be largely 
attributable to cement production. As discussed earlier, and noted in Table 2, PCA allows replacing as much as 
40% of cement with fly ash in a given concrete mix, making concrete relatively competitive to other construction 
materials from a sustainability stand point. Until recently, the main impediment to reducing cement content in 
concrete was conventional industry standards, which had institutionalized cement intensive mix designs that 
exhibited poor long-term performance resulting in unnecessary adverse environmental impacts. However, since 
the concrete industry is organized around consensus standards and most professionals now recognize the 
importance of sustainability, sustainable practices are slowly being incorporated into the concrete industry. In 
fact, fly ash and slag ASTM standards (ASTM C618 and ASTM C989, respectively) have been developed as a 
testament to the concrete industry’s commitment to sustainability. The steps being undertaken by the cement 
industry to reduce its carbon-footprint, particularly the use of complementary cementing materials, will result in 
concretes with lower embodied energy, lower carbon emissions, lower environmental impact from the extraction 
and processing of virgin materials, and an increase diversion of by-product materials from landfills; all of which 
will result in a more durable concrete material with a much longer service life and lower overall cost. 
Concrete can also lessen its environmental impact by incorporating substitute recycled materials for natural 
coarse or fine aggregates, including: crushed blast furnace slag, brick, glass, foundry sand, granulated plastics, 
waste fiberglass, sintered sludge, and mineralized wood shavings (Calkins, 2009). This would result in a 
reduction of virgin aggregates in concrete and should divert these waste materials from landfills. 
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STEEL 
Steel is typically produced by one of two methods: electric-arc furnace (EAF) or basic oxygen furnace (BOF). Each 
uses different amounts of recycled material; in the United States, steel produced by the EAF process typically 
contains 90% or more recycled content, while steel produced by the BOF process contains only approximately 
25% recycled content (Hewitt, 2003). The two processes also use different sources of energy: EAF uses electricity 
while BOF uses coal or natural gas. Therefore, we can conclude that EAF is a more environmentally friendly 
process than BOF. Fortunately, most structural steel (all of the wide flange shapes) are produced using EAF; 
while steel produced using the BOF is predominantly used in non-structural applications, except for Hollow 
Structural Shapes (HSS) and steel decking. So designers seeking a sustainable building should try to minimize the 
use of HSS members. The remainder of this section emphasizes structural steel that is produced by the EAF 
method. The structural steel industry as a whole has made tremendous progress towards some of the most 
important goals of sustainability; particularly promoting energy efficiency, reducing the use of virgin materials, 
minimizing site disturbance, and providing a healthier living environment. Steel is 100% recyclable; in fact, it can 
be multi-cycled without any loss of quality – that is, steel can be recycled multiple times, making it truly a cradle-
to-cradle material.  Currently, steel produced in the United States contains on average 93.3% recycled steel scrap 
(which is the highest recycled content of any building framing material), and every time steel is recycled there is 
no degradation to its mechanical properties, unlike other materials that can only recycled into a lower quality 
product (down-cycled) (AISC, 2011). Because of the increase in steel recycling and changes to the production 
process, the raw materials and energy (including CO2 emissions) previously used in the production of steel have 
drastically decreased over the past 30 years. And given that most steel is produced using electricity, the embodied 
energy in steel will continue to decrease as electricity continues to come from more renewable sources, such as 
solar and wind; eventually allowing the steel industry to attain its goal of producing steel that has no carbon 
footprint (zero-carbon steel). Like with concrete, the use of recycled steel increases the volume of materials 
diverted from the landfills and repurposed; by-product materials that would typically result from extracting raw 
material from the ground are also diverted from the landfills since virgin steel is replaced by recycled steel. In 
fact, minimal steel waste is generated at fabrication facilities or construction sites; most waste generated is 
recycled. Also, when considering that steel buildings require minimal ongoing maintenance, have long lives, and 
are recyclable at the end of their life, the resulting environmental impact of steel is minimal. Furthermore, there is 
a potential for steel material reuse; particularly steel from deconstruction, which is made easier and faster because 
of use of steel bolts to fasten steel systems together.  
A number of advances in recent years have contributed to the reduction in the volume of steel used in a given 
project. In particular, high strength steel, which has 40% higher strength (36 ksi to 50 ksi) than steel used 30 years 
ago (Hewitt, 2003). This increase in strength results in smaller elements, which in turn result in smaller 
supporting superstructure and foundation components.  
Since steel has a high strength-to-weight ratio, it can carry large loads with a smaller footprint of the structural 
system in multi-story buildings. This reduces the impact of the building on the site by requiring less widespread 
site development. A smaller building footprint will also have a lower impact on the site by increasing the 
remaining size of the site and making it available for permeable ground cover to provide for storm water 
infiltration. Other innovations in the design of steel buildings that can have a significant impact on their 
sustainability include the use of a design-build approach, which entails reducing the delivery schedule of a 
project by overlapping the design and construction phases. This compressed schedule also lessens the adverse 
effects of construction on the site. A new innovation in building design known as Building Information Modeling 
(BIM) allows the designer to create 3-D computer models of all buildings systems to determine their interactions 
and conduct conflict resolutions before construction even begins. BIM can be used to optimize the integration of 
mechanical systems within the floor beams leading to lower floor-to-floor heights, which results in less building 
volume to be heated or cooled (lowering the building’s energy consumption). 
Continuous improvement in water resource management in the production of steel has resulted in a 95% water 
recycling rate; currently less than 70 gallons of water are consumed per ton of steel produced (AISC, 2011). In the 
areas of indoor environmental quality, steel framing systems can be used to span large indoor areas to improve 
occupant comfort, and span large wall openings for windows to allow natural lighting, which can result in a 
reduction in electrical consumption and further reduction in CO2 emissions. 
The steps already taken and steps planned by the steel industry to reduce its carbon-footprint, particularly using 
high-strength steel, new innovative design techniques, and recycling and reusing steel, will result in buildings 
with a lower embodied energy, lower carbon emissions, lower environmental impact from the extraction and 
processing of virgin materials, and an increase diversion of by-product materials from landfills; all of which will 
result in a more sustainable and cost effective material.  
 
TIMBER 
Timber is a renewable resource particularly timber from wood that comes from certified forests. Also, because of 
reforestation practices, the forested area in North America is the same size as 100 years ago (Ward, 2010). The net 
annual growth is 3% larger than the harvests and other losses combined. Furthermore, on average 98% of a given 
tree brought to a mill is used as timber, paper, Engineering Wood products, or as fuel for bio-energy (Ward, 
2010). When considering these factors and the fact that timber actually sequesters CO2, this material can be 
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considered a carbon negative material; at least in the short-term, see Table 5. That is, wood that comes from 
managed forests removes carbon from the atmosphere through photosynthesis (Falk, 2010): 
 

Energy(sunlight) + 6 H2O + 6CO2 → C6H12O6 + 6O2 

 
This makes timber the most effective technology for extracting CO2 from the atmosphere. Not only is a substantial 
amount of CO2 sequestered, but oxygen (O2) is released; for every 1.47 pounds of CO2 removed from the 
atmosphere, 1.07 pounds of O2 are released (De Stefano, 2009).  Of course, if the timber is burned, or decomposes 
the process is reversed, releasing the CO2, yielding a net carbon emissions, which is still the lowest of all 
construction materials as shown in Table 5. Because wood requires low energy during processing and since more 
than 60% of this energy comes from bio-fuel (a carbon-neutral energy source), the embodied energy in timber is 
much lower than other construction materials (Falk, 2010). Half of the energy required to produce lumber goes 
into drying the wood in a kiln, so specifying green (un-dried) lumber is 50% more energy efficient. EW products 
also have a relatively low embodied energy; though higher than sawn lumber – more processing involved in EW. 
However, EW products such as oriented strand board and composite lumber use wood chips manufactured using 
smaller trees from shorter rotation harvests, which sequester more CO2 than those in longer-rotation forests (Falk, 
2010). This balances some of the additional embodied energy required to process EW products. One of the main 
benefits of wood from an environmental stand point is that it is biodegradable. Unfortunately, in exposed and 
high moisture content applications the wood is vulnerable to decay or attack from wood destroying insects, 
which must be repelled using preservatives to ensure a long-term durability. Recently a number of non-toxic 
preservatives, mechanical barriers and coatings have been developed to address wood durability. Other durable 
material alternatives to treated sawn lumber include components fabricated from EW products. Also, an 
alternative to preservatives is the use of decay-resistant wood species, such as Redwood, Cedar, and Cypress; 
particularly if these species are locally available. Local availability of wood species is a major advantage of timber 
over other construction materials. A designer should always specify locally or regionally available species: both 
for sustainable and economic reasons. The following are the most widely available species in different parts of the 
United States: Douglas Fir in the West, Southern Yellow Pine in the Southeast, and Spruce-Pine-Fir in the 
Northeast and Midwest (De Stefano, 2009).  
Unlike steel, where recycling of pre- and post-consumer steel for structural applications is common place, timber 
recycling is primarily used as bio-fuel. However, timber reuse from deconstruction is possible, though more 
complicated than for steel. Reusing post-consumer recycled timber for structural purposes requires the timber to 
be re-graded according to standardized grading rules, and in some cases it may have to be tested. Also, recycled 
wood can be processed into landscape mulch, which is useful in retaining moisture in the soil, lessening the water 
demands from plants in the landscape.  
There are a number of innovative developments in the timber industry, which can result in more efficient and less 
wasteful practices. One particular development is the use of advanced framing techniques to optimize the layout 
for efficient materials use, particularly in light framed wood construction. For example, one design strategy is to 
layout the building so that dimensions are multiples of two feet, which can accommodate plywood sheets’ typical 
sizes and allow placement of joists and studs at 24 inches on center. Using 24-inch spacing instead of the common 
16-inch spacing should reduce the number of studs and joists needed. This will also allow the alignment of 
horizontal framing members (joists) with studs, which can also eliminate the need for double member top-plates. 
Though this strategy may result in fewer pieces, it may require an increase in the size of individual components; 
increasing the stud sizes from 2x4 to 2x6 and wall sheeting from ½-inch to ⅝-inch (De Stefano, 2009). Also, 
material strength should be used to its full approved capacity; or the most efficient grade of lumber to suit the 
structural demand should be specified. Other strategies include designing headers (including those for windows 
and non-structural walls) to the required structural capacity, and using double 2x lumbers instead of 4x wherever 
possible. These strategies should be carefully considered in light of the project structural demands, durability 
objectives, and design fee. The timber industry appears to have made the most progress towards becoming 
carbon neutral thus far.  This industry is expected to continue to reduce their carbon-footprint by promoting 
sustainably managed forest, use of non-toxic preservatives, use of locally available wood species, development of 
durable materials and components in the form of EW products, use of advanced framing techniques, design of 
structures that can be altered or adapted to new uses or loading conditions, and by requiring that construction 
site waste and demolition debris be sorted and recycled or used as bio-fuel. 
 
MASONRY  
For the purpose of this discussion, we will divide masonry into categories based on application (structural or 
non-structural) and material (concrete, clay, and fly ash). In structural applications masonry is used primarily as 
walls, which can serve as combined gravity and lateral load-bearing elements. In order to serve this purpose, 
masonry walls must be reinforced with steel – though many un-reinforced clay masonry walls were built in the 
past and are still standing. Masonry in the form of concrete masonry units (CMU) is the most common form of 
masonry used in structural walls, while brick (clay, concrete, or fly ash) is almost exclusively used for facing 
buildings. Prefabricated CMU cellular elements serve as formwork for the concrete walls, eliminating the need to 
use timber formwork.  
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This however is increasingly uncommon because the process of assembling a masonry wall is labor intensive and 
more efficient methods have been developed to construct concrete walls (including site cast, tilt-up, or precast 
walls). As for non-structural applications, exterior facing masonry walls can serve to provide thermal mass, 
which depending on the thickness of the wall, and can markedly improve the thermal performance of a building 
(Volz and Stovner, 2010a). The process entails absorbing energy from the sun during the daylight hours and 
releasing it as radiant heat at night; a process which lessens the effect of temperature swings within the building 
envelope. And for much of the year (in many parts of the world) maintains thermal comfort without the need for 
heating or air-conditioning. Masonry is also used to improve the acoustic comfort of buildings, where material 
mass is the primary means to decrease sound transmission (Subasic, 2009). When masonry is used as thermal or 
acoustic mass and as structural walls to produce a sustainable synergy, more material may be needed than is 
required for strength. From a sustainability standpoint, masonry can also be used in permeable pavement 
applications. Masonry (concrete, clay, or fly ash) units can improve the storm water management of a site by 
providing a permeable material for storm water infiltration over a hard surface. This type of permeable pavement 
system can also reduce surface runoff by improving the soil percolation of a site.  
 The embedded energy in masonry is considerably different for concrete and other brick materials. Like regular 
concrete, CMU and brick have an embedded energy and a carbon footprint that can be minimized by substituting 
cement with complementary cementing materials, such as fly ash. Clay brick is a fired material that requires large 
amounts of energy in its production, which results in a large embodied energy and carbon footprint. To address 
this last issue, the masonry industry has developed fly ash brick, which has comparable or better properties than 
fired clay brick (Volz and Stovner, 2010b). A comparison of the embodied energy for all masonry materials is 
given in Table 6; notice that fly ash brick has approximately half of the embodied energy of concrete materials 
and only 15% of fired clay brick. Also, fly ash has better insulation properties compared to fired clay brick (Volz 
and Stovner, 2010a). 
Masonry has been very popular as a construction material for generations and remains one of the most popular 
facing materials for buildings. Many vintage buildings are being retrofitted for reuse as refurbished space for 
residential or commercial purposes. In some cases, advance composites are used to bring these buildings up to 
code and to extend their useful life well pass their intended life. As Carl Elefante put it, “the greenest building is 
one that is already built”. Recycled masonry can also be crushed and used as fill material or to fabricate new 
brick. 
 

Table 6: Embodied energy in masonry materials (Volz and Stovner, 2010a). 
 

Material Embodied energy (MBtu/yard3) 

Concrete masonry units 0.962 

Concrete brick 0.946 
Fired clay brick 3.28a 

Fly ash brick 0.492b 
 

a This value is given by the Brick Industry Association, NIST estimates it at 6.71 MBtu/yard3 

b This value is estimated as 15% of fired clay brick (Volz and Stovner, 2010b) 
 

 
The masonry industry has made great progress in reducing the embodied energy of its products; particularly that 
of brick.  Brick continues to be one of the most popular building facing materials because of its classic beauty, 
high thermal and acoustic mass, and durability. The industry is expected to continue promoting practices that 
will reduce its carbon-footprint; such practices include: minimizing the use of cement in CMU, replacing fired 
clay brick with more sustainable fly ash brick, and reducing masonry waste by reclaiming block and brick 
materials from the waste stream to be crushed for use as fill material. 
 
ADVANCED COMPOSITE MATERIALS 
Advanced composite materials have had very limited used in infrastructure applications. In fact, they are 
typically only used as retrofit components or components targeted to a specific issue, such as corrosion in steel 
concrete reinforcement. The main advantages of composites over their conventional counterparts are high 
structural performance, high specific mechanical properties, and durability. The most common applications for 
composites to date include: rehabilitation of structures, seismic retrofitting of columns, bridge decks (both whole 
and FRP reinforced concrete). All these applications of composites are intended to extend the life of structural 
systems well beyond their expected life, which may in many cases balance their adverse environmental effects. As 
can be seen from Table 5, plastics (a key ingredient of composites and typically well over half, in many cases as 
much as 75% – BRE & NetComposites, 2004) have a very large carbon footprint, second only to aluminum 
derived from virgin material. However, a recent study based on life-cycle analysis of structural components 
fabricated by Strongwell Composites indicates that the embodied energy of some composite components is lower 
than that of steel members made from virgin materials (Black, 2010).  
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The report speculates that this is primarily due to the composites’ superior specific properties, such as high 
strength-to-weight and high stiffness-to-weight ratios. However, when compared to aluminum or steel parts 
made from average recycled content, composite parts’ embodied energy is comparable to that of metal materials. 
Timber on the other hand, the report concludes has a marked advantage over composites, approximately 50% 
lower embodied energy footprint compared to composites. One way to lessen the environmental impact of 
composites is by increasing fiber content, which would decrease the percentage of resin required (Black, 2010); 
unfortunately, this would also increase the cost. 
One other area where composites stand to have a significant positive impact on the environment is renewable 
energy systems, particularly wind power. To harness the power from wind, large turbines are placed on high 
towers. The turbine blades must be relatively light for transportation and efficient operation, which is why most 
of the turbine blades are manufactured using composites. As of 2007 more than 17,000 turbines (nearly 50,000 
blades) had been installed around the world, for a total capacity of 94,112 megawatts; this constitutes the largest 
single applications of engineered composites in the world (Hollaway, 2010). A detailed discussion of other 
applications of composites in civil infrastructure can be found in the following chapters, and in Hollaway (2010). 
 
 
BUILDING CODES, SPECIFICATIONS AND STANDARDS 
Building codes and industry standards are currently undergoing changes to reflect sustainability principles and 
practices in order to lessen civil infrastructure’s adverse impacts on the environment and to address recent 
changes in the law; e.g., California’s Title 24 – Energy Efficiency Standards for Residential and Non-residential 
Buildings, which will require net-zero energy construction of homes by 2020 and 2030 for commercial buildings. 
This standard is also known as “CALGREEN” and became effective on January 1, 2011. Even before CALGREEN, 
California required all new construction (or renovations) of state-owned buildings to meet or exceed LEED Silver 
level standards. Other states have enacted similar laws for public buildings; in fact, over 30 states now require 
that public buildings meet or exceed sustainability standards comparable to LEED certification level (as of early 
2011). Also, over 200 local governments in over 40 different states have adopted LEED certification mandates for 
public buildings (www.USGBC.org). A number of federal agencies and departments have also adopted 
sustainability standards comparable to LEED certification. 
Professional organizations are developing policy statements to achieve the same goal; e.g., the American Institute 
of Architects (AIA) 2030 Commitment calls for all buildings to be carbon-neutral by 2030. The American Society of 
Civil Engineers (ASCE) began addressing sustainability as far back as 1996 when it revised the Code of Ethics to 
address sustainability and embrace it as an ethical obligation; ASCE also developed Policy Statement 418 - the Role 
of the Civil Engineer in Sustainable Development to reiterate the leadership role civil engineers must play in 
sustainable development. Also, ASCE has established a Sustainability Committee, which was formed to educate 
civil engineers on how to promote sustainability practices in civil infrastructure design. This committee has 
developed a Sustainability Action Plan in order to “define the role of society and the profession of civil engineering 
in advancing sustainability in civil infrastructure” (ASCE, 2010). This group has also collaborated with other 
organizations including the U. S. Green Building Council and Engineers without Borders to educate engineers on 
sustainable construction practices.  
ASCE along with the American Council of Engineering Companies (ACEC) and the American Public Works 
Association (APWA) has recently established the Institute for Sustainable Infrastructure, which has a mission “to 
provide sustainability products and services that will transform infrastructure design, construction, and 
operation by taking into account the ‘Triple Bottom Line’ – economic, environmental and social impacts”. The 
institute’s first priority was to develop a new rating system focused on civil infrastructure, the Sustainability 
Ratings for Engineering Projects (http://www.asce.org/Sustainability/ISI-Rating-System/).  
“The rating system will be scalable to accommodate projects of all sizes and complexities, adaptable for specific 
needs and circumstances, and offer performance-based outcomes rather than being prescriptive.” Given that no 
other U.S. programs currently provide a system to evaluate the sustainability of many infrastructure systems, this 
comprehensive rating system constitutes a major step forward towards creating a truly sustainable civil 
infrastructure.   
The Structural Engineering Institute (SEI) of ASCE has also recently established the SEI Sustainability Committee to 
advance the “understanding of sustainability in the structural community and incorporate concepts of 
sustainability into structural engineering standards and practices.” This group also recently published 
Sustainability Guidelines for Structural Engineers (Kestner et al., 2010) to highlight the significant environmental 
impacts of structural materials. As an advocate for sustainable structures, SEI Sustainability Committee recently 
developed public comments to address the decision by the U. S. Green Building Council to eliminate structural 
materials from the 2012 draft LEED rating system, particularly credits for Regional Materials, Recycled Content 
Materials, and Bio-Based Materials. It is anticipated that in the final LEED credits structural materials will be 
included because of the work of this group. 
A number of new sustainability standards have recently been published. The American Society of Heating, 
Refrigerating, and Air-Conditioning Engineers (ASHRAE), in conjunction with the U.S. Green Building Council 
and the Illuminating Engineering Society of North America, has developed ASHRAE 189.1, Standard for the Design 
of High Performance, Green Buildings except Low-Rise Residential Buildings. ASTM International has formed a 
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committee, E60 – Committee on Sustainability, to develop sustainability-related standards to promote “consistency 
in sustainability across mainstream markets.” 
This committee is divided into subcommittees, one of which is Committee E60.01 on Buildings and Construction. 
This subcommittee is responsible for maintaining a number of standards, including ASTM E1991 - 05 Standard 
Guide for Environmental Life Cycle Assessment (LCA) of Building Materials/Products; which is used to quantify 
environmental impact, a key metrics of sustainability. 
Materials specifications and standards such as those maintained by the leading materials organizations (ACI and 
PCA for concrete, AISC for steel, and AF&PA for timber) typically addresses life safety values; not public health 
and welfare, both of which are included in building codes, in addition to life safety. However, all these 
organizations are currently developing strategies to address and incorporate sustainability in structural design 
practices. As a first step, these organizations (ACI/PCA, AISC, and AF&PA) have formed working committees 
charged with addressing sustainability in their respective specifications and standards. 
The American Concrete Institute (ACI) for example has established ACI Committee 130 – Sustainability of Concrete, 
which has a mission to “develop and report information on the sustainability of concrete.” This committee has 
established a subcommittee to address sustainability in codes and standards, ACI Committee 130-0E – 
Design/Specifications/Codes/Regulations.  
In 2004 ACI Committee 130 developed a cooperative partnership with the U. S. Green Building Institute (USGBC) 
to improve the perception of concrete relative to sustainability (Arbuckle, 2010). Furthermore, the combined 
efforts of ACI and the Portland Cement Association (PCA) have resulted in several standards that have greatly 
reduced the impact of the cement industry on the environment; in particular the development of ASTM C618-08a 
for fly ash and ASTM C989-09a for slag standards. Another important standard developed by ACI is the Guide for 
the Design and Construction of Externally Bonded FRP Systems for Strengthening Concrete Structures (ACI, 2002), 
which is a common process for retrofitting structures using composite materials. 
The members of the International Steelwork Contractors Group (ISCG), Australia (ASI), Canada (CISC), New 
Zealand (SCNZ), South Africa (SAISC), United Kingdom (BCSA) and the U. S. the American Institute of Steel 
Construction (AISC), have established the Steel Sustainability Task Group (SSTG) to address sustainability issues 
related to steel construction. At their first meeting in 2007, the group established the following set of objectives 
(www.AISC.org): 

o “To use the international framework provided by the ISCG to develop steel as a sustainable form of 
construction in terms of economic viability, social progress and environmental responsibility. 

o To collaborate on defining, developing and measuring the sustainable credentials of structural steel. 
o To monitor competitive trends and claims concerning the sustainable credentials of other structural 

materials, and to share this information with other ISCG members.” 
The group’s focus is on minimizing the carbon footprint of the steel industry, particularly for manufacture of 
virgin steel from iron ore. Also, AISC along with the American Iron and Steel Institute (AISI) are involved in the 
development of voluntary and model codes and standards; AISC has a voting member representative on the 
ASHRAE committee and AISI is represented on the IGCC working group (www.AISC.org). 
The American Forest & Paper Association (AF&PA), which maintains the National Design Standards for timber, 
has embraced sustainability and made it part of the entire organization. AF&PA specifies the following practices 
“as those that define sustainability for the forest products industry:   

o Sustainable use of renewable resources 
o Leading the way in recycling 
o Reducing our environmental footprint 
o Generating and conserving energy and materials  
o Reducing greenhouse gases 
o Benefiting the communities, employees, and families everywhere our products are made and sold.” 

AF&PA has worked with the Forest Stewardship Council (FSC) (the only one currently recognized by the 
USGBC-LEED certification program) and other third-party non-profit organizations that certify wood from 
sustainably managed forests. This certification program provides timber designers the opportunity to specify 
timber that meets the standards of the green building community. 
Also, organizations in charge of developing model building codes, such as the International Codes Council (ICC) 
– developer of the model code International Building Code (IBC) – have been working with third-party consensus 
voluntary standards organizations such as the USGBC to develop model “green” codes for residential and 
commercial buildings. ICC and USGBC recently published a draft of the first version of a “green” building model 
code, the International Green Construction Code (IGCC). ICC plans to publish the code in 2012, which is expected to 
be consistent and harmonized with the family of codes maintained by ICC. IGCC substantially incorporates the 
ASHRAE 189.1 provisions. A model “green” code for residential construction was recently published by the 
National Association of Home Builders, the National Green Building Standard (NGBS), see www.nahbgreen.org. A 
comparison of these “green” model building codes (IGCC and NGBS) to the USGBC-LEED voluntary standards is 
given in Table 6. Notice that all three documents (as well as ASHRAE) contain sections on materials, which are 
maintained by committees that include representatives from all the organizations representing the different 
categories of building materials (concrete, steel, and timber).  
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Table 7: Comparison of green building codes to LEED. 

LEED v3 (2009) ICC-IGCC NAHB-NGBS 

Sustainable Sites 
Chapter 4. Site Development and Land Use  

Chapter 11. Existing Buildings Site Development 

Chapter 4. Site Design and Development  

Chapter 5. Lot Design, Preparation, and 
Development 

Water Efficiency Chapter 7. Water Resource Conservation and 
Efficiency Chapter 8. Water Efficiency 

Energy & Atmosphere Chapter 6. Energy Conservation, Efficiency and 
Atmospheric Quality  Chapter 7. Energy Efficiency  

Materials & Resources 
Chapter 5. Material Resource Conservation and 
Efficiency  

Chapter 10. Existing Buildings 
Chapter 6. Resource Efficiency 

Indoor Environmental 
Quality 

Chapter 8. Indoor Environmental Quality and 
Comfort Chapter 9. Indoor Environmental Quality 

Locations & Linkages   

Awareness & Education Chapter 9. Commissioning, Operation and 
Maintenance 

Chapter 10. Operation, Maintenance, and 
Building Owner Education 

Innovation in Design   

Regional Priority   

 
Further input on the development of these codes and standards is obtained from all interested parties through a 
consensus process of evaluating proposed guidelines. As can be seeing from Figure 4, with the advent of model 
“green” building codes and standards, progress towards a neutral environmental impact infrastructure is 
achievable in the foreseeable future.  
This progress has been made possible by the innovation of voluntary guidelines, such as LEED, which will soon 
be enforced, or at least enforceable because of “green” codes. These voluntary guidelines have allowed the 
infrastructure industry to experiment with new sustainable methods, procedures, and products that have already 
begun transforming many aspects of infrastructure design, construction, and operation. In fact, LEED was 
designed to encourage and accelerate development and adoption of sustainable practices in building construction 
by creating and implementing a universally understood and accepted standard to verify buildings as sustainable. 

 

 
 

Figure 4. Progress toward sustainability (USGBC, 2010). 
 
 
All though LEED is currently the most common approach to quantify the level of sustainability a building can 
achieve, other groups have developed methods to measure sustainability of buildings. The Green Building 
Initiative (GBI) has developed and administers Green Globes, which is an online assessment protocol and a rating 
system for green building design, operation, and management. Green Globes ranks buildings on a scale of 1 – 4 
globes (www.thegbi.org). The Green Building Initiative recently completed a new American National Standard 
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(ANSI) for commercial “green” buildings, the first of its kind – ANSI/GBI 01-2010: Green Building Assessment 
Protocol for Commercial Buildings. The standard is intended to provide additional tools to the building construction 
industry by providing a user-friendly list of credible third-party certification programs for products and materials 
that qualify as sustainable.  
 
 
BRIDGES 
There are currently no national standards to measure or rank the level of sustainability of a bridge, similar to the 
USGBC LEED benchmark for buildings. However, it would not be difficult to develop a ranking system 
comparable to the LEED standard to quantify bridge sustainability. In fact, only the LEED Indoor Environmental 
Quality category could not be matched to a sustainable bridge metric. The others (in particular, Materials and 
Resources as well as Innovation in Design) can easily be translated to some equivalent sustainable bridge design 
goals to provide guidelines to designers who want to quantify the sustainable performance of their new, or 
retrofit, bridge projects. A first step in the development of guidelines for designers is given by Whittemore (2010); 
in particular, he provides a list of questions to guide designers in four areas: Sustainable Sites, Water Use and 
Quality, Energy and Transportation, and Materials and Resources. One area that is not mentioned in the article is 
Innovation in Design, which can result in tremendous advances in sustainability.  
The Director of the Federal Highway Administration (FHWA) Office of Bridge Technology, Myint Lwin has 
publicly supported the concept of “Green Bridges” and the development of green standards for bridge 
construction (Lwin, 2008). Lwin states that “In ‘Green Bridges,’ the design, construction, and maintenance 
practices should give full consideration to at least the following areas: 

o Attention to safety, durability, mobility (traffic flow), and efficiency; 
o Compliance with environmental and preservation laws and regulations; 
o Application of context sensitive solutions; 
o Sustainable site selection and planning; 
o Utilization of high performance materials and quality workmanship; 
o Conservation of materials and resources; and 
o Avoidance of negative impacts on the ecosystems.” 

Considering the large amounts of materials that go into bridges, “Green Bridges” should have a rather large 
positive impact on the environment. Also, a number of the chapters in this book will discuss innovative 
technologies that can be used in the design and retrofit of bridges; in particular, the use of composite materials to 
extend the service life of bridges. 
 
 
PERFORMANCE-BASED DESIGN (PBD) AND ITS ROLE IN SUSTAINABILITY 
Current building codes and standards only address the life-safety function of buildings in the event of rare 
natural disasters, which represents a significant shortcoming from a sustainability stand point. Sustainability in 
its current definition is more closely related to serviceability (that is, buildings should perform all original 
intended functions) than life-safety. Allowing a building to be serviceable after going through a rare natural 
disaster decreases the total building cost and environmental impact over its lifetime. Therefore, sustainability 
may be embedded in design codes and standards by decreasing the life-cycle cost of a building. This can be 
accomplished through Performance-Based Design (PBD), which requires that buildings perform to an acceptable 
(specified) level of serviceability and safety for different levels/risks of extreme events (such as earthquakes). 
PBD departs from previous design philosophies (Allowable Stress Design [ASD] and Load and Resistance Factor 
Design [LRFD]) in a fundamental way; PBD accounts for the consequences associated with hazards (demand) and 
vulnerabilities (capacity), where consequences can be measured in different ways including monetary cost and 
casualties (Tang, et al. 2008). This new design philosophy requires designers to go beyond code specifications and 
accurately predict how structures will respond during extreme events. For seismic based design for example, the 
following target-based performances should be considered (Exponent Engineering, 2010): 

(1) “Fully Operational – Facility continues in operation with no significant damage to structural or non-
structural components. 

(2) Operational – Facility continues in operation with minor damage and minor disruption in nonessential 
services. 

(3) Life Safe – Life safety is substantially protected, damage is moderate to extensive. 
(4) Near Collapse – Life safety is at risk and damage is severe, but structural collapse is prevented.” 

Buildings with different levels of importance and functionality will be assigned different performance 
requirements.  Figure 5 depicts the performance requirements of various building types. 
In a typical building, the structural system usually accounts for 10% – 20% of the construction costs (Kneer and 
Maclise, 2008). Since PBD requires more complex analysis than conventional design philosophies, the cost of the 
structural system is as much as 10% higher for buildings constructed on a performance basis. This only translates 
into a 1% – 2% increase in the overall cost of the building.  Therefore, an initial investment in a performance based 
designed structural system can minimize or eliminate the potential massive costs resulting from an un-
operational building after a natural disaster while repairs are being performed. 
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Figure 5. VISION 2000 Performance Objectives (Hamburger, 1997). 

 
 
As previously discussed, sustainability first began as a term for being environmentally cognizant, but over the 
years has transformed into a methodology to evaluate how well a building can be maintained, how to minimize a 
building’s impact on the environment, and how to minimize a building’s overall life cycle cost.  Given that the 
costs associated with the high-performance architectural, mechanical, electrical, and plumbing systems are 
significantly higher than for conventional buildings, protecting them with a high performance structural systems 
would result in significantly lower life-cycle cost.  
Therefore, protecting these high-performance systems is essential; particularly for buildings likely to experience 
the effects of a natural hazard over their lifetimes. Kneer and Maclise, (2008) noted that most damage after an 
earthquake is to the non-structural components of a building. As stated earlier, in the latest version of LEED a 
series of bonus points have been introduced in Innovation & Design.  By considering the material cost associated 
with repairing high-performance systems and replacing building contents for various levels of hazards, PBD can 
be utilized to show a quantifiable material waste reduction in the event of a natural hazard, such as an 
earthquake. Current trends indicate that PBD will become widely accepted from a sustainability standpoint 
because it reduces material replacement and lowers life-cycle cost by allowing a building to remain functional 
after a natural disaster.  It is likely that structural engineers will see a rising trend of using PBD, especially in 
buildings with expensive and complex architectural, electrical, mechanical, and plumbing systems. In fact, the 
2010 edition of the ASCE 7 Standard, Minimum Design Loads for Buildings and Other Structures, has adopted 
quantitative performance-based design criteria in Chapter 1 as an alternative to the two traditional design 
philosophies, ASD and LRFD. And given that this standard is referenced by all major design codes, including the 
International Building Code, for structural design criteria and loadings, PBD should be easier to incorporate in 
the design of “green” buildings constructed in any material – concrete, steel, timber, masonry, or composites. 
 
 
CONCLUSIONS 
Through the use of sustainable practices in infrastructure design, the adverse environmental impact of new 
infrastructure systems can be minimized. More sustainable methods in the fabrication of construction materials 
(concrete, steel, timber, and masonry) can also drastically lower the overall construction cost, particularly when 
direct and indirect costs over the life of the system are considered; i.e., Life Cycle Assessment is the best approach 
to assess sustainability. Both Figures 1 and 2 clearly show that without incorporating sustainability in 
construction, the adverse environmental effects from concrete and steel consumption would have continued to 
increase. If these effects are uncurbed, the environment will continue to suffer and CO2 levels will keep 
increasing, continuing to threaten the long-term welfare and health of the public, which are within the purview of 
building codes. Energy consumption is of more concern in cement (and concrete) production than the other 
construction materials. A temporary remedy for this issue is to incorporate more by-products (such as fly ash) in 
concrete; a more permanent solution is to find alternative carbon-neutral cementiceous materials, and ultimately 
lower the overall embodied energy in concrete. There are a number of researchers working on such a material, 
dubbed “green concrete”. Steel is another construction material widely used in infrastructure. Its cradle-to-cradle 
property allows recycling to be done without affecting its performance, while at the same time reducing 
manufacturing costs and the impact to the environment. The timber industry has had the greatest impact on 
sustainability practices because the material can be considered a renewable resource. Furthermore, the industry 
has embraced sustainability practices at all levels, from harvesting to construction. 
Both the concrete and steel industries have dramatically changed over time due to institutionalized groups like 
AISC, PCA, ACI, and LEED. Their collaborations with various other groups have allowed sustainability to be 
more accepted worldwide. These groups have redefined the role of engineers and have changed standards that 
have resulted in improved environmental policies. Current development of design specifications that incorporate 
more sustainable practices will allow sustainability to become common practice in future projects. In fact, a 
number of groups and government agencies have a goal of carbon-neutral materials and practices within the first 
part of the twenty-first century, see Figure 4. 
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