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Abstract

This paper explores the sustainability and longevity of today’s residential building construction.
[t makes the case for 100-year design criteria for building frames and enclosure systems.
Embodied carbon as a metric for making decisions and areas where residential building designs

can be improved for longevity are highlighted.

Keywords: Longevity, Embodied Carbon, Service Life, Performance Objectives, Seismic,

Wind
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Are buildings currently designed to a
sustainable standard of longevity? The 2009
U.S. Census Bureau’s American Housing Survey
reports the median U.S. residence is 35 years
old, built in 1974 (U.S. Census Bureau, 2009). In
the retail industry, 25 years is frequently used
for assessing a project’s viability before major
renovation or replacement. For sporting
venues, it is also 25 years. These durations

do not always define a building’s lifespan,

but they are significant to decision-making
processes and the quality of developments
built. As this relates to building infrastructure,
are smart choices being made, and would
these timelines change if higher-quality, more
thoughtfully placed buildings were built?

Certainly not all buildings or building
programs require the same longevity, but if
societies are to remain vibrant and healthy,
with attempts made to reduce carbon
footprints within the built environment,
careful consideration must be given to today’s
standard of building longevity.

This topic certainly engages a host of societal
and economic issues, most notably land-use
planning, growth management, and collective
perspectives on what the future should look
like for future generations. These issues go

far beyond the insight brought by just one
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engineer, but perhaps that is also part of the issue. No one individual is
going to have all of the answers, and certainly not everyone is going to
share the same opinions on what can and should be done.

What a structural engineer can bring to this discussion are tools to
inform the decisions we are making today—on building types and the
longevity built into these projects—and how they affect long-term
durability. This includes resistance to the natural hazards of wind and
earthquakes. Longevity, however, also needs to include a discussion of
water, mold, corrosion, and adaptability to future uses.

When looking at these issues, it must also be done through a lens

of sustainability and minimizing impacts on the planet. Today's
population is 7 billion people, projected to reach 9 billion by 2050. That
is not far away, and as developing countries grow, there are lessons

to learn, both good and bad, from historical U.S. zoning and building
models.

The following discussion will focus on residential construction as a case
study, but the message and implications of building to a higher quality
and longer lifespan are applicable to most building types.

Carbon as a Decision-Making Metric

Carbon, like money, is a tool we can use for making informed decisions.
Next to water, it is certainly one of the sustainability metrics receiving
the most attention.

The Architecture 2030 Material Challenge (EIA, 2011) has insightfully
highlighted that for traditional residential construction in the United
States, it takes approximately 15 years of building operations before
the operational carbon of energy surpasses the embodied carbon to
construct (see Figure 1). For locations where operating energy/carbon
footprints are low due to hydropower, nuclear, or renewable energy
sources, this time frame can extend significantly. Either way, what
this clearly shows is that it can be a mistake to focus on only energy.
Short-lifespan developments, especially considering the infrastructure
requirements that go into and around them, can be some of the most
unsustainable construction created, regardless of whether a carbon-
neutral energy use is achieved for the building.

Clarifying a project’s embodied carbon is much harder than
operational energy/carbon, which to date has defined building carbon
discussions (Carbon Leadership Forum, 2011). Nor is operational
energy/carbon accounting, where specific quantities of energy

are measured through meters, the right framework for embodied
carbon discussions. There is no embodied carbon meter to collect
comprehensive data to make such an evaluation.

Taking a page from macro-economics, the embodied-carbon focus
should not be on attaining absolute carbon numbers. More and better
data is needed, but if the goal is to use this metric for making more
informed choices, one should instead look at trends and comparative
data. Using the science of statistics, many tools are available to analyze
comparative data with enough relevance to be making decisions
without looking at absolutes.

How does this embodied carbon input relate to building longevity?
For one, double-bottom-line evaluations should be made, which look
at the financial and carbon impacts of decisions together, and to the
same timeline criteria. With this approach, like money, amortization of
initial carbon impacts can be spread over a longer duration, so they
represent a smaller portion of a development’s overall carbon footprint.
This is especially beneficial after factoring in not just the building frame
but everything else that goes into its infrastructure development.
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Figure 1. Architecture 2030 Material Challenge - Case Study Comparing Embodied and

Operational Carbon Impacts Over Time. (source: 2030 Inc./Architecture 2030)
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Embodied carbon can be a very useful factor in double-bottom-line
analyses of building choices. Such analyses should be kept statistically
relevant but simple, and, if appropriate, include the carbon equivalent
of resale value at the time boundary of the evaluation process.

100-Year Service Life

Today, many building economic decisions are made through a 15-, 30-,
or 50-year lens, tied to construction financing loans. These timelines
are important, but longer time periods should be considered. How

do decisions change when the mindset is 100 years or more? Taking

a longer-term view is not always easy, but it also is not as hard or
expensive as many think. Certainly, many institutions already do this:
university campuses and hospitals often have 100-plus-year outlooks
for building decisions. In Europe and certain parts of Asia, 100 years
may sound trite.

Certainly not all building inventory should be based on a 100-plus-
year design life, but if the goal is to build an urban core that does not
degrade faster than the population grows, a 100-plus-year mindset for
residential buildings is an important step. Where buildings are built is
most critical, but decisions on how they are built and potential long-
term adaptability should at least consider 100-year implications.

As an analogy, consider which U.S. building is more desirable today:
a 1960 or 1970 apartment building that is on its last legs and should
probably be demolished or a 1910 or 1920 apartment building that
carries historical charm and merits another renovation? One was
built with longevity in mind. The other has a 50-year or less planned
obsolescence, a term that came into vogue in the 1960s and 70s.

Building Performance Objectives

Current US. and international building codes follow earthquake and
wind criteria specified in ASCE 7-10 (see Figures 2 and 3) (ASCE, 2011).
For ordinary buildings, Risk-Targeted Maximum Considered Earthquake
(MCER) demands are determined with the objective of providing a 1%
in 50 year collapse risk. For the majority of the U.S,, this corresponds to
approximately a 2,000-year event. A “design earthquake”is then defined
as 2/3 of these MCER demands and, on average, has a 10% probability
of exceedence in 50 years (475-year mean recurrence interval). The
data scatter that goes into these probability calculations varies this
design earthquake recurrence from 200 to 800 years.

For wind, the criterion is a 700-year return period based on a single
element in the structural system reaching its limit state, which is
roughly targeted at a 10% probability of exceedence in 50 years.

In the above instances, these primary structural frame design criteria all
include a 50 year point of reference for probability hazard discussions,
which are then mapped out and placed within current building code
documents.

Seismically, many will argue that thoughtfully designed building
structures that follow current International Building Code design
criteria and avoid system irregularities are performing well. Building
structural damage from recent earthquakes in new construction
meeting these criteria has been repairable in all but a few cases.

The worst earthquake damage today typically involves building
vulnerabilities in older buildings or buildings that do not meet these or
similarly equivalent standards.

For 100-year longevity, changing our current design-basis earthquake
criteria for the structural building frame may not be warranted.

Figure 2. Seismic Design Criteria — Western U.S. (ASCE 7-10) (source: American Society
of Civil Engineers)
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Figure 3. Wind Design Criteria - Western U.S. (ASCE 7-10) (source: American Society of
Civil Engineers)
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Changing the terminologies, however, to start thinking in a 100-year
mindset could be significant for the discussions of cladding and other
secondary systems. A 2% probability in 100 years is approximately the
same 2,000-year mean return period event as a 1% probability in 50
years!

An ongoing movement in seismic design is for future building codes
to adopt more Performance-Based Design (PBD) approaches and
envelop the analysis of more than one discrete level of ground shaking
(San Francisco Building Department, 2008; PEER, 2010). In addition

to the 1% in 50-year MCER event, while not code mandated, we now
frequently consider a low-level serviceability event as well. Today,
serviceability usually involves 50% probability of exceedence in 30
years (a 43-year event) with an objective of essentially elastic behavior
for the structural frame. This second level of analysis is now also a topic
for nonstructural building systems relative to both damage limitation
and reparability within the life of the structural frame.

Since building contents will change and adapt over time, maintaining
the 50% probability in 30-year serviceability event and redefining our
MCER event in terms of 2% probability in 100 years would achieve
appropriate frames of reference. This considers both the near-term
hazard and the desired mind-set for discussions on durability of the
building frame and its most essential components, such as the exterior
enclosure system, relative to longevity potential.

Improving Building Longevity

Longevity in Earthquakes

Approximately 70% of earthquake losses are due not to collapse but
damage to nonstructural cladding and building contents. Where
do these nonstructural elements pose the most problems? For one,
jointing of cladding for movement, especially at corners, is often
poorly executed in the design and construction process. Projects
with engineered curtain walls, such as high-rise commercial towers,
typically have thoughtfully engineered exteriors. Unfortunately, for
a wide collection of residential buildings, the exteriors often involve
minimum engineering design input and a set of typical details, at
best. Frequently, there is a lack of understanding of the engineer’s
anticipated building movements by the architect or the contractor
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on site, and appropriate jointing for such movement is passed over. If
movement is considered, the expectation is that the system will flex
or crack at floor and corner joint lines. Any major lateral movements
of the building will bring damage and require repair. Unfortunately
that repair may exceed the value of the building when it occurs after
completion of the project.

One current example seen in a number of cities outside the U.S,,

some with seismic concerns, are 60-plus-story buildings constructed
with exterior cladding comprised of infill hollow clay tile or brick and
plaster with no movement joint allowances. This type of enclosure is
cheap to build, but it will crack. Water infiltration will affect its long-
term durability, and there is a high probability of bricks “raining” onto
the street below during an earthquake. As shown in Figure 4, the
“orimary” structural frames of these buildings are fairly well designed.
However, significant damage will occur in even a moderate earthquake
due to infill brick falling off the building’s exterior. This exterior infill
brick system is banned in U.S. high seismic regions and many other
countries for the obvious life-safety reasons. However, because it is one
of the cheapest building exteriors, it is frequently still used, especially in
developing countries with less-stringent building codes.

For improved survivability, building enclosures need to be explicitly
designed, detailed, and jointed for the true movements that the base
building frame will experience without damage during service-level
earthquakes. At the design and MCER earthquake level, they also need
to include a strategy for protecting the public at ground level from
falling objects or, better yet, be designed such that the glass, brick, or
other items will not fall from the building. Curtain-wall systems today
generally can achieve these goals. Infill systems can work well, but

if not specifically and appropriately designed, they lead to improper
systems. Infill brick systems such as those shown in Figure 4 represent a
significant long-term liability in any location subject to seismic activity.

This may seem obvious, but it is one of the biggest and most common
mistakes in the design of residential buildings in emerging markets. It is
an attention to detail that is too frequently overlooked.

Two other areas of significant damage to building contents following
an earthquake are water damage due to inappropriately anchored
water tanks or piping systems and damage caused by falling
bookcases and other shelving systems. To better understand the
performance of these nonstructural components in an earthquake
and determine best-practice yet economical solutions for protecting
secondary systems, the University of San Diego recently tested a

Figure 4. Brick Infill Cladding with No Movement Joints (source: Magnusson Klemencic
Associates)
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Figure 5. UCSD Seismic Test Specimen — Nonstructural Elements and Components (source: USCD)
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Figure 6. Joplin, Missouri — May 2011 (source: Charlie Riedel, Associate Press)
Ee. HAENMF LA - 20114657 (Hi4t: £ « BER, £HiD)

full-scale five-story concrete building on their shake table (see Figure
5) (Hutchinson, 2009). These tests, funded by the National Science
Foundation, the Charles Pankow Foundation, and other industry
leaders and material suppliers, involved over 4 years of preparation

and planning. A full range of systems are being evaluated, including a
functioning passenger elevator, piping, sprinklers, HVAC, interior walls,
suspended ceilings, cladding systems, and building contents, as well as
both passive and active fire systems. The data from this testing are still
being evaluated but will eventually be available to the general public.

Longevity in Wind

Wind design is another area of inconsistency between high- and low-
rise residential construction. This area likely needs ongoing attention,
especially given the increasing frequency of hurricanes, typhoons, and
tornados. Communities in the U.S. Midwest, with their propensity for
lightweight stick-framed construction, are very vulnerable to tornados.

The building codes currently do not address designing for tornados, so
the losses seen in areas where they occur are not unexpected. Figure
6, showing Joplin, Missouri, following a tornado in May 2011, is very
telling regarding the survivability of lightweight wood construction
compared to heavier-weight buildings, even though neither was
specifically designed to resist a tornado.

Weight is your friend when resisting wind. Figure 7 shows that brick
helped hold the building walls together, but the lightweight wood
roofs were all blown off. Once the roof was lost, and without a stiff
backing of the floor and roof diaphragms, not much remained of these
buildings after the tornado. Lightweight building designs like these,
even with brick veneer cladding, certainly were not a safe place to ride
out the storm.

While the statistically derived code-level wind storm may not equate
to the force of a tornado, our fundamental building system choices

in these U.S. areas seem to be in need of evaluation. Perhaps this is

a location for architects to work on a new building typology. More
compact development with heavier building frames or cladding
systems, combined with green landscaped roofs, can answer several
sustainability goals and offer better protection in extreme wind events.
The concrete industry is just beginning to focus on this in earnest.

Improving Longevity - Aesthetics and Avoiding Functional
Obsolescence

One of the challenges for buildings with longer durations is that they
need to remain functionally viable and desirable. Open floor plans and
flexible spaces that allow interior walls to change over time can be

] - e & T

Figure 7. Brick Cladding with Wood-Framed Walls and Roofs (source: Charlie Riedel,
Associate Press)
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tremendously beneficial. Mechanical and plumbing systems that allow
for future adjustments of wet areas such as bathrooms and kitchens
are also a big plus. In residential concrete construction, eliminating
interior beams is the first way to achieve this flexibility.

Lastly, and possibly one of the most significant, issues, is that building
aesthetics count. If a building ever has a chance to stay around for
100 or more years, it needs an identity and quality level that the next
generation will want to keep. While not the focus of this paper, quality
architecture and design are worth the investment.

One example of these ideas coming together is Aqua tower in
Chicago (see Figure 8) (Aqua Tower, 2010). A mixed hotel and
residential development, Aqua’s notable building image was neither
overly expensive nor complicated to achieve. The building’s flat

plate construction with no beams allows for open and flexible floor
programming, and the elimination of post-tensioning in the bathroom
and kitchen areas means that the unit layouts, within limits, can
change with time. Enhanced durability measures also went into the
concrete mix designs, and, among other protection measures, all the
exposed concrete includes epoxy-coated rebar.

Looking Forward

The current migration trend into cities creates both opportunities
and challenges. Are we appropriately evaluating where we build,
how we build, and how long we expect the buildings to last? Are
we adequately considering future replacement costs when making
infrastructure decisions today?

Ensuring the longevity of the core residential building supply, making
smart choices based on double-bottom-line evaluations, and building
not just for today but for the needs of future generations are all
important for the future.

This paper presents the following recommendations:

» More regular consideration of a 100-year design life for the
primary systems that go into the residential multi-story building
inventory. This needs to include base building frames and
exterior enclosure systems which, when designed and detailed
correctly, can provide 100 or more years of usable life.
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When using embodied carbon as a metric for evaluating
building choices, focus on comparative data and not on
absolute numbers. Include the long-term re-use or resale value
of the base building within that evaluation.

To reset the frame of reference, consider changing ASCE 7-10's
Maximum Considered Earthquake (MCER) from 1% probability
in 50 years to 2% probability in 100 years.

For building serviceability, include an analysis of a service-
level earthquake with a 50% probability in 30 years, with an
essentially elastic structural performance and minimal damage
to nonstructural primary building elements and components.

In high wind zones subject to hurricanes and tornados,
improve the survivability of building systems with more robust
construction choices.

Design 100-year buildings to be desirable, durable, and
adaptable. Architectural interest and quality finishes count.
Even if the building program stays the same, wall locations,
mechanical systems, and finishes should be adaptable to future
modifications.
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