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Abstract

This paper illustrates the tasks completed so far and the initial findings of the first part of

a 24-month long, US $300k research project on the Life-Cycle Assessment of tall building
structures. The research is aimed at investigating the energy / sustainability differentials of steel,
concrete and composite structural systems in tall buildings, when considering the whole life
cycle from cradle to demolition / recycling.

Dario Trabucco Dr. Antony Wood

The research considers the use of different structural systems and materials for the erection of
250 and 500 meter tall towers. The LCA impact due to the erection of the building’s structural
system is studied in its full detail and an accurate inventory of materials is being calculated for
all construction and demolition phases.

Keywords: Life-Cycle Analysis, Embodied Energy, Tall Building Structures, Steel
Structures, Concrete Structures, Composite Structures
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Introduction and Background

The Council on Tall Buildings and Urban
Habitat commenced in January 2013 on

a major research project to determine the
role of tall building structural systems in the
assessment of its life cycle impacts.

The results of the 24 month long research,
sponsored by ArcelorMittal, will reveal the
environmental impact of structural materials
(such as steel, concrete and composite
construction) and structural systems (such as
core and outrigger or diagrid) through the
entire life of the building. A few prior smaller-
scale research projects have attempted

to assess the environmental impact of tall
buildings (Suzuki & Oka, 1998; Treloar et

al, 2001) but they did not benefit from an
approach on the wider typology of tall
buildings, or on the effects of height and of
different structural systems. Additionally, the
results from these studies are not published in
their full detail, therefore it is difficult to make
a comparison base for the correct evaluation
of the impact from different structural types.
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Additionally, the case studies presented in the literature are limited to
the “construction”and “use” phases of the building, without considering
the buildings'end of life and recyclability of the structural materials.
This paper presents the initial findings of the project, which is now
approximately 60% complete.

Research Methodology

The methodology of a research is a process-based method in
compliance with the ISO norms 14040 on life-cycle assessment. The
scope of the research is to determine the structural system with least
environmental impact for buildings of 250 and 500 meters height. The
system boundaries are defined so as to include all materials and parts
that create the building’s structure (including foundations) throughout
their entire life-cycle, from material extraction and production to their
disposal or recycling.

Research Phases

The research considers the life cycle of a building in three main phases;
Construction phase, Life phase, and End of life phase, as described below:

1. Construction Phase

In the first part of the study, the life cycle of the tall building structures
are assessed up to the completion of construction phase. This

phase includes the production of different structural materials and
components, transportation of different materials to the job site and
construction procedures of the building structures on site.

The first step in the study of the construction phase was the creation of an
Expert Panel of structural engineers from the CTBUH membership network
that gathered in a meeting for the identification of the most suitable
examples to be studied (see end of paper for details of the Expert Panel).

A real building, located in downtown Chicago, was selected as the
most suitable base case study, based on which multiple design
scenarios were developed. The example building was chosen mainly
for its recent completion (it was completed in 2009), its floor plan (that
could represent class A High-Rise office buildings), and its structural
system (with a central concrete core and gravity resisting steel frame).
From the 60 story tall schematic structure obtained from the example
building, the panel of experts suggested to design 8 different structural
variations listed in Table 1. Additionally, it was decided to extend the
research boundaries so as to include the design of a supertall building
structure with the same variations. The schematic design was thus
“extrapolated”to deliver a building with the height of 490 meters. This
enlarging process was conducted in a way that the resulting building
has comparable characteristics but, at the same time, reasonable
proportions. The core to window span was therefore maintained at
13.5m (as it was in the real case study, which also reflects the average
lease span in Class A office buildings in Chicago), the floor to floor
height was kept at 4m, and the core dimensions were sized so as to
reflect the average net rentable-to-gross floor area ratio of similarly
tall office buildings. The same 8 structural scenarios adopted for the
shorter building were also used in the taller tower (see Figure 1).

The next phase of the research consisted of structurally engineering so as
to create an inventory of materials for the 16 different designs identified
for the analysis. This is an important step of every LCA analysis, also
required by the ISO 14040 norm.

Scenario No. (7 % %#5) | Scenario Description 77 % 4 #

Scenario(7 %) 1a & 4a Concrete core with steel frame (Steel grade 345 MPa)

FBE B0 5 AR (B0 % 345 MPa)

Scenario (7% %) 1b & 4b Concrete core with steel frame (Steel grade 450 MPa)

R AN H S ARAE R (4% 450 MPa)

Concrete core and composite frame J% 5 + /0 5 8 A 1E 4

Scenario (7% %) 1c & 4c

All concrete structure with wide and shallow beams
ARBELEMETRE

Scenario (77 %) 2a & 5a

Scenario (7 %) 2b & 5b All concrete structure with narrow and deep beams

AR5 FE R
Scenario (77 %) 3a &6a Diagrid (Steel grade 345 MPa) 4 #1422 (4% 4345 MPa)

Scenario (% %) 3b & 6b Diagrid (Steel grade 450 MPa) 4+ i 14 22 (4% 44450 MPa)

Composite diagrid £ 4 #} i # %2

Scenario (7 %) 3c & 6¢

Table 1. Description of various structural scenarios (to be read in conjunction with Figure 1)

R AT M 7 RH R GF 4 2 BN A )

Scenario 4a, 4b, 4c
5a, 5b, 63, 6b, 6¢

Scenario 13, 1b, 1¢,
2a, 2b, 3a, 3b, 3¢

Scenario 3¢, 6¢

Scenario 3a, 3b, 6a, 6b

Scenarios 2a, 2b, 53, 5b

Scenarios 1¢, 4c

Scenarios 1a, 1b, 4a, 4c

Figure 1. Schematic representation of the 16 scenarios used for the research (Source: CTBUH)
EB 5% 1647 8 BT (B8 R JR: CTBUH)
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In order to accomplish this fundamental task, twelve leading structural
engineering firms were asked to provide information on the structural
quantities for the scenarios. The structural experts have contributed to the
research by providing the overall quantities of structural steel, concrete,
rebar, etc. required for each of the building structures described above.
This step not only provided the most reliable data backed-up by the
experience and knowledge of industry leaders, but also helped to increase
the awareness on the project.

2. Life Phase of the Buildings

Another major phase of the research was to assess the environmental
impacts of different structural systems and materials during the life
phase of the building.

Among all building systems and materials, the structural components
are considered the most durable parts of the building, built to last

as long as the building exists. A few cases of significant structural
modifications do exist in the tall building world, for example the “Tour
First”in Paris, which underwent a major extension / transformation
between 2007 and 2011. Thanks to additional structural reinforcements,
the building height was increased from the original 159 to 231 meters.

Typically speaking however, the structural system of a tall building
does not change during the life phase of the building, and the research
project has found that the choice of steel vs. concrete vs. composite
does not massively impact the operating energy consumption of the
building during the life phase (in comparison to the construction or
end of life phases). There are some implications of course, for example
concrete offers more thermal mass to reduce heat loss during cold
seasons but comfort is ensured even in steel buildings by the presence
of high-mass floor systems made of composite (steel-concrete)
construction. But, typically speaking, the choice of structural system
and material does not significantly impact the consumption of energy
during the life phase of the building. Conversely, concrete columns take
up more floor area than steel meaning there might need to be more
floor surface (ie: an extra floor) to achieve the same overall usable area.

One part of the research project is now assessing what building
structural material/system offers the most flexibility, and allows (as a
consequence) for greater building adaptability to alterations based on
future market needs. This study will accommodate an extreme case (for
example, as outlined above in the Tour First project) as well as other
smaller-scale changes which might be needed to update a building,
based on the new requirements of the tenants, so as to extend its
service life. Such alterations may include: addition/removal of portions
of the building or entire floors (for the creation of a double height
space or the insertion of additional lifts or stairs), addition/removal

of internal walls (for instance when an office building is transformed
into a residential or hotel tower), or even strengthening the existent
structures to accommodate heavy equipment (machineries, air
handling units or pools) or meet newer building codes and criteria (for
instance to match new seismic regulations).

3. End-of-Life

The end of life of buildings is the third major phase of a building’s
life being investigated in the research. Data was first collected on

precedent of the demolition of tall buildings, as well as consulting
experts for the future demolition plans for existing buildings.

Even considering the shorter, 60 story tall scenario (approximately
250m in height), the demolition of such a building would represent
by far the tallest demolition job ever accomplished. In fact, the
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tallest building ever demolished voluntarily is the 186 meter tall
Singer Building dismantled in New York in 1968."

To acquire LCA information on the demolition procedure for the
structures considered in this study, a double strategy was adopted: 1)
the study of published information about the recent demolitions of real
tall buildings, and 2) a survey on the demolition methods by industry
leaders in this field. Regarding the first branch of analysis, very useful
information has been found on the website of the “Lower Manhattan
Development Corporation "(LMDC, 2014) regarding the dismantling of
the 157 meter tall Deutsche Bank building (one of the buildings damaged
during the collapse of the World Trade Center during the 2001 terrorist
attacks in New York). The building was demolished between 2007-2011
in two separate phases (the deconstruction works were halted for several
months after a fire 2007 that killed two firefighters). A further tier of

the study assisted with identifying the suitable options that could be
used to demolish a building with the size of the 250m scenarios used
for this research (Mizutani & Yoshikai, 2011; Kayashima et al, 2012). This
resulted in the exclusion of all methods that cause a sudden collapse

of the entire building structure in such a dense urban scenario (thus
controlled implosion with explosives and controlled structural failure),
for a number of reasons that include: the catastrophic consequences of
demolition errors, the insurance cost to protect the contractor from the
damages occurred to adjacent buildings, infrastructure, etc, and the low
compatibility of such methods within dense urban environments (dust,
noise, vibrations and interference with other structures are the most
limiting factors). Alternative dismantling techniques were consequently
identified, and the key companies employing these technologies were
contacted.

The second branch of the end of life study of tall buildings was made
possible thanks to the support of three leading experts in demolishing
large and complex projects: Brandenburg, Despe and Taisei. The three
companies were provided with the following information needed to
develop a demolition project for the 60 story scenario used for the
research: schematic drawings of the building, load capacities of the
structures and the inventory of structural materials obtained from the
structural contributor. Four of the eight shorter scenarios were chosen
for this study (see Table 2).

The results provided by the demolition experts include new,
comprehensive information on the duration of the demolition works,
the logistic arrangements, the equipment used by each contractor,
and the amount of structural waste and debris produced as a result of
the demolition process of each scenario, as well as the expected cost

of the demolition job. The information obtained through this survey

is currently being compared and integrated with the results of the
literature study, to create an “inventory of materials and proccesses”for
the end-of-life phase of the buildings. This phase of the study has not
been completed yet and the results will be presented in the final report.

LCA Analysis

The information obtained on the multiple phases of the tall building
structure has been used to create lifecycle plans with GaBi 6, an ISO-
14040 compliant software widely accepted for doing LCA analyses. The
software allows the insertion of individual processes to assess the entire
production path of the product or system being analyzed (in this case the
structure of a tall building). An important fact to be noted here is that LCA
analysis is a relatively new discipline, compared to other centuries-old
branches of science, used only occasionally for the analysis of products/

Scenario No. Scenario Studied for Demolition
FRRT FRER

Scenario (77 £) 1a Concrete core with steel frame (Steel grade 345 MPa)

SRR BN S ARAE & (44 4345 MPa)

Concrete core and composite frame &4 + 20 5 2 A 1E %R

Scenario (77 ) 1c

All concrete structure with wide and shallow beams
LRBLEMS TR

Scenario (7 %) 2a

Scenario (% £) 3a Diagrid (Steel grade 345 MPa) 4} A4 %2 (4114 %% 345 MPa)

Table 2. The end-of-life of tall buildings being studied with the support of demolition
experts
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1: The World Trade Center Towers 1&2 in New York, cannot be considered within this
list as their 2001 demolition was the consequence of a terrorist attack, rather than a
controlled demolition.
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assemblies as complex as buildings. For this reason some information

is not readily available regarding specific materials/operations in the
construction industry (such as welded wire fabric, metal decking
sprayed-on fireproofing, etc)) and, especially, very little information

on specific construction site tasks (such as crane lifting, formwork
installation, spraying of fireproofing, etc.). Information on many “steps” of
a construction work are simply not included in the standard inventories
of processes and materials databases. Though it is believed that these
operations represent, individually, a marginal fraction of the building
construction'’s total environmental impact (which is largely represented
by the embodied energy and emissions from the production of building
materials), their cumulative impact may be more significant.

To fill these gaps, data is now being collected on multiple production/
construction processes as part of this project, to both refine the
information already available on the structural materials and develop
new processes and plans on the specific materials and tasks that do not
yet have standard procedures. This task is also made possible thanks to
the involvement of product associations and individual manufacturers
such as WorldSteel, ACME Refining and Bluff City Materials.

Initial Findings

At the moment of writing this paper the research is still underway
and the final conclusion cannot be made with currently available
information. However, some general trends can be identified:

1 =The initial results of this study show that, if the boundaries of the
LCA are limited to the construction phase and without taking into
account recyclability, Concrete structures show a lower embodied
energy than Steel structures but, on the other hand, Steel structures
cause lower emission of greenhouse gasses than Concrete
structures. Though it might be thought that embodied energy and
CO, emission should be proportional, this is not the case as the
chemical reactions happening during the production of cement
release significant CO, in the atmosphere

2 -Steel structures have a lower environmental impact (both in terms
of greenhouse gasses and embodied energy) than concrete structures
if the boundaries of the analysis are extended to include the end-of-life
phase. In fact, steel structures benefit from the high recyclability of steel,
which can be recycled an infinite number of times without a loss of its
structural properties. Concrete, on the contrary, can only be reused in a
“down-cycling” process, meaning that the characteristics of the recycled
concrete are lower than the original material and it can typically be
used as ballast material, filler and other non-structural applications.

Even if building structures are generally designed to last for many
decades, programming their end-of-life through a detailed dismantling
plan can significantly improve the environmental impact of tall
buildings. Standardized steel profiles can be designed to be reused “as
they are’, without the need to be remelted in a furnace, thus resulting
in a recovery of the environmental burden caused by their production.
However, in order to fully benefit from the environmental advantages
offered by the use of standardized steel profiles, an adequate system of
norms must be developed at an international or regional level, in order
to give to all relevant parties involved certified information on the
previous life of each structural element.

3 — High Strength Steel (F450MPa) can contribute positively to the
sustainability of steel structures by reducing significantly the amount of

530 | CTBUH 2014 Shanghai Conference

HEHEXAANBROEENFATRONE 2 RER, BF
SR, AABRENESE, BT ERRFENEHL LA
BRHE, URFFINTMAA. BXAKRERRENE
B, AEXBMARNERE GRABTILR, AREOHBEHE
HELMHAER . Z—NBERARREARR TR ELEREAE
mAME TR

E G4 T AT

EEEEREM AN BRBHE R CERA T 2&GaB6, —
A2 B X H1SO-1404047 8 £ & B E 0T F . B AR R
MHBEEN, DT R A (AR SR AR
RIWMENEFRE, EREERNE, BXTHEMAFTESA
EWER, £a AL NE - AR ER, RRERN G
RAY— BB RNAREAT N Hib, —REZFT W REM
AREEFTEEIAINRNER WRERLF, £BITERS L
k%), RAATGWEAEIERESD, WREREK, #ERE
&, MRHRE) . LT HF S FIROEERATCELELELMN
MR ENTEEE T BAANTAA X LRENTEN DR
HATLE RERABE LAARAMMEREEN £ RN
BER), EXRARREH TR EETE.

HTEMZEHRNZE, AEEERES N EF/EIRERK
B, EAZTEN g, RAKEET ANEHMTRNEE,
FH E BB R, T T ERERRERF, XMESHTL
HEm Rt e A RRERT S, WETAKT S, ACMES
s/aa], LLABIUFf City MaterialsZE A1 /A 7]

GEFES

EERBXER, FAMERTY, MIRAZRFEELINER
TR/, REWL, —BERERMATURAT:

—. KRN E RRET, wRESBAHNTE LCA RKERT
HEIWE, FHERTREETAANERLT, BRTMEMRE
T EM B RERAY LA 75— F 8, REMNEREIR
HA R L EM N ER. BAFRERN Z AN E = A& LA
oy, (ERXAEJLH AR ACTH £ 77 AR o B P A B ROR 1 A
SBH AWK

=, WRAATHEEE M ERA S ¢ RAHARN B, A LRR
BRI EMTE (ERERERAYUERT 7 ERK) , WEM
HEMB K. FEL L, MENLE TR ARG 00= E R,
AUAES TR G Ea LR TRABEAR. RZ, B
TR A REANR IR FRNFRER, B RFHEK
HORBE LR EERTREAAH, FEREHATERMAREAR
W An 4E 45 R A

BUEE A vt o — R E AR UL+ Fk, EARA
EaRHR B FANFRITRITULZRE & EEAA RS
B, MAELNHEMNTFREEEY PRAETRFARTEE
ERR, AT T 2TAN N1 £ P B 1 B 28 g . AT,
AT T LUK 36 AR G AR A BT R B IR B R %
i, ELHAE RSB RS EE AT L, A EEE
W (R S AN A T 1 TR AR SRS B .

=, BBEMM (F450MPa) ] DL 1t B F R D T FHYE A
W CARTE HEM T SEBHE = A, AT aER D B & e
R B0 B 2 M A R B T A AR 4 A B RT R S O T O AR AR T
o F R AR LT RS R A R £ R A R R
B®wm. BEBEENMOERTURERERE, ARG ERE
S T3 IR R



structural material required for the vertical structural components (and
also saving floor space occupied by structure, thus possibly reducing the
number of floors required). The initial findings show that no significant
additional environmental effects are involved in the production of steel
with high grades above lower grades. Its use can thus be advocated
when possible to reduce the environmental impacts connected with tall
building construction.

4 — Concrete components are responsible, even in what are considered
entirely Steel structures, for about 65% of the total weight of the
building, due to their use in floor slabs. This results in a heavy weight
load on the whole structure. This number increases up to 80% if the
foundations are considered. As a consequence, all measures that can
reduce the environmental impacts of concrete (and in particular of
cement, the component that is responsible for the largest portion of
its negativities) can positively affect the sustainability of tall buildings,
even of those that have steel as their main structural material.

The other important fact to be considered is that the reinforcement steel
used in concrete structures or the concrete components of steel structures
is responsible for a considerable impact on structures’environmental
impact and embodied energy, especially when adding to this the more
difficult recovery process and lower residual value of such elements.

5 —Height is, clearly, responsible for an increase in the embodied
energy of the building. In other words, the taller the building is, the
more materials (@and thus energy) are required to build it. The effect of
height on building structures has to do with the exponential effect of
the horizontal loads on the building, and therefore a higher density
of structural materials per unit area, as well as the higher amounts of
energy used to hoist larger quantities of materials to a much higher
altitude. However, vertical structures are responsible for a smaller
share of the total materials in the supertall building scenarios than the
horizontal floor elements, with up to 80% of steel and concrete used
to build the horizontal elements such as the beams and floor system.
Research on how to reduce the material content of the horizontal
parts of a building will result in a significant reduction in material costs
and environmental emissions — more significant proportionally than a
reduction in the size of the vertical structure.

6 —The transportation of structural materials impacts typically 1-3%,
though in some cases as high as 5%, of the total environmental burdens
caused by the construction of tall buildings. The largest share of this is
caused by the delivery of materials to the construction site, as materials
are typically transported by truck. The upstream transport operations
(transportation of raw materials to the production facility, intermediate
steps during the production process, etc.) are, on the contrary, less
impacting on the environment, because of the extensive use of more
efficient means of transportation such as ships, barges and trains.

The transportation of demolition waste has a smaller impact, since
this is typically deposited close to site than, for example, the transport
of initial structural sections or facade elements to enable the building
construction. (Marinkovic'et al, 2010).

7 — Fires can cause the structural failure of steel elements if they are not
adequately protected with fireproofing materials such as intumescent
paints, sprayed-on cement bases pastes or gypsum plasterboards
(Goode, 2004). These three systems have variable environmental impacts,
with gypsum plasterboards being the least impacting material. However,
when cost comes into the equation, sprayed-on materials are the most
common solution, especially for structural elements concealed behind
suspensded ceilings. On the contrary, concrete is more resistant to the
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high temperatures that can develop during a fire in a building, and the
same level of fire resistance is achievable in composite structures where
steel profiles are embedded in concrete.

Towards the Conclusion of the Research

All the collected information on multiple parts, tasks, steps and
procedures in the tall building structure’s whole life cycle will be
added to the specifically created life cycle plans so as to reach the
highest level of detail achievable. The results from the LCA will be
examined and discussed as a whole and the life-cycle of the tall
building structures will also be analyzed in each phase, thus allowing
the identification of the most relevant aspects, as it has been briefly
presented in the initial results section above.

The remaining parts of the research are to be completed in the next few
months and the final output is expected to be released in 2015.

A group of consultants who assisted with the creation of the structural
engineering scenarios will assist with the peer review of the final
report. This report will be published by CTBUH within its Technical
Guide series.
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