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Abstract

The building and construction industry drives global energy use and emissions. With climate
change mitigation being a forefront topic of concern, the building and construction industry has a
responsibility to alleviate its environmental impact. Therefdrere is a need for more
sustainable structural systems that explicitly consider environmental impact. This study
examined comparative life cycle assessments on the superstructures of functionally equivalent
steettimber composite and steebncrete compots office buildings at &tory (28,800 m
nominal floor arepand 18story (74,000 M nominal floor arepheights. Life cycle assessment
were conducted in accordance WiBO 2193Jandoutputsquantified environmental impacts
associated with each struailisystems, creating meaningful and valid comparisons of
sustainable merit associated with each structure and the materials within. Results indicate steel
framing mass and environmental impacts are comparable between systems of the same height.
As a resultenvironmental benefits attributed to stéelber composite structures stem primarily
from floor assemblages. Overall, the stii@ber composite systems had less severe
environmental impacts than the steehcrete systems, averaging 46% lower globahvirag

potential and 27% lower energy demand.
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Chapter 1: Introduction

1.1 Background

Roughly 37% of total global energglated CQ emissions are a consequence of the building
sector and constructiondustry, owemitting the next closest sector by 14 percentage points
according to the 2021 Global Status Report for Buildings and Constrigtithhe United
Nations United Nations Environment Programna®21). Thus, emission reductions from the
building sector are integral in mitigating the effects of climate chang@ampact on
environmental sustainabili@Obafemi 2017) This need has in large part spurred the growing
acceptance of mass timber as a sustainable, alternative structunal ®ystditional steel and
concrete building systems. Within this growth, the mass timber market in the U.S. is largely
dominated by cross laminated timber products (CLT), with an estiridgédof square footage
and 65% of mass timber building projectshe United Stateeingaccounted for bgross
laminated timber alon@tkins et al. 2022)

Beyond mass timbesnly structural systems, there is also increased use of hybrid and
composite systems that make use of the different strengths of each maigpiahize the
composite structural system. One such family of promising systems iisteet composite
structuregAspila et al. 2022; Hassanieh, Valipour, and Bradford 20&fich utilize
lightweight and sustainable matasber floor panels compositeworking with steel framing,
which can more efficiently provide long spa®OM 2017)and improve structural performance
and constructability relative to traditional systems. This relatively new structural system is
expected to provide a lewsarbon struttiral solution due to utilizing sustainable construction
materials with arefficient and affordablalternativefor building structures~urthermore, the

majority of mass timber construction projects are rrfaltily use(Leafblad, Peters, and Cullen
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2021) Hence, steelimber composite structural systems have the potential to expand the mass

timber market into commercial and business occupancy types.

1.2 Scope and Objectives

The relative impact of different structural systems on the environment over the lifespan
of the building lacks rigorous quantification; particularly the stieseber composite system, and
its more established countergiarthe steelconcrete composite syste@omparative analyses are
often performed using whole building life cycle assessments (WBLCA). The value of WBLCA
is largely derived from the comparison of functionally equivalent building assemblages, whereas
exclusive studies of materials outside otiadtionally equivalent scope may be invalid
comparisons. ThereforgyBLCA allows practitioners to make appropriate comparisons, assess
environmental impacts associated with design choices, and implement strategies to reduce total
environmental impadtyang2018)

Severabarametersnay adversely influence the variability in outcomes and comparative
validity of LCAs; some of which are: lack of procedure for system boundaries, inadequate
definitions of functional units, contradictory assumptions of life guamarios and processes,
outdated or inapplicable Life Cycle Inventory (LCI), or database quality and subjectivity
(Nwodo and Anumba 2019Fonsequences of database assumptions may be mitigated by
utilizing various databases, conducting uncertainty andithaty analyses, and utilizing
environmentaproduct declarations (EPDs) in placecommercial databas¢Malmqvist et al.

2011; Nwodo and Anumba 2019)
The primary objective of this thesis is to comparatively assess the environmental impacts

associaté with steeltimber composite and steebncrete composite structural systemsig
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whole building lifecycle assessment (WBLCAA secondary objective is to evaluate the
sensitivity of the WBLCA to environmental data sources.

The environmental impactd steettimber composite systesmvere investigated relative
to functionally equivalent, conventional stemincrete composite syste using awhole
building life cycle assessmeBLCA) approach that follows recommended, matesgthostic
practice.This studypresents the structural analysis and design of two prototype buildings (Figure
1-1) at different heightfor eachsteeltimberand steetoncrete composite systeandthen

compares the sustainability aspects of each system by providing a comparative WBLCA.

Figure 11: Prototyper-Story and 18Story Office Buildings

1.3 Organization of Thesis
This thesis consists ofvié chapters, organized as follows. Following a brief introduction

in Chapter 1, a broad review of literature relevant to the topic is presented in Chapter 2. The
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review establishes the responsibility of the design and construction industry to alleviate
environmental impacts by introducing the topic of sustainability and climate change, as well as
providing data points relevant to the argument. Additionally, the literature rexiploresthe
viability and advantages of steel timber composite structuretharekisting research on the
systems. Furthermore, the literature review touches on the vibration analysis-tfraieelfloor
systems, as it was found to be a critical design parameter.

Chapter 3 presents methodologies utilized in schematic desigerjathptoperties,
structural analysis, structural design, vibration assessments, life cycle assessments, and life cycle
inventory data. Chapter 4 goes on to present the results and discuss the study outputs, resultant of
the structural design and life cechssessments obtained from the discussed methodologies.
Explored LCA outputs include total life, cradle to gate, comprehensive life stage, and floor
system environmental impacts.

Chapter 5 summarizes teudy andpresents the primaigonclusions, limitations, and
recommendations for further researBippendices contain sample calculations, vibration study

outputs, and preliminary designs for various structural elements.
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Chapter 2: Literature Review
2.1 Sustainability in Design and Catruction
2.1.1 A Brief Introduction to Sustainability and the Anthropocene

Before 1990, the United Nations Brundtland Commission defined sustainability as
Afimeeting the needs of the present without com
their own needso (I mperatives 1ld@gsustainablestudpaddi t i
programs teach the importance of the Triple Bottane (TBL). Often summarized by the
phrase fipeople, planet, prof i dwihthéliBmasseewel | be
in Figure2-1. TheTBLwas originally intended as a framewc
social (people), environmental (planet), and economic (profit) imgatkmgton 2018) It
illustrates that without focusing on all three faget business will not succeed letggm, as it

does not fully quantify the cost of its operations.

Figure 21: Example visualizations of the triple bottom ljnecluding (left)the traditional
approacltshowing the intersection of people, planet, and prosperity (Board of Regents, 2023),
and (right)integrating human welbeing into the triple bottom line as a sustainability compass

(Kensler 2014)
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With the rise of this school of thought, it has beemtbthat corporations have been
providing greater amounts of information aboutfimancial aspects of their operations. This is
attributed to a growing awareness that humans are consuming natural resources at a rate much
faster than can be replenishi@dowoshegbe and Emmanuel 2018}hile resource depletion
accounts for a portion of the fAplaneto facet
environmental equation. Greenhouse gas (carbon dioxide, methane, and nitrous oxide) emissions
are wdely recognized as the primary driver of global climate ch&Rgehie, Roser, and
Rosado 2020; Solomon et al. 2007)

Ritchie et al. (2020) found that global emissions of carbon dioxide were relatively slow
until the mid20" century, with only 6 billim tonnes of C@emitted worldwide in 1950.
However, global annual G@missions have continuously grown, with over 34 billion tonnes of
COz being emitted annually as of 2020.

In conjunction with this, Lindsey (2022) reports a rise in global atmospheric CO
concentrations due to increased emissions. As a result of the increased atmospheric CO
the earthés natur al greenhouse effect is bein
phenomenon. Earth has periodically undergone natural warming cycles due to increased
carbon in the atmosphere, over the past million years or more. These warm periods were
mostly due to wobbles in the Earthoés axis or
However, due to air bubbles in ice cores, up to a mile thick and frozen for thousands of
years, it is clear that CQlid not exceed 300 ppm during theseage cyclegLindsey
2022; Solomon et al. 20077he Intergovernmental Panel on Climate Change tegor
global increases in carbon dioxide concentration are due primarily to fossil fuel use and

land-use change, while those of methane and nitrous oxide are primarily due to
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agriculture. The report goes on to state that S€@he most important greenhougss. It
also concludes that the increased atmosphericdB@centration is predominantly a
result of fossil fuel use, with land use change providing a significant but smaller

contribution(Solomon et al. 2007)

Per Figure2-2, that before the Industriald¥olution (beginning around 1760), the global
average C@concentration in the atmosphere was 280 ppm. However, as of April 2022, the
recorded atmospheric concentration was 420 ppinTr ends i n At mospheric
n.d.) Therefore, armed with Eadhs h i s tz concentration daiaQit is logical to conclude
that the rise in atmospheric @€oncentration is not only due to human activity, but also a

disruption to the global environment. This disruption has come to be known as climate change.

Carbon dioxide emissions and atmospheric concentration (1750-2020)

40

Figure 22: Carbordioxide emissions an@dtmosphericconcentrationAtmospheric CQ
concentrations (blue) have been following the trend of €@issions (grey) with the growth of

fossil fuel use since the Industrial Revoluti@wndsey 2022)
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Human impacbn the earth has become substantial enough that it rivals some of the
greatest forces of natur e (Steffenetals20ll)mpact on t h
recognition of this, the concept of tA@thropocenavas introduced near the beginning of the
21%century to Acapture the quantitative shift i
environmento (Steffen et al. 2011). I n geol og
state. The Anthneocene is believed to be the most current geological epoch, marked by
environmental changes indicating that Earth has entered a new-domamated agésS. L.

Lewis and Maslin 2015)Therefore, Earth has a quandary. Do humans have a duty to restore the

Eat hds environment to Iits natur al state? |If SO0

2.1.2 The Building Sectorés Environment al Res
While there may not be a clear answer to the above quandary, one thing ighelear:

building sector and construction industry need to be part of the solution. As of 2020, 37% of total

global energyrelated CQ emissions were a consequence of the building sector and construction

industry. The industry at-emittedthe next closest sectby 14 percentage points. Figi-8

breaksdown total global energy consumption and emissions in 2020; all data inilgdesate

building sector and construction industigntributions It is important to note, that this data was

collected in a year whthistorically low constructiomelated emissions due to the COVID

pandemic. The drop was a consequence of a decrease in the manufacturing of construction

materials as compared to 2019. However, the globaled@issions from the building and

constructiom sector were only 1% lower in 2020 than in 2QWfited Nations Environment

Programme2021)
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Figure 2. Buildings and construction’s share of global final energy and energy-related CO, emissions, 2020

Other % Other 6% 6% ?&fﬂﬁmal

27% Residential 11% Eﬁsali?;nlt]ial

3% {Idlz::&e}sidential

Transport 26% Transport 23% -,

Non-residential

- 8% MNon-residential 7% (indirect)

Other 26% Buildings Other 23%

industry construction industry L Buildings
industry 10% fmsttnrfton
Other Other
construction industry o construction industry
ENERGY EMISSIONS

Note: “Buildings construction industry” is the portion (estimated) of overall industry devoted to manufacturing building construction materials such as
steel, cement and glass. Indirect emissions are emissions from power generation for electricity and commercial heat.

Source: IEA 2021a. All rights reserved. Adapted from “Tracking Clean Energy Progress”™

Figure 23: Energy consumption and emissions within the building sé&obal Status Report
for Buildings and Constructioné 20

Table 1 - IEA Buildings operation and construction emissions estimates, 2019

2019 (MtCO2) Share

Buildings use phase 9953

Coal 496

Gil 935 | 9% direct emissions
MWatural gas 1663

Electricity and heat 6855 | 19% indirect emissions

Buildings construction 130

Construction energy use 130

Material manufacturing 3430

Cement- and steel- manufacturing for construction 2038

Other

Sowrce(lEA 20208). All rights reserved. Adapled from "Energy Technology Perspectives 20207

Figure 24: Building operation anatonstructionemissionestimates in 2019

In brief, the building and construction sector is responsible for ové&raf/global CQ

emissions. A correlation between g€missions and climate impacts has been established (see
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2.1.1 A Brief Introduction to Sustainability and the Anthropotamneé current research indicates

the sectords emissions are still grow2080g whi I
Global Status Report for Buildings and Construc&ar2020) Thus, emission reductions from

the building sector are integral in mitigating the effects of climate change and its effects on
environmental sustainabiliffObafemi 2017)

One may note, frorfrigure 2-3 and Figure2-4, thatwhile the largessinglecontributor to
building sector emissions is construction, the majority of building sector emissions are a result of
the combined effects of direct and indirect energy consumption in both residentiainrand n
residential buildings. Both direct and indirect energy consumption occurs during the bugding
life-stage of the building. Direct emissions, during the buildiag lifestage, are those emitted
directly from the building; resulting from space andevdeating, heating and cooling systems,
and insulation materials. While indirect emissions, from the buHdsgylife stage, are those
emitted from energy consumption of the building; resulting from electric heating and cooling
systems, district heatingpoling, artificial lighting, and other building services such as elevators,
pumps, and mechanical ventilation systé@@ABC and UN Environment 2016)

As a result, the industry could perhaps, most beneficially, focus on the reduction of
building-userelaed emissions. However, the building and construction sector has been poorly
responding to its newfound responsibility of reducing energy use and emissions overall, as seen
in Figure 25 (2020 Global Status Report for Buildings and Constru&iof020; Ob&emi,

2017) Therefore, it is an athandson-deck situation, requiring all contributors to building and
construction emissions, large and small alike, to reduce their carbon footprints.

In light of this, a spotlight has been shown on the embodied eaadygmissions of a

buildingds materials and constr uenergyconsumedact i c
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Buildings Climate Tracker (BCT): Decarbonisation index trend for buildings and construction

Building Climate Tracker {2015-2013)

12
Zero-carbon 10
Building Climate building stock
Tracker (BCT) target .
100 P
B0 B
44 746

o 4 / 3.4
40 2.5

20
o g 0

20 2050 2015 2016 2017 018 2019 2020

BCT Index == Hypothetical, linear path to goal Difference 1o preceeding year

This Buildings Climate Tracker (BCT) is comprised of the following seven indicators: Incremental energy efficiency investment in buildings
(global, Sbn); Building Energy Codes (number of countries); Green Building Certifications (cumulative growth); NDCs with building sector action
(Mumber of Countries); Renewable Energy Share in Final Energy in Global Buildings (%); Building Sector Energy unit Intensity (kWh/m®); CO:
Emissions.

Figure 25: BCT decarbonisatioindex The Buildings Climate Tracker shows progress on
decarbonisation of buildings aednstructionThe final goal is to reach a decarbonisation index

of 100 by 2050. Trends since 2015 are plotted here, against a linear path to 100. Most recent

trends resulted in an index of 2.5 in 2019.

in the buildingb6s | idematioofthe budding itsed{DixtsCulp,aider t h a
Fernandesolis 2013) It includes extraction of raw materials, manufacturing of materials and
components, transportation, construction, and assembly. Direct energy in this stage is utilized
within the bounls of the construction and assembly processes. Whereas, indirect energy, outside
of the buildinguse stage, is associated with the production and transport of materials; it includes
the raw material extraction, transportation, and the relevant portidhe ehergy used in the
infrastructure, factories, and machinery of manufactui@g@wther 1999)

Likewise, embodied carbon is the volume of L&mnitted during the same processes.

Embodied energy and emissions have received global attention as greerasoteshigtion has
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been identified as a climate change mitigation technique. However, with growing focus on

coalitions and energy use standards, evidence of the systematic and coordinated abatement of
energy consumption has shown mixed reg@isafemi 2017United Nations Environment
Programme 2021, Har t DhisAsmonceming, as thd cofsensup 0 n i 20
projects floor area of the global building sector to double by 2060 at the(2ésst et al. 2018;

United Nations Environment Programm2021) Therefore, there is a justifiable need to

increase sustainability efforts within the building construction and material manufacturing

sectors of construction. Thikesis focusedpecifically on the reduction of embodied energy and

carbon in struetral designincluding the corresponding material manufacturing, transportation,

and construction of structures.

2.1.3 Trends and Advancements in Sustainable Design and Construction

I n recognition of the Eart hidersadeppedthd or act
2030 Agenda for Sustainable Development in 2015, which included Seventeen Sustainable
Development GoaldJnited Nations: DSGSYhe Sustainable Development Goals (SDGS)
encompass all aspects of the triple bottom line: environment, soaetyeconomics. As a result,
two of the SDGs are directly related to the design and construction industry and four are
indirectly related (see TableD. Similarly, initiatives put forth by the World Green Building
Council (WGBC) andstructural Engineeng Institute (SEI), as well as the growing popularity of
lean construction practices are providing sustainable footholds within the design and
construction industryMarhani et al. 20135E205@020 WGBQ.

In supplement to the SDGs, a worldwide campaigyanized by the WGBC is urging all

|l evel s of government to i mplement Abolder, mo
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and construction]

i ndustry

t

o scale to

sol uti

the council provides two gds. The first, to be achieved by 2030, requires all new buildings to

have net zero operational carbon, as well as 40% less embodied carbon in all new buildings,

infrastructure, and renovations. The second, to be achieved by 2050, requires all newstoilding

have net zero operational carbon, as well as net zero embodied carbon in all new buildings'

infrastructur e, and

renovati

ons

(Worl d

Green

call, the SEI (a facet of the American Society of Civil Engineers)deaeloped a comprehensive

program to support the professional structural engineering community in the pursuit of net zero

carbon structural systems by the year 2050 (SE2050 2020).

Table 21;

U Suitainable Development Goals that pertaidetsign and construction

SDGs Di

rectly Related to

Design and Construction

Sustainable Impact
Development
Goal
Build resilient
infrastructure,
#9 Industry, promote
Innovation, inclusive and
and sustainable
Infrastructure industrialization,
and foster
innovation
Make cities and
#11 human

Sustainable settlements

Cities and

inclusive, safe,

Communities resilient, and

sustainable
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SDGs Indirectly Related to
Design and Construction

Sustainable

Development

Goal

#3 Good
Health and
Well-Being

#8 Decent
Work and
Economic
Growth

#12
Responsible
Consumption
and
Production

#13 Climate
Action

#15 Life on
Land

27

Impact

Ensure
healthy lives
and promote
well-being
for all at all
ages

Make cities
and human
settlements
inclusive,
safe,
resilient, and
sustainable
Ensure
sustainable
consumption
and
production
patterns
Take urgent
action to
combat
climate
change and
its impacts
Protect,
restore and
promote
sustainable
use of
terrestrial
ecosystems;
sustainably
manage
forests; halt
andreverse
land
degradation
and
biodiversity
loss



2.1.4 Embodied Energy and Embodied Carbon in Structural Materials

Dixit et al. (2013) define@mbodied energiy a buildingas the energy consumed in the
buildingds | ife cycl eofthdbailgimgstseltEmihodied carboreisna t h e
measure of the emissions consequent of that energy use. The consensus agrees that further
research is needed to homogenize the data for embodied energy and embodied carbon in
structural building materials. Curreinequalities are largely due to variance in the included life
cycle stages, data scarcity and scattering, subjectivity, and bias from proponents of a given
material(Cabeza et al. 2021; Purnell 2012; De Wolf et al. 20D6&)Wolf et al. (2016) attribute
variations between embodied carbon dioxide and embodied energy coefficients to a lack of
standardization, largely on the litgcle stages included. Similarly, Cabeza et al. (2021) referred
to the lifecycle boundary system as a crucial param@ee setion 2.2.2 Influence of System
Boundariedor more detalj.

De Wolf et al. (2016) went on to write that manufacturers can use different assumptions
of life cycle stages to their benefit. Including carbon sequestration may indicate an advantage for
timber, whereas accounting for recycled content may be advantageous for steel. Likewise, the
exclusion of these elements, when comparing the materials, may result in a skewed reality.
Despite inconsistencies, there have been comprehensive efforts to quahbfjiesrcarbon and
energy of common structural materials.

One effort, made by Hart et al. (2021) quantified variability within each life stage, and
the effects on embodied carbon across all life stages. Results show the main source of embodied
carbon varition for steel and reinforced concrete structural frames is in the production stage,
accounting for 81% and 65% of variability, respectively. Whereas, the largest source of variation

for timber structural frames is in the eafilife embodied carbon, accoting for 32% of
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variability. Additionally, variation in embodied carbon associated with transportation is between

10-20% for all structural materials€¢e Table-2).

Table 22: Impactof life stagedatavariability on total life embodiedcarbondata
(adapted from Hart et al. 2021)

Structural . . Construction .
Material Production  Transportation and Demolition Disposal
Steel 0.81 0.11 0.03 0.0
Reinforced
Concrete 0.65 0.16 0.11 0.0
Mass Timber 0.46 0.19 0.04 0.32

Beyond determiningariability, Hart et al. (2021) used statistical models (Monte Carlo
method) to determine the wheié embodied carbon distribution of 127 structural frames of
each steel, reinforced concrete, and mass timber. This resulted in a comprehensive data set,
allowing a comparative analysis to be conducted. Resulting median-liflecéanbodied carbon
(WLEC) values for timber, reinforced concrete, and steel frames were 119, 185, and 228 [kg
COz eq/nT] respectively. Embodied carbon from various-btages are seén Figure 26.
Results confirmed the assumption that mass timber frames are likely to have lower embodied
carbon than alternative materi al s. However,
was not as substantial as often assumed, partiguéutn enebf-life is included citing

literature reviews that resulted in larger reductions for timber when compared to concrete.
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Another effort, made by Cabeza et al. (2021) to summarize the embodied carbon in
common structural materials, conducted an international literature study on the topic. Despite
citing a worldwide fasgrowing interest, their work concluded that there ib@t$all in
embodied carbon databases. Concluding that only 70 out of 1003 relevant papers presented
values for embodied energy and/or embodied carbon of building materials. Additionally, it was
determined there is substantial effort to investigate anghamercase studies of whole building
or building component environmental impacts. Additionally, a literature trend map revealed not
only has the focus been on embodied carbon and embodied energy, but recent research is also
driving attention to the concepf a circular economy, centered on reuse and recycling.

In addition to the vast majority of sources excluding embodied energy/carbon data,
Cabeza et al. (2021) also found that there were sources which did not specify the crucial
parameter of life cyclboundaries. Stating that data sources were scarcely cited, or vaguely
referehcedrastufie data. o Despite this, the aut
energy and embodied carbon coefficients which they obtd&inedthe literature. Figure-2 and
Table2-3 displays theifindings. Note that the boundary is cratibegate and howgradient
colors within the bars indicate frequency of reported values in liteatuith darker shades
being the most commonly reported values. The authors acknowledgsaliwumerical results in
both embodied energy and embodied cadberidence of conflict within associated data

sources and boundary definitions.
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Figure 27: Embodienergy andembodiedcarbon ofstructuralmaterials The embodied carbon
coefficients abwe are attributed to the production tgeage only(Cabeza et al. 2021)
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Table 23: Ranges oftructuralmaterialembodiedcarbon anceembodiedenergy
Datawas interpreted from Figure 2 Cabeza et al. (2021)

Structural Material Embodied Energy  Embodied Carbon

[MJ/kg] [kg CO2/kg]
Steel (General) 24.81 59.0 2.2171 3.19
Steel (100% Recycled) 8.921 28.7 0.44
Reinforced Concrete 1.927 3.10 0.08i 0.24
Timber (General) 2.4071 10.0 0.0071 0.41
Timber (Glulam) 4.601 13.2 -1.1471 0.39
Timber (CLT) 0.551 7.11 No Data

Yet another effort to summarize embodied carbon in structural materials was made by De
Wolf et al. (2016) to summarize equivalent £&issions. This study provided analyses of
existing buildings, fully constructed oraméng completion. Their survey revealed the highest
material usage and environmental impacts are associated with cultural buildings. In contrast with
office buildings, having the lowest material usage and environmental impacts. Additionally, the
study detemined the highest material weight comes from concrete and steel structures. However,
while the amount of material per square meter increased with height and size of the building, the
global warming potential did not.

Further study found environmental iagis of steel and concrete composite systems can
vary by factors approaching 5. Furthermore, steel had the highest embodied carbon coefficient of
the materials examined, resulting in higher global warming potential and embodied carbon for
steel structureslespite lower material quantities than concrete structures.

When relating to environmentally conscious buildings, LEED Platinum certified

buildings had the highest material usage and the highest environmental impact, while LEED
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Certified buildings had #hlowest. Leading to the conclusion that higher levels of LEED
certification do not correlate with lower environmental embodied impacts. lllustrating how
LEED does not currently reward lower embodieghact buildings. Figure-8 displaystheir
findings.

Ultimately, the study found that timber and masonry structures have the lowest impacts,
however, the authors state that they do not consider timber and masonry practical for all
structures. As a result, the suggested method of embodied carbon reductiompi®te

material efficiency on a cad®/-case basis rather than selecting one particular structural system

above another.

1400
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L
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v 400
20| = = 5
0
Steel Concrete Masonry Timber  Steel and concrete
60 59 15 " 65
Structure type and number of projects in database
1600
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o
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Y400 =
200 I I 1
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None/unknown Leed Silver Gold Platinum
93 4 31 19 3

Leed certification and number of projects in database

Figure 28: Embodiedcarbon pestructuralmaterial and LEEDxertification(De Wolf et al.
2016)
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In contrast to the previous studies, Purnell (2012) asserted that green structural materials
are mythological. Purnel | made cases against
claims.For examplethose with a vested interest in timber clainowdr carbon footprint in
wood because of its ability to sequester carlbtowever,deforestatiorsimultaneously
contributes to 17% of global G@missions and remains a higlofile global environmental
concern. Similarly, those with an interest in steel tout its recyclability, resulting in an inherently
low-carbon emissive material. For this material, the author claims no account of energg use an
COz emissions associated with smelting and refining primary steel, and eventuaigftirey the
steel for recycle, stating that recycling involves significant energy us2qQ MJ/kg).

For concretePurnellargueghat proponets of this material focusn reduced air

condition/heating requirements due to its thermal inertia, or focus on the use of waste materials
as supplementary cementitious materialsile de-emphasizinghatcement production accounts

for 5-10% of global carbon emissions.

Purnell(2012)concedes that the Inventory of Carbon and Energy (ICE), despite its
vari ous | thennostauthordgative single fred@ly available source and has become a de
facto standard for many studies. 0 I128Botee mbodi e
that these are consistent with the discoveries of Cabeza et al. (2021), with reasonable variation.
Ultimately, the author argues that the functional unit in which embodied carbon is reported is
useless, stating that a valid comparison is notenigdcomparing 1 kg of concrete to 1 kg of
steel or 1 kg timberPurnellsuggests compensating for this by normalizing with respect to a
mechanical property of interédssuch as compressive strength, as seen in F&j@rélowever,
the authoiconcludes thee values take no account of variations in ceegional geometry;

invalidating the approach. Instead, the author calculates embodied carbon as functions of load
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capacity and member length. In conclusion, the author claims that structural design paramete
such as crossectional dimensions and load capacity are equally influential with material choice
on embodied carbon per unit load capacity.

The arguments of Purnell (2012) against comparing the embodied carbon per weight of
structural material are \id, however, the inequalities of embodied carbon per material weight
can be normalized through the process of Whole Building Life Cycle Analysis (WBLCA), which
often results in the functional unit of kg €€x./n¥ (per square meter of building area, semen
in section2.2.3 Influence of Functional Un)tsas in the data of De Wolf et al. (2016) and Hart et
al. (2021). WBLCA is a comparative method which accounts for the entire building system.
Rather than isolating a material to its unit weight, it act®tor the total weightequired by
design. This normalizes the inequalities between embodied carbon per unit weight of
material by accounting for the-place or design weight. As discussed above, WBLCA often
positions timber as the structural materiatvwhe lowest embodied energy and embodied carbon

(Har t D6OAmMi co, and Po mpAsmaresull,in2od spediieallyWass f et

tmbe®has become fia fundament al -ahdsteelapproachesito of ¢ c
buildingdesignand onstructi on. 0 Wood is comiaony i nto th
innately renewable structural material with s

structural system that produces communities with greater speed, efficiency, hnd eesi ¢ e 0

(Atkins et al. 2022)
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EC per unit of

compressive
EE, EC, strength,
material MJ/kg kg-CO,/kg (kg-CO,/kg)/MPa
Steel
virgin (v) 35 2.8 0.0079
recycled (r) 9.5 0.43 0.0012
typical (60% r, 40% v)* 20 14 0.0039
Timber
sawn softwood 7.4 0.45 ~0.02
glulam structural composite* 12 0.7 0.026
Concrete
low strength (C12) 0.35 0.05 0.0042
medium strength (C50) 0.87 0.15 0.0030
“low-CO,” (C50, 40% PFA)*  0.56 0.09 0.0018
high strength (C90)* 1.8 0.32 0.0036

Figure 29: Embodied CO2 dfelectedstructuralmaterials(Purnell 2012)
2.2 Introduction to Life Cycle Assessment
2.2.1 Whole Building Life Cycle Assessment (WBLCA)

Life Cycle Assessment (LCA) quantifies the environmental impact of a product
throughout its entire life. Regarding a building, this process is commonly referred to as Whole
Building LCA (WBLCA). It is a procedural attempt to quantify the impacts of raverradt
extraction, manufacturing, transportation, construction, building operation, araf-éfed
demolition/disposalChiniforush et al. 2018; Gu et al. 2021; Allan and Phillips 2021BLCA
typically evaluates the energy consumption or associated canbigsions due to the above
operations. The impact of embodied carbon is typically referred to as Global Warming Potential
(GWP) and is measured in carbon dioxide equivalents, quantifying various greenhouse gases
emi tted thr oughou(Budg etlalu2020;dDe Waf étsal. 20lL&arbonc y c | e
equivalents account for direct emissions of2CH4, and NOJd carbon dioxide, methane, and
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nitrous oxide, respectivaly normalized, as necessary, to a carbon dioxide equiv@éntad et
al.,inpres3. Theemer gy consumption resulting from a bui
two broad groups: operational energy and embodied ef€tagiforush et al. 2018; Allan and
Phillips 2021; Gu et al. 2021; Budig et al. 2020perational energy is used to flilthe
buil dingds function; whereas embodied energy
sourcing, and recycling or dispos@hu et al. 2021; Allan and Phillips 2021)

Gu et al. (2021) describe LCA as a computational tool to quantify the emarttal
impacts of products and processes, as well as a comparative assessménnhipalative
WBLCASs juxtapose individual LCAs of functionally equivalent buildings. When analyses are
high quality, comparative WBLCA allows practitioners to make apprtgdamparisons, assess
the impacts of a design, and implement strategies to reduce total environmental(Ati@act
and Phillips 2021; Gu et al. 202However, valid comparisons only occur when best practices
are followed and a methodological consendugoal and scope is completely transpaf&u et
al. 2021; Nwodo and Anumba 201®arameters which influence the variability and comparative
validity of LCAs are numerous; some of which are: lack of procedure for system bourdaries
biogenic carbon caideration inadequate definitions of functional units, assumptions of life
span scenarios and processes, and Life Cycle Inventory (LCI) database quality or subjectivity
(Nwodo and Anumba 2019All of these impair analyses usefulness as assessmentdools f

sustainable building desig€hau, Leung, and Ng 2015; Gu et al. 2021)

2.2.2 Influence of System Boundaries
The system boundary of any LCA defines the life cycle stages included in analysis (see

Figure 210).The vari ous processes that occur during

38



four main life cycle stages: Production, Construction, Use, anebEhde (Gu et al. 2021)
Embodied energy, or carbon, includes life cycle stages®1C1-C4, and [@ exduding the
building use stages. Operational energy, or carbon, includes life cycle stag&® Bicluding
only the building use stages.

Common boundariegtilized in life assessments are cradlgabe and adle tograve
(production through the end ofdireuse)Cabeza et al. 2021 radle to gate accounts for the
production stage only (AA3) and includes all processes and transportation beginning from the
extraction (and growth, if applicable) of the raw materials through the manufacturing and
processg required to obtain the siteady structural material. Conversely, cradle to grave
encompasses all life stages, beginning with raw material extraction through the structural

materials disposal, rese, or recyclingrocesses

Product Construction Use stage End-of-life
stage (Al-A3) stage (A4-A5) (B1-B7) stage (C1-C4)
(7 N =~ - =
e |
Al A2 A3 B5

Transport to
factory

-
= i c
A EE
A EE
s e e
S S c
‘S O ©
& o}
(]

Raw material
Manufacturing
Transport to site
installation
Maintenance

processing/disposal
Disposal of waste

Transport to waste
Waste processing

B6* Operational energy use
B7*

Operational water use

Cradle-to-gate

Cradle-to-grave

Figure 210: Life cycle stageg¢M. Lewis et al. 2021)



A current challenge facing LCA is the lack of procedure for choosing relevant system
boundaries, as they are defined subjectively and on abgasase basigDixit, Culp, and
Fernandesolis 2013; De Wolf et al. 2016; Nwodo and Anumba 20A8)a resultcurrent
embodied energy analyses exhibit gagsoblems of variation, inaccurate evaluations, and
incompleteneséDe Wolf et al. 2016; Dixit, Culp, and Fernane®alis 2013) Mitigating these
inequalities between analyses requires transparency in all shwickiding material choices,
upstream production processes, regional production assumptions, system boundaries, biogenic
carbon considerations, ewdlife assumptionsscenario predictions, and included buildings
componentgDixit, Culp, and Ferndnde2olis 2013; Gu, Liang, and Bergman 2020; De Wolf et
al. 2016)
2.2.3 Influence of Functional Units

LCA outputs are often normalized against a chosen functional unit to aid in quantified
performance comparisoiilwodo and Anumba 2019; Chau, Leung, and Ngo20Aor example,
the total embodied energy of a structure is often reported in (MJ) This may be normalized per net
floor area, useable floor area, living area, etc.; all resulting in units of @JBimilarly, total
embodied carbon is most often repdrie units of (kg C@eq) and may be normalized per any
metric of unit area to (kg CEeq/n¥). Other possibilities include functional units of time,
volume, unit length, per unit occupant, €t€hau, Leung, and Ng 2015; Nwodo and Anumba
2019) Normalizing total quantities by a functional unit facilities comparison between different
LCAs (De Wolfet al. 2016; Nwodo and Anumba 2019; Chau, Leung, and Ng 2015)

Inconsistency in use of functional units, varieties in choice of functional units, and the
possibility of having several functional units in one building system leads to difficulties in

analyss comparison and discrepancies in refiNisodo and Anumba 2019; Chau, Leung, and
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Ng 2015) It is possible, even with clear outlines of methodology, for analyses to be
incomparable due to ambiguous units.

There are various proposed methods of rectibicefor discrepancies in units. One route
is standardization of functional units in all LCA%eng, Sadig, and Hewage 2022; Nwodo and
Anumba 2019)Another method is extreme transparency in units; perhaps including even
building type, technical and functiahrequirements, pattern of use, and required service life in
the unit itself(Nwodo and Anumba 2019; Gu et al. 202d4pwever, a comprehensive

combination of both approaches is likely the most beneficial.

2.2.4 Influence of Life Cycle Inventory

Life Cycle Inventory (LCI) is the compilation of inputs and outputs for the system or
product undergoing LCASuh and Huppes 2003) provides quantifiable values, allowing
understanding and evaluation of the magnitude of the environmental infipackecelorgd et
al. 2014) The inventory data is related to the functional unit of a particular system, element, or
product within the system as a whole. Once the amount of commodities fulfilling the element is
determined, the functional unit is multiplied by the ammioof environmental interventions
generated to produce the final prod(tih and Huppes 2005)he LCI phase of an LCA
involves the compilation of materials through quantity take off (QTO), defining the processes
which the raw materials undergo beforstailation in the product, developing construction and
utilization scenarios, the application of environmental data, and collection of the products of all
of these. A simple examptalculation is shown in Figure 1. Notethat there are various

functiond units, each respective to a unique element or processes in the LCI. In this example, the
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life cycle analyst would define the QTO, product use, and service life; a database would likely
define the environmental impact of each element and process.

Rigor is essential for an accurate LCA; as a result, LCI can be incredibly data intensive.
In effort to grow interest in LCA, despite the existing methodological challengeshBdd
LCA of buildings has been developed. Reviews indicate thatiBdbtd analysesikance data
collection and storage, as the required building data can be extracted from the model and applied
to LCI database@Nwodo and Anumba 2019However, despite growing attentions on
environmental impacts and greenhouse gas emissions, one ofithehaldéenges currently
facing LCA is variety and inconsistencies in databases and LCI mdgfRedg, Sadiq, and
Hewage 2022; Suh and Huppes 20@)h and Huppes (2005) determined that different methods

are available for

1 kg COy/kg steel Steel Steam 4 kg CO¥/M]J steam
ke ¥ 0.5MI
2 kg CO/unit toaster production | Production of Toaster
¥ | unit
0.001 kg COypicce of bread toasted Use of Toaster
oL | unit
0.5 kg COx/unil taster disposal|  Disposal of toaster

kg steel MIJ steam
L ( 2kg CO,

unit toaster prod.

0.001 kg CO,

(piece of toast
0.5 kg CO,

(unit toaster disposed

(lEEEEh-Ikgswd)ﬁ—(4kgC02-QSNUswam)

- 1 unit toaster prod.)

- 1000 pieces of toast)

-1 unit toaster)

— 6.5kg CO,

Figure 211: Life cycleinventay utilized to calculate the GWP of master(Suh and Huppes
2005)
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LCI and each generally creates significantly different re§ullisimately resulting in significant
differences in environmental impact databases. For example, one study indicatechgamiatio
50% between the Ecoinvent and ICE databfSesg, Sadig, and Hewage 2022)

While there are many growing databases, some currently available are Ecoinvent, United
States Life Cycle Inventory (USLCI), Inventory of Carbon and Energy (ICE), GaBi, Athena, and
European Life Cycle Database (ELC{(Feng, Sadiq, and Hewage 2022; Nwodo Andmba
2019) Beyond a variety of methods and uncertainty in environmental impact calculations, many
variances between databases are surrounded by assumptions of product involvement. A study by
Petersen and Solberg (2002), focused on an LCA of glulamegidted that changes in
assumptions arefar more influential than uncertainty in inventory data. Therefore, this is another
area in which transparency, in both the scope of the analysis and in the datalesss rdia.

Table 24 is an overview of promint assumptions that may occur in databases and LCA
studies.

Scholars have begun to recommend approaches to mitigate the uncertainty and effect of
assumptions in databases. Recommendations include utilizing various databases, conducting
uncertainty andemsitivity analyses, and utilizing environmental product declarations (EPDs)
instead of a commercial databd&ai, Liang, and Bergman 2020; Feng, Sadiq, and Hewage
2022) An EPD is an environmental impact report for a specific product; all EPDs must be
deweloped strictlyfollowing the EN 15804 standard. As a result of the strict standards set forth
by EN 15804, EPDs have clear and uniform requirements; applying these to LCI dramatically

increases the accuracy of an analyBeng, Sadig, and Hewage 2022)
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Table 24: Partialoverview ofassumptions irdatabasesvhichimpact LCA(Gu et al. 2021;
Petersen and Solberg 2002)

Assumption Impact Stage

Proportions of utilized renewable and Production, Construction,
fossil fuel energy End of Life

Recycledcontent in a product
(particularly scrap v. ore based steel)
Waste handling (particularly landfill v.
incineration for energy or rase)

Production, Enef-Life
End of Life

Construction and demolition activities Construction, Enef-Life

Material sourcing Production

Production, Construction,
End of Life

Construction and installation process: Construction, Enef-Life

Transportation distances

Amount of permanently sequestered

. ) Production, Enebf-Life
carbon in wood biomass

2.2.5Influence of Biogenic Carbon Considerations

Biogenic carbon is derived from a material of biological or{@®M 2022) In the case
of lumber, biogenic carbon is the carbon sequestered from the atmosphere during growth and
stored within a tree. Becausestiprocess removes carbon from the atmosphere, biogenic carbon
is typically counted as a negative carbon emis€gM 2022)

Literature reviews have determined further transparency and conformity of biogenic
carbon accounting within LCAs is necessaryniprove validity and comparabilifAndersen et
al. 2021; Allan and Phillips 2021; Gu et al. 2021¢CAs may neglect biogenic carbon in wood
products due to uncertainties of proper accounting techniques or uncertainty of sourcing, as a
forest must be susteably managed for biogenic carbon to be characterized as negative. Another
common method counts wood products simply as carbon nétdérsen et al. 2021)

However, based on international standards that govern biogenic carbon accounting practices
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(1ISO 21930), biogenic carbon consideration is suitable to be characterized as negative within an

LCA if there is certainty of sustainable sourc{&PM 2022)

2.2.6 Current LCA Standards

Beyond standardization of EPDs, general consensus agrees that LCAale aaguires
standardization to allow for meaningful comparisons, eliminate subjectivity, and optimize effort
(Feng, Sadiqg, and Hewage 2022; Nwodo and Anumba 2019; Gu et al. 282l jesult,
international standards have been developed. Currently ntéradtional Organization of
Standardization (ISO 21931) and the European Standard (EN 15978) are guiding uniformity in

WBLCA (Gu et al. 2021)

2.3 State of Mass Timber in Design and Construction

2.3.1 Introduction to Mass Timber

Mass Timber is group of engineered wood products (EWPs). Fundamentally different
from traditional lumber or timber, EWPs are composite elements. Composite elements are
comprised of two separate elements connected to act as one. The connection isarttegral t
system, unified behavior is only possible when horizontal slippage between the two elements is
suppressed. To prevent slip, horizontal shear at the interface must be transferred via a connecting
element(Segui 2018) This connection substantially m@ases the strength and stiffness of the
individual elements, creating one stronger and more resilient element.

To achieve composite action, a faction of EWPs are manufactured with adhesives to bind
the strands, fibers, veneers, or boards into a compasiteent. Some of the most prominent

glue-laminated products include crelsninated timber (CLT), mass plywood panels, laminated
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veneer lumber, and glulagAtkins et al., 2022, 1L4). It is important to note thaiuelaminated
andglulamare not interchrageable. Gludaminated products are bonded together with durable,
moistureresistant adhesives. While both CLT and glulam are-lgioenated, the defining factor

is the orientation of the dimensioned lumber within the product. CLT is comprised of sawn

lumber stacked orthogonally, enabling the element to span in two directions. Whereas glulam is
comprised of sawn lumber stacked lumber elements stacked in parallel. resultimgyone

spanning capabilitiegAtkins et al., 2022, 14.9). In North America, glulanpanelsare often
referrgdueol ami iat ed t i idamsoroolurfinGkeTeferraem tods gl ul am
simply @gl B-12displays thé-lunber orientations in GLT and CLT panels. Despite

the ability to fabricate glulam as a panel, it isitglly used as a beam or colurgitkins et al.,

2022, 7) Figure2-13is exemplary of a typical glulam beam.

Figure 212: Common due-laminatedmasstimberpanels The glulam panel, or GLT, (left) has
parallel laminations throughout all layers. Wherghe CLT panel (right) has layers of
perpendicular laminationg e Mass Timber Design Gui@e22, 1619).
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Figure2-13: Glulam Beam
A typical glulam is a beam or column composedlafiber stacked withll grains ruming
parallel(StructureCraft Inc 2022)

Other classes of mass timber are connected by means other than adhesives, most
commonly nails or dowels. Similar to ghleeminated mass timber, these methods also enable
composite action between the sawn lumber componentslaNaiiated timber (NLT) is
centuries old. This system joins numerous pieces of lumber stacked face to face, fastened
together mechanicallfAtkins et al., 2022, 3). Unique to this type of mass timber, is that it
does not require a dedicated fabricafiacility. Instead, it can be manufactured on site with
readily available lumber and nails or screikins et al., 2022, 18)

Dowel laminated timber (DLT), on the other hand, uses a process called friction fitting,
which requires a controlled environmeiib fabricate these elements, hardwood dowels are
dried to a very low moisture content and placed in holes drilled perpendicularly into softwood
boards. The dowels, then, expand as they gain moisture from the surrounding softwood boards.
The result is aight-fitting connection that holds the boards together. This is the orlyoalt

mass timber produ¢Atkins et al 2022,4). See figure-14for NLT and DLT configurations.
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Figure 214: Alternativemasstimberpanels includingcdwel laminated timér, or DLT (left),
and nail laminated timber, or NLT (righfAtkins et al., 2022, 1-18).

2.3.2 Trends and Advancements in Mass Timber Design and Construction

The 2021 World Green Building Trends report, published by Dodge Data and Analytics,
announced a 1point expected growth share in green building engagement. Reportedly, 42% of
respondents will build with the intent of registering or certifying more théf 60their projects
green by 2024; up from 28% doisg in 2021. Figure-23 expands on theeport. It shows
expected growth in the fraction of respondents considering green building practices in the
majority of their projects; as well as a decline infitaetion of respondents which will consider
green building practices less than 15% of their projects.

Bet ween 2013 and June of 2022, the United
the multifamily, commercial, or institutional categoriesi UM&s s Ti mber Pr oj ect s

While not all ofthem progressed beyond the design stage, just under half were constructed.
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Level of Green Building Activity
(According to All Respondents)

Dodge Data & Analytics, 2021

42%

28%

2021 2024
1% to 18% of Projects m More Than 80% of Projects
® Exploring(No Green Involvement) m 31% to 60% of Projects

® 16% to 30% of Projects

Figure2-15: Level ofgreenbuilding activity in 2021 andexpectedgrowth.Survey respondents
were asked about their current ovessllare of green projects (2021, left) and expected future

shares of green projects in 3 years (2024, right). (Dodge Data and Analytics 2021).
Figure 216is a map of all designeshd constructed projects. Additionally, not only is there
projected to beraincrease in green buildiragtivity (Dodge Data and Analytic021), Atkins
et al. (2022)predicted the number of mass timber buildings constructed globally will double
every two years between 2020 and 2034.

All projects in Figure 216 were mass timbemeaning, no lighframe wood structures
contributed to the mass timber construction total. Current wood construction varies greatly
between traditional lightrame systems and mass timber systems. Higime, consisting of
dimensional lumber, is the mdsimiliar timber construction system. It utilizes sawn lumber
studs to form vertical wall members; joists and rafters for floor and roof supports, respectively;
and plywood or OSB panels to sheath the walls, floors, and roof. The lateral force resisting
system (LFRS) in these structures are most commonly-iighte shear walls. Whereas post and

beam involves the use of large sawn timber or mass timber beams that frame into sawn timber or
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mass timber columns. The LFRS system in mass timber structures may be braced frames,
concrete shear walls, or mass timber shear walls. Another wood construction type is mass timber
panel systems. This system utilizes large EWP panels for the floor, ndofsadls (Atkins et al.

2022).Figure 217 and Fgure 218 display the construction types.

Stage
W Construction Started / Built
O In Design
Stage Mass Timber Proj:cctg @
Construction CLT 341
Started / Built  DLT 17
Heavy Timber Decking 131
NLT 19
Post & Beam 190
Total 698
In Design CLT 475
DLT 10
Heavy Timber Decking 32 -
NLT 7
Post & Beam 282
Total 804
Grand Total 1502 ©
© 2022 Mapbox © OpenStreetMap

Figure2-16: Map ofmasstimberdesign and construction projects in the U.S.
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Historically, U.S. construction spending data has indicated a greater markat in no
residential construction (Figu&19). However, despite significant advancements in the
acceptance and recognition of the benefits of mass timber construction, the building industry is
still dominated by steel and concrete structural systems feragsoiential and multistory
residential construction (Figu&20). The current majority of timber market share most likely
being lightframe, single family homes or multifamily levise buildinggAtkins et al. 2022)
There are a few factors likely inhibitrga s s t i mber 6s evolution as
material in the United States. Atkins et al. (2022) writes that at this stage building mass timber
building owners are pioneers in adapting new structural technology, financing, and procurement

systems. They contire on to expand on the limited experience of contractors, engineers, and

JAWA\\ LY
A\
h

|

I

Figure 217: Commorwood construction systemisicludingA) light frame (B) mass timber post
and beam (C) mass timber pan@sizman and Sandberg 2017)

Flgure 218 Masstlmber constructionExamples of post and beam construction (Ieft) (LWA
2022) and panel construction (right) (WoodWorks 2016).
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designers in mass timber construction, which can result in more responsibilities during system
implementation for the ownérwhich can be a deterrent for many.

Another factor inhibiting mass timberds
States is cost. Ahmed and Arocho (2021) found that the cost competitiveness of mass timber
buildings is still under study due to theck of available cost information. However, preliminary
research found that mass timber building designs are estimated have construction costs up to
30% higher than alternative syste(@u, Liang, and Bergman 2020; Ahmed and Arocho 2022)
In a bestvalue bdding system, like in the construction market, the lowest bid is most often the
winne® meaning mass timber systems can be left largely uncompetitive in the mass market

(Nguyen et al. 2018)

Construction Spending in U.S. (2002 - March 2022)
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Spending Average
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Figure 219: Construction spending trends in the Unisedtes Adapted from data published
from 2002 through MarcBR022(USCS 2022)
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Figure 220: Material market shares of construction materials in the haSed on building
footprint aregDodge Data & Analytics 2018)

2.3.3 Financial Implications of MasEmber in Construction Projects

Being one of the most resourteensive industry sectors in the global economy, cost is
an important parameter of all construction projects. However, cost competitiveness of timber
structures is still under study due te tlack of available cost information. Cost of a product not
only indicates its market potential, it also is a critical parameter in construction which has
significant impacts on the overall quality of the project. Unfortunately, there is a significant gap
in the availability of cost information of mass timber buildinggimed and Arocho 2022;

2021) Gu et al. (2020) determined that despite attention from both academia and the
construction industry, very little transparent data or cost analyses are &yaitabh has

created a hazy debate between the cost differential of mass timber and other traditional structural
materials.

Similar to the inconsistencies in embodied energy data, the consideration or neglect of
life cycle stages greatly influences the economy of mass timbe2.(sdeEmbodied Energy and
Embodied Carbon in Structural Materiadsd2.2.2 Influence of System Budarieg. Therefore,

a functional method of comparing structural costs is Life Cycle Cost Analysis (LCCA). LCCA

can be useful to quantify cost effectiveness of various buildings designs or in exploration of
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tradeoffs between initial and lonterm costgGu, Liang, and Bergman 202@ther studies,

such as those conducted by Ahmed and Arocho (2021) note that total life cycle costs could have
potential to offset mass timberds high constr
timber project can b&8-30% faster than a more established structural system, and should be
included in cost consideratiofBurback and Pei 2017; Crespell and Gagnon 2010)

One example of LCCA, conducted by Gu et al. (2020), compareestf2mass
timber (glulam + CLT) building design to a functionally equivalent reinforced concrete
building design. The study included permit, design, material, construction, replacement,
endof-life, deconstruction, demolition, and salvage costs. Using a bill of materials from
architectural drawings and cost data from RSMeans, a construction cost estimate was
created; it included material, labor, and overhead costs. The operational enengteand
use were determined via energy simulation software and plumbing design systems; these
values were then multiplied by current utility rates. Maintenance and repair costs were
estimated from frequencies in research studies, as most mass timbegburidiorth
America have been built within the last 10 years and do not have maintenance/repair data
at this time.

Comparing the mass timber and concrete buildings, Gu et al. (2020) found the
operational energies were functionally equivalent, and tpasational costs were considered
equal between the buildings. Thus, variations were due todérahtind endf-life costs. Figure
2-21 displays the calculated cost variances between the mass timber and reinforced concrete
buildings due to material, laband overhead costs. In conclusion, the team found thatdraht
costs were 26% higher for the mass timber building while the building value at year 60 was

153% higher than the concrete alternative. Therefore, LCCA revealed 4 5% decrease in
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total life cycle cost for the mass timber building when compared to the concrete. The authors go

on to note that high mass timber recycling rates would further improve the cost benefits of mass

timber buildings.

@ Material M Labor @ Overhead

Jaquin ssepw

Jaguu ] ssep

1G] SSeN

Building construction cost (Million $)
%]

Jag | ssepy

1P SSEW

Ceiling and roof  Floor Foundation Post and beam Wall

Figure 221: Frontend construction costs by assbly typefor high-rise mass timber and
concrete building$Gu, Liang, and Bergman 2020)

It is important to note, the work of Gu et
et al. (2004). This study conducted a demolition survey in Minneapol8t, MN, the
findings of which oppose common assumptions about building service life and the relationship
between structural materials and longevity. The study concluded that the majority of steel and
concrete buildings were demolished less than 50 yetarsheir service lives. Whereas, the
majority of demolished wood buildings were older than 75 yeabsé C o n n oDrawiad 0 4 )
from this, Gu et al. (2020) used a longer life span for the mass timber building (100 years) than

for the concrete alternativéq years). Sensitivity analysis revealed that the LCCA was heavily
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impacted by study period variation. When mass timber and concrete life spans were equal, mass
timber was unable to overcome high fremid costs.

Additional ly, OO0 C tedthab majortyof baildings i6h 2uehydfdl)ntor e p o r
only three categories for demolition motivation. Those being: area redevelopment (34%), lack of
maintenance (24%), and building no longer suitable for intended use (22%). As a result, the
authors concludedcknowledgment of short service lives favors structural materials which
enable easy building modification for changing needs, as well as materials that are easy to
recover at the end of service life.

Another study, conducted by Burback and Pei (2017 )grazes that CLT can be cost
competitive against steel and concrete options in certain scenarios. However, their work focused
on using CLT as an alternative to lighame wood construction in a singi@mily residential
home. The study analyzed only init@sts. They compared traditional ligitame, all CLT,
optimized CLT + glulam designs. The designs resulted in homes that cost $390,000, $510,000 ,
and $480,000 , respectively. Meaning the CLT

construction osts, as compared to the lighame, by 30.0% and 21.2%, respectively.

2.3.4 International Building Code Allowances

The 2021 International Building Cod@BC 2021 introduced three new building
construction classifications: Type 4%, IV-B, and I\/C. Type IV construction now has four
classifications total; the fourth being TypeeWTdo pr evi ously knownlIB&€s onl vy
2018 The new classifications are basedlV-HT, but allow taller story heights and require
additional fireresistance as the building height increg&sneman et al. 2019\ summary of

the IBC provisions foeach Type IV classification is seen in Fig@r22.
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Figure 222: IBC 2021codeallowances for business occupancy mass timber structure
(Breneman et al. 2019)

2.3.5 Inherent Fire Resistance and Fireproofing Requirements

Mass timber is able to perform architecturally, structurally, and sustaialiiyle, on
top of this, provide passe fire-resistance to a building as wélicLain and Breneman 2019)
Passive fireresistance in mass timber is a consequence of char that forms on the exterior face of
a wood element directly exposed to fire. With continued exposure to fire, charring ateur
very slow, predictable rate on the surface. This char layer creates a protective barrier between the
inner portion of the mass timber element and the flame. The resulting reduction is called the
effective char depttNDS 2018). The thickening chaayler removes oxygen from the inner
depths of the member, which extinguishes the burning comgbreeeating an insulative char
layer. Figure2-23 displaysthe reduction of width and depth that occurs while char forms. Atkins
et al. 2022 determined that tessults have proven large wooden components can maintain their
structural integrity for extended periods of time, even when exposed directly to flames and
intense heét this is largely due to the char layer.

Fire-resistance ratings (FRR) for all structunsterials are specified IBC 2021Table

601 (Table2-5). This isthe length of time a given assembly can be exposed to high temperature
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conditions before losing critical performance characteridfgs.2021 Sectio602.4states that

mass timber elements shall meet the FRR requirements via either the FRR of noncombustible
protection, the mass timber itself, or a combination of both. Noncombustible protection requires
a material (such as gypsum wall board) be applied tosegfaces of the mass timber. Resulting

in a loss of the aesthetic and biophilic benefits of the material.

i
Cold wood | Cold wood

I
Heated zone | d D Heated 2one

Char layer 4 Char layer &

Figure 223: Charring irmass timbefhe reduction in member width and depth over time (left).
Partially charred glulam column pre and posidir fire test (right{McLain and Breneman
2019)

Table 25: Fire resistance ratings for mass timber per IBC 2021 Tabl¢B@heman, Timmers,
and Rchardson 2019)

Building Element IV-A IV-B Iv-C IV-HT
Primary Structural Frame 3 2 2 HT
Ext. Bearing Walls 3 2 2 2
Int. Bearing Walls 3 2 2 1/HT
Floor Construction 2 2 2 HT
Roof Construction 1% 1 1 HT
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Required Noncombustible Protection on Mass Timber Elements by Construction Type

Table 26: Non-combustible protection requirements for mass timber per IBC @@2llain and
Breneman 2019)

IV-A

IV-B

IV-C

IV-HT

Interior Surface
of Building Elements

Always required.
2/3 of FRR, 80 minutes
minimum

Required with exceptions
2/3 of FRR, 80 minutes
minimum

Not required*

Not required*

Exterior Side
of Exterior Walls

40 minutes

40 minutes

40 minutes

Not required*

Top of Floor
(above Mass Timber)

1" minimum

1" minimum

Not required*

Not required®

Ceiling
(below Mass Timber)

Per interior protection

Per interior protection

Not required*

Not required*

Shafts

2/3 of FRR, 80 minutes
minimum, inside and

2/3 of FRR, 80 minutes
minimum, inside and

40 minutes minimum,

Not required*

inside and outside

outside outside

*Not required by construction type. Other code requirements may apply.
5/8" Type X gypsum = 40 minutes.

Some Type IV construction specifies a minimum amount of contribution from
noncombustible protectioM&ble2-6). In summary, ndimber exposure is explicitly allowed per
IBC 2021in Type IV-A, but exposure increases as construction type progresses toward Type IV

HT, where 100% of mass timber may be exposed.

2.4 Viability and Advantages ddteetTimber Composite Systems

2.4.1 Growing Implementation of Cross Laminated Timber

The2019Canadian Cross Laminated Timb@LT) Handbookdefines CLT as an
engineered wood product with orthogonal layers of graded sawn lumber, or structural composite
lumber, laminated together with structural adhesives. The product has been developing in the
global market during the last two decades, but originated in Europe in th@matds (Ahmed
and Arocho 2021; Crespell and Gagnon 2010; Karacabeyli and Gaghen [d@tially, CLT
panels faced implementation challenges due to lack of experience and acceptance in the AEC
community, code limitations for woazmbnstruction, and lack of generic or proprietary standards

(Crespell and Gagnon 201®owever, CLT has gagd momentum in recent years, developing
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into a major player in largsecale modern timber construction due to advancements in code
allowances and the recognition of advantages by investors and the(Buibback and Pei 2017,
Crespell and Gagnon 2010; Ahdand Arocho 2021 ode allowances in the United States

include the recognition of CLT panels as a structural material in the 2015 edition of the NDS and
theadoption of the 2021 International Building Coudich includes new mass timber

construction typs(see2.2.5 International Building Code Allowangd8urback and Pei 2017)
Advantages of the panels as a structural material include desirable rigidity, stability, and
mechanical propertigrespell and Gagnon 2010; Ahmed and Arocho 2021)

Data indi@tes that CLT panels are becoming more common as a building material, not
only as a whole in the market, but also relative to other mass timber products. CLT is currently
the most common mass timber product being researched in North Aigfdrioad et al.jn
press) Similarly, CLT is the most common mass timber product being constructed. The 2022
International Mass Timber Report, supported by data from WoodWorks, estimated that 71% of
the square footage and 65% of mass timber building projects in the United Btatesaunted

for by CLT alone.

2.4.2 Efficiency and Optimization in CLT as a Floor Element

Research by AISC found that steel framing paired with a composite mass timber floor system
maximizes the advantages of each matéBkidmore, Owings, and Merril017) Steel frames
provide superior spanning capabilities, and composite mass timber floor systems are lightweight,
able to span long distances while maintaining a flat soffit. Research indicates these benefits
would not be economically feasible in syateomprising only mass timber. Equivalent span

lengths would require excessively deep beams or a tighter column spacing for a flat soffit
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condition. Therefore, a stetinber composite (STC) harnesses the strengths of each material
and applies them to syfBkidmore, Owings, and Merrill 201.7)

Studies show that between emalf to twothirds of mass in a traditional steel frame
structural system is the concrete flgatlan and Phillips 2021; Chiniforush et al. 2018)
Similarly, up t oeight® gcoorfted for bg therfloocin buwildiegé ever W0
stories tall(Block and Paulson 2019} his suggests that greater efficiency could be achieved by
using lighter alternatives to castplace concrete slabs, particularly in tall buildiig® 6 Ami c o
and Pomponi 2020; Block and Paulson 2019; Allan and Phillips 2021l)structures require
larger columns at lower levels, to support the-sadight above, therefore, a lighter floor system
could result in smaller member sizes and further decrease tgbtwéthe structure.

As a result of the large concentration of mass, as well as the embodied carbon intensive
production processes of concrete, studies hav
carbon is in the concrete floor & foundation etts(Allan and Phillips 2021)Therefore,
replacing the floor system with a carbon sequestering material, rather than a carbon intensive
material has potential to substantially lower the environmental impact of a structure. Mass timber
has been recognized a catalyst for green construction, as its products contribute to the
sustainability of cities by turning urban structures into carbon ¢$Bésuse et al. 2020)

Therefore, replacing concrete and steel floor systems with CLT could have significditsbene
and likely be achievable at a global sdalelar t , DO6 Ami co, and Pomponi

2018)
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2.4.3 Impact on Dynamic Response and Lateral Force Resisting Systems

Seismic forces are inertial; resulting from, and are directly correlatég tive mass of a
building (Chapra 2007)In the most basic analysis, seismic forces can be simplified as the
product of building mass and acceleratias seen in Figur224. However, more

comprehensive analyssbould consider the external dynamic fofige as the sum of inertia

(& 6 , damping resistance® , and structural stiffnes¥J0, as seen in Equation 2.4\Whereo
is the acceleration of the massis its velocity,u is its displacemenk is the lateral stiffness of

the system, andis the viscous damping coefficief@hapra 2007)

46 @ Qo6 o (Equation 2.4.1)

fSOZkD:mA
=f50

Figure2-24: Equivalent staticf§o) force resulting from dynamic loading of a structure
Thestaticforceis@r oduct of t hm) asdtpseudo dceeleratioRs((Chapra s (
2007)
As a result of the inertial nature of seismic forces, resulditegal loads are proportional
to the permanent weight, or seismic weight, of the struci@kidmore, Owings,rad Merrill
2017) Therefore, the member sizes in lateral force resisting systems are also directly
proportional to the seismic weight. Smaller member sizes will result in less material use and cost

savings. In the recognition of CLT as a lightweight repiaent to concrete floor systems,

research on the topic often includes data on seismic weight or LFRS designs.
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For example, a study comparing an all mass timber (MT) structure with an RC
alternative, reported a total weight reduction of 33% in the MT srei¢(Gu, Liang, and
Bergman 2020)The influence of replacing concrete floor slabs with CLT has been analyzed.
One study in particular, compared a thistpry all concrete structure and the same structure with
a concretdgimber hybrid system. The hybrgdructure consisted of concrete slabs at every third
floor and CLT floors between. The seismic demand reduction was substantial; so much so, that
wind became the governing lateral load case over seismic loads due to the reduction of building
mass(Schuirman et al. 2019)Similarly, steetimber systems show substantial decreases in
seismic weight when compared to traditional stegicrete systems. One publication reported a

35% reduction in seismic weigfkidmore, Owings, and Merrill 2017)

2.5 Envirormental Research on Stedimber Structural Systems

In recognition of the need to replace concrete with a lighter, less energy and carbon
intensive material, timber hybrid systems are being recognized as viable alternative. These
alternative structural symms are intended to compete financially and functionally with
traditional systemg@Chiniforush et al. 2018; Skidmore, Owings, and Merrill 20C)rrently,
there have been various efforts to quantitatively measure and report the competitiveness of steel
timber systems with conventional systems, some reporting on various criteria. The efforts are
expanded upon in the following sections and ultimately summarized in a table at the end of this

section.
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2.5.1 Energy Implications of Using STC Elements in gkl

Extensive research on the viability of STC structural systems has been completed in
Australia by a team of civil engineers. One associated paper, by Chiniforush et al. (2018),
evaluated the life cycle energy implications of adopting mass timber mie s floor and shear
wall systems. STC gravity systems utilized CLT panels bearing erotled WF steel shapes,
connected with fasteners to enable compasiten (see Figur2-25). Thestudy quantified the
embodied energy as well as operating enefggeveral structural systems with varying LFRS.
Results showed substantially lower crattlegate embodied energy in the STC floor systems
when compared tsteelconcrete composite (SC@nd RC floor systems; decreasing 59.1% and
20.4%, respectively (sdgure 2-27). Theauthors reported that the life cycle energy saving was
found to be mainly associated with a significant drop in the embodied energy of the structure,
despite a slight increase in the operating energy demand.

Chiniforush et al. (2018) dgmed, analyzed, and compared four structural systems, each
at three differenheights Figure2-26). Therefore, results compared various combinations of
gravity and lateral systems. The authors reported thetstd®r composite (STC) with CLT
shearwah (desi gnated as -26) 8ad OIoiWESH comstuctiBrn egengy wse, 2
which contributes to cradi®-gate energy. The second lowest energy use was the STC with
reinforced concrete (RC, desi @geytdu tohefeeigE X X C0o)
required to lift CLT panels is substantially lower than the energy required to lift steel or precast
concrete panels. Additionally, the authors found that tieegy consumption in pumping
concrete wag30b higher than those associated Wiiting the steel structural elements using a

tower crane
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Figure 228 displaysthe total embodied energy of each studied structure. The average
total (cradleto-grave) embodied energy of the RC, stemhcrete composite (SCC), STCC, and
STCT structuralgstems are 1741, 1300, 851, 793 [M3/mespectively. Therefore, the STC
structures have the lowest embodied energy, while the RC structures have the highest. It is
important to note, however, when eafilife recycling is neglected, SCC structures hdnee t
highest embodied energy. Ultimately, the STCT structure embodied 58.1% and 111.8% lower
energy than the SCC and RC structyf&siniforush et al. 2018)Additionally, the STCT system
was found to be 5 times lighter than the RC system. Because oflibtarsiial weight
difference, the authors expechleodied energy sang benefits of STC structurés increase
significantly in earthquake promegions where lateral loads are proportional to the peemt
weight of the structures.

The authors go on to $eathe importace of aCLT provide® kcation.The influence of
a local supplier, versus averseasupplier, results in up to a 1@bdecrease in transportation
related consumed energy of the STC structdimvever, the effect this decrease in
transportéion energy has on total embodied energy in STC structures was not specified.

OUTER SURFACE 10mm PLYWOOQD

T T O T T O T LT T T TIT
74.50mm GLAS!

WOOLS (ROLLS)
Py, oy

S o |

P 160mm CLT Panel e

250mm AIR GAP

INNER SURFACE E1 3mm GYPSUM PLASTER

Figure 225: STC floor system utilized by Chiniforush et al. (2018)
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Figure 226: Structural systems investigated by Chiniforush €RatL8)
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Figure 227: Cradleto-Gate embodied energy per unit floor af€ainiforush et al. 2018)
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2.5.2 AISC Steel and Timber Research for Higbe Residential Buildings

Steeland Timber Research for HigRise Residential Buildings by the American Institute
of Steel Construction (AISC) focused on marketability, serviceability, constructability, and cost
of a steeltimber composite system. However, gravity beams weredtled WT steel shapes,
relying on castn-place concrete to enable composite action. CLT floor panels and concrete
topping were connected with angled screws, achieving composite action to increase stiffness of
the floor panel and mitigate CLT span deflectionse $iistem utilizes CLT bearing on WT
flanges without fasteners, or composite action between the steel and tigioee2-29). The
benefits of the lightveight structural system were clear, as the gtedder system resulted in a
seismic mass 35% lowerah an equivalent RC structure. The publication results claimed
marketable bay sizes and flewrfloor heights by utilizing flat soffits and thin ceiling
sandwiches. Furthermore, the study reports clear advantages due to the lightweight and
prefabricatedysstem, as well as viability in the higise residential market due to reasonable
material quantities, fabrication techniques, erection sequences, and indications of financial
competitiveness.

The6ply CLT decks in the Al Sfonsré¢tattapgingwer e 80
governed by pre and pestmposite deflectioné&Skidmore, Owings, and Merrill 2017)he
CLT-concrete composite system allowed a level soffit, with no interior support beams, and
column bay sizes consistent with concrete flat platstroation. AISC considered the flat soffit
an achievement in marketability, as this attribute is consistent with concrete flat plate
construction. This benefit, would not be economically feasible with an all-imalssr system, as

it would require deep bess for the bay sizes or a tighter column spacing for a flat soffit
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condition(Skidmore, Owings, and Merrill 2017Additionally, the concrete topping depth
allowed it to be utilized as a diaphragm for lateral design.
While proposed STC system utilized tweparate composite elements, neither utilized
steel and timber connected to create composite acfisrseen in Figur@-29, theCLT and
concrete are connected with screws to create composite action; while the concretdis cast
place aroundthe steelt cr eat e composite a4actmbem. cBempobkiieg

without steeitimber composite action.

2.5.3 MCDA of Steel and Mass Timber Prototype Buildings in the PNW

A study by Ahmad et al. (in press) utilized multhaleteria decision aalysis (MCDA) to
guantitatively compare steebncrete and mass timber (MT) structures. The criteria under
analysis were global warming potential (GW8gismic resiliency, superstructure cesig
durability. In effort to harness GWP reductions from the s8tructures, as well as seismic
resiliency and cost performance from steel framing and LFRS, Ahmad et al. (in press) combined
the two systems into a ste@hber hybrid (STH) system. The STH was a simplified structural
design which merged the CLT floorstbe MT structure with the gravity and lateral framing of
the steel structures. Results indicated that the STH system was most preferred when GWP is
moderately prioritized in decision making and comparable to the conventional STC and MT
buildings in thefour other cases (see Figu80 and2-31). Ultimately, the study demonstrated
that a steetimber structure combines the seismic and-tmst benefits of steel construction with
the low embodied carbon benefits of mass timber construction. Demonsthatirtije STH case

may represent the broadest appeal across decision nfakenad et al., in press)
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Figure2-29: STC floor system utilizetly AISC

Interestingly, this study concluded tlaatull MT structure is only the most optimal

system when GWP is weightedry heavily in decision making. Whereas, wipeeference is

placedon cost, durability, oseismic resiliency thBCCstructurewas preferable. However,

because the STH system was a smallipoiof the study, the design was not optimized fully.

The steel framing and lateral system were designed for the gravity and lateral loads of concrete

floor slabs, neglecting the lightweight benefits of a CLT floor system as well as added stiffness

from geel framing in vibration considerations. However, the comparability of the decision

analyses suggest if the stéi@hber system should be researched further, it may be the most

preferable optiofAhmad et al., in press)
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Figure 230: Decision analysisasults of the structures compared by Ahmad etraprés$
Low score is preferred.

. . GWP Seismic Durability/ Construction
Decision Maker (DM) Case Emissions Resiliency =~ Maintenance Cost
1: Base Case 20% 20% 20% 40%
2: Cost/Durability priority 10% 10% 20% 60%
3: Sustainability priority 50% 5% 20% 25%
4: Resiliency/Durability priority 15% 30% 30% 25%
5: High Sustainability priority 70% 5% 20% 5%

Figure2-31: Decision maker scenariasnd weights utilized by Ahmad et al. (in press)
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Table 27: Summaryof included literature on steémber structurakystems

Authors

Composite or
Hybrid
SteelTimber Floor
System

Composite
Components

Composite
Connection

Non-Structural
Floor Topping

Reported
Vibration Analysis

STC Lateral
System

Building Specs

LCA Boundary
Biogenic Carbon

Sequestration
LCI Database

End of Life
Assumptions

Compared Systems

Notes

Chiniforush et al.
(2018)

Composite

250 mm Deep WF +
160 mm (6ply) CLT

WF + CLT

Unspecified

74.5 mm Glass Wools -

10 mm Plywood

Met General
Servicedility Criteria

Steel Moment Frame +
CLT or RC Shear Walls

5, 10, and 15 Stories
Office Use

Cradle to Grave
Not Considered

Inventory of Carbon
and Energy (ICE)

Steel:

100% Recycled
Concrete:

77 - 80% Recycled;
20- 23%landfilled
CLT:

80% recycled

20% landfilled

RC, SCC, and STC

Valipour et al.
published

accompanying papers

on this STC system

Barber et al.
(2022

Hybrid

W27x84 + 5 ply
CLT

N/A

N/A

10 acous
+2 0 ormNal
Weight Concrete
Unspecified

Not Considered

Horizontal
Structure of a
Typical Interior
Bay

Cradle to Grave

Both Included
andExIcuded
EPDs, Athena,
and GaBi; via
Athena and Tally
Unspecified,
likely Athena
and Tally generic
assumptions

PT Slab, SCC,
and STC

71

AISC SteelTimber
Research (2017)

Composite

Built Up WT5 or
WT6 +

6-ply CLT +

2.50 Conecr
WT + Concrete

CLT + Concrete

Steel and Concrete:
Cast in Place
Timber andConcrete:
Screw

None

Determined
Acceptable

Steel Eccentrically
Braced Frame

8 Story Residential

No LCA Conducted
N/A

N/A

N/A

RC and STC

Atypical composite
floor system, utilizing
WTs

Ahmad, Allan, and
Phillips (in press)

Hybrid

W16x36 or W18x46 +
5-ply CLT

N/A

N/A

50 mm Light Weight
Concrete

Unspecified

Steel Buckling
Restrained Braced
Frames

5 Story Office

12 Story Residential

Cradle to Gate +
End of Life

Not Considered

EPDs and Athena;
via Athena

Steel:

98% Recycling
2% Not Specified
Concrete:

Not Specified
CLT:

Not Specified

SCC, MT, and STH

Merely an
approximation for STC
design Ref. Allan and
Phillips (2021)



2.6 Vibration Analysis ofSteetTimber Floor Systems

2.6.1 Current Knowledge of SteEimber Vibration

STC floor systems are lightweight and relatively stiff, creating a susceptibility to
undesirable vibration under service load conditions. Lightweight anddpag systems (such as
steelconcrete, stedimber, and full mass timber systems) in generalsaseeptible to
vibrations within ranges of human sensitivity, which require vibration analyses. Performance in
vibration serviceability often controls member sizing and material sel§&reneman and
Zimmerman 2021)Consequently, the low mass and dargpiatio in timber slabs necessitate
careful assessment for serviceability vibrations in preliminary design stages of STC floor
systemqChiniforush et al. 2017; Hassanieh et al. 2019)

Investigations of STC vibration behavior have been carried outédgna of researchers
in Australia. Vibration performance was assessed with respect to available guidelines and
provisions, as well as in physical experiments. Physical tests were conducted at typical spans for
residential buildings (5.8 m clear span), in @efhdeliberate variations of shear connector type,
shear connector spacing, and orientation of CLT panels were studied. Results indicated natural
frequencies near 24 Hz for beams of residential span length; significantly higher than Heénits (8
Hz) recommeded byEuro Code 5as well as U.S. recommendation\ii$C Design Guidél,
and ISO 2632 (A. Chiniforush et al. 2019; Chiniforush et al. 201&¥ditionally, STC beams
with differing shear connectors showed similar vibration frequencies throughout various flexural
modes. Leading to the conclusions that connector type was not a determining factor in dynamic
response. Conversely, the spline coningcCLT panels was found to significantly affect the

vibration response. This conclusion was drawn in recognition that analytical models
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overestimated the fundamental frequencies, as they did not account for multiple panels, but a unit

slab(Chiniforush ¢ al. 2017)

2.6.2 Vibration Analysis Methods

The methodology and approach presentedl8C Design Guide 11s typically
referenced and followed in SteBimber and full mass timber floor system vibration evaluation
anddesign(A. Chiniforush et al. @19; Breneman and Zimmerman 2021; Hassanieh et al..2019)
Other analysis methods, utilized in academia and recommended in the U.S. Mass Timber
Vibration Design Guide, include those methods detailed i€dredian CLT HandboglISC
Design Guide 11theECCS GuidelingBS EN 19941-1, SCI P354 and CCIP-016(Hassanieh et

al. 2019; Breneman and Zimmerman 20Fiyure 231 details some of these methods as well as

respective limitations.

Analysis Method Design Guide Attributes Limitations
Relutinn=his omt==ied Limited applicability due to extgnl of
Empirical R tested systems; no consideration of
CLT Handbook simply-supported, o i :
formula ingl bare CLT support flexibility; no consideration
Sl e UL of different target performance levels
Existing methods calibrated
Simplified modal AISC Design Guide 11, For wall- or beam- to steel or concrete systems and
formulas SCI P354, CCIP-016 supported systems not necessarily appropriate for

mass timber floors

Meodal response

AISC Design Guide 11,

Accommodates

different damping ratios,

floor mass, span or

Sensitive to excitation and

spatial effects (walking
path, etc.)

analysis SCI P354, CCIP-016 fixity conditions, and modeling assumptions
excitation/response
locations
Directly accounts for Difficult to implement; high
Timehistory | NSCoesgnGuder, | {SsfEct Tt of | seratay o xcteten snd mocelny
analysis SCIP354, CCIP-016 A ptions; userjucg 9

to properly select walking paths and
other inputs

Figure 232: Vibrationanalysis methods applicable to mass timBardetailedin the U.S. Mass

Timber Vibration Design GuidéBreneman and Zimmerman 2021)
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2.6.3 AISC Design Guide 11 Approach

The crucial parameter, used to evaluate floor vibration serviceabil®ISi& Design
Guide 11is natural frequency. In general, humans are most sensitive to accelerations in
structures with natural frequencies within the range of their own internalo@ann at ur al
frequencies. At these frequencies, resonance, or theudquitd the motion tends to occur,
making the accelerations more bothersome or uncomfortable than those at higher or lower
frequencies. Most often resonance occurs at frequencies betwedr8B4Hz. However,
acceptance of vibration by humans varies depending on what they are doing. For example,
humans in an office or residence will most likely be bothered by accelerations as they approach
0.005g (0.5% gravity). However, humans in motioramidst activity often tolerate accelerations
10-30 times greater, 0.05¢@.15g(Murray et al. 2016)

The AISC approach doemt condemriloor systems with natural frequencies between 4
and 8 Hz. Instead, the approach evaluates peak accelerationsovi-finequency floor systems
as fractions of grawtand suggests limits relative bailding occupancy. Table summarizes

the recommended limits.

Table 28: Recommended upper bounds for floor acceleration
Adapted fromAISC Design Guide 1(Murray et & 2016)

Occupancy Acceleration Limit

Office, Residences, Churches,

0 :
Schools, and Quiet Areas 0.05% gravity

Shopping Malls 1.5% gravity
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Chapter 3: Methodology
3.1 Parameters and Materials

3.1.1 Schematic Design

In this thesisthe followingtwo structural systems were compared in the life cycle
analyses: steglmber composite (STC) and stemncrete composite (SCC). The SCC system
was chosen as a benchmark stru@utfeose to which the STC structure would be compared
because aits established structural codes and common use. Both of the structural systems were
designed at two heights. Dimensional constraints of the buildings comply with the upper and
lower bounds of the recently introduced Type IV height and area constraiB 2021 Type
IV -A being the upper boundnd IV-C being the lower bound.

As the majority of mass timber construction projects are ffarhily use(Leafblad,

Peters, and Cullen 20213TC systems have potential to expand the mass timber market into
commercial and business use projects. Thus, all buildings were designed for business use. All
geometric constraints for the design of the structures (regardless of structural system) were i
accordance with IBC 2021, and met requirements for Occupancy B, Type IV. This ensured
designs of each structural system, and corresponding life cycle analyses, were comparable. Table
3-1 summarizes IBC 2021 provisions for Class B Type IV constructidowable area per floor

was calculated in accordance with IBC 2021 section 506.2.

Type IV-A and IV-C wereboundaies, functioning as constraint
dimensionsA1 2i@ 0 story height was suggested by a pa
utilized in all structures. As a result, total building heights weré 8ad 216t in the Zstory
and 18story structures, shown in Figurel3Similarly,30 ft by 30 ftbay sizes were chosém

maintain dimensional consistency in framing plans. Eacittstre has (7) 30ft bays in the
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north and south directions. Table23and Figure 4 present typical layout and framing plans of

the buildings.

Table3-1: IBC 2021 limits, for class B occupancy, mass timber construction

Construction Type

Allowable Height [ft.]

Allowable Stories

Allowable Area per Floor [ft.?]

IV-A

270

18

54,000

IV-B
180

12
54,000

IvV-C
85

9
45,000

IV-HT

85

6

54,000

Internal optimization analyses, in conjuncture with advice from a panel of industry

professionals, determined practically efficient spans of concrete and timber floor slalis of 10

and 15ft, respectively, as sa in Figure 3lL. 10 ft spans resulted in optimally thick concrete

sl abs

wi t h

50

concrete

o nientXar undheredonstrectios, |

adequate vibration mitigation, and avoidance of excessive concrete materkainiisermore,

industry professionals (architect and engineer) suggested 10 ft is industry standard for beam

spacing in steetoncrete floor sysims. In STC floor assemblagésply CLT (6-7 / 8 0

panel

thickness)provided efficient fireresistance and behavior in service level vibrations, resulting in

a floor slab with sufficient bending and shear capacity, capable of long spans between beams.

Therebr e JO ol 5L T

spans

resulted

i n

opti mal

ut i

Structural analysis and design of all columns and SCC floor framing was completed in

ETABS. Whereas, analysis and design of the STC floor and roof systems resulteddroailyn

developed calculations (s8e3.1 Steelimber Composite Analysis and Degighll buildings

7€
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Table 32: Design constraints for the two buildings in each of the three structural systems

Limiting Construction Type IV-A IvV-C
Design Height[ft.] 216 84
Design Stories 18 7
Design Story Height 1200 12060

Design Area per Floor [ft?] 44,100 44,100
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Figure 31: Typical SCCframing plan
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were all designed in accordance WBC 2021andASCE 716. The modeling and design

processes for the structural systems are discussed, in detail, in the following sections.

3.12 Material Properties

The following tables (Tabl8-3 andTable 34) display the structural materials and
corresponding properties within each systemaddiion to the materials reported in Tabl83
the STC floor assemblagescluded rubbematting and concrete topping for acoustic
transmission and vibration mitigatigRigure 32). These materials are not reported in Tab8 3
as theywerenonstructural.The unit weight othe concreteoppingwas taken as 145 pahd the
compressive strength as 2500 pghereas, e unit weight of structural reinforced concrete was
taken asl50 pcfand the compressive strength as 4000 psi.

STCishealiy i mpacted by the orientAntlytiacen of t he
models thaincludee ach i ndi vi dual | ambs materi al proper
(Hassanielet al.2016; 2017)ndicate the effective modulus of elasticity of pergeular lams

are 34% the modulus of elasticity of the parallel lams. As a resulinthdulus of elasticity

5-Ply Alt
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MAT —. -~ TOPPING
AN -
/
P
ey = I I 1 | =
I [ § T [ Y I I T — = >
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(18-STORY ONLY) —

Figure 32: STC floor system cross sections
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Table3-3: Materials utilized in the ste¢imber composite structures

SteelTimber Composite Structures:
Material Properties
Cross Laminated

Material . Structural Steel
Timber

Specifications Southern Pine ASTM A992

P No. 2 Gr. 50
Eparallel 1400 ksi 29000 ksi
Eperpindicular 42 Kksi -
fc,parallel 2.51 ksi -
fc,perpindicular 0.85 ksi -
fy - 50 Ksi
fu -- 65 Ksi

Table3-4: Materials utilized in the stegloncrete composite structures

SteetConcrete Composite Structures:
Material Properties

Material Concrete Reinforcement  Steel Deck Strgfélé:al
Specifications Normal Weight  Welded Wire ASTM A653 ASTM A992
P Concrete Reinforcement Gr. 50 Gr. 50
f O 4000psi -- -- --
fy -- 70 ksi 50 ksi 50 ksi
fu -- -- 65 ksi 65 ksi

design values for perpendicular lams in this stadg3% of the modulus of elasticity of the
parallel lamsSimilarly, NDS 2018&ecommends compressive strength design values that are
relative to grain orientation. Those values, adjusted in accordaricBlid@ 2018 Chapter dre

utilized in this thesis and are reported in Tab®(3merican Wood Counc2018)
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3.1.3 Fire Requirements of Structural Elements

Fire requirements for structures in the U.S. are governed by the International Building
Code. Fireresistance rating (FRR) of various elements within a structure are dependent on the
occupancy, size, and presence or absence of automated sprinkler systems. For the sake of this
study, all structures have the occupancy classification of Business Grong & are assumed
to have automated sprinkler systems present.

Table3-5 summarizes firgesistance ratings of building elements, as definédB@2021
Table 601 Table3-6 summarizeslimensional constraints of various elements resulting from the
respective required FRR. To maintain consistency and comparability between structures, Primary
Structural Frames and various structural elements were designed for the same FRRs (in hours).
Note, however, that the RC and SCC structures would not be Type IV construction, and may
have potential to be designed for lower FRRs. The variance in FRR between construction types
is due to the material properties corresponding to each type. Concrete iscoypgéuction,
which has lower FRRs because the material iscmmbustible. Mass Timber is Type IV
construction, which has higher FRRs because the material is combustible. In practice, these

structures would not require the same FRRs or correspondisty@iots.

Table 35: Fireresistance ratinfpr various structural elemends required by IBC 2021 Table

601.
_ : V-

Limiting Construction Type A IvV-C
Structural Element Fire-Resistance Rating [hrs.]
Primary Structural Frame 3 2
Bearing Walls 3 2
Floor 2 2

1
Roof " 1
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Table 36: Constraintapplicable tarype IV construction

Limiting Construction Type lX_ IV-C IBC 2021
Constraint Minimum Reference
CLT Panel Floor Thickness 40 40 2304.11.3.1
Floor Noncombustible Protection 10 -- 602.4.1.3
Floor Noncombustible FR Contribution n?ﬁ\ 0 min 602.4.1.2.1

3.2 Design Loads

Design loads, applicable to office occupancy, were determined by ASIBESéctions 3, 4, and
C3. Floor live loads were taken as 50 psf withadditional 15 psf partition weight.
Superimposed dead load represents floor finish. Roof dead and live loads ard ARRRBISEI
7-16, 2017) see Table & . Selfweight of structural elements was accounted for in gravity

analyses and contributed to todalad loadand all live loads were reducible

Table3-7: Superimposed loads applied to all structures in analysis and design

Superimposed Load Floor Roof
Dead Load [psf] 10 20
Live Load [psf] 65 20

3.3 Structural Analysis and Design

All structural frames were composed entirely of witdege steel while floor systems
varied between structural systems. The structures were each independently designed at two
heights. The floor assemblages were designed in consideration of strength sledefiadtions

under service loads, airborne and impact sound transmission, vibration, areditance. All
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horizontal framing members were designeder the assumption 86% composite actioas

research has shown this level results in roughly b@¥eases o$trength and stiffness relative

to ignoringcomposite action, and that returns diminish at higher levels of composite action
(Potuzak 2023)Structural analysis and design was completed for the superstructure as a gravity
frame and ignored laterload design considerations.

Member sizing was completed via either design calculations, based on AISC/ACI/etc, or
using design features of ETARSSIi 2022) Vertical framing members in the STC and SCC
systems and horizontal framing members within th€ S¢stem were designed within ETABS.
Conversely, horizontal framing members within the STC system were sized using manual design
calculations because proprietary design software does not have established methods to account
for the composite design of steeémbers with timber slabs. Established composite design
modules within software, such as ETABS, currently is best suited forcsteetete composite
design. Therefore, internally developed ste®ber composite strength calculations were
utilized. Exampe calculations for stegimber composite member design can be found in the
appendix of this document.

Floor and roof decks were included in models and calculations to supplyesglit,
capture accurate floor deck geometry, and to capture composade axchiorizontal members.

Decking was assumed to supply continuous bracing to the top flanges of horizontal members,
while bottom flanges were assumed braced at quarter points. This ensureddetenahl

buckling would not control design of the beams girders. All member connections were

considered pinned. As moment transfer was not considered in any members, gravity design alone

is reported in this document.
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3.3.1 Steellimber Composite: Analysis and Design

Two steeltimber composite (STC) structes were analyzed and desigwa manual
calculations anéETABS version 20.0.1. The design parameters for the structures are detailed in
3.1.1 Schematic DesigAs previously stated, the structures were dimensionally consistent in all
ways exceptotal height. One structure had seven stories, while one had eighteen stories.
Likewise, gravity loads were consistent between all structures.

STC framing was composed off8y Southern Pine CLT and steel wide flanges spaced at
15 ft. oncenter. Compositaction was enabled by assuming that-tsgdping screws connecting
steel floor beams/girders and CLT panels transferred interfacial shear. The floor beams framed
into composite widdlange girders on the column lines. In addition to CLT, concrete topping
contributed to acoustic transmission mitigation and vibration damjbimg concrete topping was
considered as part of the dead load in the analyses but did not contribute strength or stiffness to
the system.

One unique aspect of CLT panels, in comparisotoncrete decks, is dependency on
outer ply orientation. This is due to the orthotropic nature of timber as a structural material. CLT
panels possess more desirable structural properties (flexural strength, stiffness) when outer plies
are oriented with wad fibers parallel to the span direction (strong axis). The strong axis for the
CLT panels were oriented perpendicular to the steel beam, resulting strong axis spanning
between these elements. Therefore, dhisntation resulted in theLT panelstrong ais to be
perpendicular to floor beams, and parallel to girders.

This is consequential because laboratory testing of timber products has indicated a
significantly lowerstructuralmaterial properties in perpendicular oriented laminations, relative

to paralel laminations (se8.1.2 Material Properties As a result, stedimber composite
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members generally have improved performance when the majority of CLT laminations are
oriented parallel with the beam span (Figw®).3in this study, it was necessaryaigent the
strong axis of the CLT floor panel perpendicular to the beam to efficiently span between
supports. As a result, the CLT strong axis was parallel with girders which generally resulted in
greater improvements of stiffness and strength relatimemacomposite sections.

For instance, laboratory testing has shown lower modulus of elasticity in perpendicular
oriented laminationsHperp). These laminations have a modulus of elasticity as low48 ghat
of the parallel lamination€fara), (Bodig and Jayne, 198&hristovasilis et al., 2016; Hassanieh
et al., 2016, 2017)As a result, modular ratios, of CLT laminations vary respective to
orientation and influence composite section parameters such as transformed section properties
and stifhess (Figure-3). Similar to modulus of elasticity, compressive strenfyftvaries
between perpendicular and parallel laminations which influences flange compressive force
capacity. Therefore, CLT panel orientation influences both strength and shititicea
calculations in STC design. Equations 3833.3.4 are exemplary of transformed flange width

calculations relative to beams in this study.

BEAM GIRDER
| [ I [ [ [ [ =~ -3 : : J : J :
) | ! | | | i [ 1 I I 1 I 1
[ I I I I 1
PERPINDICULAR LAMINATIONS PARALLEL LAMINATIONS
PREDOMINANT PREDOMINANT

Figure 33: CLT panel orientation
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BEAM GIRDER

"

Figure 34: Flangewidths of clt laminations relative to transformsekction analysis
(not to scale)

Parallel Lamination Transformed Properties
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Design alculationsof steeltimber composite members were internally developed due to
lack of guidancelesign procedure for the systefnmethod consistent with steebncrete
composite design was utiliz¢8egui 2018) Therefore, the flexural capacity of a STC member
was reultant of the internal resisting force couple and the force couple moment arm. The

compressive capacity of the CLT was a summation of the compressive strength of each
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lamination. As previously stated, lamination compressive strength is dependent catiorignt
the beam span and varied with panel orientation. Because the STC members were designed to
25% composite action the depth of the compression block corresponded to 0.25 the compressive
force. Tension in the CLT was ignored in this thesis; therefensjon capacity was resultant of
the tensile capacity of the steel WF alone.

Equations 3.3 3.3.8 reflect the method utilized to determine the nominal capacity of a
STC member. A comprehensive design example can be found in the appendix of thigithesis.
summary, stedimber composite section capacity is a function of steel yield strength, steel area,
steel depth, the area of dt@ecompressin, the depth of the compression block, and the
geometry of the CLT in the compression block. An effort tdaratand screw shear capacity and
behavior in fullscale flexural members is being conducted in parallel with this research

specifications of shear connectiomsre largely ignored in this thesis.

0O
o Y 4aQ& | o (Equation 3.3.5)

Q o0
10 TR (Equation 3.3.6)

"00 0 .
Q _— Equation 3.3.7
0 e (Eq )
. o Q2 N e v T e :

v 0o < ¢o 0w Ww [ Q W (Equation 3.3.8)

C = compressive capacity of flangeps)
T = tensile capacity of the steel sect{aips)

As= area of stedin?)
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R = yield strength of steel (ksi)

Fclam= compressive strength of the CLT lasiion, relative to orientain (ksi)
Ajam = area of wood in laminatiofin?)

SQn = partial composite compressive force (25%jps)

Asc= area of steel required to balance partial composite compression(infjck
ds = depth of steel cross secti@in)

y = neutral axis of th@artial composite sectidim)

a = depth of lamination (in)

betti = effective flange width of laminatioin(in)

fci= compressive strength of laminatiogksi)

dcut = total depth of the CLT panéh)

yi = neutral axis of lamination(in)

3.3.2 Stel-Concrete Composite: Analysis and Design
Two steelconcrete composite (SCC) structures were analyzed and designed in ETABS
version 20.0.1. The design parameters for the structures are detalédLi®chematic Design
All SCC structures were designed with composite floor systems. The flemmblsge
consisted of a metal deck with concrete topping. Steel-flatiges spaced at 10 ft-@enter
supported the floor deck. The floor beams framed into compositeflaiuige girders on the
column lines.
The webbasedVulcraft Composite Deck Slab Stggh design toolVulcraft 2022)was
utilized to select deck depth, gauge, and concrete thickness. Shoring was not considered in
design; thus, unshored span length controlled steel deck thickness. Concrete slabs were assumed

to have 6x6 W1.4xW1.4 welded wve reinforcement as it was sufficient for minimum
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reinforcement temperature and shrinkage $#&€l 31819, 2020;SDI-C 2017 2017) Concrete
topping thickness was optimized to mitigate excessive material use, while ensuring unshored
construction and adeate vibration performance in the floor assembly. Independent designs

were completed for the floor decks and the roof deck.

3.3.3 Deflection and Vibration Considerations

Structural member design may be controlled by deflection or vibration limitg thtdre
strength capacities. As a res#i&CE 716 provides guidance to structural engineers on
appropriate limitations of structures in these categories. All STC and SCC structures were
designed in accordance with these guidelines. TaBlsBmmarizes #hdeflection and
vibrations limitations imposed on all structures in this study.

Table 38: Deflection and vibration limits

ASCE 7 )
Reference Consideration Load Element n Limit
Document o Consideration
Combination
ASCE 7 SLpeinpesat Horizontal
Load Dsupert+ L L/240
16 . Members
Deflection
ASCE * Live Load Horizontal
16 Deflection 10L Members L/360
Superimposed
HELE Load Dewert L Floor Slabs  L/360
16 )
Deflection
SDI- Unshored Metal Floor
CD/NC Deflection Dser+ C Decking L/30
AISC DG Vt'gﬁgzi:ue N/A SteelConcrete alg<
11 alking Floor Systems 0.005
Excitation
U.S. Mass
Timber . )
Floor th(t)m\jl\;gﬂir?ue N/A SteelTimber al/g<
Vibration alking Floor Systems 0.005
) Excitation
Design
Guide
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Vibration was considered in both structural systems and was assumed to be due to human
walking excitation in an office outfitted with electronic systems. Floor system vibration limits,
demands, and capacity were guided¥$C Design Guide 1Ior SCC, ad theU.S. Mass

Timber Floor Vibration Design Guid@urray et al. 2016; Breneman and Zimmerman 2021)

3.4 Vibrations of SteeTimber Structural Systems

3.4.1 Vibration Evaluation of Ste&imber Floor Systems

Vibrations due to walking excitation were evaluated by the guidelines publish¢8@n
Design Guide 11: Vibrations of Stdelamed Structural Systems (DG I recommended by
theU.S. Mass Timber Floor Vibration Design Guid®lurray et al. 2016; Brenemamd
Zimmerman 2021)DG11recommends floor systems with natural frequencies less than 9 Hz
(low-f requency floors) be evaluated for human <co
likely to occur between 3 and 8 Hz. As a result, acceleration limitswefrlEquency floors in an
office building are to be 0.005g to avoid resonance and discomfort to building occupants.

Unlike strength or deflection analysis, vibration analysis is a holistic assessment of the
floor assembly. It takes into account expectguesunposed loads as well as all structural
elements including the slab, beam, and girder. Separate analysis of beam and girder properties
are required prior to combined properties. The combined analysis then provides evaluation of all
floor elements as or®ystem. Particulars of floor geometry must be precise in preliminary deck
geometry calculations, transformed section properties, and effective floor panel weight
calculations. As a result, manual vibration assessments are detail intensive and the ohajority
calculations are not provided in the main body of this thesis, but rather in an example in the

appendix.
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Also unlike strength or deflection analysis, the steeber composite section was
assumed 100% compositevibration assessmernihis isused lased orAISC DG11], which
recommend$-8 psf service level live loads (for electronic outfit offices) and 4 psf dead load
(Murray et al. 2016)At this levels of loadingminimal slip will occur between the steel member
and floor deckallowing the member to behave as a full composite member may, regardless of
shear transfer capacity of the connecti@visrray et al. 2016)

Peak floor acceleration was evaluated by Equation 3.4.1. Floor system acceleration is
related to natural frequey, damping, and the floor system weight. The natural frequency of the
system is a function of both the beam and girder defleagmn (g)cp® shown in Equation 3.4.2.
The vibration performance of a floor system can generally be improved by increasing the
systemdés stiffness, mass, or damping ratio.
steel framing sections, deepening the CLT, or applying weight with topping. The damping ratio
is the sum of component damping values recommend&tsiéd DG11 Thisstudy assumed a
damping coefficientlf) of 0.03, assuming contribution from the structural system, ductwork,

electronic office fitout, and minor partitions in bay.

o 8
(,D‘— L T8t T v (Equation 3.4.1)
Q o —
0 (Equation 3.4.2)
Q T llJ& 3> &

a/g= peak flooracceleratiomatio
g = gravity (in/3)
Po = amplitude of the driving force, 65 Ib

fn = fundamental natural frequency of the floor assemblage (Hz)
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b = damping ratio
W = effective effective panel weight (Ibs)
D» = beam deflection uret vibration service loads (in)

DG = reduced girder deflection under vibration service loads (in)

Table 39: Totalfloor system loads in vibration studiesdapted fromAISC DG (Murray et

al. 2016)
Component Damping iR

Structural System 0.01

Ceiling and Ductwork 0.01
Electronic Office FOut 0.005

Paper Office FHOut 0.01
Churches, Schools, and Malls 0.0
Full-Height Dry Wall Partitions in Bay 0.020.05

3.4.2 Considerations for Timber Panel Floor Slab&ibration Assessment

The AlISC DG1lapproach was developed for steehcrete floor system8vhen utilizing
this method for timberthe approacis similar to the originalhowever additionalefinementor
composite beam properties necessary for acgur&pecifically, accounting for the transformed
area, respective to the modulus of elasticity of the parallel and perpendicular lams is crucial (see
3.3.1 Steellimber Composite: Analysis and Desighherefore, in addition to stegémber beam

transforned moment of inertia and girder transformed moment of inertia, calculations of the

deckdés effective moment of inertia werdg resul
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3.4.3 Steelimber Vibration Studies

In effort to understand the perfoamce of steelimber composite floor systems in
vibration serviceability a vibration study was performed. Beyond increasing awareness of STC
vibration behaviors it aided the author in determining efficient concrete topping thickness, and
ultimately the flor system assembly utilized in the LCA study of this thesis. The study focused
on steeitimber beams, analyzing them at various span lengths with varying depths of concrete
topping and utilized the analytical approach outline8eation 3.4.1 Each instace was
designed to meet vibration, strength, and deflection limits for office occupancy. Superimposed
dead loads were the same as utilized in this paper, and are reported inZ2cti@ravity
Loads Vibration and strength limits are reported in Te®i

The floor system was comprised 6Py CLT panels (6//80 deep) spanning b
support beams. The CLT density was assumed to be 39 pcf, simulating Southern Pine. CLT
material properties were the same as utilized in this paper, and are repoeeibim3sl.2
Material Properties The concrete topping was assumed to be unreinforced normal weight
concretewith a density of 145 pcf

The support beams, spaced 15 ft. O.C., varied in length, and spanned to girders. The
girderso span |l engths were kept constant, at
the mass of the variable normal weight concrete topping depth; resnoltiotgl dead load
variances between each floor system, live load remained constant throughout th® Biudy.
beams and girders were designed to supply the minimum required strength, stiffness (deflection
adequacy), and provide floor system accelerati@haip0.005gResulting design sections and

loads of each system are reported in Tabl®.3
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Figure 35 displays resulting natural frequencies corresponding to the topping depth and beam

span length of interesAll configurations resulted in lovirequencyfloor systems, indicating

that an acceleration limit of 0.005g was appropridtge that the natural frequencigscreased

as concrete thickness increased however, all floor systems were still within the range of human

discomfort (38 Hz).
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Figure 35: Naturalfrequency of gly CLT floor panels with various topping depths
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System STC

L beam|[ft]
15
20
25
30
35
40
45

DL [psf]

LL [psf]

adequate steel section designs of the same span length decreased in cross sectional size only

mildly (0 to 14 Ibs/ft) as concrete toppitigckness increased. Furthermore, through observation

Beam
W10x17
W14x22
W16x31
W18x40
W21x48
W24x55
W24X68

Table3-10: Vibration study design sections and loads

+ 1.5
Girder
W16x36
W18x40
W21x48
W24x55
W24x55
W24x55
W24x62

50
65

STC
Beam
W10x17
W14x22
W16x31
W18x40
W21X44
W24X55
W24X62
57
65

+ 20
Girder
W16x36
W18x40
W21x44
W21x50
W24x55
W24x62
W24x68

STC
Beam
W10x17
W14x22
W16x31
W18x40
W21X44
W21x57
W24x62

+ 30
Girder
W16x36
W18x40
W21x44
W24x55
W24x55
W24x62
W24x68

69
65

STC
Beam
W10x17
W14x22
W16x31
W18X35
W21X44
W21x55
W24x68

+ 40
Girder

W16x36
W18x40
W21x48
W24X55
W24X62
W24x68
W24X76

81

65

Table3-11: Vibration utilization of stc floor assemblages with varying topping depths

L beam [ft] 1.

When studying Table-30, one may observe that despite varying concrete depths, the

15
20
25
30
35
40
45

50
0.95
0.98
0.98
0.98
0.98
0.97
0.97

20 NW 30
0.96 0.96
0.98 0.97
0.99 0.96
1.00 0.94
1.00 0.95
0.93 0.94
0.97 0.90

NV 40

N\

0.95
0.95
0.93
0.97
0.90
0.89
0.81

of controlling utilization factors (demand divided by capacity for strength and deflection,

observed acceleration divided by allowable acceleration for vibration) at various span lengths

(Figure 36), it becomes clear that vibration is the controlling parameter in design of all floor

beams until reaching spans above 35 ft. with 8

94

of

concrete

topping.
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overcome vibration control regardless of topping depth as the bearing beamrierggkes

beyond 3540 ft.
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Figure3-6: Utilization of STC design parameters in systems with varying topping depths
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Results indicated the steel framing contributed more substantially to stiffness and
vibration mitigation than the additionebncrete toppingThis was apparent as systems were not
often able to decrease cressctional steel sizes even as concrete daptkased and
additionally, vibration utilizations only slightly decreased in designs that were vibration
controlled. To further understand the |1 mpact
assessed with various beam design sections (Tali.Besign 1 was taken to be the minimum
required beam section reported in tabled3 Design 2 increased the beam crasstion by one
member size, generally leading to a membehefsame depth with a larger crasctional area.
As a result, Design 2 @ss sections are& plf heavier and decreased in vibration utilization by
2-9% relative to Design 1. Design 3 increased the beam by one more member size, generally
resulting in an increase of both depth and ceexdional area. As a result, Design 3 cross
sections are-@ in. ceeper, 216 plf heavier, and decreased vibration utilization 9%
relative to Design 1in light of the recognition that steel framing contributes more substantially
than concrete topping to vibration mitigaton STC wi t h 1. 50 o ftoppingr mal w

was utilized in tle study described in thikesis to mitigate inefficient concrete material.use
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Table3-12:Vibrationut i | i zati on of various STC beam se

L beam[ft] Design1l Design2  Design 3

15 0.95 0.89 0.77
W10x17 W10x19 W12x19
0.98 0.89 0.79
20 W14x22 W14x26 W16x26
25 0.98 0.90 0.83
W16x31 W16x36 W18x35
0.98 0.91 0.81
30 W18x40 W18x46 W21x44
0.98 0.96 0.82
3 W21x48 W21x50 W24x55
40 0.97 0.92 0.88
W24x55 W24x62 W24x68
45 0.97 0.93 0.82

W24x68 W24x76 W27x84

3.4.4 Steellimber Utilization Studies

In recognition of relatively low strength and deflection utilization ratios of STC members
due to vibration controlled design, the need to justify composite action was identified. In effort to
understand the benefits of a STC system, composite membergixtaposed with the same
steel cross section in a neomposite design scenario (stéetber hybrid). The purpose was to
compare the strength and deflection utilization ratios of underutilized composite members with
the utilization ratios of noigomposie members.

The study utilized the WF design sections of the vibration study as they were adequate in
composite strength, composite deflection, and vibration. Identical to the vibration studies, beam
span lengths varied from ¥ ft. while girder span lengths remaineonstant at 30 ft. Applied
loads and concrete topping depths were consistent with vibration studies as well. Steel design

sections, topping depths, and floor system loads are reported in Table 3
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The steel cross sections were checked in an idenésidin scenario (loads, span length,
topping depth etc.) for necomposite strength and deflection adequacy. Vibration utilization of
non-composite members was not a concerAl&C DG1Irecommends utilizing transformed
moment of inertia (as if 100% compiag in vibration assessments if a floor deck is attached to a
framing member regardless of the presence of shear conn@dtoray et al. 2016) Therefore,
as member sizes were originally designed to provide peak floor accelerations within
recommended inits, the vibration utilizations remained constant between composite and non
composite design scenarios.

Results of the study showed roomposite girders at all span lengths and applied loads
were inadequat@~igure 37). Non-composite beams were gengrahadequate, with the
exception of spans shorter than@5ft. in systems with loads of lesser magnitudes. As such,
composite design was shown to have substantial benefits as the design sections would have
majorly been impossible in a n@womposite dagn scenario. Therefore, steg@hber composite
design was shown to reduce steel material usage despite vibration controlled design.

Detailed results of composite and roomposite utilization ratios pertaining to the
buildings of the LCA in this thesiga@reported in Chapter 4. This study lead to the conclusion
that STC is efficient and advantageous to siiegber hybrid design in the design scenario of this
study. Furthermore, the results of this study indicate STC systems are particularly efficient fo

long span members, heavy load scenarios, or the combination of the two.
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Beam + 1.5" NWC Topping - Composite v. Hybrid Girder + 1.5" NWC Topping - Composite v. Hybrid
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3.5 Life Cycle Assessment

The comparativ®VBLCA was performed for the portfolio of buildings using the
commercial softwar@ally (KT Innovations 2022)There are many different available software
for performing WBLGQA, but Tally was chosen because (1) it is integrated within Revit, which in
turn is able tomport ETABS structural models to automatically perform material volume
calculations; and (2) it is has experienced widespread use in the academic literature@A WBL
(refs). The following sections describe the specifics of the WBLCA, including the system

boundaries, choice dfinctional units, selection of life cycle inventory, and major assumptions.

3.5.2 System Boundary

The comparative analysis was constrainedhgyboundary displayed in FiguseB.
Embodied energy and carbon were the focus. The boundary wastorgdle (ALA3),
including construction transportation (A4), eofllife impacts (C2C4, D). All structural
elements were subjected to analyses adhese stages. The building life expectancy was 60

years for all structures. Biogenic carbon, in CLT, was accounted for in modwa8.Al

PRODUCT CONSTRUCTION USE END OF LIFE

(A1-A3) (A4 -A5) (B1-B7) (C1-C4) (D)

. ©]
2 : 5 : AR ’ 2
S E “ z | . | 8 | & S | K 2 8
E £ & S = Z = 4 = E 2 E % 8
2 = Z) 5| A @) 4 | 7] o l&j
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= Z g = = p= 2 )
B || & | s 5|2 E B & B
. o z - = = = 2 o i 2 3 2
. - 2 20 2 || ° =
B 8 A

B6 - OPERATIONAL
ENERGY

B7 - OPERATIONAL WATER

Figure 38: Systemboundary of life cycle analysis
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Modules B1B7 account for operational energy amissions, which fall outside of the
scope of embodied environmental impacts. Therefore, all the energy required to use the building
and associated emissions were not accounted for in the assessment. Simifatdy, on
construction environmental impacts neanot considered (A5 and C1) due to the complexities of

estimating the environmental impacts associated with construction equipment and processes.

3.5.3 Outputs and Functional Units

Mass, embodied carbon, and embodied energy are reported in the Tiasikden313.
Total values are reported, as well as normalized values, to aid in quantitative comparison
between structures of varying scopes. All normalized values are divided by net floor area or
respective material mass; the 7 and 18 story structunes28¢5679 (308,700 ff) and 73,746

m? (793,800 ff), respectively.

Table 313: Functionalunits of the life cycle analysis

Parameter Raw Unit Normalized Unit
Mass kg kg / n? --
Embodied
Carbon kg CO-eq kg CO-eq/nt kg CO-eq/kg
PrimaryEnergy MJ MJ /12 MJ / kg
Demand

3.5.4 Life Cycle Inventory

Life Cycle Inventory LCI) is the compilation of inputs and outputs for the buildings in
analysis. This study wutilized Revitdéds innate
quantiy take off. This required a detailed Building Information Model, with all elements

accurately represented in size, location, and material properties. Once modeled, elements were
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paired with LCI materials defined within the Revit addlally. Table3-14 deails

environmental data sources, assumptions, and life cycle scenariosnbifges. The software
draws from the commercial LCI database GaBi 8.5 (2018) and EPDEFoDespite a robust
internal database of Tally, preliminary analyses determinedigeDeT environmental impacts

to be unrepresentative of current CLT manufacturing practices ldrtibed States. Similarly,

the database lacked a rubber material analogous to an acoustic mat.

In certain instances, Tally may allow the user to padiuct specific environmental data

(EPDs) via technical support from the developer. However, the current version does not support
manual database additions. As a result, further refinement of the models was required to obtain
outputs reflective of approite EPDs. This was achieved by applying adjustment factors to
material volumes during LCI to result in appropriate unit production environmental impacts. In
effect, the generic CLT and acoustic mat material environmental impacts were scaled to match
the gpropriate data published in EPDs, creating a pseudo material in the Exataples of the
adjustment process for the CLT and acoustic mat materials are reported in the appendix of this
thesis.The utilizedEPDs reflected in the production stage data ¢(stgges AIA3).

Accordingly, environmentampacts of the remaining life stages were products of the
assumptions made for transportatiengtof-life processing, and peste re-use or recycling.
Therefore, enaf-life (Module C) andviodule D environmeral data was not modified and

includes the original database life stagenarios.

3.5.5 Assumptions in Analysis
Assumptions are necessary in LCA. However, analysis tools, suailgsenable the

user to avoid inputting most assumptions. Instead, the software is framed with data from national
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or global averages. Assumptions are influential in LCI; utilizing a software provides assumptions
that are consistent, where applicable, throudglvarious LCA models.

Assumptions in this study, applied by Tally, encompassed transportation distanees, end
of-life scope, and module D scope. TaBl&4 reports alassumptions. The authassumed all
individual elements to have life spans greater tbarqual to, the building service lif€his
appliedthe assumption of ncomponenmaintenance, repair, or replacement in the LCA.

Beyond these assumptions, Tally assumegdited steel and steel decee fabricated with
100% and 28% scrapaterial]r e s pecti vely. This is accounted f
module D,as opposed to th@oductstage.

Results of this study present environmental impacts and mass of structural assemblages
as a one unit. As a result, the LCA outputs ofretied steeframing and its associated
cementitious fireproofing are presented under one |&baming Similarly, the concrete
associated with SCC structures is an assemblage of 4000 psi concrete and minimum steel

reinforcing.
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Table3-14: Life cycle invertory of the analyses

. Trucking End-of-Life
Element LCI Materials LCI Source Distance Scope Module D Scope
-14.5%
Recovered
Cross - Glulam CORRIM (2011) -22% Avoided burden for
Laminated Proxied by Glulam - SmartLam, Dothan: Cross = 332 km Incinerated with ~ recovered wood
Timber Laminated Timber (2021) Energy Recovery products
- 63.5%
Landfilled
- EU-28: Rubber Flooring -17.5% Avoided burden for
profiled (2017) Recovered recovered material
Acoustic Mat  SBS Rubber Tile = - U.S. Rubber: QuietSound = 805 km -82.5% includes grinding '
é%olug;s)tlcal Underlayment Landfilled energy
- Gypsum
- Boric Acid
- Cement
- Sodium Lignin
Type X Sulfonate -
Gypsum Wall - Glass Fiber gypS“’T‘ PESE BRI (TS g7 b 100 % Landfilled None
) rotection) (2017)
Board - Silane
- Polyglucose
- Perlite
- Paper
- Casein Glue
American Institute of Steel Burden reflects
orShape  HotRolled | Construction: HotRolled 431 km - 8% Recovered jandiled material
Steel (2010)* only
Coated Steel ; .
5 Steel Deck Institute: Steel - 98% Recovered Avoided burden for
Siael PEEs PETES, 1598 O Deck** AL - 2% Landfilled 72% of material
Deep, 22 16 Ga.
Steel Reinforcing;
cut, bent, or Concrete Reinforcing Steel 200 Burden reflects
gteeiﬁ:‘orcing modified by the Institute: Fabricated Steel 431 km ] ;802 E:ﬁg;i/ﬁmd landfilled material
design Reinforcement (2017) only
professional
- 43% Coarse - PCA (2014)
Aggregate - Pumice Gravel (2017)
- 37% Sand - Gravel (2017 .
- 9% Portland -Fly Ash((201;) _-55% Recycled  Avoided burden f(?r
Concrete c i - Slagtap granulate (2017) 24 km into Coarse coarse aggregate;
Topping emen glap g Aggregate includes grinding
- 8% Water - Expanded Clay (2017) - 45% Landfilled  energy
- 2% Fly Ash - Calcium Nitrate (2017)
- <1% Slag -Sodium Ligninsulfonate
- <1% Admix. (2017) ¢é
- 41% Coarse - PCA (2014)
Aggregate - Pumice Gravel (2017)
- 0, -

_ ) igoﬁz gg‘ﬂ?an d ] (Fal;aleh(%g(}z;) - 55% Recycled = Avoided burden for
Reinforced into Coarse coarseaggregate;
Concrete Cement - Slagtap granulate (2017) 24 km Aggregate includes grinding

- 8% Water - Expanded Clay (2017) - 45% Landfilled energy
- 2% Fly Ash - Calcium Nitrate (2017)
- 1% Slag -Sodium Ligninsulfonate
- <1% Admix. (2017) ¢é
- 65% Cement - PCA (2014)
Cementitious | - 15% Vermiculite - Vg_rmiculite (2017) _
Fireproofing -10% MICA - Silica Sand (2017) 172 km 100%Landfilled = None
- 10% Calcium - Limestone Flour (2017)
Carbonate -Electricity Grid Mix (2014)

*EPD Expired 3/31/2021

*EPD Expired 12/15/2020

Notes:

1. Environmental data reports component impacts. The framing component accountingg®életiateel and associated cementitious
fireproofing. Similarly, the reinforced concrete component accounts for plain concrete and associated steel reinforcing.

2. Italicized LCI Sourcebullets are the EPDs utilized to verify and adjust database environmental impacts.
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3.6 Life Cycle Inventory Data
3.6.1 Material Environmental Impacts

The environmental impacts associated with structural coengerare reported in Figure
3-9 and Table3-15. These values are reflective of the LCAs reported in Chapter 4 of this paper
and were largely resultant ®ally database specifics. However, as discussed in s&boh Life
Cycle Inventoryadjustments were applied to generic CLT and rubber mat iadatesithin Tally
to more accurately reflect current environmental impacts of U.S. produced materials.

Concrete data varies slightly between structural systems as the concrete topping in STC
floor assemblages was assumed to be plain 2500 psi concretead/tiee structural concrete in
SCC floor assemblages was assumed to be reinforced 4000 psi concrete. Therefore, reinforced
concrete data accounts for associated steel reinforcing as well. Similarly, hot rolled steel data and

associated cementitious firgmfing are reported as one component: fireproofed steel.

Total Material Impacts per Mass
Life Stages [A1-A4], [C2-C4], and [D]
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Figure3-9: Embodied emissions and energy of materials by mass
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Table 315: Embodied emissions and energy of materials by.rhdesStages [A1A4], [C2-

C4], and [D]
Embodied Embodied
Material Carbon Energy
[kg CO2-eq/kg] [MJ/kg]

CLT -0.12 0.24
Acoustic Mat 0.88 10.4
H.ot Rolle.d Steel and 112 13.1
Fireproofing
Metal Deck 1.23 20.5
2500 psi Plain Concrete 0.16 1.44
4000 psi Reinforced 0.20 172
Concrete

3.6.2 DataValidation

In effort to validate EPD and@ally database environmental figures with external data,
material impacts utilized in this study were compared with a literature review which
encompassed more than 70 relevant sty@abeza et al. 2021A\ more detailed synopsis of the
document is presented in sectdi.4 Embodied Energy and Embodied Carbon in Structural
Materials Plotting the environmental data utilized in this study on the tables presented by
Cabeza et al. (2021) indicates the emwinental data in this study was reasonable. Data
comparisons are reported in Figuré@and Table 3L6.

Comparable materials between studies were CLT, concrete, and steel. The materials were
compared for environmental impacts resulting from materialyotion only. The cradle to gate
boundary aided in validating comparisons obtained from a broad range of studies which have
potential for vast differences in building use, end of life, and post life scenarios. Potential

inequalities may result from regidnafluence on environmental impacts as the study by Cabeza
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et al. encompassed wondde data although most predominately, the majority of reported data
was resultant of project locations outside of the United States.

The embodied energy of CLT and coeter were slightly smaller than the lower bound of
the |iterature review data. However, the wvari
0.25 MJ/kg below the lower bound of literature data. As the range of the reported data points is
6.56,t i s reasonable to assume this studyods dat a
Additionally, by studying the deeper hues of the data bars, one may conclude that CLT is more
likely to have data point concentrations at the lower end of the spectrurroinerete. As a
result, the utilized environmental data may err in the favor of concrete, as opposed to skewing
the data towarthrger concrete embodied energies which is more representative of the
coefficients commonly used in the literature.

The literatuie review source lacked CLT embodied carbon data. However, the data
utilized in this study was sourced from an EPD. As EPDs are known within the industry to
provide reliable and accurate environmental d&a, Liang, and Bergman 2020; Feng, Sadiq,
and Hevage 2022)the lack of validation is not a concern. Note however, that the @tal d
point plotted in Figure-30is within the range of glulam data and comparable to other timber
products.

Furthermore, both steel data points in this study are assumete88%ered for recycling
of material. Howevenecycled steeds reported in the literature review appears to be tied to few
sources. Whereageneral steehppears to be associated with a larger number of sources which
encompass varying proportions of relgd content, unspecified recycled content, or no recycled
content. The accepted value in this study laid between the recycled steel concentration and the

lower bound of general steel. As a result, the embodied impacts of fireproofed steel appear



reasonald, as it would be expected to have greater impacts than plain recycled steel.
Furthermore, the same data is utilized in both the STC and SCC assessments. As a result, any

error is equal between the two studies which nullifies potential inequalities iracsom

Table 316: Cradle to gate embodied emissions and energy of materials by mass

Embodied Embodied
Material Carbon Energy
[kg CO2-eq/kg] [MJ/kg]

CLT -1.01 0.30
Acoustic Mat 0.86 10.2
H_ot Rolle_d Steel and 101 120
Fireproofing
Metal Deck 2.34 30.0
2500 psi Plain Concrete 0.12 1.07
4000 psi Reinforced 0.15 133
Concrete
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Chapter 4: Results and Discussion

4.1 Structural Design Summaries

Lightweight STC floor systems are advantageous for gravitational force and deflection
demands in composite systems. Floor systems were evaluated for vibration due to walking
excitationsper AISC Design Guide 1@Murray et al. 2016}hat indicated STC andC¥C floor
systems were both lefvequency fr < 9 Hz), requiring the office use acceleration limit of
0.005g to avoid resonance and discomfort to occup@héslow mass timber floor system
requires additional stiffness contribution from steel framing aseantribution from concrete
topping in vibration design. As a result, STC floor member sizes were generally controlled by
vibration requiremet leaving strength and deflection utilizations in the range ot@.80
Similarly, the relatively low accetation limit for office use structures generally resulted in
vibration controlled member sizing for SCC members as well. However, strength and deflection
utilizations were not generally lower than 0.85.

Final member sizes for each structural systge smmarized in Tables-4 and 42.
STC floor beam and girder cross sections were generally larger than those of the SCC system
due to the vibratiortontrolled design. However, roof members were subjected to less stringent
vibration requirements, resulting ihe strengthcontrolled design of the composite sections.
Consequently, roof members are generally lighter than the SCC alternative despite larger
tributary areas of the floor beams. In summary, member sizing of the STC system was controlled
primarily by vibration limits, which resulted in relatively low demand/capacity (utilization) ratios

for flexural strength and deflection.
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4.1.1 Steelimber Composite: Design Summary
All STC floor systems were composedepd v Sout hern Pine CLT wit
weight concrete topping.-ply panels were necessary to provide-fiesistance and behavior for
service level vibrations and deflections. Typical floor framing consisted of W18x40 beams,
framing into W24x55 girders. Typical roof framing consisted of W14x22nseframing into
W18x35 girders. Floor beams and girders were designed to approxinzdelgainposite
action.Figure 32 shows a typical floor section. Girdeageframed into steel WF columns,
together acting as the gravity framing system. Member sizeé3TiG stuctures are summarized

in Tables 41 and 42.

4.1.2 SteelConcrete Composite: Design Summary

All SCC fl oor systems aZer ed ecpymepkedk €ygicaflbor a 50 s
framing consisted of W12x26 beams, framing into W21x50 girders. The roof decking systems

wer e 3. 5al . Sloa EgaugepaecR. Typical roof framing consisted of W12x19 beams,
framing into W18x40 girders. Floorelams and girders were designed to approximately 25%

composite action. Figu#1 shows a typical floor section. Girdeaseframed into steel WF

2VLI + 5" NWC

BEAM GIRDER

j;; T __ = k,r — L ; ,'.J.:. _a."':"')'[r»

[

Figure4-1: SCCfloor system sections
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columns, together acting as the gravity framing system. MemberfaizZ8€C structures are

summarized in Tables# and 42.

Table 41: 7-Storymember summaries

7-Story Member Sizes

Description SteetTimber SteelConcrete
Roof Beam W14x22 W12x19
Roof Girder W18x35 W18x40
Roof N-S Spandrel W10x15 W10x17
Roof EW Spandrel W14x22 W12x26
Floor Beam W18x40 W12x26
Floor Girder W24x55 W21x50
Floor N-S Spandrel W16x26 W12x26
Floor EW Spandrel W16x31 W14x30
Interior Column Levels-# W14x61 W12x65
Interior Column Levels & W12x30 W10x33
Exterior ColumnLevels 14 W14x38 W12x40
Exterior Column Levels& W12x26 W12x26
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Table 42: 18- Storymember summaries

18-Story Member Sizes

Description SteelTimber SteelConcrete
Roof Beam W14x22 W12x19
Roof Girder W18x35 W18x40
Roof N-S Spandrel W10x15 W10x17
Roof EW Spandrel W14x22 W12x26
Floor Beam W18x40 W12x26
Floor Girder W24x55 W21x50
Floor N-S Spandrel W16x26 W12x26
Floor EW Spandrel W16x31 W14x30
Interior Column Levels b W14x145 W14x159
Interior Column Levels-20 W14x99 W12x106
Interior Column Levels 114 W10x68 W12x72
Interior Column Levels 138 W10x39 W10x39
Exterior Column Levels-6 W12x87 W12x87
Exterior Column Levels-10 W12x65 W12x65
Exterior Column Levels 114 W12x45 W12x45
Exterior Column Leveld5-18 W12x30 W12x30

4.1.3 Juxtaposition of Ste€imber Composite and Ngbomposite Systems
Lightweight STC floor systems were advantageous for flexural demands and
deflection of composite members. However, the-toass floor system required additional

stiffness contribution from steel framing in vibration design. As a result, STC floor member sizes
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were generally controlled by vibration demands. Sizing controlled by vibration resulted in
relatively low demand/capagiratios for composite flexural strength and composite deflection.
Despite thisthecomposite design proved auspicious.

Preliminary analyses (reported3m.4 SteelTimber Utilization Studigsndicatethenon
composite design of the members worddult in larger cross sections throughout, see TaBle 4
Note that STC floor members were controlled by vibration design. However, roof members were
subjected to less stringent acceleration limits, allowingstodingth development of the
composite seans. Harnessing the full composite strength of the roof members, resulted in non

composite utilizations significantly abotee capacity of the steel section alone.

Table 43: Comparison ofomposite and nenomposite stedimber sections in identicalesign
scenarios at 30 ft. span length

Composite Design Non-Composite Design

Description Member Controlling Utiliza_tion Controlling Utiliza_tion
Parameter Ratio Parameter Ratio
Floor Beam W18x40 Vibration 0.98 Deflection 1.12
Floor Girder W24x55 Vibration 0.98 Strength 1.10
Floor Spandrel  W16x26 Vibration 0.90 Deflection 1.22
Floor Spandrel =~ W16x31 Vibration 0.90 Deflection 1.49
Roof Beam W14x22 Strength 0.90 Deflection 2.02
Roof Girder W18x35 Strength 0.93 Strength 1.40
Roof Spandrel W10x15 Strength 0.89 Deflection 3.08
Roof Spandrel W14x22 Strength 0.93 Deflection 1.61
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4.1.4 Secondary Design Considerations

Secondary design considerations were-siouctural design itenmthatensured
equivalent performance between the systems instiuttural capabilities; namely, acoustics and
fire-resistance. This was achieved by having the systems comply wB2hdrternational
Building Codg(International Code Council 2029quirements for sound transmission and fire
resistance rating. As STC systems are less established, only the methods and components utilized
to meet standards are reported below.

To provide satifactory acoustic performance, a combination of acoustic mat and concrete
topping wasprovided for the STC systetRu b ber membr ane was 0.50 thi
concrete topping which has been experimentally shown to provide Sound Transmission Class
and Impact Insulation Class ratings sufficient for office buildings, as required in IBC 2021
(Barber et al. 2022)

According to IBC 2021, a-Bour fire rating is required for floor systems of Type@V
construction. While $ply CLT provides adequate firesistance for Type IAC construction,

Type IV-A construction requires 80 minutes of raombustible material contribution to fire
resistance. To comply with this requiremen, 1 4 0 of Type X gypsum boar

18-story floor assembly.

4.2 Life Cycle Assessment and Comparison
4.2.1 Superstructure Mass

7-story and 18&tory STC systems had 9.7%dah0% kesssuperstructure mass than the
SCC alternatives. Note that the presence of gypsum had a significant impact ostiwy 537C

total massas the element comprised 8.0%tlud total mass. When disregarding gypsum, the 18
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story STC structure had 12% lower mass than the SCC alterrfaguee 42, Table 44, and
Table 45 display total values as well as material contributionthédotal mas.

STC steel framing and associated cementitious fireproafiegr e sent ed 1 n t hi s
figures as fAframing. o0 Framing mass had only n
differing by-1.8% and +1.8% in the-tory and 18story structuresespectively Despite fewer
framing members, vibration demands increase@ $iirlin member sizes, resulting in
comparable steel mass per bay. Therefore, all significant variances in mass were attributed to the
floor systems, which averaged 86% of superstructure mass in all structures.

When studying floor systems alone, timber assemblages reduced floor system mass by
11% and 5% in -&tory in 18story structures, respectively. Despite this, the presence of concrete
topping in the STC floor assemblage leesli gni f i cant parneabweightcencretd he 1.
comprised an average of 16% of depth STC floor assembly depth, but an average of% of
mass.

22000
20000

18000 —
16000
__ 14000
an
4 12000
=
— 10000
2
S 8000
6000
4000
2000
0
7S STC 78 SCC 188 STC 185 SCC
Framing Concrete Metal Deck
CLT B Acoustic Mat = Gypsum

Figure 42: Superstructurenass
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Table4-4: 7-Storymaterial quantities

7S STC 7S SCC
Material Mass [kg] % Total Mass Mass|[kg] % Total Mass
CLT 3,141,482 45.2 - -
Acoustic Mat 269,713 3.88 -- --
Steel Framing and
Fireproofing 984,400 14.2 1,001,859 13.0
Metal Deck -- -- 269,063 3.50
2500 psi Plain 2,549,167 36.7 - -
Concrete
4000 psi Reinforced . . 6,418,060 835
Concrete
Floor Assemblage 5,960,362 85.8 6,687,123 87.0
Total 6,944,763 100 7,688,982 100

Table4-5: 18-Story material quantities

18S STC 18S SCC
Material Mass [kg] % Total Mass Mass [kg] % Total Mass
CLT 8,071,555 40.8 -- -
Acoustic Mat 692,812 3.51 -- --
Steel Framing and g5/ 61 145 2,813,673 13.7
Fireproofing
Metal Deck -- -- 688,284 3.35
2500 psi Plain 6.549 564 33.1 B B
Concrete
4000 psi Reinforced . . 17.073,677 83.0
Concrete
Type X Gypsum 1,583,754 8.01 -- --
Floor Assemblage 16,897,685 85.5 17,761,961 86.3
Total 19,762,286 100 20,575,634 100

Note: Instances in whictiheabove percentages do not sum to precisely 100 are due to rounding.
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4.2.2 Total Life Environmental Impacts

Total LCA outputs account for all life stages within the boundary. Final values are net,
accounting for biogenic carbon, as well as avoided burdens (otherwise referred to as credits), due
to recovery and reuse. Tabke$ and 47 detail all total values dhined in the study. Both STC
systems had lower embodied carbon than the SCC alternatives. STC systems prompted 50% and
42% reductiongn total embodied carbon. Similarly, both STC systems had lower embodied
energy than the SCC alternatives. STC systethil@2% and 21% reductionstotal embodied
energy.

The most significant contributor to both embodied carbon and embodied energy in STC
systems was framing. However, the most significant contributor in SCC systems varied, with
concrete being the largesontributor to embodied carbon and framing being the largest
contributor to embodied energy. Furthermaheimpacts of STC floor assemblages were less
significant than the impacts of framing alone. The opposite of which was found in SCC
system$§ floor system impacts were greater than those of framing. Figy@rdisplays
component contributions to total environmental impacts.

As previously discussed, steel framing mass varied less than 2% between structural types.
Likewise, the portion of both total emitied carbon and embodied energy associated with steel
framing variedoy roughly 2% between structural types. Therefore, environmental benefits due to
fewer framing members in the STC system were found to be negligible. Consedhently,

environmental bené$ of the steetimber system stemmed primarily from CLT floors.
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Figure 43: Totalembodied carbon and embodied energy of structuitesstages [ALA3], [C2-
C4], and [D]

Table 46: 7-Storytotal environmental impactkife stages [A1A3], [C2-C4], and [D]

7S STC 7S SCC
% % % %

Material CI:EC(): _[Eg] Total EE[MJ]  Total CE(():ZEZQ] Total EE[MJ]  Total

zeal gc EE 94 Ec EE
CLT -374,607 -27.2 758,668 3.77 -- -- -- --
Acoustic Mat 237,934 17.2 2,800,391 13.9 -- -- -- --
Steel Framing anc 4 141 957 799 12,899,810 64.1 1,122,671 41.0 13,093,578 44.2
Fireproofing
Metal Deck -- -- -- -- 332,134 12.1 5,520,449 18.6
2500 psiPlain 494354 300 3,662,010 182 - - - -
Concrete
4000 psi
Reinforced -- -- -- -- 1,283,842 46.9 11,034,420 37.2
Concrete
Floor Assemblage 277,651 20.1 7,221,068 35.9 1,615,976 59.0 16,554,869 55.8
Total 1,379,608 100 29,120,878 100 2,738,647 100 29,648,447 100



Table 47: 18 Storytotal environmental impactkife stages [ALA3], [C2-C4], and [D]

18S STC 18S SCC
% % % %

Material oo _['ég] Total EE[MJ] Total 552!‘;9] Total EE[MJ]  Total
zedl | gc EE a4 Ec EE

CLT 962,478 -22.2 1,949518 3.06 - - - -

Acoustic Mat 606,683 14.0 7,163,625 11.2 - - - -

Steel

Framing and 3,201,512 74.0 37,693,268 59.1 3,148,329 425 36,911,416 45.9

Fireproofing

Metal Deck - - - - 849626 115 14,121,735 17.6

2500 psi

Plain 1,064,521 24.6 9408787 148 - - - -

Concrete

4000 psi

Reinforced - - - - 3411613 46.0 29,308,365 36.5

Concrete

Type X 415563 9.61 7571243 11.9 - - - -

Gypsum

Floor 1,124,289 26.0 26,093,173 40.9 4,261,239 57.5 43,430,100 54.1

Assemblage

Total 4325802 100 63,786,441 100 7,409568 100 80,341,516 100

4.2.3 Cradle to Gat&nvironmental Impacts

Cradleto-gate boundaries encompass product stages onhABIEnvironmental

impacts associated with material production hiénegotential to account for a significant

portion of overall environmental impact. Additionally, these values may provide a comparable
output in studies of varying system boundaries. Varying techniques and methodologies of LCI
may account for biogenic carbandifferent life stages, or neglect it altogether. As previously

stated, this study accounts for biogenic carbon in stagerAdulting in negative values for net

cradleto-gate embodied carbon in the STC structures.

Table4-8 displays cradldo-gate enwionmental impacts, normalidéy floor area, and

Figure 44 displays material contributions. Note that variances between the STC proportions are
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due to the presence of gypsum in thesi@y structure. The results indicate that carbon

sequestered by thember in CLT is significant enough to offset all emissions associated with

b) Cradle to Gate Embodied Energy by Floor Area

Cradle to Gate Embodied Carbon by Floor Area
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Figure4-4: Cradle to gate embodied environmental impacts

Table 48: Cradle to gate embodied environmental impacts by floor area

Net Embodied  oMONOf  Erpodieg  Portion of
Total Total
Structure Carbon Embodied Energy Embodied
[kg COz-eq/n?] mbodie [MJ/m 2] mboodie
Carbon Energy
7S STC -57 -120% 630 90%
7S SCC 92 96% 990 96%
18S STC -49 -83% 770 90%
18S SCC 96 96% 1040 96%

the product life stages. However, despite significant sequestration, nearly 1.5 times the amount
of sequestered carbon i s emit tdecdusinglhelargegthout t

portions of the STC st r uctheyostife siagec(see deaion f oot pr
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4.2.4 Environmental Impacts per Life Stage Conver sely, the SCC struc
are heavilyfrod oaded, as the production stages accou
embodied carbon. Thisisduetoconet e6s car bon offsets,us@associ a
occurring during enaf-life.

In all structures, the largest contributor to cramlgate embodied energy was the
framing component. In the STC structuribg energy associated with the prodantof framing
accounted for an average of 63% of cradle to gate embodied energy and 56% of total embodied
energy. In the SCC structuréle energy associated with the production of framing accounted

for an average of 43% of cradle to gate embodied erardyt1% of total embodied energy.

4.2.4 Environmental Impacts per Life Stage

A deeper examination of LCA outputs attributed to life stages allows one to understand
the variances between structural material environmental impacts andstbegiated causes. The
impacts associated with stages-A2, known as cradle to gate impacts, account for significant
portions of total impacts. Additionally, cradle to gate values are commonly presented as LCA
outcomes, as they are valuable domparison between assessments of varying scopes. As a
result, cradle to gate outcomes are reported and discussed independently4s2&iGnadle to
Gate Environmental Impagts As previously discussed, carbon sequestration of lumber
products causebte | ar gest portions of the STC s-tructul
of-life stages. This is because Module A avoids net carbon emissions due to the large amount of
carbon sequestered in | umber. Co%arecheasilgl vy, t he
frontl oaded. This is due to the production stage

embodied carborConversely, the endf-life and postife stages of concrete are associated with
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the materi al 6s e n vrecydmgancgreuseaSimilarly, thelendrgy requiled e t o
to produce CLT is relatively low compared to the energy required to produce concrete and metal
decking. However, the STC structures have no avoided energy burdens thrabghte

cycles; whereas, the STstructures net a negative embodied energy value in Module D. The
embodied carbon and embodied energy of the structures are presethtelifbyycle stage in

Figures 45 and 46. Tables 49 and 410 go on to reporthelife stage values of each structu

and their relative percentage of the total impact.

Note that avoided embodied carbon and embodied energy burdens associated with SCC
structures in Module D are only a fraction of the avoided burdens associated with STC structures
in Module A. In the cse of embodied carbon, the avoided burdens attriiatédtory and 18
story SCC structures (Module D) are 12% and 14% of the avoided carbon burdens attributed to
the STC structures (Module A). A similar comparison between net embodied energy in the
strudural types is not valid. CLT was assumed to be incinerated for energy recovery in the post
life stage. Howevetheenergy produced by incineration was not significant enough to overcome
the remaining STC material so6 ,dhepetegnpodidde mands i
energy associated with Module D of STC structures is positive and contributes to overall energy
demand. Therefore, avoided energy burdens are unique to the SCC structure.

More points of interest in the life stage breakdowns are the &rpodied carbon values
associated with CLT in the product (Module A) and-efife stages (Module C). As discussed,
lumber products sequester relatively large amounts of cémgfoneproduction. As such, the
sequestered carbon is accounted for in M@du This createad very large negative embodied

carbon attributed to the product imuohobttt CLT. H
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carbon sequestered within CLT wasreéeased into the atmosphere. This is due to the

assumptions specifiedrfthe material enaf-life scenarios; the CLT was assumed 14.5%

recovered for reuse, 22% incinerated for energy production, and 63.5% landfilled3Tdhle

As a result of these assumptions, 81% of the carbon sequestered by CLT was released due to

materal breakdown in a landfill or emitted due to material recovery and energy production. This

resulted in relatively high embodied carbon impacts duringodsifie stages for the STC

structures. Note the comparabilitytbe embodied carbon of STC in Moduleand SCC in

Module A (Table 49).
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Figure 45: 7-Story embodied environmental impacts per life stage
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Table 49: Net embodied carbon per life stage

[ALl 7 A3]
Product
-1,653 -120%
2,639 96%
-3,590 -83%
7,095 96%

Net Embodied Carbon [kg CQ-eq]

[A4]

Transportation

66.70
34.75
193.6
95.35

5%
1%
4%
1%

[C2T1 C4]
Endof-Life
2,686 195%
271.8 10%
6,972 161%
722.7 10%

Table 410: Net embodied energy per life stage

[ALli A3]

Product
1,819 90%
2,853 96%
5,701 89%
7,694 96%

Net Embodied Energy [MJ]

[A4]

Transportation

37.11
50.53
127.7
138.7

2%
2%
2%
2%

12t

[C2T1 CA4]
Endof-Life
114.5 6%
241.0 8%
416.6 7%
640.6 8%

[D] Post Life

[D]

Post Life
280.0 20%
-206.6  -8%
750.3 17%
-504.0 -7%

[D]

Post Life
41.38 2%
-180.0 -6%
133.1 2%
-439.3 -5%

Total

1,380
2,739
4,326
7,410

Total

2,012
2,965
6,379
8,034



4.2.5 Floor System Environmental Impacts

Isolating floor systems providénsightful data by displaying disproportionality of
environmental impacts and component depth. Despite composing only 17% and 15% of STC
floor system depths, concrete accounted for 150% and 95% of floor system embodadasarb
well as 51% and 36% of embodied energy. Conversely, CLT composed 77% and 68% of STC
floor system depths but accounted f685% and86% of embodied carbon as well as 11% and
7.5% of embodied energy.

7-Story and 18Story STC floorassemblies resulted in ¥¥&nd 1/4" of the embodied
carbon of SCC floor assembli@sigure 47). Similarly, substantial decreasesembodied
energy resulted from the timber floor alternatives, with the systems demanding 57% and 40%
less energy. Despitbstantial benefits to the alternative, the presence of gypsum in STC floors
hada significant impaa increasing timber floor assembly mass, embodied carbon, and
embodied energy by 10%, 59%, and 41%, respectively. §a4d#& and 412 detail the total
outputs obtained from floor system analyses and the relative percentagg @bor impacts.

Table 413 summarizes the results normalized by floor area.
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Figure 47: Totalembodied carbon and embodied energy of floor assemblaggestages [AL
A3], [C2-C4], and [D]

Table 411: Floorassemblages7-story total life environmental impactsife stages [ATA3],
[C2-C4], and [D]

7S STC 7S SCC
EC[10° . .
. kg & EE [10% & EC [10° & EE [10* % Floor
Material COom Floor MJ] Floor kg CO»- Floor MJ] EE
eq]2 EC EE eq] EC
CLT -374.6 -135 75.87 10.5 -- -- -- --
FETLEIE 237.9 857 2800 388 - - - -
Mat
Metal Deck - -- -- - 332.1 20.6 552.0 33.3
2500 psi
Plain 414.3 149 366.2 50.7 -- -- -- --
Concrete
4000 psi
Reinforced -- -- -- -- 1,284 79.4 1,103 66.7
Concrete
Total Floor 5202 400 7221 100 1616 100 1,655 100
Assemblage



Table 412: Floorassemblages18-story total life environmental impactsife stages [A1A3],
[C2-C4], and [D]

18S STC 18S SCC
EC[10° o o

. kg i EE [10% ‘“ EC [10° % Floor EE [10* i

Material co,. Floor MJ] Floor kg CO»- EC MJ] Floor
2 EC EE eq] EE
eq]

CLT -962 -85.6 195 7.47 -- -- -- --
Acoustic 607 540 716 275 - - - -
Mat
Metal Deck -- - -- - 850 0.93 1,412 325
2500 psi
Plain 1,065 94.7 941 36.1 -- -- -- --
Concrete
4000 psi
Reinforced -- - -- - 3,412 99.1 2,931 67.5
Concrete
Type X 416 370 757  29.0 ~ - - -
Gypsum
TolFloor 154 100 2,609 100 4261 100 4343 100
Assemblage

Table 413: Summary of mass and environmental impacttool assemblaget.ife stages [Al

A3]
Floor Assembl Embodied Carbon Embodied Energy Mass
y [kg CO2-eq/n?] [MJ/m?] [kg/m?]

CLT + Acoustic Mat +
Concrete (YStory STC) SHEx 22l Ay
CLT + Gypsum +
Acoustic Mat + Concrete 15.2 353 228
(18-Story STC)
Concrete + Metal Deck - 56.8 581 236

Steel Reinforcing (SCC)

4.3 Sensitivity Analysis
4.3.1 Influence&CLT Sourcing
The need to understand how prodspecific environmental data impacts life cycle

assessment was identified during this stdayclose the knowledge gap, a sensitivity analysis

12¢



was conducted utilizing five North American CLT EPDs. Various mass timber producers in
North America publish EPD®r specific manufacturing centers. To better understand how
regional data may affect environmental impacts, the sensitivity analysis included manufacturing
centers from various regions of North America. The data obtained from EPDs was global
warming potatial, fossil fuel depletion, and sequestered carbon assowiate@LT at

produced the relative manufacturing centers. Figu8eand Table3-14report CLT

environmental data and the associated regions.

It is important to not¢ghatembodied energy had emutlier data point. The reported
cradle to gate energy of the CLT produced in Eastern Canada was roughly 10 times higher than
the remainder of the data set. Further review of the published data reveals citations of proper
development standards and tecjugs. However, the EPD reports no tipatty LCA review, as
is commonly declared within these documents. As a result, this paper reports the data obtained
from CLT produced in Eastern Canada but does not include it in statistical analysis.

The dispersiomf CLT production data in this paper is relatively low. Net embodied
carbon had a coefficient of variance-&¥%. Similarly, embodied energy had a coefficient of
variance of 18%. The negative coefficient of variance in embodied carbon is due to aenegativ
mean value. This is a valid metric of analysis as all net embodied carbon data points are
negative.

Despite a limited set, data indicated the lowest embodied carbon occurs in CLT
manufactured in the PNW. Embodied carbon associated with the tw@@ducts of this
region averaged 19% lower than the data set mean value. On the contrary, the highest cradle to

gate embodied carbon resulted from CLT produced in the Northern U.S. Rockies. Embodied



carbon produced in this region was 17% higher thandhe skt mean value. It is interesting to
note that the PNW and Northern Rockies regions of the U.S. are adjoining.

A comparativeV\BLCA was conducted in an effort to determine the impact of CLT
sourcing.The only variances LCI datawerethecradle to gee impact data of CLT. Wood
density, CLT transportation distances, CLT -@rfdife scenarios, as well as all other structural
material inputs remained constalDespite the divergent embodied energy data point in the
Eastern Canadiaproduced CLT, the WBLE utilized the producereported cradle to gate
values (Table 4.4). Consequently, the WBLCA embodied energy output related to Eastern CAN
is likely an anomalyTherefore, impacts of varying CLT densities such as structural framing
design due to seliveight variance were not considered. The sensitivity analysis considered 7
story building heights only. Total LCA outputs are reported in Figt@eand Tablel-15,
reportedembodied carbowalues account for biogenic carbdrne impact of CLT data
variations @ WBLCA resulted in coefficiestof variation of 5% and 1% for embodied carbon
and embodied energy respectively.

The ®onclusions drawn from the sensitivity analysis were twofold. Firstly, cradle to gate
embodied carbon and embodied energy may vary 2% between North American produced
CLT products. Secondly, the impact of CLT sourcing does not greatly influence WSBIGCA
environmental impacts. This is due to the remaining structural materials accounting for a

significantly larger portion of emissionscenergy use.
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North American Produced CLT
Cradle To Gate Embodied Environmental Impact by Area
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Figure4-8: Reported production environmental impactiNofth AmericanproducedCLT

Table 414: Cradle to gate environmental impacts of North American produced._{i¢ Btages

[A1-A3]
. Embodied .
Idsgtlﬂ)er:/ Source Carbon Emb([)l\(/jlije/?nlg]nergy
9 [kg CO2-eq/m?]
Soutlresstern SmartLam
u.S. Alabama AL e
Northern u.S. SmartLam -101.6 55 36
Rockies Montana
Pacific North Vaagen
West (U.S.) Washington FaN sl
Pacific North StructureLam
West (Canada) British Columbia -l47.7 4582
Eastern Canad. Nordic Quebec -108.2 486.6
Mean,m= -121.7 44.23
Standard Deviatiors = 20.78 9.212
Coefficient of Variation, CV = -0.17 0.18

*Embodied energy statistics exclude outlier data point
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Table 415: Netenvironmental impacts associated witbrth Americanproduced CLTLife

Sensitivity Analysis Total Embodied Environmental Impacts
Life Stages [A1-A4], [C2-C4], and [D]

Southeast U.S. N.RockiesUS.  PNWUS. PNW CAN
Embodied Carbon [10° kg CO,-eq]
—Net EC ¥ Framing

Figure 49: TotalLCA outputs associated with North American produced CLT

Eastern CAN  Southcast US. N, Rockies US.  PNWUS.
Embodied Energy [10* MJ]
Concrete CLT = Acoustic Mat

Stages [A1A4], [C2-C4], [D]

Embodied Carbon

Embodied Energy

Source Region [10° kg COz-eq] [10% MJ]
Smartlam o) eastern U.S. 1,380 2012
Alabama
SmartLam Northern U.S. 1.410 2 063
Montana Rockies ' !
Vaagen Pacific North
Washington West (U.S.) A8 20k
StructureLam .

o Pacific North

British _ West (Canada) 1,254 2,042

Columbia

Nordic

Quebec EasternCanada 1,388 3,055
Mean,m= 1,342 2,038
Standard Deviatiors = 70.37 21.18
Coefficient of Variation, CV = 0.05 0.01

*Mean embodied energy excludes outlier data point
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The results ofhe main body of work ithis thesisare focused on CLT manufactured in
the Soutkastern United States. This data was chosen in part because of its relevance to the
experimental and numerical study being conducted at Auburn University in a parallel effort to
this paper to develop design gelithes and calculation methodologies. Additionally,
Soutreastern embodied carband energy demand are close to the mean values for all regions

and are thus representativiebroader studies.

4.3.2Sensitivity Analysis: Biogenic Carbon

The need to understand how biogenic carbon impaeesresultswas identified during
this studyas the outcome is influenced by its inclusion and is often disregarded or the inclusions
are unspecified within LCA8Andersen et al. 2021)n aneffort to close the knowledge gap, a
sensitivity analysis was conducted which contrasted the inclusion or exclusion of biogenic
carbon in both STC and SCC life cycle assessments. Results indicate the consideration of
biogeniccarbon is paramount to the environmental performance of the STC system. Whereas the
consideration of biogenic carbon only negligibly impacts the environmental performance of the
SCC systemFigure 410 and Table 416 reportthetotal life assessment outgutf STC and
SCC systems, both excluding and including biogenic carbon.

This paper reports total life sensitivity analyses. The only variances were the inclusion or
exclusion of biogenic carbon. The exclusion of biogenic carbon was carried out by tffning
the consideration within the analysis software as well as modifying input data that was extracted
from EPDs to exclude carbon sequestration. All material quantities, wood density, transportation

distances, end of life scenarios, as well as all aitractural material inputs remained constant.
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Biogenic carbon data for all products besides CLT was reflectiValbf database specifics and
not user inputs. The sensitivity analysis considerstby building heights only.

Resulting variances of tothfle embodied carbon due to biogenic carbon consideration
were less typically than 2% except in CLT which decreased total life embodied carbon by 130%.
This was expected due to the carbon sequestered within lumber which causes lumber products to
act as cadon sinks. As a result, lumber products often have net negative embodied carbon.

One may note that biogenic carbon decreased embodied carbon values in all products
except theacoustic mat. This product was manually adjusted to reflect appropriate E#°D dat
(see sectioB.2.4 Life Cycle InventoryHowever, the product had no reported biogenic carbon
and was not inputted to account for such. Therefore, the nearly negligible inoresaé
embodi ed carbon is | ikely alfercelsescénarioof t he gen

assumptions withially.

Biogenic Carbon Sensitivity: Total Embodied Carbon
Life Stages [A1-A4], [C2-C4], and [D]
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Figure 410: Juxtaposition ofotal LCA outputs: excluding or including biogenic carbon
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Table 416: Totallife embodied carbon when excluding or including biogehiie stages [Al

A4], [C2-C4], [D]

Steel Timber Composite

Embodied Carbon [1C kg CO2-eq]

SteelConcrete Composite

No Biogenic No Biogenic

Element Biogenic Carbon Difference = Biogenic Carbon Difference

Carbon Included Carbon Included
CLT 1,221 -374.6 130% -- -- --
Acoustic Mat 236.2 237.9 0.76% -- -- --
SIEE] AEINE 1,105 1,102 0.26% 1,126 1,123 0.27%
and Fireproofing
Metal Deck -- -- -- 340.2 332.1 2.4%
2200 pEl PE 418.7 414.3 1.0% - - -
Concrete
4000 psi
Reinforced -- -- -- 1,299 1,284 1.1%
Concrete
Total 2,981 1,380 54% 2,765 2,739 0.94%
Floor 1,876 277.7 85% 1,639 1,616 1.4%
Assemblage
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Chapter 5: Summary, Conclusions, and Recommendations

5.1 Summary

The primary objective of this study was to comparatively investigate theoemental
impacts ofthe novelsteettimber composite structural system with an established structural
system counterpaiiy this case ateelconcrete compositgystem To explore the sustainable
merits associated with STC and SCC systems, the superstructures of funcéiguashlent
office buildings at 7and 18story heights were designed and the components of each were
analyzed in rigorous life cycle assessment.

Both structural systems were designed to comply with industry standards and
recommendations for serviceabyjlin office buildings. The design of the STC structures
provided insight into the structural performance and nuances introduced when CLT panels are
employed as a composite floor slab. Additionally, the dtegder composite design was
contrasted with nogomposite design, shedding light on the advantages in stiffness and strength
when harnessing composite action in steeber systems.

The environmentally focused module of this thesis revealed the material usage (mass),
embodied carbon, and embodieargy associated with the final STC and SCC designs. Reports
of environmental impacts within the boundaries of cradle to gate, constituent life stages, and total
life were reported. Additionally, the weighty influence of the floor systems on the whol@lguild

environmental impacts were highlighted.
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5.2 Conclusions

5.2.1 Steellimber Composite Design

The gructural desigaprovided insight into nuances associated with the-sitebler
composite system. The following results are notable, particularly dagaoe to designers that
may be unfamiliar with ste¢gimber composite design.

1. Vibration was a significant factor in the design of steaber composite members.
Studies focused on floor system vibration in this thesis indicated the stiffness
contributel by steel framing more significantly mitigated peak accelerations than
additional concrete topping.

2. The orthotropic nature of CLT panels result in varying material properties (modulus
of elasticity, compressive strength, etc.) in individual laminatibasdre relative to
steelto-panel orientation. As a result, transformed section properties varied between
composite beams and girders.

3. CLT panel depth was controlled by firesistance requirements. As so, efficient floor
panel span lengtHsr the steetimber composite systemere 15 ff which exceed
typical floor spans of concrete composite floor decks (10 ft).

4. Significant advantages were found to be associated with STC design relative to non
composite design. The design sections utilized in the structures of this thesis would

have failed in nofcomposite design scenarios.



5.2.1 Life Cycle Assessment

Environmernal advantages were found to be associated with the STC structures, relative
to the SCC structure$he analyses provided valid whdiailding comparisons and the
following results were achieved.

1. Embodied carbon, or global warming potential, was lowenénSTC systems than the
SCC systems. Total embodied carbon was reduced by 50% and 42%-stoimg and
18-story structures, respectively.

2. Embodied energy, or primary energy demand, was lower in the STC systems than the
SCC. Total embodied energy was reeld by 32% and 21%.

3. Steel framing mass arit$ associated environmental impacts were compatziigeen
systems of the same height. As a result, environmental benefits attributed to STC
structures stem predominately from floor assemblages, whitpa@seanaverageof
86% of total superstructure mass.

4. STC systems had lower embodied carbon, embodied energy, and mass associated with
floor assemblages by an average of 380%, 98%, and 10%, respectively.

5. In wholebuilding comparisons, cross laminated timbeoflpanels averaged 130% lower
embodied carbon, 93% lower embodied energy, and 52% lower mass than camcrete
metal deck slabs.

6. Although the volumes of steel frame were nearly equivalent between structural types, the
environmental impacts of the materiat £xceed its proportion to structural mass. In STC
structures, hetolled steel averaged 14% of total mass, 77% of total embodied carbon,
and 62% of total embodied energy. In SCC structures;dtiet! steel averaged 13% of

total mass, 42% of total embedi carbon, and 45% of total embodied energy
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5.3 Study Assumptions and Limitations

Assumptions surrounding product involvement and variances in LCI methodology have
thepotential to create discrepancies in environmental impact calculations. The LCf thaga o
study is representative of thally 2023internal databas@/ersion 2022.04.08.01; Building
Transparency 2022as well as the environmental product declarations and life stage scenarios
detailed inChapter 3Data beyond this study may only be qgarably valid if building
components, material proportions, upstream production processes, production regions, system
boundaries, biogenic carbon considerations, environmental data collection, and life stage
scenarios used in the study are transparentusnrationally equivalent.

Steeltimber composite design calculations were developed internally duadk of
design guidance on the novel system. Stie#ber composite beam nominal capacity and screw
shear capacity assumptions were gathered from ariengntal and numerical study conducted
at Auburn University in a parallel effort to develop design guidelines and calculation
methodologies. Vibration design methodology for the STC system was established by modifying
the calculation procedure providedAtSC Design Guide 15 design document intended for
steelconcrete systems. The STC design was primarily controlled by vibration requirements,
which designers commonly disregard as a design considermagsign scenarios in which
vibration is not a factr in design arexpected further improve the environmental impact benefits
of STC system. Further studies on the vibration characteristics and applicably©DG11

on STC systems are recommended



5.1 Recommendatio#1: Vibration of Long Span SteeTimber Composite Floor Systems

5.1.1 Need for Laboratory Testing

Exploration of vibration of STC floor systems has been carried out by research teams in
Australia(A. Chiniforush et al. 2019; Hassanieh et al. 2019; Chiniforush et al. 28&Wever,
phystal tests were limited to relatively short span lengths (20 ft clear span), more typical of
residential use buildings. As a result, there is a need for vibration studies-splang30 ft or
greater) steelimber composite systems with loads represergaif various occupancy types.

Preliminary analyses indicate that expected superimposed loads of greater magnitudes
may dampen vibration and lead to decreased reliance on steel member stiffness in vibration
mitigation. Furthermore, variations of paranstthat influence floor system vibration and
acceleration would be beneficial. This would supply further knowledge as to efficient span
lengths, occupancy types, and load intensities. Physical experiments which vary span lengths
may encompass a broadergarof occupancy types and the corresponding efficient bay sizes.
Physical experiments which vary load intensities may encompass a variety of occupancy types

and appropriate loadings of such.

5.1.2 Uncertainty in Empirical Vibration Evaluation

In parallel with vibration studies, there is a need for current timber floor analysis methods to
be verified or developed further for stéhber systems as new knowledge is develop¢éaC
Design Guide 1inethods are popular for vibration analysis oékteamed and timber structures
(Breneman and Zimmerman 2021; Murray et al. 20H@)wvever, the empirical formulas were
designed for steadoncrete floor systems and may not be entirely accurate for the Jigéignt,

greater depth, concrete topping, omposite action of steéimber composite floor systems. As

14C



a result, laboratory testing and methodology adaptations may be most beneficial to the structural

engineering industry when completed in tandem.

5.2 Recommendatio#2: Impact on Foundation and lateral Force Resisting Systems

Steeltimber composite systems have shown the potential to decrease superstructure mass
by up to 35% when compared to steehcrete and 500% when compared to reinforced concrete
systemqChiniforush et al., 2018; SOM, 201As a result, the adoption of STC structures in
earthquakeorone regions has the potential to supply further design benefits when compared to
more established systems. As earthquake loads are inertial, structural design is dependent on
superstructure massd the lightweight STC floor system has the potential to result in smaller
crosssectional framing. Similarly, the decreased superstructure mass has the potential to
decrease concrete foundation sizes which may significantly vary concrete material use and

alleviate associated environmental impacts.

5.3 Recommendatio#3: Constructability and Cost Studies

Beyond biophilic aesthetics and a decreased environmental impact, the use of mass
timber panels in composite timbsteel floor systems has become imsiagly attractive to
owners, installers, and designers because of its benefits-Bteosafety and scheduling
efficiencies(Zuo et al. 2017)These benefits are largely attributed to the modular installation
process, which decreases the number of reduemployees and can reduce construction
schedules by 30 to 50 percéAtkins et al. 2022)Given the potential constructability benefits,
there is a need to quantify the potential labor hours and schedule duration of composite steel
mass timber structal systems relative to other common structural systems. To do so, cost

estimates and schedule durations for each of the benchmark structures in the current study were
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compiled. This included the exact size of members and material quantities of the esruldar

results will be the total project cost, estimated required employees on site, and schedule duration.
While a body of research exists into the comparison of steel, concrete, and mass timber,

thefinancial implications of structures comprisiagly mass timber make them economically

incomparableSteettimber compositealternatives createnafficient and affordable innovation

in the mass timber market.

5.4 Recommendation #4&teelTimber and Concretelimber Comparative WBLCA

Literature reviewand the results of this thesis indicate steel structural systems and
framing have embodied carbon and energy coefficients higher than other structural materials
(Har t D6AmMi co, and Po mploightof2he etieme dvdroniventalf et
impacts associated with steel, concitetgber hybrid systems may provide a structural system
environmentally competitive with stegéinber. Therefore, a whole building life cycle assessment
that compares functionally equivalent steeiber and steetoncete structures would clarify the
environmental efficiency of concrete framing, as well as juxtapose the environmental impacts of

concrete and steel framing.
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Appendix A: Steel Timber Composite Design

A.1 Example of STC Vibration Calculations

Example Calculation: Steel Timber Composite Design Check
Design Scenario

Check the vibration utilization of a steel-timber composite floor system. The system is comprised of W18x40 beams at 15'-0" O.C.
framing into W24x55 girders spaced at 30'-0" O.C. The floor assembly is comprised of 5-ply Southern Pine CLT topped with 1.5"
NWC. Assume the acoustic mat and any necessary gypsum is accounted for within superimposed dead loads.
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Guidance from AISC Design Guide 11

Superimpesed Loads in Vibration Analysis

3.3 SUPERIMPOSED LOADS FOR

VIBRATION ANALYSES

Table 3-1. Recommended Superimposed Live Loads
for Walking Vibration Analyses

The response of a floor due to human activity is typically
greatest when the floor is lightly loaded. Therefore, strength
design dead and live loads should not be used for vibration

Occupancy

Recommended Live Load, psf

Paper office

11

analysis. Instead, estimates of actual or expected day-to-day Electronic office 68

dead and live loads should be used. Residence 6
To estimate actual dead loads, it is recommended that for Assembly area 0

normal mechanical and ceiling installations, 4 psf be added Shopping mall 0

to the structural system weight. For special cases, this value
should be adjusted up or down as necessary.

Recommended live loads for vibration analysis are shown

Damping Coefficients

Table 2. Recommended Component Damping Values for Use in Equation -1

Ratio of Actual
[ Damping-to-Critical Damping, B

Structural system 0.01

Ceiling and ductwork 0.01

Electronic office fit-out 0.005

Paper office fit-out a0t

Churches, schools and malls 0o

Full-height dry wall partitions in bay 0.02 1o 0.08

more dampn

“Depanding on the numbes of partitions in the bay and their location; nearer the center of the bay provides
9

Acceleration Limit

Table 4-1. Recommended Tolerance Limits for Building Floors

Occupancy

Acceleration Limit a./g x 100%

Offices, residences, churches, schools

5 0.5%
and quiet areas
Shopping malls 1.5%
M Aar foyr commeareial
LRSS S SR = S
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TS dd vaina

Summary of service level loads and self weight:

Peppi—39 (pcf) (Density of Southern Pine CLT)
Pyop = 145 (psf) (Density of plain concrete topping)
DL ey =4 (psf) (DG 11 Section 3.3: Superimposed DL)
LL:=11 (psf) (DG 11 Table 3 - 1: Expected LL)
super = Ploypey +LL — 15 (osf (Superimposed pressure)
Beam and Girder Material Properties
E_:-25000 (ksi)
F, =50 (ksi)
Concrete Topping Material Properties
' _:=4000 (psi) (Compressive strength of concrete topping)
3 (psi) (Compressive strength of concrete topping)
E_:= Prop 21'03036 W/Tr" —3644.1 (ksi) (Modulus of elasticity of concrete topping)
CLT Material Properties:
No. 2 Southern Pine Adjusted Design Values
E:=1400 (ksi)
cpara = 1.+ 450 (ksi)
L perp = 0.565 (ksi)
E 'para i=E-1.0-1.0-1.0—1400 (ksi) (Effective E of laminations parallel to beam span)
B! pp=0.03-E' _  —42 (ksi) (Effective E of laminations perpindicular to beam
span)
para = Topara '1-0°1.0-1.0.1.0:2.4-.9..8=2.51 (ksi)
f,:.'perp . faperp‘1-0‘1-0‘1-0‘1-0‘1-67‘ 5—0.85 (ksi) (Reference NDS 2018 for adjustment factors)

Beam Layout and Properties

Section: W18x40

A =11.80
I, :=6l2
d, =17.9
wy =40

L, =30
5,:=15

15¢

gl R ST P I R
SN L e B G

(Cross sectional area)

(Moment of inertia about x-axis)
(Section depth)

(Section self weight)

(Beam span length)

(Beam spacing)



=]

f r
cperp

. 0.85
opara 2.51
o= cperp [ =| 0-85
'qpara 2.51
£ 0.85
cpsrp
Girder Layout and Properties
Section: W24x55
A, =16.2
Ig =1350
dg :=23.6
w_:=55
g
Lng =30
d:-: 14
dﬂ
L:learg:iLng - 12 =28.8
cpara )
£ 2.51
cperp 0.85
£ = T para | —| 2.51
' 0.85
FEE 25
rc'para
Deck and Slab Geometry
dmp =1.5
d.,,=6.875
1.375
1.375
t:=|1.375
1.375
1.375
d d
_ top CLT
Wderk :7‘Otop'T+‘oc‘LT' 12 —40.5

Geometric Layout

Wy . :=7-30—210
Tronei=T030=210
Damping Ratio
B:=0.03

Acceleration Limit

accelmax :=0.005

Al

(in*2)
(in*4)
(in)
(Ib/7)
(ft)

(in)
()

(ksi)

(in)
(in)

(in)

(pst)

()
()

15¢€

oo e =

(Relative to BEAM: Compressive
strength of CLT laminations from top
to bottom)

(Cross sectional area)

(Moment of inertia about x-axis)
(Section depth)

(Section self weight)

(Girder span length)

(Estimated column depth)
(Girder clear span length)

(Relative to GIRDER: Compressive
strength of CLT laminations from top
to bottom)

(Concrete topping depth)
(CLT panel depth)

(Depth of CLT laminations from top to bottom)

(Weight of floor deck)

(Total building width)

(Total building length)
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Composite Steel Timber Beam Properties

[T

-

bz € fqgdiom
R S R

ES
' para 20.7 (Modular ratio of timber laminations parallel to beam)
ne= E, - [ £90.5 ] (Modular ratio of timber laminations petpindicular to beam)
E r
pezp
0.4-L,-12 144
b 1= =
effposs Sb L12 180
b_-=min {be Frposs J =144 (in) (Effective flange width in vibration calculations)
beff
a4 6.95 (in) (Transformed flange width of laminations parallel to beam)
transf | p o :[ 0.21 ] (Transformed flange width of lams perpindicular to beam)
e.
n
2
transf
transf 0.21
6.95 (in) (Corresponds to panel orientation relative to beam span)
b = transf =|0.21
transf 2
6.95
transf 0.21
transf
b -t
transf E
ran l l
transfz‘t 2 0.29
9.56
cransE transf T 3|=|0.29 (in"2) (Transformed area of laminations from top to bottom)
9.56
btransf.q‘t a 0.29
b -t
transf
ran 5 5
.5.d —4-t 5.t
0.5-d,—4-t +0.5-t
0.5-d, 3-t 0.5-t 15.1
i L 2| |13.8
—|0.5-dy—2-t +0.5-T_|_|q5 4 (in) (Distance of each lam's neutral axis from steel neutral
yT'7 1 3| ) 7' ax','s.) B
0.5-d,+t _+0.5-¢ 11 (Thickness of lam 1 utilized where necesseary for
5 4 9.6 simplifications)
0.5:d, +0.5-¢
v — Atransf 'YT+A51: -0 7.79 ) ] )
ssetion T A _ oomar  *Arroner FAL (in) (Composite section

Mook

+ Atransf 2 + Atransf 3 +4

neutral axis)



1
12 : transf [t l]
1 £y
12~ transf [ 2] 0.045
1 3 1.506
Tpi~| 1z ‘Peranse *[* 3] |=|0.045 (in"4)
1.506
3
%Ibtransf '[t4] 0042
4
1 -b [ t ] 3
12 transf 5
5
_ 2
n 1 = Atransf T Y ) ~Yoeotion
1 1
—A 2
i 27 Ttransf ’ yT 7ysectio_n
2 2
a 2
m 3’ Ttransf ’ yT 7ysection
3 3
) 2
m A '7Atran5f | ¥r T ¥seorion
4 4
) 2
m 5 ':Atr‘ansf | ¥r T ¥sesrion
5 5

(in"4)

(Moment of inertia of each lamination about it's own axis)

(Moment of inertia transformation)

(Moment of inertia of the steel timber
section, assuming full composite action)

2 _. .
Immb:l'i,_-i—ml-i-l'z, —m2+IT +m3+IT +m4+IT +1'n5+Ib-1—A5b-ysectm_,1 — 1794 (in"4)

1 2 3 4

Deck Transformed Section Properties

tfl
4.t ——
1 2
td
3P T [ee2
; g (in)
ylam:: Z-t_ __3 =|3.4
1=z 2.1
t
3 0.7
t _2
1+ 2
t
1
2
d
_ Yonr in
Yerr® 5 =3.44 (in)
B 2
mTl :7Atransf ’ ylam _yCLT 2.2
1 1
2.
Moy = Atransf 5 '[ylam 5 “Yerr =18.1
Not for

15¢

5

(Distance of each lam's center of gravity from botiom face
of the panel)

(Thickness of lam 1 utilized where necesseary for
simplifications)

(CLT center of gravity, relative to its bottom face, only
accurate if layup is symmetric)































































