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EXECUTIVE SUMMARY 
The goal of this work was to develop material quantity estimates of a typical mid-rise office building in 
the Pacific Northwest and to deliver the results to the Forestry Research Team in the University of 
Washington (UW) College of the Environment School of Environmental and Forest Sciences.  The Forestry 
Research Team will then use these results to develop regionally specific life cycle inventory data to 
support the greater study funded by the 2015 McIntire-Stennis Research Grant, which is � t̂o assist small 
and medium-sized wood products companies and Native American tribal enterprises to understand and 
adapt to changing market conditions�_ (http://depts.washington.edu/sefsifr/2015-mcintire-stennis-grant-
winners/).   

The work done by the UW Department of Architecture team was executed under the umbrella of three 
activities: 1) Literature review, 2) preliminary studies, and 3) the creation of a prototype wood building. 

In Activity 1, the literature review found that use of CLT in buildings has been advancing around the 
world, and guidelines for CLT design have been developed in recent years, namely the CLT Handbook, 
sections of the National Design Standards (NDS), and a chapter in the International Building Code (IBC).  
Current Seattle building code restricts buildings made of wood products to no more than 85 feet in height 
and no more than 6 stories depending on the use of the building, but this limitation is currently under 
review by the City of Seattle, coinciding with the timeliness of this study. 

Activity 2 evaluated screening level studies performed by students of an architectural life cycle 
assessment class at the University of Washington (Arch 425/525), and surveyed a number of buildings 
that were either in design or under construction in the Pacific Northwest to evaluate typical structural 
systems and cladding types. This research helped identify a reference building that was representative of 
typical office building construction that could be used as the reference building for this study. 

In Activity 3, a set of wood prototype buildings were developed based on the reference building.  First, 
the wood structural design was developed using a parametric model that sized gravity framing members 
for various geometries and configurations using current code design standards.  Then, the building model 
was subjected to a brute-force parametric algorithm to design thousands of buildings by varying 
geometric properties.  From the resulting dataset of wood buildings, four prototypical configurations 
were selected, each with a charring design and a non-charring design, resulting in eight buildings total.  
For the non-structural quantities (exterior wall, roof, and subgrade waterproofing options), estimates 
were developed using professional judgement and unit quantity estimates. See Table 13 for the total 
mass quantities for the wood prototype buildings, and Table 14 for the per unit area mass quantities.  It 
should be noted that the per unit area mass quantities also averaged the non-structural quantities 
(foundations, subgrade, shear wall, exterior wall, roof) in order to convey the coarseness of these 
component estimates.  �d�Z�����(�}�}�š�‰�Œ�]�v�š���}�(���š�Z�������µ�]�o���]�v�P�•���Á���Œ�������‰�‰�Œ�}�Æ�]�u���š���o�Ç���í�ò�ì�[���Æ���õ�ì�[�U��with grid spacing 
variations determining the overall footprint of the buildings.  All of the wood buildings were 8 stories tall 
and had 3 subgrade levels. 

The evaluation of 1600 structural design iterations highlighted the following observations within the mass 
timber system that could result in lower volumes of wood (glulam and CLT): 

�x Excluding charring design (meaning that it is preferable to use gypsum wallboard for fireproofing) 
�x Including slab composite action between the CLT slab and the concrete topping slab, though 

composite action was not included for the wood prototype buildings because it is not typical in 
design practice 

�x Having at least one intermediate beam subdividing a bay (resulting in shorter CLT spans).  Ideal 
CLT spans are likely between 10 �t 17 feet. 
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The preliminary environmental impacts for the wood prototype buildings and concrete baseline building 
were explored using data from the Athena Impact Estimator version 5.1.  The life cycle scope of the 
impacts were limited to Stage A.  Global warming potential was explored in more detail.  The key findings 
are summarized as follows: 

�x The global warming potential of the wood prototype buildings ranged from 3,750,000 �t 
4,328,000 kg CO2e total, and per unit area values ranged from 394 �t 405 kg CO2e/m2.  The global 
warming potential of the concrete baseline building was estimated at 5,672,000 kg CO2e total, or 
530 kg CO2e/m2. 

�x The total global warming potential of the wood building was approximately comprised by the 
building components as follows: structure �C 20%, subgrade �C 20%, foundation �C 15%, lateral 
system �C 12%, and envelope (exterior wall and roof) �C 33%.  

�x The slab (CLT and concrete) constituted approximately 70% of the environmental impact of the 
building structure. 

�x The concrete materials in wood prototype buildings comprised the majority of the environmental 
impact. 

There are a number of limitations to the results of this work, described in Section 7.  Key limitations 
include: 

�x The prototype/baseline building represents engineering judgement of the research team and is 
not a result of a statistical sampling of building stock or actual design practice.  In particular, the 
estimates for the non-structural components of the building (foundations, subgrade, shear wall) 
are very coarse, and are included only to provide order-of-magnitude estimates to put the wood 
structure into the context of the whole building. 

�x Non-structural features such as mechanical, electrical, and HVAC systems were not included. 
�x Given that the LCA in this report is preliminary, it has not undergone a critical review, and 

comparative assertions should not be made from this data. 

At the conclusion of this report, the following future research needs were identified: 

1. Develop regionally specific LCI data for materials 
2. Refine structural design of gravity system with professional input 
3. Develop prototype CLT lateral system  
4. Develop competitive (thinner and more materially efficient) floor system 
5. Explore the effects of reduced building weight on foundation and lateral system requirements 
6. Develop simplified parametric model for office building LCA studies 
7. Develop a statistically representative model for office building construction 
8. Develop a more comprehensive model of office building LCA (MEP, finishes etc.) 
9. Develop design tools to explore optimization alternatives for mass timber buildings 
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1 INTRODUCTION 
Recently, a large number of new laws, regulations, policies and programs have been adopted around the 
Pacific Rim that could significantly affect the specification, use, and trade of wood products from 
Washington State.  ���š���š�Z�����h�v�]�À���Œ�•�]�š�Ç���}�(���t���•�Z�]�v�P�š�}�v�[�•���^���Z�}�}�o���}�(�����v�À�]�Œ�}�v�u���v�š���o�����v�����&�}�Œ���•�š���^���]��nces (SEFS) 
in the College of the Environment (CoE), Professors Ivan Eastin and Indroneil Ganguly have initiated a 
�•�š�µ���Ç���š�]�š�o�������^���•�•���•�•�]�v�P���š�Z�����/�u�‰�����š���}�(���d�Œ���������W�}�o�]���]���•���}�v���š�Z�������}�u�‰���š�]�š�]�À���v���•�•���}�(���t�}�}�������Æ�‰�}�Œ�š�•���(�Œ�}�u��
�t���•�Z�]�v�P�š�}�v���^�š���š���U�_���Á�Z�]���Z implements � â program of research and extension activities designed to assist 
small and medium-sized wood products companies and Native American tribal enterprises to understand 
and adapt to these changing market conditions�_ (https://depts.washington.edu/sefsblog/tag/mcintire-
stennis/).  This work is funded by the United States Department of Agriculture (USDA) via the 2015 
McIntire-Stennis Research Grant.   

As part of this study, the viability of wood buildings in the Pacific Northwest is being assessed by 
Professor Kathrina Simonen and her team in the Department of Architecture (�Œ���(���Œ�Œ�������š�}�����•���Z�š�Z�����Œ���•�����Œ���Z��
�š�����u�[���]�v���š�Z�]�•���Œ���‰�}�Œ�š).  To do so, the research team was tasked to develop a prototypical mid-rise (typically 
defined as 4 �t 10 stories) commercial office building made primarily of wood structural components.  
These material quantities will allow the SEFS/CoE research team to assess the impacts of commercial 
wood buildings in the Pacific Northwest using regionally specific LCA data models. 

This report documents the research methodology of developing the wood prototype building and 
presents resulting material quantity take-offs. 

 

2 PROJECT OBJECTIVE 
The primary objective of this project is to provide estimates of architectural and structural material 
quantities of a prototypical mid-rise commercial office building constructed of mass timber in the Pacific 
Northwest.  This material consumption data will be used by SEFS/CoE team to evaluate the building using 
regionally specific Life Cycle Assessment (LCA) data of cross-laminated timber (CLT).  The final results 
consist of low, medium, and high estimates of material quantities for the following components of the 
prototype building: 

�x Structure 
o Gravity system 

�ƒ Building structure: Beams, columns, slabs, and fireproofing if needed 
�ƒ Subgrade: Basement walls, columns, and suspended slabs 
�ƒ Foundation: Slab-on-grade, continuous footings, and column footings 

o Lateral system 
�ƒ Building structure: Shear walls 
�ƒ Foundation: Mat foundation 

�x Enclosure  
o Exterior walls 
o Roof 
o Subgrade waterproofing 

 

3 RESEARCH METHODOLOGY 
This report has defined three building terms as follows: 
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�x Reference building: An existing building that was selected to be representative of the building 
stock of interest: mid-rise office buildings in the Seattle area.  The reference building is used to 
inform the design of the baseline and prototype building. 

�x Baseline building: The simplified version of the reference building; details are changed to 
facilitate quantity take-off calculations and to protect the identity of the reference building. 

�x Prototype building: The wood version of the baseline building. 

Three major activities were undertaken before developing the prototype building. 

The first activity involved a literature review of mass timber applications in mid-rise commercial office 
buildings.  The literature review also explored optimization studies that aimed to reduce material 
quantities in mid-rise building structures.  Additionally, given that a major objective of this research work 
was to define the prototype building, the literature review identified different methodologies to define 
such a building in accordance with accepted standards. 

A reference building, also known as a �Zbaseline building,�[ can be described as � â building characterized by 
and representative of their functionality and geographic condition, including indoor and outdoor climate 
conditions�_ (Corgnati, Fabrizio, Filippi, & Monetti, 2013).  The reference building for this project was 
defined using the Example Reference Building Methodology (ERB).   In this report, the reference building 
is the unnamed, existing building that was recently built in Seattle, and the prototype is the simplified 
wood version of the reference building.  The final prototype building includes the description of the 
structural core (load bearing floors, columns, walls and foundation) and exterior enclosure �~�Z���}�Œ�������v����
�•�Z���o�o�[�•�U��as this is the most common scope for initial construction of commercial office buildings (USGBC, 
2014) (DGNB, 2014) (Initiative, G. B. , 2013).   

Activity 2 involved preliminary studies of wood buildings and exemplary buildings in the Seattle area.  The 
findings are contained in Appendices A and B.   

Activity 3 developed the prototype building.  First, the research team selected a concrete framed 
commercial office building recently built in Seattle upon which the prototype building would ultimately 
be based to serve as the reference building.  To develop the wood structure, the research team analyzed 
the results of a parametric algorithm developed by Kristen Strobel, a recent UW graduate, for her thesis 
project titled � (̂Mass) Timber: Structurally Optimized Timber Buildings�_ (Strobel, 2016).  This structural 
optimization study provided the material quantity estimates for the gravity system of the prototype 
building.  For the other parts of the prototype building, the reference building was simplified into a 
baseline building from which material quantities could be estimated without disclosing identifying 
features of the reference building.  Individual components of the baseline building, such as the cladding, 
roof assemblies, and subgrade components, were developed somewhat independently of the reference 
building.  All of the different components were pulled together to describe the final prototype building, 
and the environmental impacts were also calculated for both the wood prototype building and the 
baseline concrete building. 

 

4 ACTIVITY 1: LITERATURE REVIEW 
A literature review was undertaken to explore existing work that could support the development of the 
prototype building.  First, to obtain the context for the viability of a commercially attractive wood 
building in the Pacific Northwest, the research team explored the topic of mass timber in mid-rise 
commercial buildings.  Second, since a materially efficient wood building would be more economically 
attractive, the literature review looked for possible guidance on designing an optimized wood building.  
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Finally, the literature review gathered information on the methodology of establishing a reference 
building in order to develop the prototypical reference building to current standards. 
 
This work was conducted by: Ezekiel Jones, Mariam Hovhannisyan, and Barbara Rodriguez. 

 

4.1 Mass Timber in Mid Rise Commercial Buildings 

Over the last ten years, cross laminated timber (CLT) has increased its share in market popularity, 
particularly in use for residential buildings, office buildings, schools, as well as other fields of construction 
(Brandner, Flatscher, Ringhofer, Schickhofer, & Thiel, 2016).  According to Brandner et al, production 
capacities have grown rapidly at 15-20% per year with a worldwide production volume of roughly 
500,000 m3 per year (2012) and 625,000 m3 per year (2014). 

CLT continues to push the limits for tall timber buildings (Brandner, Flatscher, Ringhofer, Schickhofer, & 
Thiel, 2016).  Europe has continued to lead CLT construction, with the recent construction of the 14-story 
combined CLT and glulam building -- �Z�d�Z�����d�Œ�����š�[���]�v�������Œ�P���v�U���E�}�Œ�Á���Ç��(Timber Design and Technology, 
2015).  Other salient developments include the first 10-story commercial-residential Forte Building in 
Melbourne, Australia (2012), the 8-story Life Cycle Tower One in Dornbirn, Austria, and two institutional 
buildings at the University of British Columbia in Vancouver, Canada: the 5-story Earth Sciences building 
(2012) and the 4-story Bioenergy Research & Demonstration Facility (2014) (BSLC, 2014). In the United 
States, the 7-story T3 wood office building in Minneapolis was scheduled for completion in Fall 2016 
(BizJournals, 2016).  

Whether CLT has the capability to break into the commercial building market as an alternative building 
material in Seattle depends on the ability of mass timber to compete with standard construction 
materials for mid-to-high rise building typologies, such as residential towers and commercial office 
buildings (Hovhannisyan, 2015).  According to the Energy Information Administration (EIA), 18% of all 
buildings constructed in 2012 in the U.S. were office buildings, which is greater than any other building 
typology (EIA, 2012).  In Seattle, of the 93 projects active in 2014, 58 were residential buildings and 13 
(the next highest category) were office buildings.   

The current Seattle building code restricts buildings made of wood products to no more than 85 feet in 
height and no more than 6 stories, depending on the use of the building. The City of Seattle, with the aid 
of the Construction Codes Advisory Board (CCAB) Innovation Advisory Committee, are deciding whether 
to allow mass timber construction for larger and/or taller buildings (Seattle Gov, 2012).  Other 
advancements in the use of CLT include the publication the CLT Handbook in 2011 (Canadian) and the 
publication of the U.S. version in 2013.  In 2015, a chapter on CLT was added to the National Design 
Standards (NDS) for wood and is referenced by the International Building Code (IBC) with its own product 
chapter (ICC, 2015) 

 

4.2 Optimization of Mass Timber Buildings 

The few studies that have explored the optimization of material quantities in mass timber buildings have 
been done within a European context, using simulated annealing, genetic algorithms, and particle swarm 
optimization to explore structural design and life cycle impacts of wood buildings.  According to Eurocode 
5, Kaziolas et al are one of the few to have developed a methodology to optimize timber structural 
components, in addition to performing life cycle analysis calculations (Eurocode, 2004) (Kaziolas, Bekas, 
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Zygomalas, & Stavroulakis, 2015).  Other studies have optimized the thermal, structural and 
environmental aspects of a building, taking into account the industrial feasibility, design methods, and 
regulatory constraints (Armand Decker, et al., 2014). 

Other studies have explored the competitiveness of optimized timber buildings versus other construction 
systems using a comparative approach.  Such is the case of Winter et al, who carried out a case study to 
find out why and how the estimated costs for a timber variant differs so much from a reinforced concrete 
structure.  They found that design choices were critical for the optimization of timber buildings.  For 
example, floor elements had to consider the span width in order to be materially efficient.  It was also 
determined that CLT ceiling panels were economic up to a span of 4-5 m, which consequently determined 
the positions of load bearing walls  (Winter, Weber, Hernandez, & Brigola, 2012).  

 

4.3 Defining Reference Buildings 

Recent studies have established diverse methodologies in the development of reference buildings, but 
there is no standard methodology to date.  It is difficult to represent most of the commercial building 
stock with a small set of building models due to the diversity of buildings and the limited data on their 
characteristics (Torcellini, Deru, Griffith, & Benne, 2008).  

Corgnati et al classified the methodologies for defining reference buildings in three categories. The first is 
the �ZExample Reference Building�[ (ERB), which can be used when there is no data about the building 
stock.  The description of the reference building is then the most reasonable approximation using expert 
opinion to define a probable building.  The second methodology, �ZReal Reference Building�[���~RRB) takes an 
existing building, selected with characteristics to match those that are typical of construction, ideally 
through a statistical analysis.  �&�]�v���o�o�Ç�U���š�Z�����Z�d�Z���}�Œ���š�]�����o���Z���(���Œ���v���������µ�]�o���]�v�P�[��(TRB) relies on statistical data 
to define a reference building as a statistical composite of the features found within a category of 
buildings in the stock (Corgnati, Fabrizio, Filippi, & Monetti, 2013).  

For this study, the research team used a modification of the �Z���Æ���u�‰�o�����Z���(���Œ���v���������µ�]�o���]�v�P�[��(ERB) 
methodology to define the reference building as having the most probable characteristics within the 
category of commercial office buildings as determined by experts.  Additionally, the results will be put in 
context of other LCA studies compiled by the Embodied Carbon Benchmark Project (Simonen, et al., 
2017). The ERB is a building for which construction documentation is known and provides a good 
example of typical construction practices. The building was modified slightly to provide a more generic 
reference case and maintain the anonymity of the actual building used. 

 

5 ACTIVITY 2: PRELIMINARY STUDIES 
In the process of defining the prototype building, a number of subactivities were carried out to explore 
exemplary and desired characteristics.  As a part of the exploratory phase, the following two subactivities 
were performed: 

1. Subactivity 2a: Analysis of Whole Building Life Cycle Assessment (WBLCA) Results 
2. Subactivity 2b: Assessment of Exemplary Buildings 
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5.1 Subactivity 2a: Analysis of Whole Building LCA Results by Arch 425/525 

This work was conducted by: Weston Norwood. 

The students of ARCH 425/525 performed screening level studies on a set of baseline buildings and also 
on proposed buildings that were created by modifying a single feature of the baseline buildings (such as 
changing the material type of a particular building component).  The Athena Impact Estimator for 
Buildings was used to calculate the life cycle impacts.  Operational energy was excluded.  Although the 
studies were performed by students with a nascent understanding of LCA, there were trends from that 
point to some valuable lessons. For example, substituting timber for concrete or steel in a building 
structure resulted in reduced life cycle environmental impacts.  The results of these studies were 
compiled in a report developed by Weston Norwood, shown in Appendix A.  The goal of the report was to 
highlight some of the difficulties of screening level studies, and to investigate the limitations of the 
requirements for LEED Whole Building Life Cycle Assessment credits. 

With regards to the development of the prototypical reference building, these studies offer the following 
preliminary insights: 

�x Substituting timber for concrete or steel structural members usually results in significant 
reductions in environmental impact.  Thus, a wood structure appears to be a favorable option if 
the owner is interested in reducing the overall environmental impact of a building. 

�x Favorable cladding materials include vinyl siding, cedar siding, and fiberboard.  High-impact 
cladding materials include: stucco and split-faced brick (highest). 

Of note, these studies were performed by students and did not undergo a significant quality control 
review. 

 

5.2 Subactivity 2b: Assessment of Exemplary Buildings 

This work was conducted by: Ezekiel Jones and Barbara Rodriguez 
 
This subactivity aimed to define the typical Seattle office building in terms of the structural system and 
exterior cladding system.  The study surveyed a wide range of buildings that were either in design or 
under construction in the Pacific Northwest, evaluating the structural systems and typical cladding types.  
Surveys were conducted by students, assembled into 8 reports, and assessed by Ezekiel Jones with input 
from Barbara Rodriguez. 
 
For typical office buildings, it was found that: 

�x �d�Z�������À���Œ���P�����‰���Œ�����o���•�]�Ì�����Á���•���í�ó�ì�[���Æ���î�ñ�ì�[�X 
�x The average building height was 6.66 stories.  The recommended building height for the 

reference building is 7 stories. 
�x The typical floor-to-ceiling height is 10 ft (based on big tech companies). 
�x �d�Z�����š�Ç�‰�]�����o�����}�o�µ�u�v���•�‰�����]�v�P���]�•���ï�ì�[���}�v�������v�š���Œ���~�����•�������}�v��big tech companies �š�}���������}�µ�v�š���(�}�Œ���í�ì�[�������•�l��

modules). 
�x Below-grade parking is generally 1 parking spot per 800-1000 gross square feet. 
�x ���}�o�µ�u�v�����]�u���v�•�]�}�v�•�����Œ�����š�Ç�‰�]�����o�o�Ç���í�ô�_�Æ�î�ð�_���}�v���š�Ç�‰�]�����o���(�o�}�}�Œ�•�U�����v�����î�ð�_�Æ�î�ð�_���}�v���(�o�}�}�Œ�•���Á�Z���Œ�����š�Z����

vertical span is greater than 10�[�X 
�x Shear cores are largely dependent on architectural layout considerations 
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�x The foundations are primarily concrete.  Below-grade retaining walls extend 2-3 stories 
(depending on the number of parking stalls in the building), with floor-to-floor heights of 9 feet 
and widths of 10-�í�î�_��depending on soil type.  Continuous footings are typically 2-4 ft wide and 
1.5-2 ft deep, and are located around the perimeter of a building under the retaining walls.  
�����o�}�Á���������Z�����}�o�µ�u�v�����Œ�����•�‰�}�š���(�}�}�š�]�v�P�•���š�Z���š�����Œ�����š�Ç�‰�]�����o�o�Ç���í�ì�[���Æ���í�ì�[���Æ 3'.  Below the shear cores are 
�š�Ç�‰�]�����o�o�Ç���ï�[ deep mat footings.  Mat foundations are based on the shear core dimensions.  

�x The office building envelope is usually either 1) a curtain wall system with spandrel glass, or 2) a 
punched window and solid wall system.  Both systems typically result in 40% glazing, which is 
consistent with IBC requirements.  The first option is most popular in the Seattle and Portland 
areas. 

 

See Appendix B for a full report of this work, which includes diagrams of typical buildings layouts and 
cross-sections of the wall and cladding systems.   The cladding systems were explored in more detail and 
the results are presented in Section 6.3, which focuses on exterior walls. 

 

6 ACTIVITY 3: DEFINING THE PROTOTYPE BUILDING 
In defining the prototype building, the following subactivities were performed: 

1. Subactivity 3a: Description of the Reference Building, Baseline Building 
2. Subactivity 3b: Wood Gravity System 
3. Subactivity 3c: Exterior Wall 
4. Subactivity 3d: Roof 
5. Subactivity 3e: Foundation and Subgrade 
6. Subactivity 3f: Lateral System 
7. Subactivity 3g: Wood Prototype Buildings 
8. Subactivity 3h: Concrete Baseline Building 
9. Subactivity 3i: Preliminary Environmental Impacts and Comparisons 

 

6.1 Subactivity 3a: Description of the Reference Building, Baseline Building, and 
Prototype Building 

This work was conducted by: Ezekiel Jones and supplemented by Monica Huang. 

A reference building was selected to provide the basis for a commercially viable mid-rise office building in 
the Seattle area.  This particular reference building was selected because its geometry and construction 
were assessed by professional judgement to be representative of the region, and because the research 
team had access to the original construction documents to estimate material quantities.  The identity of 
this building is not disclosed for confidentiality reasons.  It is a concrete-framed building located in the 
South Lake Union neighborhood of Seattle, and was built within the past five years.  It includes 3 levels of 
subgrade parking supporting 8 stories above.  The lateral system is a concrete shear wall, and the exterior 
walls are comprised of curtain wall. Columns are spaced approximately 30 ft by 20 ft on center with 
thickened slabs spanning 30 ft as beams. 

The reference building was simplified into a baseline building in order to facilitate quantity take-offs and 
to conceal identifying characteristics of the reference building.  Quantity take-offs were performed on 
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the baseline building and the results were used to define parts of the prototype building that would not 
be substituted by mass timber, such as the lateral system and foundation. 

The wood prototype evolved to consist of eight buildings based on four configurations and two fire 
design options.  These multiple options were developed because �í�•�������ï�ì�[�Æ�î�ì�[���P�Œ�]�����•�‰�����]�v�P���]�•���µ�v�µ�•�µ���o���(�}�Œ��
office buildings, so basing the prototype building solely on that grid spacing is not necessarily reflective of 
typical practice, and 2) the optimal design for a wood building could have occurred at a different layout 
than a concrete building, due to differing material properties and efficiencies.  The four building 
configurations are described as follows: 

1. Wood optimum. This configuration is intended to be the most materially efficient option per unit 
area (total area above grade), with all grid layouts considered. 

2. Typical office building.  This configuration reflects �����š�Ç�‰�]�����o���}�(�(�]�������•�‰���������Á�]�š�Z���ï�ì�[�Æ�ï�ì�[�����}�o�µ�u�v��
spacing. 

3. Reference building.  This ���}�v�(�]�P�µ�Œ���š�]�}�v���Œ���(�o�����š�•���š�Z�����ï�ì�[�Æ�î�ì�[���P�Œ�]�����•�‰�����]�v�P���}�(���š�Z�����Œ���(���Œ���v���������µ�]�o���]�v�P�X 
4. Floor clearance optimum.  This configuration reflects the market preference for high ceiling 

heights, with all grid layouts considered. 

Each configuration was given two fire design options: one was with charring design (thickening the beams 
and slabs to withstand fire), and the other was with fireproofing protection in lieu of charring design.  
Thus, eight wood prototype buildings were developed for this study. 

6.2 Subactivity 3b: Wood Gravity System 

This work was conducted by: Kristen Strobel and supplemented by Monica Huang. 

6.2.1 Parametric algorithm 

To explore the structural optimization of a wood building, Kristen Strobel, a graduate student in 
architecture and structural engineering, created a parametric algorithm to design wood buildings for her 
Masters of Architecture thesis project.  The algorithm employed the brute force method to iterate over 
all possible combinations of parameters within the solution space �~���•���o�}�v�P�����•���š�Z�����]�š���Œ���š�]�}�v�����]���v�[�š�����Æ��������������
certain calculation time) to provide a full set of possible solutions (Strobel, 2016).  The algorithm was 
developed using Grasshopper, a graphical algorithm editor for Rhinoceros 5 (Rhino), which is a 3D 
geometric modeling CAD environment.  See Figure 1 for a screenshot of the working environments of 
Rhino and Grasshopper.  Thousands of buildings were designed using this method, producing results 
related to material quantities, environmental impact, cost, and more.  All members (beams and columns), 
slabs, and shear walls were structurally optimized, meaning that the algorithm searched for the smallest 
members that could carry the structural loads, satisfy deflection limits, and meet other design criteria.   
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Figure 1.  Screenshot of Rhino (left) and Grasshopper (right) environments from structural optimization study. 

 

For the purposes of developing the wood prototype building for this project, the building was limited to a 
�õ�ì�[x16�ì�[���(�}�}tprint and a 114�[ building height to match the reference building.  Grid spacing (distance 
�����š�Á�����v�����}�o�µ�u�v�•�•���À���Œ�]�������(�Œ�}�u���î�ì�[���t �ð�ì�[�����š���]�v���Œ���u���v�š�•���}�(���ñ�[�X�����d�Z�������}�Œ�������]�u���v�•�]�}�v�•���Á���Œ�����î�ì�[x�î�ì�[�X����In 
preliminary studies, it was observed that variations in floor-to-floor heights at increments of 1 ft and slab 
�š�Z�]���l�v���•�•���•�����š���]�v���Œ���u���v�š�•���}�(���ì�X�ñ�_�������š�Á�����v���î���t �ï�_ did not significantly impact overall structural quantities.  
Thus, the floor-to-floor heights �Á���Œ�������}�v�•�š�Œ���]�v���������š���í�ò�[���}�v���š�Z�����(�]�Œ�•�š���(�o�}�}�Œ�����v�����í�ð�[���}�v���š�Ç�‰�]��al floors to 
match the reference building dimensions.  T�Z�����š�}�‰�‰�]�v�P���•�o�������š�Z�]���l�v���•�•���Á���•���Z���o�������}�v�•�š���v�š�����š���î�X�ñ�_�����v����was 
���•�•�µ�u�������š�}���Z���À�����Œ���]�v�(�}�Œ�����u���v�š���}�(���·�ð���›���í�ô�_���•�‰�����]�v�P���}�v�������v�š���Œ���������Z���Á���Ç�X 

See Figure 2 for a diagram of a generic building in plan and profile.  The actual wood buildings vary in grid 
dimensions, but story heights are the same. 
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Figure 2.  Prototype building plan (left) and profile (right).  Blue area shading indicates total area of floor used to calculate per 
unit area quantities.  Dotted lines in the Profile indicate subgrade levels. 

 

Table 1 presents a list of the input parameters that were varied in the structural optimization study.   

Table 1.  Variable input parameters in structural optimization algorithm. 

Parameter name Description Options 

IncludeCharring(T/F) True if floors, beams, and columns were 
designed for charring; false if not. 

True (T) or false (F) 

TimberConcreteCompositeSlab(T/F) True if slabs were designed for 
composite action between CLT and 
concrete slabs; false if not. 

T or F 

CompositeBeamSlab(T/F) True if beams were designed for 
composite action with CLT slabs; false if 
not. 

T or F 

X-GridSpace(ft) Column spacing in the X direction. 20, 25, 30, 35, 40 

Y-GridSpace(ft) Column spacing in the Y direction. 20, 25, 30, 35, 40 

SortByDepth(T/F) True if glulam members were selected 
based on ascending member depth; 
false if members were selected based on 
ascending cross-sectional area. 

T (sort by depth) or 
F (sort by area) 

NumberIntermediateBeams The number of intermediate beams 
dividing a bay in the X direction. 

0, 1, 2, 3 
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Table 2 presents the full list static design parameters for the structural design that were not varied in the 
parametric algorithm. 

Table 2.  Static design parameters in structural optimization algorithm. 

Field Name Value 

X Dimension Max (ft) 90 

Y Dimension Max (ft) 160 

Maximum Building Height (ft) 114 

Core Dim X (ft) 20 

Core Dim Y (ft) 20 

Number of Interior Core Walls X-Dir 5 

Length of Façade Wall Segments (ft) 25 

Floor Topping Slab Thickness (in) 2.5 

Floor Finishes (psf) 5 

Floor MEP (psf) 5 

Floor Occupancy LL (psf) 50 

Floor Partition LL (psf) 30 

Earthquake Partition (psf) 10 

Earthquake Beams (psf) 7 

Roof Topping Slab Thickness (in) 2.5 

Roof Insulation (psf) 5 

Roof MEP (psf) 5 

Roof LL (psf) 20 

Risk Category [ASCE 7-10 T1.5-1] 2 

Ie [ASCE 7-10 T1.5-1] 1 

Site Class [ASCE 7-10 11.4.2] C 

Ss (g) 1.368 

S1 (g) 0.53 

Sds (g) 0.912 

Sd1 (g) 0.459 

Tl (s) 6 

Fa [ASCE 7-10 T11.4-2] 1 

Fv [ASCE 7-10 T11.6-1] 1.3 

Seismic Design Category [ASCE 7-10 11.6-1] D 
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Fpga 1 

System Type [ASCE 7-10 11.4.2] CLT Shear Walls (ignore) 

R 3.2 

Cd 3.2 

Omega 0 1.4 

x 0.75 

Ct 0.02 

K 1.12 

 
 
The model was run for all possible scenarios, resulting in 1600 buildings. 

6.2.2 Summary of results 

The resulting data was filtered to exclude iterations that had undesirable or unfeasible characteristics, 
which are as follows: 

�x Slabs failing to pass deflection and vibration checks 
�x Runs for which no viable design was possible, which meant that one or more members could not 

be sized to meet demand loads (for fire or non-fire conditions), meet deflection criteria, etc. 
�x Floor clearance greater than 8 feet 

After these constraints were applied, 1384 buildings remained.   

The results of the analysis found that the following strategies contributed to more optimal wood volumes 
in the floor structural systems: 

�x Excluding charring design (which would require a different fireproofing system) 
�x Including slab composite action (beam-to-slab composite action resulted in negligible 

improvements) 
�x Having at least one intermediate beam subdividing a bay (shorter spans of CLT) 
�x Slab spans between 10 �t 18 feet. 

For a detailed summary of the results, please see Appendix C. 

�&�Œ�}�u���^�š�Œ�}�����o�[�•���š�Z���•�]�•�U�������l���Ç���}���•���Œ�À���š�]�}�v���Á���•��that façades and floor systems contributed roughly 75% of 
the overall environmental impacts of the building structure (excluding subgrade and foundations).  
Façades could be optimized by reducing the amount of glazing, which could be done by placing shear 
walls along the perimeter of the building, although this is unlikely to meet developer standards for Class 
A office space.  It was also observed that floor systems in the wood buildings tend to be rather deep (2 �t 
4 ft), which makes them unattractive in comparison with steel or concrete alternatives.  To overcome 
this, an innovative composite floor system could to be developed, or zoning height allowances could be 
increased for wood buildings to offset the increased floor-to-floor heights (Strobel, 2016). 
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6.2.3 Building selection 

For the purposes of this study, an additional constraint was applied: no composite action would be used 
in the slabs or beams.  This reduced the number of available buildings to 332.  Even though composite 
action typically results in greater structural efficiency, it is rarely used for wood buildings because it is 
costly to install.   

The optimization analysis focused on the combined volume of the beams, columns, and slabs as the 
quantity to be optimized, normalized per unit area (square foot, or sf) of total floor area over 8 stories.  
This quantity was defined as TotalWoodVol(ft3/sf).  Although this parametric model included the design 
of CLT shear walls and bearing walls, the results from the model were not yet aligned with emerging 
experimental data and thus not appropriate to use in this study.   

As described in Section 6.1, four building configurations were selected, each with a charring option and a 
no-charring option.  The buildings were selected after applying the constraints to the building dataset 
and using the optimization parameter to select a single building from the resulting selection.  

The building selection process and criteria are summarized in Table 3.  Figure 3 presents a visual 
representation of the building selection process for Configurations #1 �t 3, which were optimized on wood 
volume.  Figure 4 does the same for Configuration # 4, which was optimized on floor clearance.   

 

Table 3. Building selection criteria. 

Configuration Fire option Constraints applied Optimization parameter 

1. Wood optimum 
(min. of beam + 
column + slab)  

Charring 
design 

�x IncludeCharring(T/F) = TRUE Minimum of 
TotalWoodVol(ft3/sf) 

No charring �x IncludeCharring(T/F) = FALSE Minimum of 
TotalWoodVol(ft3/sf) 

2. Typical office 
building (30x30 
grid)  

Charring 
design 

�x IncludeCharring(T/F) = TRUE 
�x X-GridSpace(ft) = 30 
�x Y-GridSpace(ft) = 30 
�x SortbyDepth(T/F) = FALSE 

Minimum of 
TotalWoodVol(ft3/sf) 

No charring �x IncludeCharring(T/F) = FALSE 
�x X-GridSpace(ft) = 30 
�x Y-GridSpace(ft) = 30  
�x SortbyDepth(T/F) = FALSE 

Minimum of 
TotalWoodVol(ft3/sf) 

3. Reference 
building (30x20) 

Charring 
design 

�x IncludeCharring(T/F) = TRUE 
�x X-GridSpace(ft) = 30 
�x Y-GridSpace(ft) = 20 
�x SortbyDepth(T/F) = FALSE 

Minimum of 
TotalWoodVol(ft3/sf) 

No charring �x IncludeCharring(T/F) = FALSE 
�x X-GridSpace(ft) = 30 
�x Y-GridSpace(ft) = 20 
�x SortbyDepth(T/F) = FALSE 

Minimum of 
TotalWoodVol(ft3/sf) 
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4. Floor clearance 
optimum 

Charring 
design 

�x IncludeCharring(T/F) = TRUE  
�x SortbyDepth(T/F) = TRUE 

Maximum of FloorClear(ft) 

No charring �x IncludeCharring(T/F) = FALSE  
�x SortbyDepth(T/F) = TRUE 

Maximum of FloorClear(ft) 

 

 
Figure 3. Selection of wood prototype buildings for Configurations #1 �t 3. 
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Figure 4.  Selection of wood prototype buildings for Configuration #4. 

 

 

6.2.4 Fireproofing 

Fireproofing had to be applied to the buildings that did not have charring design.  Fireproofing in the 
form of sheetrock or gypsum wall board was estimated per square foot of floor area.  This was done by 
estimating the fireproofing needed for 1) the underside of the slabs, 2) the exposed area of a typical 
beam, and 3) the surface area of a typical column.  These estimated quantities were bundled into factors 
to be applied to the total floor area of the building.  A summary of the contributing and final factors is 
shown in Table 4. 

Table 4.  Factors used to estimate fireproofing as a function of floor area. 

Estimate level Description Estimated factor per 
floor unit area 

Components Slabs 1 
Beams 0.75 
Columns 0.26 
Combined 2.01 

Final 1 layer fireproofing 2 
2 layers fireproofing 4 

 
For a 2-hour fire rating, fireproofing in the form of two �o���Ç���Œ�•���}�(���ñ�l�ô�_���P�Ç�‰�•�µ�u���Á���o�o�����}���Œ�����Á�}�µ�o����������
needed per the Gypsum Association Fire Resistance Design Manual.  Thus, per Table 4, the total area of 
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fireproofing for the underside of the CLT slabs, beams, and columns is approximately four times the unit 
area of floor. 

6.3 Subactivity 3c: Exterior Wall 

This work was conducted by: Ezekiel Jones. 

For the exterior wall, a cladding study was conducted to evaluate 12 types of cladding systems for their 
material quantities and environmental impacts.  The cladding types were based on a combination of 3 
siding types with 3 wall structure types, and the curtain wall group was further broken down into 40%, 
60%, and 90% glazing, representing the percentage area that is covered by glass, with the remaining area 
covered by metal panels.  The cladding types are summarized in Table 5.  Diagrams of the cladding cross-
sections and window layouts for the curtain walls are contained in Appendix B. 

Table 5.  Description of cladding types evaluated. 

Cladding type 
abbreviation 

Siding type Wall structure type 

BM Brick Metal Stud 
MM Metal Panel Metal Stud 
WM Wood Siding Metal Stud 
BW Brick CLT 
MW Metal Panel CLT 
WW Wood Siding CLT 
CW40 N/A Curtain Wall (40%) 
CW60 N/A Curtain Wall (60%) 
CW90  N/A Curtain Wall (90%) 
BC Brick Concrete Wall 
MC Metal Panel Concrete Wall 
WC Wood Siding Concrete Wall 

 

The cladding quantities were originally calculated for 640 SF of wall using the Athena Impact Estimator 
for Buildings Version 5.1, then the results were normalized to 1 SF.  Table 6 contains a sample of the 
information provided per cladding type. The quantities are also provided in their equivalent mass values 
in pounds.  

Table 6.  Sample cladding material quantity information per SF, for Brick �t Metal Stud (BM). 

Material Quantity Unit Mass Value Mass Unit 
3 mil Polyethylene 8.35E-01 sf 1.28E-02 lbs 
5/8�_  Regular Gypsum Board 1.73E+00 sf 3.65E+00 lbs 
Air Barrier 8.35E-01 sf 1.03E-02 lbs 
Aluminum Window Frame 5.81E-01 lbs 5.81E-01 lbs 
Cold Rolled Sheet 1.63E-05 Tons (short) 3.25E-02 lbs 
Double Glazed Soft Coated Air 1.98E+00 sf 6.58E+00 lbs 
Extruded Polystyrene 8.20E-01 sf (1") 2.07E-01 lbs 
FG Batt R11-15 3.25E+00 sf (1") 2.08E-01 lbs 
Galvanized Studs 3.08E-04 Tons (short) 6.15E-01 lbs 
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Joint Compound 1.77E-04 Tons (short) 3.54E-01 lbs 
Metric Modular (Modular) Brick 8.27E-01 sf 1.78E+01 lbs 
Mortar 2.64E-03 yd3 5.69E+00 lbs 
Nails 1.16E-05 Tons (short) 2.31E-02 lbs 
Paper Tape 2.03E-06 Tons (short) 4.06E-03 lbs 
Screws Nuts & Bolts 1.08E-05 Tons (short) 2.16E-02 lbs 

 

The global warming potential (a.k.a. embodied carbon) was evaluated.  Figure 5 presents the global 
warming potential per square foot of cladding type in life cycle stage A only (A1 �t A5).  From this figure, it 
can be observed that curtain walls have the highest environmental impacts of the wall structure types, 
followed by concrete walls, metal stud walls, then CLT walls.  

 

 
Figure 5.  Global warming potential of cladding types by wall structure type and siding type (where applicable), and glazing 
percentage for curtain walls. 

 

The results were sorted by magnitude and are presented in Figure 6. 
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Figure 6.  Global warming potential of cladding types, sorted from smallest to largest values. 

In the end, the curtain wall 40% glazing option was selected for both the wood prototype building and 
baseline concrete building to reflect typical design practice in the region. 

  

6.4 Subactivity 3d: Roof 

The typical roof assembly was obtained from the reference building plans as having the following 
components: 

�x Elastomeric membrane roofing 
�x 1/2" Cement board 
�x 8" Rigid insulation 
�x Vapor retarder 

The final roofing materials selected from the Athena database is shown Table 7.  These were selected to 
be the highest global warming potential of the possible options.   

Table 7.  Roof assembly material selection. 

Item Selected material 
Membrane EPDM membrane (black, 60 mil) 
Rigid board 1/2"  Moisture Resistant Gypsum Board 
Insulation Extruded Polystyrene 
Vapor retarder 6 mil Polyethylene 

 

6.5 Subactivity 3e: Foundation and Subgrade 

This work was performed by: Ezekiel Jones and Monica Huang. 

Four sources of data were used to estimate the material quantities for the foundation and subgrade of 
the prototype building.   
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First, a general foundation study was performed to estimate average concrete and rebar quantities in the 
foundation of a typical Seattle office building.  This was done by conducting phone interviews with local 
structural engineers and architects and examining the construction drawings of two recently built 
commercial buildings in Seattle.  The goal of the study was to produce a spreadsheet that would estimate 
concrete and rebar quantities given certain parameters.  Although the student responsible was not able 
to finalize the work before graduating, the work was used to help estimate the material quantities for the 
prototype building.  The generalized findings from this foundation study are summarized in Table 8, and 
the full foundation study can be found in Appendix D. 

Table 8.  Observations from surveying structural engineers in foundation study. 

Topic Observations 

General a. Sub-grade parking: 1 parking spot/1000 gsf  

b. Types of footings: Generally, spot footings are used below columns, continuous 
footings around perimeter, mat footings below shear cores and major vertical 
elements 

Columns c. Typical dimensions: �í�ô�_�Æ�î�ð�_�U������cording to Structural Engineers; �î�ð�_�Æ�î�ð�_��
according to construction drawings. 

d. Rebar quantities: Average # rebar/ floor can be calculated by summing the total 
amount of rebar in a full line of columns down the building and dividing by 
number of floors.  

Shear Walls e. Shear wall design is unpredictable and is largely based on architectural 
drawings. 

f. �&�}�Œ���š�Z�����P���v���Œ���o���•�‰�Œ�������•�Z�����š�U���í�ò�_���•�Z�����Œ���Á���o�o�•�����Œ�����µ�•�����X�������•�������}�v�����Œ���Z�]�š�����š�µ�Œ���o��
and structural engineer consultations, 12-�í�ð�_���š�Z�]���l���•�Z�����Œ���Á���o�o�•�����Œ�����š�Ç�‰�]�����o�U���Á�]�š�Z��
�š�Z�����‰�}�•�•�]���]�o�]�š�Ç���}�(���î�ì�_���•�Z�����Œ���Á���o�o�•�������o�}�Á���P�Œ�������X 

Below Grade g. Foundation walls are typically 10-�í�î�_���š�Z�]���l�U���Á�]�š�Z�����š���o�����•�š���õ�[���}�(�����o�����Œ���v�������(�}�Œ�������Œ�•��
and mechanical systems  

h. Foundation wall quantities: #5 @ �í�î�_���K�X���X���s���Œ�š�]�����o�U���������Z���&�������U���·�ò���î�ð�_���K�X���X���������Z��
Face. 

i. Spot footings below columns: Assume �í�ì�[�Æ�í�ì�[�Æ�ï�[. 
Mat Footings below shear cores: Assume 12-15 ft �•�‹�µ���Œ�������Ç���ï�[���������‰�X 
Continuous footings 2-4 feet wide, 1.2-2 feet deep around the entire perimeter 
of the building. 

j. Piles are used on buildings that have floors near or below the water table, 
especially in the South Lake Union Area. 

 

Second, the reference building plans were used to estimate material quantities for the subgrade 
components and foundations.  Typical details were used to calculate per-unit values (e.g. cubic yards of 
concrete per foot of subgrade wall, pounds of rebar per square foot of slab-on-grade).  Due to time 
constraints, the rebar quantities of the suspended slabs were not calculated from the reference building 
plans. 
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Third, data from a local structural engineering firm (SE), including data from a general contractor (GC), 
were applied to the reference building.  These two sources were particularly valuable for components 
where rebar quantity take-offs of the original reference building were not performed (e.g. suspended 
slabs). 

From these four sources, the average values were calculated to form the estimates for the prototype 
building.  The total estimates of rebar and foundation for the prototype building using these four sources 
of data are shown in Figure 7 and Figure 8. 

Some exceptions to this calculation process should be noted: 

�x Slab-on-grade: Since the professional unit estimates did not distinguish between suspended slabs 
and slab-on-grade (suspended slabs should have more reinforcement), the final value was based 
on the slab-on-grade design in the reference building and had a relatively high degree of 
confidence because the calculation was very straightforward and taken directly from the plans. 

�x Mat foundation: Stu�����v�š���í�[�•��value appeared to be an outlier (see Figure 8).  It is approximately 
15% of that of the other estimates, so that value was excluded from the final assessment. 

Note that data was not available for all building components, particularly for rebar data.  The rebar 
estimates had a greater variation in values, while the concrete estimates were fairly well clustered 
together, largely because the many of the values were used repeatedly (for example, the SE and GC 
concrete values were taken as an average of the other two values). 

 

 
Figure 7.  Comparison of estimated quantities of concrete in subgrade and foundation for prototype building.  SE = structural 
engineering firm, GC = general contractor. 
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Figure 8. Comparison of estimated quantities of rebar in subgrade and foundation for prototype building. 

The foundation and subgrade quantities were categorized in a way that allowed for the separation of the 
lateral system (mat foundation) from the subgrade gravity system (basement walls, columns, suspended 
slabs, and footings), which could be excluded without removing the foundation components (footings, 
slab-on-grade) if one wanted to assume that the building had no basement.  The waterproofing for 
subgrade and foundation was separated similarly, and is discussed in the following subsection. 

6.5.1 Waterproofing 

Waterproofing and drainage for the basement walls and foundation slab were estimated based on the 
following material selections: 
 

�x For the basement walls, the waterproofing material could be TPO, modified bitumen, or PVC.  
�d�Z�������Œ���]�v���P�����Á�}�µ�o�����������í�_���u���š�X�����d�Z���•�����u���š���Œ�]���o�•��were applied to the outer surface of the 
basement walls. 

�x For the slab-on-grade, the waterproofing materials were the same as for the basement walls 
(TPO, modified bitumen, or PVC).  Three aggregate options were selected from the Athena 
material database: coarse aggregate natural, coarse aggregate crushed stone, and crushed 
�Œ�����Ç���o���������}�v���Œ���š���X�����d�Z�������P�P�Œ���P���š�����Á���•�����•�•�µ�u�������š�}���������ð�_���š�Z�]���l�����v����applied to an area equal to 
that of the building footprint. 

 
The final selection of waterproofing and drainage materials for the subgrade and foundation were 
selected to be the most conservative in terms of highest global warming potential, and are shown in 
Table 9. 
 

Table 9.  Subgrade and foundation waterproofing and drainage material selections and environmental impacts for prototype 
building.  

Component Item Selected Material 
Subgrade Waterproofing PVC Membrane 48 mil 
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Foundation Waterproofing PVC Membrane 48 mil 
Drainage Coarse Aggregate Crushed Stone 

 

6.6 Subactivity 3f: Lateral System 

This work was performed by Ezekiel Jones and Monica Huang. 

The material quantity estimates for the shear walls were based on the reference building drawings.  
There were 9 shear walls throughout the reference building.  Quantity take-offs of rebar and concrete for 
shear walls 2 �t 5 were performed earlier by Student 1, and the remaining shear wall quantities were 
calculated by estimating the volume of concrete from the reference building plans, and applying a unit 
value for rebar (pounds of rebar per cubic yard of concrete) to estimate the amount of rebar.  The unit 
quantities of rebar from these three sources are compared in Table 10.   

Table 10.  Comparison of rebar per volume of concrete from Student 1, the structural engineer (SE), and the general 
contractor (GC). 

Source Rebar per volume of 
concrete (lbs/cy) 

Student 1 average of SW-2 through SW-5 174.67 
Structural Engineer 200 
General Contractor 342 

 

The final volume of concrete was taken directly from the quantity take-off estimates, and the rebar was 
estimated as the average of the three estimates in Table 10 and applied to the concrete volume to obtain 
total weight of rebar. 

 

6.7 Subactivity 3g: Wood Prototype Buildings 

This work was performed by: Monica Huang. 

The results of the previous subactivities were pulled together to assemble the prototype building.  A 
summary of how prototype building properties were determined by the subactivities is summarized in 
Table 11. 
 

Table 11.  Contributing subactivities to components of the prototype building, and how subactivity data was used for the 
prototype building. 

Category Component Subactivity Measurement used for prototype buildings 

Structure Gravity system Subactivity 3b: 
Wood Gravity 
System 

Unit quantities (per square foot of above grade 
floor area) of glulam beam, glulam column, CLT 
slab, and concrete slab were taken from the 
optimization study for the proposed prototype 
buildings (selected per the criteria in Table 3). 

3e: Foundation and 
Subgrade 

Unit quantities for concrete volumes were taken 
as an average of survey data and reference 
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building typical details, and rebar weights were 
based on the average of estimates from these 
sources.  Unit quantities were applied to the 
geometries of each building to obtain overall 
quantities. 

Lateral system 3f: Lateral System Concrete volume was estimated directly from the 
reference building drawings.  Rebar quantities 
were based on quantity take-offs from the 
reference building plans combined with rebar per 
volume estimates from a local structural engineer 
and general contractor; the final value was taken 
as the average of these estimates.  (For the mat 
foundation, see 3e: Foundation and Subgrade).  
These estimates were not varied by building 
geometry. 

Enclosure Areas of roof 
and exterior 
wall 

Subactivity 3a: 
Description of the 
Reference Building, 
Baseline Building, 
and Prototype 
Building 

Based on building geometry from Subactivity 3b: 
Wood Gravity System. 

Exterior wall 
type 

3c: Exterior Wall Curtain wall with 40% glazing was selected to 
match the original building and typical Seattle 
glazing ratios. 

Roof 3d: Roof Appropriate materials were selected from the 
Athena database to match the roofing detail 
requirements.  Where multiple materials were 
available, the material with the highest GWP was 
selected to be a conservative option.  Unit 
quantities were then applied to the geometry of 
each building. 

Waterproofing 3e: Foundation and 
Subgrade 

Similar to Roof (above) but for waterproofing and 
drainage requirements. 

 
 

6.7.1 Properties 

Table 12 presents the key dimensions of the 4 prototype buildings, with slight differences in the designed 
dimensions (intermediate beams, CLT thickness, floor clearance) depending on the fire design option.   

Table 12.  Dimensions of prototype buildings. 

Property 

Configuration 

1. Wood optimum 

2. Typical office 
building (30x30 

grid) 

3. Reference 
building (30x20 

grid) 
4. Floor clearance 

optimum 
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Fire-
proofing 

Charring 
design 

Fire-
proofing 

Charring 
design 

Fire-
proofing 

Charring 
design 

Fire-
proofing 

Charring 
design 

In
pu

t X-grid spacing 
(ft) 

20 20 30 30 30 30 20 20 

Y-grid spacing 
(ft) 

20 20 30 30 20 20 20 20 

D
er

iv
ed

 Building length                
X (ft) 

80 80 90 90 90 90 80 80 

Building length 
Y (ft) 

160 160 150 150 160 160 160 160 

N. bays X 4 4 3 3 3 3 4 4 
N. bays Y 8 8 5 5 8 8 8 8 
N. of columns 
per floor 

45 45 24 24 36 36 45 45 

Perimeter (ft) 480 480 480 480 500 500 480 480 
Area1 per floor 
(footprint area) 
(ft2)  

12800 12800 13500 13500 14400 14400 12800 12800 

Total area1 of 
all floors 
(above grade) 
(ft2) 

102400 102400 108000 108000 115200 115200 102400 102400 

Total area2 of 
exterior wall 
(ft2) 

54720 54720 54720 54720 57000 57000 54720 54720 

Total area2 of 
basement walls 
(ft2) 

15840 15840 15840 15840 16500 16500 15840 15840 

D
es

ig
ne

d N. 
intermediate 
beams 

1 1 2 1 2 1 2 2 

Thickness of 
CLT slab (in) 

4.125 6.875 4.125 6.875 4.125 6.875 4.125 6.875 

Floor clearance 
(ft) 

11.3 11.7 9.8 9.1 10.4 9.8 12.2 11.8 

 

1Floor areas do not account for floor openings for elevators and stairs. 
2Wall areas do not account for exterior doors. Uniform wall assembly is assumed across all exterior surfaces. 
 
 

6.7.2 Material Quantities 

The total material quantities of the prototype buildings are presented in Table 13.  The quantities were 
converted to mass (kg) to facilitate calculations for the Forestry Team. 

Since the sizes of the buildings varied by area due to differing grid spacings, the total quantities were 
divided by the total area of above-grade floors for each building (shown in Figure 2) to normalize the 
quantities by area.  Furthermore, in order to obscure the suggested precision of the non-structural 
quantity estimates, the non-structural quantities of the building (which is everything except for the 
building structure) were averaged across the eight prototype buildings.  These per unit area results are 
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shown in Table 14.  It is recommended that the final environmental impact evaluations be based on these 
material quantities per unit area. 
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Table 13.  Total material quantities (in kilograms) for prototype buildings.  The cells highlighted in gray indicate values that differ from the counterpart concrete baseline building. 

System 
Sub-
system 

Comp
onent Item Material 

Material quantities (kg) by configuration and fireproofing option 
1. Wood optimum 
(min. of beam + 
column + slab) 

2. Typical office 
building (30x30 grid) 

3. Reference building 
(30x20 grid) 

4. Floor clearance 
optimum 

Fire-
proofing 

Charring 
design 

Fire-
proofing 

Charring 
design 

Fire-
proofing 

Charring 
design 

Fire-
proofing 

Charring 
design 

S
tr

uc
tu

re
 

G
ra

vi
ty

 s
ys

te
m 

B
ui

ld
in

g 
st

ru
ct

ur
e Beams Glulam  145,957   244,318   227,237   340,384   205,494   328,321   230,759   291,222  

Columns Glulam  49,936   99,351   46,070   69,326   53,363   91,308   52,149   100,853  
CLT slabs CLT  474,899   791,498   500,870   834,783   534,261   890,436   474,899   791,498  
Concrete 
slabs 

Concrete  1,390,619   1,390,619   1,466,668   1,466,668   1,564,446   1,564,446   1,390,619  1,390,619  
Rebar  41,581   41,581   43,855   43,855   46,778   46,778   41,581   41,581  

Steel 
connections 

Steel  12,943   12,943   11,755   11,755   13,348   13,348   12,943   12,943  

Floor 
underlayment 

Fiberglass 
reinforced 
backer 
board 
7/16" 

 106,801   106,801   112,641   112,641   120,151   120,151   106,801   106,801  

Fireproofing Gypsum 
wall board 

 155,885   -     164,410   -     175,371   -     155,885   -    

S
ub

gr
ad

e Walls Rebar 39,608 39,608 39,608 39,608 41,258 41,258 39,608 39,608 
Concrete 1,081,987 1,081,987 1,081,987 1,081,987 1,127,070 1,127,070 1,081,987 1,081,987 

Columns Rebar 61,422 61,422 32,759 32,759 49,138 49,138 61,422 61,422 
Concrete 378,928 378,928 202,095 202,095 303,143 303,143 378,928 378,928 

Concrete 
slabs 

Rebar 50,999 50,999 53,788 53,788 57,374 57,374 50,999 50,999 
Concrete 1,112,495 1,112,495 1,173,334 1,173,334 1,251,557 1,251,557 1,112,495 1,112,495 

F
ou

nd
at

io
n Continuous 

footing 
Rebar 1,616 1,616 1,616 1,616 1,683 1,683 1,616 1,616 
Concrete 90,003 90,003 90,003 90,003 93,753 93,753 90,003 90,003 

Column 
footing 

Rebar 11,317 11,317 6,036 6,036 9,054 9,054 11,317 11,317 
Concrete 803,255 803,255 428,402 428,402 642,604 642,604 803,255 803,255 

Slabs-on-
grade 

Rebar 1,222 1,222 1,289 1,289 1,375 1,375 1,222 1,222 
Concrete 278,124 278,124 293,334 293,334 312,889 312,889 278,124 278,124 

La
te

ra
l 

sy
st

em
 Found

ation 
Mat Rebar 77,748 77,748 77,748 77,748 77,748 77,748 77,748 77,748 

Concrete 1,225,251 1,225,251 1,225,251 1,225,251 1,225,251 1,225,251 1,225,251 1,225,251 
Shear 
wall 

Shear wall Rebar 112,453 112,453 112,453 112,453 112,453 112,453 112,453 112,453 
Concrete 1,802,330 1,802,330 1,802,330 1,802,330 1,802,330 1,802,330 1,802,330 1,802,330 
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E
nc

lo
su

re 

E
xt

er
io

r 
w

al
l 

C
ur

ta
in

 w
al

l Wall 5/8"  
Regular 
Gypsum 
Board 

45,403 45,403 45,403 45,403 47,295 47,295 45,403 45,403 

Wall Air Barrier 244 244 244 244 255 255 244 244 
Window Aluminum 

Extrusion 
82,391 82,391 82,391 82,391 85,824 85,824 82,391 82,391 

Wall EPDM 
membrane 
(black, 60 
mil) 

3,479 3,479 3,479 3,479 3,624 3,624 3,479 3,479 

Wall FG Batt 
R11-15 

13,220 13,220 13,220 13,220 13,771 13,771 13,220 13,220 

Wall Galvanized 
Studs 

9,887 9,887 9,887 9,887 10,299 10,299 9,887 9,887 

Wall Glazing 
Panel 

291,765 291,765 291,765 291,765 303,922 303,922 291,765 291,765 

Wall Joint 
Compound 

4,407 4,407 4,407 4,407 4,591 4,591 4,407 4,407 

Wall Nails 288 288 288 288 300 300 288 288 
Wall Paper Tape 54 54 54 54 57 57 54 54 
Wall Screws 

Nuts & 
Bolts 

3,428 3,428 3,428 3,428 3,571 3,571 3,428 3,428 

Spandrel Spandrel 
Panel 

32,272 32,272 32,272 32,272 33,617 33,617 32,272 32,272 

R
oo

f 

R
oo

f a
ss

em
bl

y Membrane EPDM 
membrane 
(black, 60 
mil) 

2,909 2,909 3,068 3,068 3,272 3,272 2,909 2,909 

Rigid board 1/2"  
Moisture 
Resistant 
Gypsum 
Board 

10,737 10,737 11,324 11,324 12,079 12,079 10,737 10,737 

Insulation (8") Polyiso 
Foam 
Board 
(unfaced) 

7,181 7,181 7,574 7,574 8,079 8,079 7,181 7,181 

Vapor 
retarder 

3 mil Poly-
ethylene 

91 91 96 96 103 103 91 91 
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W
at

er
pr

oo
fin

g 

S
ub

gr
ad

e Water-
proofing 

PVC 
Membrane 
48 mil 

2,376 2,376 2,376 2,376 2,475 2,475 2,376 2,376 

Drainage VR 1" 
Drainage 
Mat 

1,429 1,429 1,429 1,429 1,488 1,488 1,429 1,429 

F
ou

nd
at

io
n Water-

proofing 
PVC 
Membrane 
48 mil 

1,920 1,920 2,025 2,025 2,160 2,160 1,920 1,920 

Drainage Coarse 
Aggregate 
Natural 

290,797 290,797 306,700 306,700 327,147 327,147 290,797 290,797 

 

Table 14.  Per unit area material quantities (in kilograms per square meter) for wood prototype buildings.  The cells highlighted in gray indicate values that differ from the 
counterpart concrete baseline building.  Quantities that were not part of the building structure were averaged across the eight prototype buildings, indicated by gray text. 

System 
Sub-
system 

Comp
onent Item Material 

Material quantities (kg/m2) by configuration and fireproofing option 
1. Wood optimum 
(min. of beam + 
column + slab) 

2. Typical office 
building (30x30 grid) 

3. Reference building 
(30x20 grid) 

4. Floor clearance 
optimum 

Fire-
proofing 

Charring 
design 

Fire-
proofing 

Charring 
design 

Fire-
proofing 

Charring 
design 

Fire-
proofing 

Charring 
design 

S
tr

uc
tu

re
 

G
ra

vi
ty

 s
ys

te
m 

B
ui

ld
in

g 
st

ru
ct

ur
e Beams Glulam 15.33 25.67 22.64 33.91 19.19 30.66 24.24 30.60 

Columns Glulam 5.25 10.44 4.59 6.91 4.98 8.53 5.48 10.60 
CLT slabs CLT 49.89 83.16 49.89 83.16 49.89 83.16 49.89 83.16 
Concrete 
slabs 

Concrete 146.10 146.10 146.10 146.10 146.10 146.10 146.10 146.10 
Rebar 4.37 4.37 4.37 4.37 4.37 4.37 4.37 4.37 

Steel 
connections 

Steel 1.36 1.36 1.17 1.17 1.25 1.25 1.36 1.36 

Floor 
underlayment 

Fiberglass 
reinforced 
backer 
board 
7/16" 

11.22 11.22 11.22 11.22 11.22 11.22 11.22 11.22 

Fireproofing Gypsum 
wall board 

16.38 0.00 16.38 0.00 16.38 0.00 16.38 0.00 

S
ub

gr
a

de
 Walls Rebar 4.03 4.03 4.03 4.03 4.03 4.03 4.03 4.03 

Concrete 110.10 110.10 110.10 110.10 110.10 110.10 110.10 110.10 
Columns Rebar 5.19 5.19 5.19 5.19 5.19 5.19 5.19 5.19 
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Concrete 32.02 32.02 32.02 32.02 32.02 32.02 32.02 32.02 
Concrete 
slabs 

Rebar 5.36 5.36 5.36 5.36 5.36 5.36 5.36 5.36 
Concrete 116.88 116.88 116.88 116.88 116.88 116.88 116.88 116.88 

F
ou

nd
at

io
n Continuous 

footing 
Rebar 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 
Concrete 9.16 9.16 9.16 9.16 9.16 9.16 9.16 9.16 

Column 
footing 

Rebar 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 
Concrete 67.87 67.87 67.87 67.87 67.87 67.87 67.87 67.87 

Slabs-on-
grade 

Rebar 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 
Concrete 29.22 29.22 29.22 29.22 29.22 29.22 29.22 29.22 

La
te

ra
l 

sy
st

em
 Found

ation 
Mat Rebar 7.84 7.84 7.84 7.84 7.84 7.84 7.84 7.84 

Concrete 123.48 123.48 123.48 123.48 123.48 123.48 123.48 123.48 
Shear 
wall 

Shear wall Rebar 11.33 11.33 11.33 11.33 11.33 11.33 11.33 11.33 
Concrete 181.64 181.64 181.64 181.64 181.64 181.64 181.64 181.64 

E
nc

lo
su

re 

E
xt

er
io

r 
w

al
l 

C
ur

ta
in

 w
al

l Wall 5/8"  
Regular 
Gypsum 
Board 

4.62 4.62 4.62 4.62 4.62 4.62 4.62 4.62 

Wall Air Barrier 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Window Aluminum 

Extrusion 
8.38 8.38 8.38 8.38 8.38 8.38 8.38 8.38 

Wall EPDM 
membrane 
(black, 60 
mil) 

0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 

Wall FG Batt 
R11-15 

1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 

Wall Galvanized 
Studs 

1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 

Wall Glazing 
Panel 

29.69 29.69 29.69 29.69 29.69 29.69 29.69 29.69 

Wall Joint 
Compound 

0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 

Wall Nails 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
Wall Paper Tape 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Wall Screws 

Nuts & 
Bolts 

0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 

Spandrel Spandrel 
Panel 

3.28 3.28 3.28 3.28 3.28 3.28 3.28 3.28 
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R
oo

f 

R
oo

f a
ss

em
bl

y Membrane EPDM 
membrane 
(black, 60 
mil) 

0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 

Rigid board 1/2"  
Moisture 
Resistant 
Gypsum 
Board 

1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 

Insulation (8") Polyiso 
Foam 
Board 
(unfaced) 

0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

Vapor 
retarder 

3 mil Poly-
ethylene 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

W
at

er
pr

oo
fin

g 

S
ub

gr
ad

e Water-
proofing 

PVC 
Membrane 
48 mil 

0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 

Drainage VR 1" 
Drainage 
Mat 

0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

F
ou

nd
at

io
n Water-

proofing 
PVC 
Membrane 
48 mil 

0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 

Drainage Coarse 
Aggregate 
Natural 

30.55 30.55 30.55 30.55 30.55 30.55 30.55 30.55 
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6.8 Subactivity 3h: Concrete Baseline Building 

6.8.1 Properties 

Table 15 presents the key dimensions of the baseline concrete building.  Most dimensions match 
Configuration #3 of the wood prototype buildings (which represents the Reference Building), except for 
the beams, columns, and slabs. 

Table 15.  Dimensions of the baseline building. 

Property Dimension 
X-grid spacing (ft) 30 
Y-grid spacing (ft) 20 
Building length X (ft) 90 
Building length Y (ft) 160 
N. of columns per floor 45 
Perimeter (ft) 480 
Area1 per floor (footprint area) (ft2)  12800 
Total area1 of all floors (above grade) (ft2) 102400 
Total area2 of exterior wall (ft2) 54720 
Total area2 of basement walls (ft2) 15840 
Thickened 
beams 

Width (in) 48 
Depth (in) 14 

Columns Width (in) 24 
Depth (in) 24 

Slab thickness (in) 8 
1Floor areas do not account for floor openings for elevators and stairs. 
2Wall areas do not account for exterior doors. Uniform wall assembly is assumed across all exterior surfaces. 

 

6.8.2 Material Quantities 

The material quantities of the concrete baseline building is presented in Table 16.  As with the wood 
prototype buildings, the non-structural quantities lack precision, and so the per unit area quantities were 
taken to match those from the wood building so that comparisons between the concrete and wood 
buildings would not be focused on the non-structural quantities.  This means that the material quantities 
for the non-structural components of the concrete building are not internally consistent with the building 
dimensions, but are consistent with the wood building values. 

Rebar quantities were estimated by averaging rebar unit weight estimates from Student 2, the SE, and 
the GC.  For beams + slabs, this number was 37.6 tons / cubic yard of concrete.  For columns, it was 25.7 
tons / cubic yard of concrete. 
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Table 16. Material quantities for baseline concrete building (based on the Configuration #3 Reference Building).  The cells 
highlighted in gray indicate values that differ from the counterpart wood prototype building.  The non-structural per unit area 
quantities were taken from the average of the wood prototype buildings (Table 14), indicated by gray text. 

System 
Sub-
system Component Item Material 

Material 
quantities 
(total kg) 

Material 
quantities  
(kg/m2) 

S
tr

uc
tu

re
 

G
ra

vi
ty

 s
ys

te
m Building structure Slabs + thickened 

beams 
Rebar 273,768 25.57 
Concrete 6,911,722 645.48 

Columns Rebar 186,595 17.43 
Concrete 1,314,135 122.73 

Subgrade Walls Rebar 41,258 4.03 
Concrete 1,127,070 110.10 

Columns Rebar 49,138 5.19 
Concrete 303,143 32.02 

Concrete slabs Rebar 57,374 5.36 
Concrete 1,251,557 116.88 

Foundation Continuous footing Rebar 1,683 0.16 
Concrete 93,753 9.16 

Column footing Rebar 9,054 0.96 
Concrete 642,604 67.87 

Slabs-on-grade Rebar 1,375 0.13 
Concrete 312,889 29.22 

La
te

ra
l 

sy
st

em
 Foundation Mat Rebar 77,748 7.84 

Concrete 1,225,251 123.48 
Shear wall Shear wall Rebar 112,453 11.33 

Concrete 1,802,330 181.64 

E
nc

lo
su

re 

E
xt

er
io

r 
w

al
l Curtain wall Wall 5/8"  Regular Gypsum Board 47,295 4.62 

Wall Air Barrier 255 0.02 
Window Aluminum Extrusion 85,824 8.38 
Wall EPDM membrane (black, 60 

mil) 
3,624 0.35 

Wall FG Batt R11-15 13,771 1.35 
Wall Galvanized Studs 10,299 1.01 
Wall Glazing Panel 303,922 29.69 
Wall Joint Compound 4,591 0.45 
Wall Nails 300 0.03 
Wall Paper Tape 57 0.01 
Wall Screws Nuts & Bolts 3,571 0.35 
Spandrel Spandrel Panel 33,617 3.28 

R
oo

f Roof assembly Membrane EPDM membrane (black, 60 
mil) 

3,272 0.31 

Rigid board 1/2"  Moisture Resistant 
Gypsum Board 

12,079 1.13 

Insulation (8") Polyiso Foam Board 
(unfaced) 

8,079 0.75 

Vapor retarder 3 mil Polyethylene 103 0.01 

W
at

er
-

pr
oo

fin
g Subgrade Waterproofing PVC Membrane 48 mil 2,475 0.24 

Drainage VR 1" Drainage Mat 1,488 0.15 
Foundation Waterproofing PVC Membrane 48 mil 2,160 0.20 

Drainage Coarse Aggregate Natural 327,147 30.55 
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6.9 Subactivity 3i: Preliminary Environmental Impacts and Comparisons 

This section presents a preliminary assessment of the global warming potential (GWP) for the wood 
prototype buildings and the concrete baseline building. The material quantities identified in the previous 
sections were multiplied by the GWP coefficients, life cycle stage A1 �t A5, for the relevant materials from 
the Athena Impact Estimator (Version 5.1.01).  This study excludes the effects of biogenic carbon 
sequestered during growth of timber, operational energy consumption, maintenance and repair of the 
structure, and end of life treatments and/or credits outside the system boundary.  This building models 
structure and enclosure only, and excludes the impacts of interior partitions, finishes, mechanical and 
electrical systems, furniture, and site work. 
 
Figure 9 presents the overall environmental impacts per square meter for the five of the most common 
environmental impact categories for the buildings.  From this figure, it can be seen that the 
environmental impact of the concrete building exceeds that of the wood buildings in all impact 
categories except for ozone depletion potential.  Fireproofed versions of the wood buildings tended to 
have lower impacts than the corresponding buildings designed for charring. 
 
Figure 10 presents a comparison of the global warming potential in life cycle stage A of the concrete and 
wood versions of the reference building configuration (#3).  Concrete is a major contributor in both the 
concrete and wood buildings, but most significantly in the slabs + thickened beams of the concrete 
building, which exceed the impacts of the glulam beams and CLT slabs in the counterpart wood building. 
 

Figure 11 compares the proportion contribution to overall global warming potential (life cycle stage A) by 
the major components in the wood prototype buildings (averaged across the eight buildings), and the 
concrete baseline building.  The wood building structure comprises a lower percentage of the overall 
impact than the concrete building structure in the concrete building. 
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Figure 9. Overall environmental impacts for the eight prototype wood buildings and the concrete baseline building, life cycle 
stage A (A1 �t A5). 
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Figure 10.  Global warming potential, life cycle stage A (A1 �t ���ñ�•���}�v�o�Ç�U���(�}�Œ���š�Z���������•���o�]�v�������}�v���Œ���š�������µ�]�o���]�v�P���~�^���}�v���Œ���š���_�•�����v�����š�Z����
�‰�Œ�}�š�}�š�Ç�‰�����Á�}�}�������µ�]�o���]�v�P���~�^�t�}�}���_�•�����v�����]�š�•���š�Á�}���(�]�Œ�����‰�Œ�}�š�����š�]�}�v���}�‰�š�]�}�v�•�U�����Ç�����µ�]�o���]�v�P���•�Ç�•�š���u�U���•�µ���•�Ç�•�š���u�U�����}�u�‰�}�v���v�š�U�����v�����]�š���u�X����
Color-coding indicates material contribution to overall global warming potential by the top ten contributing materials, and an 
�^�K�š�Z���Œ�_�������š���P�}�Œ�Ç���~���}�u�‰�Œ�]�•�]�v�P���š�Z�����Œ���u���]�v�]�v�P���u���š���Œ�]���o�•�•�X 
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Figure 11. Comparison of the proportion contribution to overall global warming potential, life cycle stage A only, by the major 
components in (a) the average of the 8 wood prototype buildings, and (b) the concrete baseline building. 

 

7 LIMITATIONS 
Listed below are limitations to the results of the study. 

Regarding material quantities: 

�x The prototype/baseline building was not designed to be statistically representative of the typical 
mid-rise commercial building in the Seattle area, so the material quantities per unit area are not 
asserted to be statistically representative. 

�x The wood structural quantities were derived solely from an optimization algorithm, and do not 
necessarily reflect actual design practice. This level of alignment/exactness was not deemed 
necessary for the purposes of this study, which was focused more on representing big picture 
quantities and possible ranges in values.  

�x The materials used in the prototype/baseline building were limited to the list of available 
materials from the Athena Impact Estimator Database version 5.1. 

�x Systems such as mechanical, electrical, and HVAC were not included.  Most architectural finishes 
were also not included. 

�x The level of detail in the building is very broad, i.e. the building was not modeled in Revit so the 
material quantity estimates are similarly coarse.  Presumably, not all possible materials in the 
building are listed �t just the major items in each component.  For example, epoxy was not 
included as part of the reinforced concrete quantities. 

�x �d�Z�����‰�Œ�}�š�}�š�Ç�‰�������µ�]�o���]�v�P���Á���•���Z���•�•���u���o�����[�U���v�}�š���Z�����•�]�P�v�����[�U���•�}���š�Z�����À���Œ�]�}�µ�•��components of the 
prototype building are not integrated by design, i.e. the foundation and shear walls were not 
designed for the wood building, which is likely to weigh significantly less than the concrete 
building. 

Regarding environmental impacts: 

�x Environmental impact data was based on the Athena Impact Estimator version 5.1, so the results 
are not comparable with results based on other databases or life cycle inventories. 
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�x Environmental impact data was limited to life cycle stage A1 �t A5.  The results do not account for 
use/operations (stage B), end-of-life (stage C), or beyond building life (stage D), meaning that re-
use, recycling, carbon sequestration, or possible incineration were not accounted for 

�x Results are not regionally specific, therefore the impacts of transportation, on-site construction 
impacts, or material procurement, etc. are not representative of the Pacific Northwest. 

�x These results are not meant to make definitive comparative assertions between structural 
material types, even though Section 6.8 shows that the impacts of the concrete baseline building 
are greater than that of the wood prototype building, because the full building life cycle was not 
considered in this assessment.  Even if it were included, the end-of-life impacts have significant 
LCA methodology issues (recycling steel, decomposition of wood) that would need careful 
resolution.  LCA standards require a third party critical review in order for making a comparative 
assertion that one product or system is preferable to another. 
 

8 DIRECTIONS FOR FUTURE RESEARCH 
The research team has identified the following projects to be of significant value for future research. 
 

1. Develop regionally specific LCI data for materials 

The UW School of Environmental and Forest Sciences team is working to develop regionally 
specific Life Cycle Inventory data for the wood products in order to develop a more refined 
environmental Life Cycle Assessment of these prototype buildings. Comparing the difference 
between bottom up LCI data and the data currently available in publically accessible LCA tools 
will be interesting. Additionally, other LCA impacts and life cycle stages should be evaluated. 

 

2. Develop structural design with professional input 

The structural optimization was developed based upon a parametric model created by a Masters 
student. The design could also be developed by, or in tandem with, a professional structural 
engineering firm with greater experience designing and building mass timber buildings.  This 
could result in a single design for the prototype building or a range of potential designs. This 
would enable more precise checks of member size calculations and would address uncertainty in 
modeling of elements such as columns and permit the development of prototypical CLT lateral 
resisting elements (see Section 3). 

 

3. Develop a CLT lateral system  

The designs in this project do not evaluate the potential of CLT shear walls. Preliminary estimates 
of CLT shear wall design were not developed with sufficient confidence as the technology and 
methodology were still in development.  Current research and practice to implement tall CLT 
shear walls will soon enable credible preliminary design of CLT walls to be integrated into a 
similar research project.  Of note, the concrete shear walls contribute significantly to the overall 
building carbon footprint and this is an area for potential additional environmental improvement 
of tall timber buildings over conventional construction. 

 

4. Develop a competitive floor system 
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Results from the structural optimization indicate that wood floor systems are very deep (2 �t 6 ft, 
including beam depths), making them uncompetitive to concrete or steel systems.  Reducing the 
overall thickness of the slabs + beams would make a wood-based floor system competitive in the 
building market, allowing developers to maximize the number of floors and thus the amount of 
�o�����•�����o�����(�o�}�}�Œ���•�‰���������]�v���š�Z�������µ�]�o���]�v�P�X�����&�o�}�}�Œ���•�Ç�•�š���u�•�U�����o�}�v�P���Á�]�š�Z���(�����������•�U���^���}�v�š�Œ�]���µ�š����roughly 75% 
�}�(���š�Z�����]�u�‰�����š�•���}�(���š�Z�������µ�]�o���]�v�P�_��(Strobel, 2016), if one disregards the concrete components of the 
building (foundations, subgrade, and concrete shear wall), making floor optimization a point of 
environmental sustainability as well.  Otherwise, zoning height allowances would have to be 
increased to offset floor-to-floor height increases (Strobel, 2016). 

 

5. Explore the effects of reduced building weight on foundation and lateral system requirements 

Wood buildings may be assumed to weigh less than their concrete or steel concrete 
counterparts, but is this true?  If so, the reduced weight of the building may reduce the 
foundation requirements, and possibly lateral system requirements as well. 

 

6. Develop simplified parametric model for office building LCA studies 

The estimates of material quantity data in this report have been normalized per unit of area.  This 
base data could be developed to predict whole building LCA results given a range of building 
parameters such as building area, stories, ratio of exterior skin to floor area, numbers of 
underground levels and building energy efficiency as well as LCA parameters such as material 
impacts, grid emissions and assumptions regarding carbon sequestration of bio based products. 

 

7. Develop statistically representative model for office building construction 

A statistical analysis of the existing building stock could be performed to establish the 
characteristics of a statistically representative reference building could be completed.  This would 
�‰�Œ�}�À�]�������������]�š�]�}�v���o���]�v�(�}�Œ�u���š�]�}�v���v�������������š�}�������(�]�v�������‰�‰�Œ�}�‰�Œ�]���š�����Z�����v���Z�u���Œ�l�•�[�����Ç���Á�Z�]ch to compare 
novel mass timber construction against.  A statistical sample of the existing building stock could 
be defined to establish the characteristics of a statistically representative reference building.  This 
would provide accurate information need�������š�}�������(�]�v�������‰�‰�Œ�}�‰�Œ�]���š�����Z�����v���Z�u���Œ�l�•�[�����Ç���Á�Z�]���Z���š�}��
compare novel mass timber construction against. A statistically representative sample within a 
broader region or national range would also help our understanding in defining typical building 
characteristics according to climate, hazard zones and different soil types. 

 

8. Develop a more comprehensive model of office building LCA 

Significant components of the buildings environmental impacts are not included in this study, 
perhaps most critically: the interior finishes and fit outs that occur at relatively frequent cycles; 
the impacts of the mechanical, electrical and plumbing systems of the building; and the operating 
energy impacts. The research team suggests expanding the study to include these components to 
better understand the relative impact the structural system has on the overall building 
environmental impact. 
 
 

9. Develop design tools to explore optimization alternatives for mass timber buildings 
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The emergent literature on mass timber structure optimization in buildings show the 
implementation of different techniques to explore alternatives for reducing overall wood 
quantities. Some of these techniques include multicriteria decision making, optimization matrix, 
simulated annealing, scenario planning, and genetic algorithms. With increasing empirical data 
related to building structures and environmental impacts in the future, new tools will be needed 
to assist designers in sorting the different variables that may reduce mass timber sections. 
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