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PREFACE

While home builders are continuously challenged to consider various criteria such as affordability, energy
efficiency, sustainability, serviceability, aesthetic, utility, and resistance to natural hazards among others,
there are varying degrees of adherence to such objectives. The more efforts are made for technology
transfer and providing the residential construction industry with the latest advancements in construction
materials, tools, methods, and code requirements, the more receptive will be the mainstream builders

to incorporation of technological advancements. As always, the Pennsylvania Housing Research Center
(PHRC) at The Pennsylvania State University considers knowledge sharing and dissemination of the
results of recent advancements in the field as one of its primary responsibilities and is pleased to
continue organizing the Residential Building Design and Construction Conference series to serve the
housing and residential construction industry for this purpose.

It is with great pleasure that we share the proceedings of the 2022 Residential Building Design and
Construction Conference, which was held virtually on May 11-12, 2022. As in the past five RBDC
Conferences, this sixth conference provided an opportunity for researchers, design professionals,
manufacturers, builders, and code officials to exchange the latest advancements in research and practice
and to discuss and share their own findings, innovations, and projects related to residential buildings.

The 2022 RBDC Conference hosted 85 attendees and included 61 papers, 60 presentations, and 10
posters on various issues related to residential buildings, which encompass single- and multi-family
dwellings, mid-rise and high-rise structures, factory-built housing, dormitories, and hotels/motels. Papers
and presentations related to the following areas and topics were invited in the conference call:

+ Aging-in-Place and Senior Living Housing

Alternative Renewable Energy Generating Systems

+ Building Information Modeling (BIM) Application in Residential Construction

* Building Integrated Photovoltaic Systems

* Building Performance Assessment/Metrics/Verification Methods and Occupant Behavior
* Building Science and Building Enclosures

+ Education of Residential Design & Construction

+ Energy Efficient Building Components

+ Fire Damage and Protection

* High-Performance Residential Buildings

* Indoor Air Quality

* Innovations in Green Roofs and Facade/Envelope Systems

* Innovations in Residential Architecture and Design

* Innovations in Modular and Manufactured Housing

* Innovative and Emerging Housing Construction Methods/Systems

* Innovative Wall, Floor, Roof, Window, and Siding Systems

* Learning from the Performance of Residential Buildings under Natural Disasters
* Low-Income and Affordable Housing

* Net Zero Energy Homes

* Panelized Building Components

* Passive House Design Approach

+ Resilient New Design and Retrofit of Existing Buildings under Natural Disasters
* Retrofit of Existing Buildings for Energy Efficiency

* Rural Housing Materials and Construction

+ Serviceability and Life Safety Damage Aspects

* Smart Home Technologies, Design, and Construction

+ Sustainable Housing Construction Materials and Methods

« Temporary Housing for Disaster Situations

* Whole Building Design Approach



As the Table of Contents of these proceedings show,

many of the above areas were among the papers and
presentations at the conference. There was considerable
interest in topics including building envelope, building

in Alaska, building science education, disaster resilience,
hemp, high-performance housing, innovative and
affordable housing, mass timber and CLT, mechanical and
lighting systems, occupant behavior, retrofits, and tools for
homebuilders.

Two keynote speakers were invited for the conference: Wil
V. Srubar Ill, Ph.D., associate professor at the University

of Colorado Boulder and founder and managing director
of Aureus Earth, Inc. and Rusty Smith, associate director

of the Rural Studio at Auburn University’s School of
Architecture, Planning, & Landscape Architecture. Srubar
discussed his presentation titled “Transforming Buildings
into Carbon Sinks.” Smith shared his presentation titled
“Rural Studio: What Does Affordable, High-Performance
Housing Truly Afford?” The conference also hosted a closing
plenary session by Jack Hébert, founder of the Cold Climate
Housing Research Center and senior research advisor

at the National Renewable Energy Laboratory, entitled
“Indigenous Wisdom and 21st Century Technologies: An
Arctic Approach to Building Science.”

We wish to thank the members of the International
Scientific Committee of the conference for their
contributions in promoting the conference. The support
of the PHRC staff for logistics is gratefully acknowledged.
Special thanks go to Rachel Fawcett for her contribution as
the Conference Coordinator.

Proceedings Editors:
Ali M. Memari and Sarah Klinetob Lowe
May 2022



WEDNESDAY, MAY 11

Keynote: Dr. V. Srubar, Il | Associate Professor, University of Colorado Boulder

Title: Transforming Buildings Into Carbon Sinks
Opening Remarks by Dr. Ali Memari & Sarah Klinetob Lowe

8:15am ET - 9:30am ET

High-performing technologies for
residential Rural buildings in

the Pianura Padana territory

Silvia Brunoro (University of Ferrara)

Catenary domes for housing: benefits and
challenges
Ryan Bradley (University of Witwatersrand)

0E:TT-00:TT

THE USE OF ARTIF! L INTELLIGENCE
TECHNIQUES FOR PREDICTING COMPRESSIVE
STRENGTH FOR HIGH PERFORMANCE
CONCRETE: A REVIEW

Refilwe Lediga & Jefferey Mahachi (University
of Johannesburg)

12:00pm ET -12:30pm ET

12:30pm ET - 2:00pm ET
Disaster Resilient Housing

Observations and Analysis of wind pressures
on roof overhangs and underneath walls of a
low-rise building

Karim Mostafa (Florida International
University), loannis Zisis (Florida International
University), & Ted Stathopoulous (Concordia
University)

00:T-0€:ZT

Analysis of Complex Flow Characteristics from

ld and Simulated Hurricane Measurements
Jianing Wang & Chelakara Subramanian
(Florida Institute of Technology)

CASE STUDIES OF BUILDING RESILIENCE IN
HURRICANES

Behnam Shadravan (Florida A&M University) &
Shideh Shadravan (Oklahoma University)

00:Z-0€:T

15pm ET - 2:45pm ET

3:00pm ET - 4:30pm ET

Innovative & Affordable Housing

Frame House System: An Open-Source
Housing Design and Construction System
Puja Bhagat, Celina Deng, & Benay Giirsoy
(Penn State)

How to Make Zero Energy Ready Pencil Out at
the Production Scale

Eric Werling (US DOE), Kevin Brozyna (Insight
Homes), & Theresa Gilbride (PNNL)

Discussion of Tiny Home Inclusion as a
oncentric Diversification Strategy in

Production Home Building to Address Housing

Crisis

Molly Smith, Wei Wu, Yupeng (Vivien) Luo, &

Michele Randel (California State University,

Fresno)

Conference Sessions A

Building Envelope

Multi-chamber Standardized Testing of Air-
permeable Cladding Materials

Oscar Lafontaine & David O. Prevatt (University
of Florida)

Performance of OSB and SFS Shear Walls in
Residential Building

Shideh Shadravan (University of Oklahomay),
Behnam Shadravan (Florida A&M University), &
Chris Ramseyer (University of Oklahoma)

An Innovative, High-performance Shell
Structure for Residential Construction: Th
System

Rolf Jacobson; Dan Handeen; Pat Huelman;
Garrett Mosiman; Tom Schirber

LUNCH BREAK

Conference Sessions B

Mechanical & Lighting

Balance Points are Changing — and That’s Just
Sensible!
Pat Huelman (University of Minnesota)

Development of Smart Watering Algorithm To
Improve Biowall Performance
William Hutzel (Purdue University)

Machine learning based surrogate model for
faster daylighting estimation in building design
Naveen Kumar Muthumanickam (NREL), José
Pinto Duarte (Penn State), & Tim Simpson (Penn
State)

Poster Session
**See Next Tab**

Conference Sessions C

Occupant Behavior

Case Study: The Effect of Homeowner
Behavior on Energy-Efficiency in a High-
Performance Home

Lindsey Beates (Beates Properties) & Jason
Lucas (Clemson University)

Impact of Occupant Characteristics on the
Energy Performance of Multifamily Residential

ner;
Building in the United States

(Michigan State University)

Development and validation of a post-
occupancy evaluation model for LEED-certified
residential projects

Mohsen Goodarzi (Ball State University) &
George H. Berghorn (Michigan State University)

Mass Timber & CLT

Parametric Evaluation of Embo

within Design for Hybrid Mass Timber Floor
Systems

Samantha Leonard, Ryan Solnosky, Nathan
Brown, & Corey Gracie-Griffin (Penn State)

Structural Design of a Cross-Laminated Timber

(CLT) Single-Family Home
Anthony Jellen (Jellen Engineering Services) &
Ali Memari (Penn State)

Moisture Vapor Buffering and Latent Heat
Effects of CLT Insulated with Wood Fiber

Insulation Assembly on Energy Saving

Ling Li (University of Maine), Jake Snow (University
of Maine), Maitham Alabbad (University of Maine),

Samuel V. Glass (Forest Service FPL), Benjamin
Herzog (University of Maine), & Stephen Shaler
(University of Maine)

Use of Industrial Hemp and Bamboo Fiber in
Construction

Dan Hindman, Tom Hammett, & Jonas
Hauptman (Virginia Tech)

w of the Characterization of
Environmental and Mechanical Properties of
Hemp Hurd and Hempcrete
Hojae Yi, Corey Gracie-Griffin, & Ali Memari
(Penn State)

Modeling of 3D printing Concrete based on
Meshfree Explicit Galerkin Analysis Method
Aleksandra Radlinska, Hanbin Cheng, Feihong
Liu, & Michael Hillman (Penn State)

g Science Education

Introductions, Overview, and Where Are We
Now?
Georg Reichard (Virginia Tech), Pat Huelman
(University of Minnesota), & Sam Taylor (Energy
& Resource Efficiency)

Beyond Boundaries: Education to Advance the
Transformation of the Architecture,
Engineering, Construction, and Operations
Indust

Jonathan Bean (University of Arizona) & Sarah
Truitt (NREL)

Building Science Education

Resilience and Social Justice as a Framework
for Architectural Education, Research and
Practice — The Design+Build Kunga ADU
Jorg Riigemer (University of Utah)

Facilitating Real-World Project-Based Service-
Learning Opportunities by Participating in
Department of Energy Race to Zero and Solar
Decathlon Competitions

Jeremy Farner (Weber State University)

Continued Experiences with the Solar
Decathlon Design Challenge
Tom Collins (Ball State University)

Building Science Education

Picking Favorites - A Building Science
Education Showcase/Showdown Panel
Georg Reichard (Virginia Tech), Jonathan Bean
(University of Arizona), David Fannon
(Northeastern), Walter Grondzik (Ball State
University), Bruce Haglund (University of Idaho),
Pat Huelman (University of Minnesota), Ulrike
Passe (lowa State University), & Brian Wolfgang
(Penn State)




Keynote: Rusty Smith | Associate Director, Rural Studio at Auburn University

Title: Rural Studio: What Does Affordable, High-Performance Housing Truly Afford?
Opening Remarks by Dr. Ali Memari & Sarah Klinetob Lowe

Virtual Networking Session

Innovative Housing

A Multi-manufacturer Platform Approach to
Modular Volumetric Construction — An
Experiment in Cross-pollinating Design with
Fabrication

Carlo Carbone (Université du Québec a
Montréal)

Design Grammar of Scaffold-Free 3D Printed
Shells

Mahan Motamedi (ENSAPM, Laboratoire GSA),
Shadi Nazarian (Penn State), Romain Mesnil
(ENPC, Laboratoire NAVIER), Robin Oval
(University of Cambridge), & Olivier Baverel
(ENPC, Laboratoire NAVIER)

UTILIZING ARTIFICIAL INTELLIGENCE FOR
DESIGNING CEMENT-BASED MATERIALS FOR
3D CONCRETE PRINTING APPLICATIONS
Refilwe Lediga & Jefferey Mahachi (University
of Johannesburg)

High Performance Housing

Site Net Zero Target Contemporegional
Architecture he Barn Haus in Utah
J6rg Riigemer (University of Utah)

Christopher Wingate (MSR Design) & Sean
| Sonnabend (AKF Group)

Reducing Interior Overheating of Residential
Buildings by Passive Cooling Measures
Michal Bartko, Abdelaziz Laouadi, & Michael
Lacasse (National Research Council Canada)

Retrofits

Application of refractive fluid flow imaging
techniques for visualizing building exfiltration
Philip Boudreaux, Emishaw Iffa, & Venkat
Singanallur (ORNL)

Drone-based scanning technology for
characterizing the geometry and thermal
conditions of building enclosure system for
fast energy audit and design of retrofitting
strategies

Shayan Mirzabeigi (SUNY ESF), Parisa Eteghad
(SUNY ESF), Mohamed Razkenari (SUNY ESF),
Paul Crovella (SUNY ESF), & Jianshun Zhang
(Syracuse University)

Energy Modeling to Determine Optimum
Order of Component Installation in Stepwise
Retrofit Towards EnerPHit Standard

Sophia Welch, Esther Obonyo, & Ali Memari
(Penn State)

LUNCH BREAK

Retrofits

Efficient Wall Retrofit Systems

Chrissi Antonopoulos (PNNL), Patti Gunderson
(PNNL), Tyler Pilet (PNNL), Sumitrra Ganguli (PNNL),
Jian Zhang (PNNL), Travis Ashley (PNNL), Pat.
Huelman (University of Minnesota), Antonio
 Aldykiewicz (ORNL), Garrett Mosiman (University of
Minnesota), Harshil Nagda (PNNL), Cheryn Metzger
(PNNL), Andre Desjarlais (ORNL), & Rolf Jacobson
(University of Minnesota)

Hygrothermal simulation of exterior retrofits
in a cold climate

Antonio Aldykiewicz (ORNL), Andre Desjarlais
(ORNL), Pat Huelman (University of Minnesota),
& Garrett Mosiman (University of Minnesota)

Insitu Testing for PNNL/ORNL/UMN Deep Wall
Insulation Upgrade Project

Pat Huelman, Garrett Mosiman, Fatih Evren, &
Rolf Jacobson (University of Minnesota)

Tools for Homebuilders

Creating a Virtual Environment Data Collection

Tool for Construction Safety
Daniel Hindman, Leann Rhodes, Rafael Patrick,
Alicia Johnson, & Todd Ogle (Virginia Tech)

ikeliness to Recommend: A
Analysis of Consumer Perceptions of Home
Builders
Todd Usher & Jason Lucas (Clemson University)

Building in Alaska

Design of homes for concrete printing in the
| permafrost regions of Alaska

José Duarte, Gongalo Duarte, Nathan Brown,
Shadi Nazarian, & Ali Memari (Penn State)

Structural Evaluation of a proposed concrete
3D printed Habitat in remote Alaska
Gongalo Duarte, Ali Memari, Nathan Brown,
José Duarte, & Zhengyu Wu (Penn State)

A comparison of thermal insulation strategies
for 3D printed concrete structures in cold
regions

Nathan Brown, Ali Memari, Ming Xiao, Zhengyu
Wu, José Duarte, Shadi Nazarian, & Gongalo
Duarte (Penn State)

Disaster Resilience

Discussion & Moderated Q&A
Stacey Connaughton (Purdue University),
Mohamed Hilmi (InterAction) , George Foden
(Loughborough University), & Esther Obonyo
(Penn State)

Disaster Resilience

Building for Energy Efficiency and Disaster
Resistance: Complementary Goals, Most of the
Time

Edward Louie, Chrissi Antonopoulos, & Theresa
Gilbride (PNNL)

A parametric investigation of canopy heat
islands mitigation strategies: A case study of a
new residential development master plan of a
U.S. north-eastern city

Farzad Hashemi, Lisa D. lulo, & Ute Poerschke
(Penn State)

Small-Scale Testing of Air Barrier Systems
Adhered on Sheathing Panels Under In-plane
Relative Displacement Simulating Seismic
Effect

Karim Abdelwahab, Corey Gracie-Griffin, Ali
Memari, & Lisa D. lulo (Penn State)

S5pm - 2:45pm ET Roundtable Networking Session

4:45pm ET - 6:00pm ET

Retrofits

ing Retrofits — Never a Better Time to
Upgrade Wall Insulation and Windows
Katherine Cort & Theresa Gilbride (PNNL)

Determining Energy Savings for Various High
Performance Ventilated Attic (HPVA) Roof
Retrofits

Sam Meleika & Anthony Fontanini (NREL)

A Zero-carbon Bit

Energy Retrofit Solution for Bt

Shaghayegh Kurzinski, Paul Crovella, Mohamad
Razkenari, & William Smith (SUNY ESF)

Closing Plenary: Jack Hébert| Founder - Cold Climate Hou:

Title: Indigenous Wisdom and 21st Century Technologies: An Arctic Approach to Building Science
Closing Remarks by Dr. Ali Memari & Sarah Kiinetob Lowe

Building in Alaska

Building Durability in Extreme, Changing
Climates

Zoe Kaufman, Robbin Garber-Slaght, Tanushree
Charan, & Conor Dennehy (NREL)

Addressing the Housing Infrast: re
Challenges of Rural Alaska in a Changing

Climate: Physical Characteristics of Reside:

Infrastructure

Maria Milan (Michigan State University),
Kristen Cetin (Michigan State University),
Jessica Taylor (lowa State University), & Cristina
Poleacovschi (lowa State University)

Design, Construction, and Field Validation of a
Blown-in Fiberglass Wall System in a Cold,
Wet, and Climate

Vanessa Stevens, Robbin Garber-Slaght, Haley
Nelson, Aaron Cooke, & Chan
Charoonsophonsak (CCHRC - NREL)

g Research Center (CCHRC)



Multiple benefits through residential building
energy retrofit and thermal resilient design
Shayan Mirzabeigi & Mohamad Razkenari (SUNY
ESF)

Educating the Youth On Energy Literacy Through |Practical Constru of 3D Printed Reil Review of Mechanical and Structural Testing for 3D
Virtual Reality Concrete Members Printed Concrete
Joseph James (Virginia Tech) Zhengyu Wu & Ali Memari (Pen State) Zhengyu Wu & Ali Memari (Penn State)

Small-Scale Testing of Air Barrier Systems
Use of Plastic Waste in Building Construction Adhered on Sheathing Panels Under In-plane Review of Structural Load Resisting Systems for
Industry Relative Displacement Simulating Seismic Effect | Cross-Laminated Timber Multi-story Residential
Shahryar Habibi (University of Ferrara) & Ali Karim Abdelwahab, Corey Gracie-Griffin, Ali Buildings
Memari (Penn State) Memari and Lisa lulo (Penn State) Nadia M. Mirzai and Ali Memari (Penn State)

Resilience in Modular Construction

Maryam Kouhirostami (University of Florida),
Arezou Sadoughi (Appalachian State University),
Mahtab Kouhirostami (University of Florida), &
Robert Ries (University of Florida)

D Printing of Residential H Adaptin;
the Historical African Sustainable Housin
Nima Aminpour and Ali Memari (Penn State) Eden Binega and Ali Memari (Penn State)
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ABSTRACT

The paper illustrates the potentialities of designing high — efficient rural buildings, by
introducing innovative methodology and techniques. Sharing of services and efficient
building technologies represents a growing strategy that can fulfill the goal of the 20-
20-20 EU energy policies. Rural housing - homes and services built with agricultural
and farming purposes - is an historical heritage in Italy, are mainly diffused in the
Emilia Romagna Lombardia and Veneto Region (area called Pianura Padana). The
rural real estate in this territory is now not efficiently valorized, as economic,
functional and cultural constraints generally rules the design phase. The theme of the
residence is then particularly insidious as it collides with preconceptions that are
difficult to overcome, this both on the front of the client and of the construction
companies. The main aim of the paper is to investigate the possibilities to introduce
experimental contents - both in architectural then in technical issues - in reconstructing
rural settlements, besides of the opportunity to build efficiently while respecting
limited budgets and keeping references to traditional typologies together with the most
up-to-date technological equipment and construction systems. In this paper, small-
scale high — efficient rural projects are analyzed. Realized examples of young
Architects (KM429, MIDE architects) are presented, showing several residential
interventions where sustainable construction systems, thanks to their design
sensitivity, are well integrated into very delicate rural contexts.

INTRODUCTION

The ancient rural buildings represent a testimony of exceptional historical and cultural
value in Italy They are disseminated along the Pianura Padana, an Italian territory
comprehended between the Emilia Romagna Lombardia and Veneto Region (Figure
1). Today such complexes are most of all abandonment and/or damaged, for many
reasons, most of all the shift between rural and industrial economy and the progressive
migration from country to town.

The seismic events of 20 and 29 May 2012 in Pianura Padana caused considerable
damages to the rural settlements, both to agricultural activities than to the agricultural
sector, and to the built heritage as a whole.

In this area, which includes more than 30 municipalities between the Reggio Emila
and the upper Ferrara province, agriculture has always played an important role in
terms of surface extension agricultural used and economic level reached. The
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earthquake has hit hard the activities and the scattered rural building fabric of the
Emilian countryside. The greatest damage was recorded for historical rural courts:
those complexes for which maintenance has not been continuous or that were even in a
total state of decay. Moreover these complexes do not fulfil the recent standards in the
field of energy efficiency [Marangoni, 2013].

Figure 1. An example of historical rural building in the Pianura Padana territory

The main purpose of the study is to investigate methods and examples to deal with rural
architecture by introducing modern languages and efficient technologies for the
reconstructing of rural settlements, respecting traditional typologies and at the same
time using efficient sustainable technologies and construction systems.
The main objectives at the center of the work are :
e the management of the relationships between past and modern in the
composition of the complexes buildings, linked to the agricultural landscape;
e the enhancement of the historical heritage language (re-interpretation of the
preserved agricultural heritage) with new materials, methods and techniques;
e The control of the building quality, energy efficiency and budget limitations.

The study aims to suggest methods and best practices for the integration between
landscape and modern rural architecture, pursuing a twofold objective: in the first place
to interpret in a modern language the basic architectural and technical features of rural
houses in the Pianura Padana landscape (from the typology to the landscape colors) then
to upgrade to high — efficient energy standards. The use of a contemporary language and
technologies do not distort the concept of rural house.

COURTYARDS AND RURAL COMPLEXES IN THE HISTORICAL CONTEXT

From the 1950s to today, the Pianura Padana rural landscape has undergone radical
transformations. The evolution of the built complexes shows equally evident signs of
change, legible in the growth and articulation of centers already present in the 1950s,
and only more rarely in the creation of new functional nuclei for agricultural
companies [Baricchi, 1990)].

Building new settlements had more to do with the inclusion of incongruous functions,
such as residential compartments and isolated production activities. The
transformations have thus determined a gradual alteration of the structuring
characteristics of the landscape, making homogenization inexorable with the margins



2022 (6th) Residential Building Design & Construction Conference; May 11-12, 2022
The Pennsylvania State University, University Park, PA, USA; PHRC.psu.edu

of urbanization and the trivialization of signs, tradition and memory linked to the
agricultural world.

Figure 2. Main basic typologies of rural architecture in the Pianura Padana
a.Courtyard. b,c. Rural farming complex

Rebuilding can be an unmissable opportunity to improve the rural landscape in its
original tradition settlement as a whole, an at the same time to upgrade it to new
efficient standard by using sustainable construction systems such as dry technologies,
eternal thermal insulation, high — performing windows etc..
Historical rural settlements can be defined in their historical asset by the following
macro-categories [Gambi, 2008]:
Courtyard (Figure 2 a)
This is the elementary rural unit consisting of two buildings, one intended for the
tenant's home and the other used as services and storage. Other secondary buildings
may be present and play a service role.
Rural farming complex (Figure 2 b,c¢)
It is the evolution of the elementary unit, with the inclusion of recent buildings,
diversified activities and functions which make the composition and the functioning of
the court more complexes: a cattle shed, machinery storage buildings agricultural,
warehouses.
The main typological variations of these two macro categories, depending on the
territory, can be listed as follows:
e Bolognese typology (separate buildings)
It consists of two principal buildings of similar size arranged in a chessboard
or on a single axis, quadrangular floor and with hipped roofs, one for family
house home and one stable;
e Modenese typology (separate buildings)
Is a variation of the Bolognese court, for smaller size companies It is a court
where dwelling and secondary rural building are arranged perpendicular.
Dwelling is general rectangular floor and is three floors high with slope roof.
Stable has large dimensions due to the intense dairy cow breeding, with grated
openings that give air to the barn;
e  One-building typology
It is one of the oldest types spread everywhere in the area of Modena where
house and secondary functions are settled under the same roof. Here the house
is half-divided in vertical: a load bearing wall divides the house from the barn
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for fire — safety. The rural building consists of a high roof with pillars, forming
a porch in front of the entrance of the stable .

MODERN RURAL ARCHITECTURE DESIGN PRINCIPLES AND
REALIZED EXAMPLES

In this chapter, small-scale high — energy efficient rural projects are analyzed. Realized
examples of two young Architects companies (KM429 architects, MIDE architects) are
presented, showing how a careful design can address and solve the main above-
mentioned issues. four projects are presented, in different contexts, using sustainable -
construction systems which, thanks to their design sensitivity, are well integrated into
very delicate rural contexts.

Small rural architectures are diffused in the territory represented in Figure 3. The
challenge is to approach to the architectural rural landscape using a modern language as
well as, at the same time, respecting the typological characters, materials and colors of
the tradition. The case studies analyzed are representative of a capillary network to
rebuild the lost rural landscape. Most of the examples are built to replace existing rural
houses severely compromised by the earthquake of May 2012.

Also it has to be highlighted that the new houses rises in one of the most evocative and
characteristic areas of Italy, with a rare historical-landscape and naturalistic value, the
result of the spontancous fusion between nature and centuries-old human work. This
landscape, consolidated over the centuries by a continuous rural use remained
unchanged in forms and methods, has acquired a characteristic and unrepeatable aspect.
[Regione Emilia Romagna, 1986]:
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Figure 3. The Pianura Padana territory in which the modern rural settlements
network is diffused.

Architectural principles and layout

The analyze projects, as representative of the above — mentioned re construction
philosophy are: the 8-HOUSE located in Dosso di Sant’Agostino, the FLOWER
HOUSE in San Posidonio (Mirandola, Modena), the HOUSE OF VALLEY in
Novellara (Modena), HOUSE IN THE POPLAR in Scorze (Venezia) (FIG 4,5). These
are only a few group of amore diffused network of interventions spread all over the
territory, with the same characteristics and intentions.
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The first three houses are built on the ground of the old rural houses, destroyed by the
earthquake of 2012. Behind the projects there is the desire to enhance the existing
context, by re-interpreting the peculiarity of the rural buildings in a contemporary key.
Design choices are made in order to respect the memory of the places, by assuming the
peculiarities of the agricultural countryside, to conserve the typical image of the around
landscape and at the same time to try to innovate the housing layout concept to modern
requirements.

Figure 4. Case studies of modern rural buildings. 8 HOUSE, Flower House
(KM429 Architects)

Figure 5. Case studies of modern rural buildings. House of Valley(KM429
Architects), House in the poplar (MIDE Architects).

Common principle is to valorize the rural typology by adopting an architectural
language in line to the context, respecting design composition and the peculiar element
of the rural architecture such as to have compact shapes with visual cones toward the
countryside. The research of a visual deep continuity with internal and external spaces is
very important, as represented in Figure 6,7,8. Other peculiar elements recalling shapes
and suggestions of the tradition are the use of the porch, of large openings, of brick-clad
basement, concrete or other materials of the tradition.
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Figure 6. 8 House, Sant’Agostino —Ferrara (KM429 Architects). Floor plan and
visual layout. The plan has been designed to try to recreate an intimate atmosphere
of protection, and at the same time opening towards the countryside, framing it in
reserved visual cones.

In the 8 HOUSE (FIG. 6), the entire architectural composition provides for an internal-
external dialectical relationship without boundaries, surrounded by a porch that
regulates the solar gains and visual comfort. The main livable spaces, such as the living
room and the dining kitchen, overlook the porch that encloses all the rooms; it is
punctually marked by the presence of exposed masonry pillars in memory of the typical
columns of the “barchesse”, a rural service building, typical of the rural architecture.
Next to it and in close dialectical relationship, is the service block characterized by the
use of concrete and exposed bricks. The house develops around the dining room located
at the center of the ground floor. It is sized to accommodate the extended family
gathering on weekends.

Figure 7: The Flower house, Mirandola, Modena, (KM429 Architects). Floor plan
and visual layout. The house is spread on over one compact ground-floor, typical
of the places. In addition to the porch on which the living room and kitchen
overlook, two loggias have been created to the east and west, marked by the
presence of green flowerbeds.



2022 (6th) Residential Building Design & Construction Conference; May 11-12, 2022
The Pennsylvania State University, University Park, PA, USA; PHRC.psu.edu

The FLOWER HOUSE for a family of three, consists of a living room, kitchen-dining
room with pantry, boiler room-laundry, three bedrooms, a bathroom and porch. The
layout comprehends dedicated views from the internal rooms to outdoor spaces, that
makes the architecture changing during seasonal changes. In addition to the porch on
which the living room and kitchen overlook, two "intimate" loggias have been created
to the east and west, marked by the presence of green flower beds, where the property
can stay in total privacy, giving itself emotions of peace and relaxation, during family
banquets (FIG.7).

Figure 8. The House of valley, Novellara, Modena (KM429 Architects). Floor and
first plan, visual layout. The house has a compact form where the functional
distribution element is reduced to the minimum surface. This choice is due on the
one hand to the containment of economic costs and on the other hand aimed at
maximizing the effects of thermal and acoustic insulation. Landscape, light, water
and wood are the project materials

The compact shape and volume of the HOUSE OF VALLEY is spread over an area of
approximately 9.15 meters x 8.40 meters with a maximum ridge height of 8.80 meters,
taking up the characteristics of two-pitched roof rural buildings typical of these areas
(FIG.8).. To confirm the typology of the previous building and of the Reggio Emilia
rural settlements, it is spread over two levels and an attic. The main services are located
on the ground floor, such as the kitchen, the bathroom, the boiler room and the cellar
with the addition of a bedroom, while on the second floor the living area and another
bedroom with bathroom and closet.

For the HOUSE IN THE POPLAR design (FIG.9)., the wide plot of land, bordered by a
watercourse, allowed to design a single-floor building with a double pitch roof. To
reduce the visual impact of the new building, the project include a T-shaped floor plan,
allowing for a better orientation of the rooms, each with a different destination. the large
stained glass windows in the living room permit to further enlarge the space, constantly
mutating during the day. Designing and building a house in the countryside of Veneto
means to interact with the building techniques of the traditional rural constructions,
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choosing specific materials and recalling shapes and suggestions Some typical
agricultural components, such as the spontaneous vegetation next to the porch and the
wooden overhanging roof are used as solar protection devices.

Figure 9. House in the poplar. To reduce the visual impact of the new building, the
project include a T-shaped floor plan, allowing for a better orientation of the rooms.
The house is characterized by a deep continuity between the internal and the
external spaces and the generous natural lighting characterize the interior spaces.

Technologies

A great attention is given to the use of high — efficient technologies both in terms of
sustainability than in cost — benefit evaluation. Moreover the projects’ materials and
surfaces have been chosen from a careful study of the site, merging the traditional and
the contemporary construction techniques.

Residential rural houses are built mainly using wooden dry — technologies, without the
use of water in the assembly process, by layering materials on a resistant internal frame.
This construction method, has very ancient origins, and this is the first reason of its
employment, besides of the recycling, optimization and respect of times/costs,
construction site safety, speed, lightness.

A first family of houses, such as 8§ House, flower and house of valley houses are built
with wooden frame structure (FIG.10), with wooden fiber coating insulation, reaching
energy A - class. In these case studies, the envelope is designed to fulfill low U-value
standards. A typical layer composition is internal insulation is 8 cm of rock wool,
density 50 Kg / mc and an 8 cm panel of wood fiber density 140 Kg / mc. The wall is
then closed and braced by wooden - flake panels (Fig.11). The external insulation,
cladding, in high-density wood fiber, for a total thickness of 4 cm, completes the
stratigraphy. Besides of its structural and thermal properties, the wall is only 190 cm
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thick: this is one of the most advantages of using dry technologies such as platform
frame where, the use of a high — efficient thermal insulation allows to reach optimum
results with very small thickness. All the external walls are completed by internal
metal frame and double wooden slabs, to constitute a technical compartment for the
incorporation of electrical and plumbing systems.

. Threaded rod

. Foundation curb

. Traverse base

. Corner shoe

. Upright-transom fixing screw
. Metallic bracket

. Upright fixing nails

. Vertical upright

. Screws

O 03N N K~ LN~

Figure 10. In the 8 House, the wooden fir lamellar wood frame is made of
uprights and crosspieces with base beam 16x10 c¢m, upper beam 16x10 cm,
uprights and crosspieces 16x6 cm.
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Figure 11. Flower House. High performing wooden — stratified layer envelope is
made of: 01 External thermal insulation wooden fiber cm 4 Thermal coat in wood
fiber with shaving 02 XPS insulation layer 03 Waterproofing sheath 04 Concrete
foundation 05 OSB multilayer panel 06 Lamellar starting crosspiece 07 L shaped
metallic stirrups 08 Torx screws 09 Upright 10 Bracing 11 Double plasterboard
panels 12. Internal rock wool insulation layer 13. Insulation inside the frame 8+8
cm wood fiber and rock wool.

The roof structure (Fig. 12) is primary beams and secondary joists in fir lamellar
wood, laminate, sanded and finished with water varnish. Roof external thermal
insulation is double layer of wooden fiber panel, medium density 160 mm and high —
density 40 mm.

Figure 12. 8 House. The roof structure.

A second group of case studies is made by concrete technologies. As it can be seen
from the section (FIG 13) a high — efficient envelope both in terms of
thermal insulation and in thermal inertia is designed.

Designing and building a house in the countryside of Veneto means to interact with
the building techniques of the traditional rural constructions, choosing specific
materials and recalling shapes and suggestions.. The project’s materials and surfaces
have been chosen from a careful evaluation of the site. The building reminds the



2022 (6th) Residential Building Design & Construction Conference; May 11-12, 2022
The Pennsylvania State University, University Park, PA, USA; PHRC.psu.edu

atmospheres of these places and the chromatism of the surrounding environment. The
external concrete walls are characterized by a rough surface obtained with a special
formwork that has the print of a typical cane field that can be found in the countryside
of Veneto.

The roof of the living space is realized with timber beams recovered from the
demolition of the decks of ancient villas.

Figure 13. House in the poplar (MIDE Architects). And construction section. The
external envelope is, from internal to external, ma de of: double drywall slab 2,5
cm, thermal insulation rock wool 7,5 cm, vapor barrier, thermal insulation rock

wool 15 cm, exposed concrete wall 35 cm.

Energy efficiency
All the case studies are labelled in A4 class that means the most performant energy
class according to Italian energy efficiency standards. The estimated annual overall
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energy consumption ranges between 23,13 (House of poplar) and 41,54 Kwh/mz/year
(8 House). In wooden frame buildings (8 house, flower house, house of valley) the
electricity production is made through photovoltaic installation, with a peak power of
3.00 kWp. The system is on the roof, exploiting the favorably exposed pitch, and
consists of 1 photovoltaic generator and 12 polycrystalline silicon photovoltaic
modules distributed over an area of 21 square meters. The production is estimated at
3300 kWh per year.

CONCLUSIONS

Designing high — efficient rural buildings, by introducing innovative methodologies
and techniques, allows to introduce experimental contents - both in architectural then
in technical issues - in reconstructing rural settlements.

In this paper, innovative residential architectures has been presented, showing how a
modern language can be integrated into very delicate rural contexts and rural identity
can be re- interpreted with sustainable -construction systems.

The research was carried out to investigate possible methods, addresses and examples
for the valorization, enhancement and reconstruction of the rural landscape in the
lower Pianura Padana, pursuing a twofold objective: on the one hand to orient the
transformations by new languages , on the other hand promoting a "landscape vision"
of the rural territory with integration between modern architecture and agricultural
world.

A reconstruction cannot be limited to re-propose the pre-earthquake or historical state
of affairs, but must seize the opportunity to offer to improve the rural landscape as a
whole: improve the heritage from the point of view of seismic safety and energy
efficiency.

Designing small rural architectures might be seen above all as a possible opportunity
for the redevelopment and recreation of new rural landscape in the portion of the
territory included in the network.

Starting from the concise and expeditious analysis of the characteristics of the
landscape, of the heritage and of the resources that constitute the identity of the
territory, the individuation of upgraded architectural and technical requirements has
been the starting point of the design concept.
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ABSTRACT

Catenary shapes are well recognized as offering material and cost efficiency when
applied to arches and vaults. These advantages may be particularly attractive to
designers of low-rise structures, such as housing and recreational buildings, in which
the entire envelope is formed with a shell. In this paper, the structural efficiency of
catenary domes, of varying profiles, is presented by finite element (FE) analyses and
closed-form membrane solutions. These analyses show that catenary domes experience
only compressive hoop and meridian stresses under uniform vertical loads. Moreover,
it is shown that steeper profiles are especially efficient due to the minimal impact of
the base support (or boundary) on stress magnitude and distribution. The catenary,
unlike more conventional semi-circular and ellipsoidal domes, engenders a form which
matches the natural flow of stress. The fact that hoop stresses are purely compressive,
in combination with minimal bending forces, make steeper profiles attractive for the
implementation of conventional building materials which perform poorly in tension,
e.g., masonry and concrete.

INTRODUCTION

The building industry is becoming more cognizant of the increasing need to design and
construct buildings which encompass improved materials efficiency and sustainability.
The choice of a particular building material may significantly impact embodied as well
as operational energy (and carbon) associated with housing structures. However, it is
not only material specification that is of importance: the structural form selected to
resist the magnitude and type of stresses, imposed on the structure, also plays a
significant role. The structural benefit associated with reduced bending and shear forces
is well understood, and shell structures are particularly effective in this regard. The
principal advantage associated with shells is that forces are largely transferred through
in-plane action, with limited bending moments and shears at supports (i.e., boundary
effects). Further structural efficiency is achievable through the implementation of
funicular shells, which generate strength and stability through structural form. Catenary
domes are found in some of the most iconic structures on earth, e.g., St. Paul’s cathedral
in London, St. Peter’s cathedral in Rome and the Basilica of Sagrada Familia in
Barcelona (Gohnert and Bradley, 2022). Possibly, the most well-known example is the
Pantheon in Rome, which was built almost 2000 years ago. The walls of the Pantheon
rotunda and concrete dome were constructed without any steel reinforcement, and the
structure is still in excellent condition today. Amazingly, the Pantheon dome has a
diameter of 43 m and the compression strength of the concrete used was only about 12
MPa (Brune et al., 2010). Goshima (2011) postulated, by inscribing a catenary shape
on the cross-section of the dome and walls, that the Pantheon is in pure compression.
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The pantheon is an example of a building designed without steel reinforcement,
constructed at a large scale, and with relatively weak materials that has last two
millennia.

THE CATENARY DOME

The catenary form is defined by the shape of a hanging chain, supported at the two
ends, and allowed to drape naturally under its own self-weight (Figure 1a). The form
is structurally optimal for arches and singly curved vaults under self-weight. Other
funicular shapes are optimal for arches with of variable thickness and/or non-uniform
loads, which can be obtained by means of numerical, graphical, or physical modelling
techniques. For example, the profile shown in Figure 1b corresponds to the varying
load distribution of a dome lune (Minke, 2009).

(a) Catenary (uniform) (b) Varying distribution (dome lune)
Figure 1. Hanging chain forms

The catenary profile for an arch or dome is mathematically defined by Eq. 1.
y=H—acosh(§)+a 1

where H is the apex height, and ‘a’ is constant which is dependent on the height (H)
and base diameter of the shell (L). Gohnert and Bradley (2021) report that the value of
“a” for a particular shell may be determined by balancing Eq. 2.

H = acosh(L/2a) —a 2

Equation 1 gives the curve for half the dome, and to complete the profile the co-
ordinates are mirrored about the central vertical axis, as shown in Figure 2.

The base angle of the catenary is somewhat shallower than that for the
hemispherical dome, as illustrated in Figure 2a, and in the case of smaller shells this
would generate greater dead space toward the edge of the floor area. A route to reduce
the extent of the aforesaid problem is to position the dome atop a cylinder wall.
However, this would necessitate a ring-beam to counteract the lateral base thrust and
may not be the optimal solution. These forces can be significant in heavy shell roofs
(e.g., masonry), and the reported failure and collapse such domes is largely due to
deficient or missing ring-beams (Bradley et al., 2018). Alternatively, steeper catenary
profiles could be used to alleviate the issue of dead space, without significantly
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increasing the surface area (and material) when compared to the more conventional
forms, e.g., hemispherical and ellipsoidal domes. For example, the steeper catenary
profile shown in Figure 2b has the same surface area as a hemisphere but lesser issue
with the base slope of the catenary in Figure 2a. The added steepness of the profile may
also be beneficial for houses that have two levels.

| |
L | L

(a) H/L=0.5 (b) H/L = 0.6
Figure 2. Catenary and circular dome profiles

STRUCTURAL PERFORMANCE OF CATERANRY DOMES

Modeling. To highlight the structural advantage of catenary profiles over more
conventional forms, e.g., circular, a stress analysis of several small concrete domes was
implemented in the software package Abaqus/CAE (Dassault Systemes, 2020). Only a
quarter-dome was modelled due to the geometric and load symmetry associated with
the analysis. The applicable displacement and rotational restraints were imposed along
the resulting boundary edges. The support at the base was either pinned or fixed, and
conventional S4R shell elements were utilized in all analyses discussed herein. The
material considered was concrete, and Table 1 presents the material and geometric
characteristics utilised in the above-mentioned FE analysis. In the study, an elastic
analysis was implemented with isotropic material characteristics applied to the small
concrete domes. The assumed elastic materials characteristics fall within typical ranges
for concrete materials (Beushausen et al., 2021).

A suitably refined mesh was adopted for each model dome, i.e., the mesh
density was increased until convergence of the stress distribution. The adequacy of the
modelling was also validated with the full closed-form solution, i.e., membrane stresses
+ boundary stresses, for circular domes. The theoretical stress equations for circular
profiles were obtained from Gohnert (2022), and a comparison of the mid-surface stress
results, obtained from both approaches, are presented for two circular profiles in Figure
3a and 3b. These plots demonstrate an excellent match, which further validates the
accuracy of the FE modelling.

Table 1. Material and geometric characteristics of the concrete domes

Poisson’s

Thickness  Density Base Length Elastic Mod. Ratio

(mm) (KN/m?) (m) (KN/ m?)

150 235 8.0 30x10° 0.15
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Figure 3. Mid-surface hoop and meridian stresses in circular domes (pinned base)

Structural Efficiency. Figures 4a through 4d show the hoop and meridian stress
distributions, at the mid-surface/mid-plane, for the catenary and hemispherical domes.
Also included in these figures are the corresponding closed-form membrane stress
solutions form the literature (Gohnert and Bradley, 2021; Gohnert, 2022). By
comparing the mid-plane FE stresses with the membrane solution, the magnitude and
extent of the in-plane boundary forces may be inferred. Figure 4 shows that the FE and
membrane solution match closely for the catenary domes considered herein. There is
some localized divergence between the membrane and FE stresses at the base, which
is due to the in-plane boundary forces associated with fixity and the Poisson effect
(Gohnert and Bradley, 2021). Moreover, Figure 4 clearly indicates minimal in-plane
boundary forces in the catenary domes (Figures 4a, 4c and 4d) when compared with
the hemisphere (Figure 4b).

Figures 5a through 5d show the mid-surface, outer, and inner stress
distributions for each dome. As is expected with thin-shell structures under surface
loads, the inner and outer stresses coincide along most of the length of each shell
(Figure 5). The divergence of the meridian stresses toward the base is expected and
attributed to the localized bending moment associated with fixity, i.e., boundary effects.
A fixed base was adopted in these analyses to give the largest influence of the boundary
on the stress distributions, i.e., full rotational restraint. There is, however, significant
disparity between the stresses toward the base of the hemisphere, as shown in Figure
5b, which is indicative of bending moment in the shell. In contrast, the inner and outer
stresses match closely for the catenary domes, especially those with steeper profiles
(Figure 5c and 5d). In fact, these stress plots reveal that bending is minimal in the
catenary domes and at least an order of magnitude lower than that for a hemisphere.
Finally, the membrane and FE solutions match very closely for the catenary domes,
which highlights the structural efficiency of the catenary form.
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Figure 5. Influence of base restraint (boundary effects) on the inner, outer, and mid-
plane stress distributions (fixed base)

Figure 4b and 5b also reveal that the hemisphere experiences tensile stress in the hoop
direction and, although not evident in Figure S5b, approximately 60% of the
hemispherical shell in is tension in the hoop direction (See the hoop stress vectors and
contour patterns, corresponding the outer stress distribution, in Figure 6 below). The
extent of the hoop tension zone extends down from a point that is at angle of
approximately 52° from the horizontal, and this observation is similarly reported in the
literature (e.g., Arun, 2006; Wilson, 2005; Gohnert, 2022).

(a) Hoop stress vectors (b) Hoop stress contours
Figure 6. Outer principal stress plot: hemispherical dome with fixed boundary support

Practical Implications. Of significance regarding the design of catenary domes is that
compression exists throughout the shell in the hoop direction. This structural advantage
ofthe catenary is also true of the paraboloid (Arun, 2006) and is particularly meaningful
for the implementation of unreinforced masonry domes, in which tension may be
detrimental to durability and safety, e.g., in masonry circular domes the tension zone
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toward the base can cause large vertical cracks in the shell (Arun, 2006). These tension
forces must be mitigated in the design of circular masonry domes, e.g., through the
incorporation of continuous walls or closely spaced columns tied with small arches to
change the tensile forces at the base into compression (Arun, 2006). Base thickening is
also implemented in masonry and RC shells to account for the boundary effects and
base thrusts (Arun, 2006; Gohnert, 2022). In small RC domes, minimum tension steel
reinforcement may govern in the lower region. For the compression region in a small
RC circular dome, the minimum steel requirement is lower than that for tension and
governed by aspects such as maximum bar spacing or shrinkage and temperature
(Wilson, 2006). However, the pure-compression benefit illustrated in Figure 5 is likely
less significant for the catenary over more conventional RC dome housing because the
design of these small shells is largely governed by minimum steel outlined in
reinforced concrete design standards (Wilson, 2005; Gohnert, 2022). Nevertheless,
pure-compression forms are well recognized as offering increased longevity/durability
to building structures (Gohnert et al., 2013).

Although the catenary dome is in pure compression under self-weight, the
introduction of stiffening and openings generate localized bending forces, which may
engender tensile stresses in the shell. To prevent diagonal cracks around openings in
masonry domes, such as in the corners of windows and doors, some limited
reinforcement may be needed to prevent cracking in the adjacent masonry. Wire
stitching around openings is a particularly simple and efficient solution in masonry
structures (Gohnert et al., 2006). Thickening around openings is also implemented in
RC domes to accommodate additional reinforcing bars on all sides of the opening
(Wilson, 2005)

Imposed loads such as wind, snow, and seismic may need to be considered in
the design of domes for housing. Wilson (2006) reported that the performance of small
RC dome houses is excellent for snow, wind, or earthquake loads. In many regions,
wind may be the dominant imposed load, and it is widely acknowledged that shell
structures offer substantial benefits regarding aerodynamic efficiency and have
repeatedly shown this advantage over more conventional housing structures in strong
winds. For example, South (2018) described minor damage to a caterpillar shaped RC
dome house situated in Florida - a small hole in the shell wall - which was caused by a
wind-borne residential transformer (estimated to weigh about 500 1lbs) during
Hurricane Michael. The dome house was still habitable, whilst neighboring
conventional housing structures were either destroyed by the strong winds or
uninhabitable. Norton (1997) reported that earth masonry shell roofs in the Sahel (in
Northern Africa) performed excellently in high wind areas, whereas the metal sheet
roofs, popular on more conventional structures, were frequently blown off. The
performance advantage of these heavy masonry shells can be attributed to several
factors; the foremost being that domed or vaulted masonry roofs provide considerable
mass to counteract uplift and lateral forces. Unlike the smooth aerodynamic form of a
dome, box-like structures create more obstruction for the wind, as well as early flow-
separation at eaves, gable ends and other sharp edges (e.g., roof ridge). The resulting
wind forces, in combination with greater surface area, may result in significantly higher
pressures and suctions over these more conventional buildings when compared to
shells.

20
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CONCLUSION

The catenary dome is an alternate to more conventional shells, such as the hemisphere
or oblate ellipsoid. The catenary, however, has a shallower base angle, which may be
problematic regarding dead space near the shell wall in small residential structures.
Using steeper catenary domes can alleviate this issue, whilst offering a structurally
superior solution. Several advantages related to the catenary dome, particularly those
with steeper profiles, were reported in this paper. These are summarized below.

e Boundary effects are minimal in steeper catenary domes. Bending and in-plane
boundary forces are insignificant and an order of magnitude lower than that
observed in the conventional hemisphere.

e Like the catenary vault, the catenary dome is a pure compression structure under
uniform vertical load. This state of compression is especially favorable when
building with materials that perform poorly in tension, e.g., masonry and concrete.

e The membrane stresses for the steep catenary domes matched very closely with the
corresponding FE stress distributions, which emphasizes the structural efficiency
of the form. This is an important finding because the membrane solution, being an
equilibrium approach, is independent of the material characteristics and boundary
fixity.

The above structural attributes elucidate that the catenary dome is highly efficient
structural form. The results presented merit further investigation as well as their
practical application regarding the utilization of the catenary dome for housing and
other buildings.
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ABSTRACT

High Performance Concrete (HPC) is commonly used in the construction industry, its design
is often a complex process due to the materials utilized making it difficult to model its
behaviour. Artificial Intelligence (Al) is a powerful tool that has the capability of making
good predictions if adequate training data is available. Studies have shown that Al can be
leveraged to assist in modelling complex data structures. Furthermore, Al can be used to
predict concrete behaviour and its properties such as compressive strength with margin error.
There is a wide range of techniques that can be used such as Artificial Neural Networks
(ANN), Regression and Classification Algorithms. ANN’s are a Al technique used to solve
complex and commonly nonlinear task using interconnected artificial neurons to compute
and model the desired outcome. Regression and Classification algorithms use supervised
learning to predict numerical and categorical outcomes respectively. The aim of the paper is
to investigate how Al can be used for HPC modelling and the various strategies that are used
that leverage this tool. Research using ANN’s will be investigated followed by a comparative
study of various regression algorithms and the use of ensemble or combination models and
algorithms. This study will also include the accuracy and performance of these models using
statistical techniques such as Root Mean Square Error and coefficient of determination.
Finally a recommendation on the most optimal approach will be provided at the end of this
article.

Keywords: High Performance Concrete, Artificial Intelligence, Machine Learning
Introduction

High Performance Concrete (HPC) is widely used in the civil engineering sector for the
construction of bridges, buildings, roads and other structures that are load bearing and are
subjected to compressive strength. The main constituents in traditional concrete are cement,
aggregate and water, HPC has additional materials such as Fly Ash and Silica Fume added
to improve it properties (Bezgin, 2017). Important considerations for HPC are factors such
as mix proportions, concrete age, curing etc. Predicting the compressive strength of HPC is
complex as there is a non-linear relationship making it difficult to model mathematically.

Traditional techniques have their shortfalls due to the limited number of datasets that are
used for modelling, the techniques are often unsuitable and inaccurate (Yeh & Lien, 2009).
One of the methods that are currently used is the Abram’s rule which determines compressive
strength based on the water to cement ratio. Although this approach has value, it is often used
without supplementary material that are used in HPC (Bhanja & Sengupta, 2003).

Artificial Intelligence (AI) has become a powerful tool in finding underlying patterns from a
complex data structure and modelling the data to make good predictions. Al has been used
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in many sectors such as finance, media and construction to name a few. With adequate data,
training, and algorithm choice, it can be a powerful prediction tool (Harfouche, 2021).

Artificial intelligence is a study and collection of technologies that make machines perform
tasks that humans currently do better (Abioye et al., 2021). Therefore, these systems exhibit
similar characteristics associated with the intelligence of human beings. The common
branches of Al are Neural Newtorks, Machine Learning, Natural Language Processing,
Expert Systems, Fuzzy Logic, Robotics and Computer Vision (Lee & Shin, 2020).

With sufficient data, Al can be used to predict the compressive strength of concrete.

In 2009, Prasad et al focussed on self-compacting concrete and proposed using ANN’s to
predict compressive strength to leverage this technology (Prasad et al., 2009). Naderpour et
al conducted research on using ANN’s for recycled aggregate concrete in predicting
compressive strength (Naderpour et al., 2018). There is research conducted on the use of a
MS5P model algorithm to predict compressive strength using ordinary concrete (Behnood et
al., 2017).

The remaining paper will review the use of ANN’s and the approached used in predicting
the compressive strength of High Performance Concrete. This will be followed by studying
commonly used algorithms and comparing their prediction performance. The use of an
ensemble or combination models will be reviewed as well. Finally, a recommendation on an
optimal AI approach using HPC for predicting compressive strength will be proposed.

Artificial Intelligence Algorithms And Models

Artificial Neural Networks are interconnected artificial neurons that resemble how a brain
functions. The neurons interact with each other through weighted connections. Each neuron
has a weight or coefficient that influence the strength and outcome of the entire network
(Touretzky et al., 1993). They are usually two or more layers organized in a logical sequence
and order. Architecturally, the network has an input layer and an output value that is a
response to the entire network, with a hidden layer in-between (Chen et al., 2021). After the
forward propagation process, the system evaluates the error based on the target output. The
weights are adjusted through a process called backpropagation and the process is repeated
until a desirable output is achieved (Chen et al., 2021). Therefore it is important for the neural
network to be trained on reliable data and hyperparameters for accurate predictions.
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Figure 1 : Architecture of an Artificial Neural Network (Chen et al., 2021)

There is a collection of regression algorithms that have been developed that have the ability
to make good predictions. Amongst others, the most commonly used are Support Vector
Machine (SVM), Multilayer Perceptron, Gradient Boost Machines and Extreme Gradient
Boost. These algorithms can be used to model HPC concrete and predicting their
compressive strength (J.-S. Chou et al., 2011).

Support Vector Machine (SVM) is one of the most commonly used supervised machine
learning algorithms. It was developed in the 1990’s in the bell labs primarily used due it
accuracy and low computational requirements. The key concept around SVM’’s is that it takes
the inputs and places them on a vector feature space creating hyperplanes. The objective is
to find a plane that will have the maximum distance of the datapoints provided. Furthermore,
this plane ensures generalization of the datapoints for making reasonable predictions based
on the data provided (Agarwal, 2021).

In 1999 Friedman proposed Gradient Boost Machines which are learning models that take
an approach of using “weak” learners sequentially with the objective of creating an arbitrary
strong learner which are typically better than a random guess. This allows many weak
learners to be introduced to overall minimize the error of the model (Friedman, 1999). They
are regression trees which use Stochastic Gradient Descent (SGD) iteratively to minimize
the loss.

The highly scalable extension of the GBM’s are eXtreme Gradient Boosting (XGB’s).
XGB’s are widely used and considered a state of the art approach to machine learning
(Konstantinov & Utkin, 2021).
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Figure 2:Graphical representation of SVM algorithm (Agarwal, 2021)

There are many more algorithms available to choose from such as ridge regression, lasso
regression, decision tree regression, random forest and KNN'’s etc. They are very powerful
tools, however they will not be covered in this research.

Performance And Accuracy Metrics

It is important to measure accuracy of models and performance. One of most commonly used
methods for numerical performance for regression algorithms is the coefficient of
determination (R?) and Root Mean Square Error (RMSE). R? measures the regression models
proportional variance of its dependent variables, it normally ranges between O and 1.0 is an
indication that the models is unable to model the data and 1 means that the model fits the
data perfectly and highly reliable for prediction purposes. RMSE is simply how far the
concentrated datapoints are from the line that best fits the dataset (Gupta, 2021). The lower
the value the lower the error.

Other commonly used accuracy metrics are Mean Absolute Percentage Error (MAPE) which
sums of the individual errors divided by the demand and Mean Absolute Error (MAE) which
is the mean of the absolute error. These metrices are useful however it is important to
understand the dataset and have the relevant domain knowledge to interpret the error’s
significance and impact (Nguyen et al., 2021).

The Use Of AI In Predicting Compressive Strength
Artificial Neural Networks Approach

In 1991 Ghaboussi used a Artificial Neural Network (ANN) to model the behavior of
concrete that is subjected to plane stress using monotonic and uniaxial cycle loading
(Ghaboussi, 1991). This early experiments demonstrated the power of neural networks using
backpropagation for material modelling (Yeh, 1998). Further research was conducted using
neural network trained on data such as material constituents, ratios and other environmental
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information for predicting the thermal and mechanical properties of composite materials
(Hajela & Berke, 1992). Kasperkiewiez in his research demonstrated that fuzzy ARTMAP
neural network can be used in modelling the strength of High Performance Concrete as well
as optimizing the mixes (Kasperkiewicz, 1995). Chou et al conducted research that
optimizes prediction accuracy using data-mining techniques(J.-S. Chou et al., 2011).

Yeh et al conducted research using Modified Neural Networks for predicting concrete
strength for High Performance Concrete (Yeh, 1998). In the research cement, blast- furnace
slag, flash ash, water, super plasticizer, coarse aggregate, fine aggregate and age of testing
were used as inputs for training a neural network to predict compressive strength as shown
in Table 1.

Figure 3: Schematic layout of an Artificial Neural Network predicting compressive
strength (J.S. Chou et al., 2011)

Table 1: Materials and dataset statistics

Material Unit Minimum Maximum Average
Cement kg/m? 71 600 232.20
Fly Ash kg/m3 0 175 46 4
Blast Furnace kg/m3 0 359 79.2
Slag
Water kg/m3 120 228 186.4
Superplasticer kg/m3 0 20.8 3.5
Coarse Aggregate kg/m3 730 1322 9435
Fine Aggregate kg/m3 486 968 819.p
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The dataset was derived from 17 sources with 1 000 samples. In the research, the following
parameters of the neural network were used: Number of hidden layers = 1, Number of hidden
units = 8, learning rate = 1, Momentum factor= 0.4 and learning cycle = 3 000. Figure 4
displays the results of the predicted compressive strength versus the strength observed in the
lab. The model achieved a R? of more than 0.8. The results demonstrated that ANN’s can be
powerful tools in predicting Compressive strength of HPC (Yeh, 1998). The disadvantage
however is that there is a need to fine tune parameters such as the number of hidden layers,
number of neurons etc. Therefore this becomes a very technical process that requires a trial
and error process.

Figure 4: Predicted compressive strength values with laboratory results (Yeh, 1998)

There has been further studies by (Fazel Zarandu et al. 2008), Jang 1993, lee et al 2009;
Mostofi and Samaee 1995; Oh et al 1999; Seyhan et al 2005; Topcu and Sarldemi 2008;

Comparison Of Different Models

Nguyen et al conducted research that investigated various Al based models for predicting
compressive strength. The research focussed on ANN’s, Support Vector Machines, Gradient
Boost Machines and eXtreme Boost Machines to predict the compressive strength of High
Performance Concrete. A dataset with 1 133 samples was used with the statistical features
and materials shown in Table 2 below (Nguyen et al., 2021).

Table 2: Materials and Statistics of dataset

Materials Unit Minimum | Maximum Mean Standard
deviation
Cement kg/m3 102.00 540.00 276.50 103.47
Blast Furnace kg/m3 0.00 359.40 74.27 84.25
Slag
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Fly Ash kg/m3 0.00 260.00 62.81 71.58
Water kg/m3 121.75 247.00 182.98 21.71
Superplasticizer | kg/m?3 0.00 32.20 6.42 5.80
Coarse kg/m3 708.00 1145.00 964.83 82.79
Aggregate
Fine Aggregate kg/m3 594.00 992.60 770.49 79.37
Age day 1.00 365.00 44.06 60.44
Compressive MPa 82.60 82.60 35.84 16.10
Strength

The results captured in Table 3 show that Support Vector Regressor has the lowest
performance of the four techniques with a RMSE of 5 and R? of 0.95. ANN showed the
second best results, the architecture has 2 hidden layers consisting of 300 and1 000 neurons
respectively.

XGB displayed the best performance on the dataset similar to Gradient Boost Regressor with
a coefficient of correlation of 0.97. The machine used for processing the algorithms was
Core i5 with central processing of 2.9GHz and a 8GB RAM using python version 3.6
libraries. ANN by far required more time to process and was computationally expensive
with 89 seconds. SVR and XGBooost had an almost similar processing time. The algorithm
that required the least processing time was XGBoost Regressor.

Table 3: Results of different used for compressive strength

METHOD R? RMSE MAE MAPE TIME (s)
SVR 0.95 5 3.79 12.73 28
ANN 0.96 4.34 2.94 9.83 89
GBR 0.97 3.77 2.44 8.31 29

XGBOOST 0.97 3.78 247 8.64 5

There has been further studies conducted that compared XGBoost Regressor with Random
Forest and Logistic Regression. XGBoost shown superior performance overall (Morde,
2019). Muliauwan et al compared the ANN, SVM and Linear Regression algorithms, in the
research it was found that ANN displayed the best performance amongst the three models
(Muliauwan et al., 2020).

Ensemble And Hybrid Models

Further research was conducted on using hybrid and ensemble models for predicting the
compressive strength of HPC. In 2009, Yeh and Lien combined a genetic algorithm with and
operational tree to predict the accuracy of predicting compressive strength for HPC. The
results showed that this approach is more accurate than regression formulas but however less
accurate compared to ANN models (Yeh & Lien, 2009). Furthmore, a hierachial approach
combining classification and regression approach proved to improve prediction accuracy for
compressive strength(J. S. Chou & Tsai, 2012). In 2013 Chou proposed combing two
models and to assess the performance in comparison with single models (Chou, 2013). The
sample size of the dataset were 194 samples. The supplementary materials were Blast-
Furnace Slag and Superplasticizer (Luther, 2005). The algorithms chosen for the studies were
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Artificial Neural Networks (ANN’S), Support Vector Machines (SVM), Chi-squared
Automatic Interaction Detector (CHAID), Classification and Regression Trees (CART). The
research conducted had the following combinations of models: ANN’s + CHAID, ANN’s +
SVM’s, CHAID + SVM’s, ANN’s + SVM’s + CHAID. Table 4 and 5 show the individual
results and the ensemble results respectively.

Table 4: Individual results

Predictive R? RMSE MAE MAPE
Method
ANN’S 0.93 6.329 4421 15.3
CART 0.84 9.703 6.815 24.1
CHAID 0.861 8.983 6.088 20.7
SVM 0.923 6911 4764 17.3

Results showed that ANN’s followed by SVM’s have the best performance as compared to
CART and CHAID algorithms when assessed individually. The results from Esemble
models also show that combination of ANN’s, CHAID and SVM yield a better performance
compared any of the individual models.

Table 5: Combination/ Ensemble Models

Predictive R RMSE MAE MAPE
Method

ANN’S + 0.922 7.028 4.668 16.2
CHAID

ANN’S + SVM | 0.939 6.174 4.236 152
CHAID + SVM | 0.929 6.692 4.580 16.3
ANN’S + 0.933 6.231 4276 152
CHAID + SVM

These findings have shown that based on the structure of the dataset and the right
combination of models, ensemble models can in certain instances produce better results for
predicting compressive strength for High Performance Concrete than individual models.

Conclusion And Recommendations

The study reviewed the use of Al based models for predicting the compressive stress of the
High Performance Concrete. The study covered one of the most widely used techniques
called ANN’s for compressive strength prediction and performance. A dataset with 1 000
samples was used to train an Artificial Neural Network with specific hyperparameters. When
measuring the performance, the trained model achieved R? of more than 0.8 and a graph
comparing predicted results and lab results was presented. This displayed the power of
ANN’s and their usefulness in making reasonable predictions.

Subsequently an investigation in comparing different algorithms was reviewed. eXtreme
Gradient Boosting Machine algorithm is a state of the art technique and displayed the best
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performance with the lowest computational processing time. The prospects of using esemble
models was also reviewed, although single models are also powerful, the study showed that
“using ANN’s, CHAID and SVM as a combination can increase the performance of the
model. The study has proven that there is more than one algorithmic solution in building
models that perform well. However good the model is in the research presented, there are
limitations if an inappropriate dataset is used. This must be followed by the assessment of
various algorithms by measuring their R?, RMSE, MAPE and MAE. Generally, most models
perform well and yield reasonable results regardless of the algorithmic strategy. More
research on using algorithms such as Ridge regression, Lasso regression, Decision tree
regression, Random forest and KNN’s also needs to be conducted when using HPC for
predicting compressive strength.
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ABSTRACT

Different load-bearing materials are used in residential building construction in the
United States. The Oriented Strand Board (OSB) and Structural Foam Sheathing (SFS)
are two of the most common types of engineered materials used for various load-
bearing construction applications in the United States. According to each one of the
manufacturers, their products have higher strength and stiffness than other products
used in the residential building. This study focused on wood shear walls' ultimate lateral
load capacity in residential buildings. A total of eight tests were conducted: four tests
with OSB sheaths and four with SFS sheaths. These tests were subjected to gradually
applied monotonically increasing load. The wood frame walls were constructed with
OSB on one side of the wall frame using a bearing plate washer. One of the OSB walls
was without straps, and three OSB walls had three different types of straps tied to the
baseplates: SPIZ, HS 2.5, and LSTA9. The wood frame walls were constructed with
SFS on one side and ' in (12.7 mm) Gypsum wallboard (GWB) on the opposite side
of the wall frame, with Simpson HDQS, hold down anchors. Two different types of
SFS were tested: 2 in. (12.7 mm) R-Max Thermasheath-SI and Thermo-Sheath Red
Structural Sheathing. Type, size, and spacing of fasteners for sheathing and Gypsums
Wallboard followed APA test details. The results for the SFS walls were compared to
the published specifications by SFS manufacturers and the results from OSB tests. This
study provides a better understanding of the strength, stiffness, and behavior of shear
walls sheathed with OSB was compared to the SFS wall sheathing subjected to lateral
loads in the residential building.

Keywords: residential building, construction, engineered materials, lateral load
capacity, wood shear walls, Oriented Strand Board, Structural Foam Sheathing

INTRODUCTION

Wood framing has been used in the United States since the early 1600s. There have
been enormous forest and other wood resources to provide wood materials for
buildings, specifically residential buildings. The wood frame is sheathed with different
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types of sheathing. The most common sheathing used in the US is Oriented Strand
Board (OSB) and plywood. These sheathings are engineered materials with high lateral
load capacity (APA 2020). Structural Foam Sheathing (SFS) is the new material
recently used as sheathing for wood frames. According to OX Engineered Product
(2020), Structural Foam Sheathing has high lateral load resisting capacity, water
resistance, and high R values. For these reasons, the SFS has high material performance
and is considered an alternative to other sheathing materials like OSB and plywood.

Numerous studies were published on wood frame shear walls sheathed with OSB,
plywood, and gypsum wallboard (GWB), subjected to static and dynamic loads
(Filiatrault 1990; Oliva 1990; Polensek and Schimel 1991; Dolan and Madsen 1992;
Karacabeyli and Ceccotti 1996; Karacabeyli et al. 1999; McMullin and Merrick 2002;
Seaders et al. 2009; Memari and Solnosky 2014; Chen et al. 2016; Lafontaine et
al. 2017, Shadravan et al. 2018-2019). In contrast, few research studies concerning
wood frame walls sheathed with structural foam sheathing.

According to Dolen and Madison (1992), plywood improves the ultimate load
capacity of wood-frame shear walls. Dinehart and Shenton III's study (1998)
indicated OSB increased the wood-frame shear wall load capacity. Casagrande et
al. (2016) showed the sensitivity of wall capacity to the shear wall length. As the
length of the shear wall increases, the lateral load capacity of the walls increases.
However, it is a non-linear relationship. Shadravan and Ramseyer (2018) study
supported the conclusion by Casagrande et al.

Effect of GWB sheathing on one side of wood frame with OSB sheathing on the
opposite side of the wood frame was studied by different researchers (Karacabeyli and
Ceccotti (1996), Sinha and Gupta (2009), Zhou and He (2011). These studies showed
GWB increased the ultimate wall load capacity and improved the tested walls' elastic
stiffness and energy dissipated. Filiatrault ef al. (2002) experienced a full-scale, two-
story building. They focused on building behavior subjected to seismic by using two-
triaxial shake tables. They found a significant improvement in response to seismic by
using interior gypsum wallboard and exterior stucco.

Considering wood-frame shear walls connection failures, Rezazadeh et al. (2016)
found that the leading cause of failure of wood frame buildings is the sill-plate failure
during tornadoes. Shadravan and Ramseyer's study (2018) showed doubling base plate,
increasing the size of washers, reducing the anchor bolt spacing, reducing the sheathing
nail spacing, and using ring shank nails instead of smooth shank nails improved the
shear wall strength. Other studies on wall-to-foundation connection indicate that using
metal straps at the shear wall connection to the foundation improves the wall
performance, which can be as effective as anchor bolts (Marshall 2003; Canfield et
al. 1991; Vilasineekul 2014; Caprolu et al. 2015; Shadravan ef al. 2019).

Shadravan and Ramseyer (2019) conducted tests using four different types of
Structural Foam Sheathing. They used both static (monotonic) and cyclic testing
following ASTM E564 and ASTM E2126. The test details followed the manufacturers'
specifications. The results showed that the capacity of tested walls was smaller than the
manufacturers' published design values. Shadravan et al. (2019) compared the lateral
load capacity of wood shear wall sheathed with structural foam sheaths with the walls
sheathed with OSB. Four types of Structural Foam Sheathings were compared to OSB
walls without strap and OSB walls with LSTA9 strap tied to the baseplates on each
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wall frame stud. The loads were monotonically applied to the wall tests in this study.
The results showed that LSTAO ties effectively improved the OSB wall capacity. The
tested wall with Structural Foam Sheathing showed a reduction in strength capacity
compared to the published design values.

This study conducted eight wood shear wall tests subjected to static load: four wall
tests sheathed with OSB and four wall tests sheathed with SFS and GWB. The wall
configurations and details followed Moore, Oklahoma Adopted New Building Code
(2014) for OSB walls, and the manufacturers' wall details and ASTM E564 used for
SFS walls.

TESTING PROCEDURE AND DETAILS

This study uses two types of wall sheathing: Oriented Strand Board (OSB) and
Structural Foam Sheathing (SFS). The walls were subjected to static load.

e Oriented Strand Board (OSB): The OSB shear walls configuration followed
Moore, Oklahoma Adopted New Building Code (2014). The Moore City Council
adopted the New Building Codes after Moore, Oklahoma, was hit by an EFS5 tornado
in May 2013, causing the loss of several lives and billions of dollars in damage.

OSB Wall configuration (Table 1): The wall specimens were 12 ft (3.6 m) long and
8 ft (2.4 m) in height. The walls were constructed with single terminal stud, double top
plates, and double baseplates. Studs, top, and base plates were made with 2x4
dimension grade Fir lumber (1.5 % 3.5 in. [38 X 88 mm]). 7/16 in. (11.0 mm) OSB
panels were fastened to one side of the wall frame with 8d ring shank nails (2-3/8 x
0.113 in. [60 % 2.85 mm]), and 4 in./6 in. (100 mm/150 mm. - edge/field) nail patterns.
The studs were spaced 16 in. (40.5 cm) on the center (City Adopts New Building Code,
2014), Figure 1 a., b.

The OSB panels were fastened to the doubled base plates with a staggered nail
pattern (Figure 1. ¢) and to the doubled top plates with one row of nails. The studs were
end nailed to the top and bottom baseplates with (2) 16d, (0.131 x 3 in.[ 3.3 X 75 mm)]),
smooth shank nails. A minimum 3/4 in. (19 mm) edge distance was kept for the bottom
row nails based on NDS, SDPWS (2014), Sec. 4.2.7.1.3. The doubled base plates and
doubled top plates were fastened with (2 rows) 16d, (0.131 x 3 in. [3.3 x 75 mm)]),
smooth shank nails with 16 in. (40.5 cm) spacing, at the location of studs. The wall
baseplates were anchored to the steel beam (W10%39) using 1/2 in. (12.5 mm) anchor
bolts spaced 6 ft (1.8 m). The steel beam was bolted to the lab floor (Figure 1).

Four OSB walls were tested; one wall had no strap, and three were tied to the
baseplates with three types of straps: SPIZ, HS-2.5, and LSTAY.

The straps tied the studs and baseplates with N8 and N10. Table 1 indicates the test
wall configurations.

The static lateral load was applied gradually to the test walls.

o Structural Foam Sheathing (SFS): The SFS wall configurations followed the
manufacturing wall details. The wall specimens were 8 ft (2.4 m) long and 8 ft (2.4 m)
in height. The walls were sheathed with SFS on one side and 1/2 in. (12.5 mm) GWB
on the opposite side of the wood frame. The wood wall frames were constructed with
stud, double top plates, single baseplates, and double terminal studs using 2 x 4
dimension grade Fir lumber (1.5 x 3.5 in. [38 X 88 mm]). The studs were spaced 16 in
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(40.5 cm). This study tested two types of structural foam sheathing: 0.078 in. (2 mm)
ThermoPly Green and Thermo-Sheath Red Structural Sheathing. Following the
manufacturer’s test detail, the SFS and GWB were fastened to the stud wall frame with
an edge distance of 3/8 in. (10 mm). Two similar shear walls were tested for each type
of SFS wall. Table 2 indicates the test detail.

The SFS was stapled to the wall stud with 16-gage staples. Simpson HDQS tie-
down anchors were used at each end of the wall frame to tie it to the base using 5/8 in.
(16 mm) anchor bolts. The Simpson tie-downs were screwed to the terminal studs with
(14) 1/4 x 3 in. (6.3 x 75 mm) SDS screws. Finally, the wall frames were anchored to
a steel beam (W10%39) bolted to the test floor Figure 2.

The static lateral load was applied following ASTM E564 test method.

Table 1: Oriented Strand Board (OSB) wall configurations. 1ft=0.304 m, 1 in.=25.4 mm

Shear Wall Configurations Strap (Ties) Base Plate |(1/2 in) Anchor Bolt
F inal hy
Wall No. Wall LxH: 12 ft x 8ft Straps Type astener Single/Double Noml.n al( Washer
Type Spacing | Type
1 Stud Spacing: 16 in None None
2 Nail Pattern: 4in/6 in SPIZ Tie N8 & N10
3 (Edge/Field) HS-2.5 Tie N8 Double 6ft |3inx3in
Sheathing Nail Type: 8d Ring .
4 Shank (R.S.) (2.5" x1/8") | STA9Tie N8
a. b. C.

Figure 1. OSB wall configurations: a) Wall without a strap, b) Wall with HS-2.5 strap, c)
Staggered nail pattern to the doubled base plates
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Table 2. Test detail-Structural Foam Sheathing (SFS)1 in.=25.4 mm

GWB
Type of Panel Screw
Wall Type of structural foam yp fastener .
. Staple/Fastener . Spacing
No. Sheathing . spacing
(in.) (in./in.) edge/field
T (in./in.)
S Crown: 1
p Thermoply Green Leg: 1.5 3/3 8/8
7 Thermo-Sheath Red Structural Crown: 1 33 8/8
8 Sheathing Leg: 1.5
a. b.

Figure 2. SFS wall: a) Thermoply Green wall, b) Wall after test, through cut GWB

TEST RESULTS

As the length of OSB wall specimens was 12 ft (3.6m) and the length of SFS wall
specimens was 8 ft (2.4 m), unit shear capacity is considered for comparison in test
results.

OSB Walls Test results: The OSB walls were gradually subjected to static load at
the top until the wall reached its maximum load capacity. Loading gradually continued
until a deflection beyond the allowable deflection (ASCE 7) in-service was achieved.
The maximum applied deflection was approximately 3 in. (76 mm), at which point the
wall was stopped and unloaded.

Test results for OSB wall specimens are summarized in Table 3, including the
maximum load, wall deflection at maximum load, and unit shear at maximum load.
Wall deflection refers to a displacement of the top of the wall specimens. Allowable
drift limit is calculated (Eq. 1) based on ASCE Section 12.12:

Ayitimate=0.02h Eq. (1)
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Ayitimate= 0.02 (8ft x 12 “/*)=1.92 in. (48 mm)

Table 3 shows that deflections at maximum load are less than the allowable drift
[1.92 in. (48 mm)] at maximum load (Eq. 1). The OSB walls with straps showed higher
load capacity than the walls with no strap. Wall with LSTA9 tie strap showed the
highest load capacity for the OSB wall specimens in this study.

Table 3 also indicates that using the SPIZ tie strap (wall specimen 2) improved the
wall capacity 1588 lbs (7.0 kN) in comparison to the wall without a strap (wall
specimen 1), the HS-2.5 tie strap (wall specimen 3) improved the wall capacity (wall
specimen 1) 1815 Ibs (8 kN). The LSTAO9 tie strap improved the wall capacity by 3222
Ibs (14.3 kN).

Figure 3 illustrates the load-deflection behavior for the OSB walls with and without
straps.

Table 3. Test results for OSB wall specimens
1 in.=25.4 mm, 1 Ib=0.00445 kN, I Ib/ft= 0.0146 kN/m

Oriented Strand Board- Wall Specimens

Wall Maximum Increased Deflection | Unit
No Strap Type Applied Load at Max. Shear
) Load (Ib) | Capacity (Ib) | Load (in.) | (plf)

1 None 5550 - 0.95 463

2 SPIZ Tie 7138 1588 1.54 595

3 HS-2.5 Tie 7365 1815 1.05 614

4 LSTA9 Tie 8772 3222 1.78 731

Figure 3. Effect of tie straps on shear wall lateral resistance capacity-walls
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SFS Walls Test results: This study used two types of Structural Foam Sheathing:
0.078 in. (2 mm) Thermoply Green and Thermo-Sheath Red. Two tests were conducted
for each SFS wall. The walls were subjected to static load at the top of the wall
following ASTM E564. Test results for SFS wall specimens are summarized in Table
4. The table indicates the maximum load, manufacturer's published value for wall
capacity, wall deflection at full load, and wall capacity unit shear.

Deflection refers to a displacement of the top of the wall specimens. The
allowable drift limit is 1.92 in. (48 mm) calculated based on ASCE Section 12.12 (Eq.
1). Averages of the test results for each pair of tests were computed and compared to
the manufacturer's published design values. The average static test values for a pair of
tests were 27 and 38 percent below the manufacturer's published design values. Figure
4 shows Published design value vs. average test value.

Table 4. Test results for SFS wall specimens
1 in.=25.4mm, 1 1b=0.00445 kN, I Ib/ft= 0.0146 kN/m

Structural Foam Sheating- Wall Specimens Compared to Publised Value
Maximum| Average TA\;e\l;a;ge Published Value- | Variation between |Deflection| Average
Wall No.| Strap Type | Applied |Test Value Ues't S; " [Ultimate Unit shear| Avg. Test Value and | at Max. |Deflection
Load (Ibs)|  (Ibs) “‘mme” (plf) Published Value (%) | Load (in)| (in.)
4 Thermoply 4781 1608 576 785 27 1.60 175
5 Green 4435 1.90
§ [ Thermo- | 1% 1 ooy 628 1010 38 88 1oy
7 Sheath Red | 4855 1.64

Figure 4. Variation between the average test values and published design values
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DISCUSSION

This section discusses failure modes for the two types of walls conducted with
Oriented Strand Boards (OSB) and Structural Foam Sheathing (SFS).

The OSB walls failure modes were due to the failure of shear panels due to bearing
of the nails through panel (Figure 5. a), bending of the baseplate (Figure 5. b, c),
withdrawing strap nails (Figure 5.), disconnection of end studs and baseplate at the far
end from the load caused by uplift (Figure 5).

a. b. C.

Figure 5. OSB wall failure modes: a) Shear panel nail failure, b) wall without out strap, c) wall
with SPIZ tie strap

As mentioned before, the wall with LSTAY tie strap showed the highest load
capacity, which is expected. From Simpson Strong Tie, the Allowable Tensile load
for LSTAO9 is between 715 and 1095 1bs per strap, and Allowable Tensile load for HS
2.5 is between 615 and 700 Ibs per strap. Some of the variations in capacity might be
due to the strap configuration. For example, the LSTA9 engages more of the stud and
is longer, and the HS-2.5 is nonsymmetrical and prone to more rotation. Therefore,
this suggests a stiffer, symmetrical connector that engages more of the stud improves
the overall lateral resistance of these systems.

The SFS walls' failure modes were due to the failure of shear panels: staples bearing
through the SFS (Figure 6. a and b) and screws bearing through the GWB (Figure 6. c)
and combinations of these two failures. It is noticeable that none of the SFS walls failed
due to the connections at the baseplates as HDQS8 hold-downs tied the wall frame to
the base.

In a comparison of OSB and SFS, as only one side of the wood frame was sheathed
with OSB wall samples, and there was no HDQS8, it was expected that the OSB wall
with hold down, and GWB on the opposite side of the wood frame must have a higher
OSB wall capacity. The hold-down and GWB improve the wall capacity (Pardoen et
al. 2000, Gatto and Uang 2002, Karacabeyli and Ceccotti 1996, Filiatrault et al. 2002,
Sinha and Gupta 2009, Sinha and Gupta 2009, Zhou and He 2011).
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b. c.
Figure 6. Structural Foam Sheathing Failure mode: a) Wall during testing, b) Staple bearing
through panel failure, and c) Screws bearing through the GWB failure

CONCLUSION

Overall, adding straps increased the Oriented Strand Board (OSB) wall load capacity.

The test values for Structural Foam Sheathing (SFS) were 27 and 38 percent smaller
than the manufacturer’s published design values. One of the most important differences
between the tested OSB walls and SFS walls in this study, besides the type of
sheathings, was that the OSB walls had only one side of wood frame sheathed with
OSB, and there was no HDQS8 anchoring the OSB wall frames to the baseplates.
Previous studies showed that sheathing the other side of the wood frame with GWB
increased the strength of OSB walls. Therefore, it was expected that the OSB wall with
hold-down anchors and GWB on the opposite side of the wood frame would have a
higher wall capacity, which opens a future research area.
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ABSTRACT

Roof overhangs are prone to wind damage as they are subjected to wind load at both
the upper and bottom surfaces (soffit). Wind standards, like ASCE 7-16, assume that
the pressure at the bottom covering of the roof overhang is the same as the external
pressure coefficient on the adjacent wall surface. The current study aims to investigate
possible limitations of such assumptions, i.e., at what point the wall pressure cease to
affect the overhang. A large-scale wind tunnel study was carried out at the Wall of
Wind Experimental Facility at Florida International University. The experimental setup
considered two 1:10 scaled model configurations (2 ft and 6 ft inclined overhangs) of
a low-rise hip roof building with roof slope 4:12, eave height of 24 ft, and horizontal
dimensions of 40 ft by 50 ft.

The study provided information on pressure variations at top and bottom surfaces of
the overhangs, adjacent roof area and underneath wall. Moreover, the effect of
overhang length on the wind induced load, and the correlation between the wall and
soffit pressures were investigated. The 2 ft overhang experienced higher suction
coefficients at the edges compared to the 6 ft overhang. In addition, the results
confirmed that, for both configurations, soffit pressure coefficients should be taken as
the adjacent wall external pressure, as stated by ASCE 7-16 for positive pressure, while
this might not be applicable for negative pressure (i.e. suction). Finally, by carrying out
correlation and regression analyses between soffit pressure taps and upper wall taps,
the 6 ft soffit seemed to be less correlated with the wall upper taps, than the 2 ft soffit.

Keywords: Roof overhangs, Wind loads, Pressure coefficient, Wind tunnel, Wind
standards and codes of practice

INTRODUCTION

An overhang is an unenclosed continuation of the roof surface. Particularly on low-rise
residential applications, overhangs may be open or covered by a soffit and may be
cantilevered or supported. Most of the foundational belief about overhangs seems to
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suggest that overhangs extend no more than 2 ft, whereas, in Florida, overhangs are
often much longer and are necessary for energy efficiency and livability in this semi-
tropical climate. Overhangs in Florida can be cantilevered 6 ft or more, or supported,
as on a terrace or porch, for 10 to 12 ft or more.

Low-rise buildings are greatly affected by extreme wind events. The risk of wind-
induced failure is particularly increased on roofs and roof overhangs (Figure /). The
latter are commonly used in residential and industrial buildings for weather protection
against wind, snow, rain, and sun. Roof overhangs are prone to damage because they
are subjected to wind from both the upper and bottom surfaces (soffit). Taher (2007)
suggested to limit the length of overhangs to 20 in (50 cm) especially for small slope
roofs. Nevertheless, in warmer and sunny climates, it is common to use extended
overhangs that go beyond the (2 ft) 60 cm and even reach 6 ft (1.8 m). Extended
overhangs resemble a roof extension like a canopy or a patio cover that is attached to
the main structure. Recent studies showed that canopies may experience lower wind
loads compared to those specified for roof overhangs on ASCE 7 (Zisis and
Stathopoulos 2010, Candelario et al. 2014, Zisis et al. 2017).

Figure 1. Aerial Footage of Great Guana Cay (Baker's Bay), Abaco after Dorian
(Stephan, 2019)

ASCE 7-16 (2017) provides methods for analysis of the loads on overhangs, both for
main wind force resisting systems (MWFRS) and component and cladding (C&C)
loads, but the commentary does not provide any information as to the maximum length
of overhang for which this analysis is valid. In section 30.9, it states that the pressure
on the bottom covering of the roof overhang is the external pressure coefficient on the
adjacent wall surface as implemented by Vickery (2008). This assumption was adopted
more recently in the ASCE 7-16 (2017).

In this study a wind tunnel testing was carried out using two large-scale models with
different overhang lengths to investigate how the pressures on the wall relate to the
overhang and for what distance. In addition, it was important to investigate at what
point does the wall pressure cease to affect the overhang for both positive and suction
pressure. This paper presents the experimental setup and some of the experimental
results and findings.
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EXPERIMENTAL SETUP

The experimental test was conducted at the Wall of Wind (WOW) Experimental
Facility at Florida International University (FIU). Two models with a hip roof of slope
4:12, and full-scale horizontal dimension of 40 ft (12.2 m) by 50 ft (15.25 m) with eave
height 24 ft (7.3 m) were fabricated at a geometric scale of 1:10. The two models of
two different inclined overhang length, 2 ft (60 cm) for model A and 6 ft (1.8 m) for
model B (see Figure 2 and Figure 3), were placed on the turntable at the WOW.
Pressure taps were added on the walls, the top surface of the overhangs and the bottom
surface of soffits, as well as on the roof area adjacent to overhangs.

Figure 2. Model A placed on the turntable at the Wall of Wind.

Figure 3. Model B placed on the turntable at the Wall of Wind.

The pressure taps on the roof and overhangs were placed within zone 3 and 2e as
specified in ASCE 7-16 (see Figure 4). The pressure taps were connected to a sensitive
pressure scanning system (Scanivalve ZOC33). The experimental tests were conducted
for 40 wind directions for each model (i.e., 0° = 360° with increments of 10 degrees
plus the four major cornering winds), (see Figure 5) with a target wind speed of 40 mph
(17.88 m/s) generated by the fans. The sampling time for each direction was 60 seconds
and the sampling frequency was 520 Hz. Model A had 345 pressure taps and model B
had 360 pressure taps, placed on walls, soffits, and roof with overhangs. The pressure
taps were added on two sides only, of each model since the models are symmetric and
were tested for 360°.

The two models were tested for two terrain roughnesses (open terrain for z,=0.02 m
and suburban terrain for z,=0.2 m, i.e., category ‘C’ and category ‘B’ per ASCE 7,
respectively). The nominal wind speed at roof mean height varied between the two
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terrains because of turbulence generated from the roughness elements and spires
upstream of the turntable, resulting at 22.3 m/s for open terrain and 20.9 m/s for
suburban terrain. Representative results from the open terrain are presented in this

paper.
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adopted from ASCE 7-16 (2017) WOW.

RESULTS AND DISCUSSION

The acquired raw data from each pressure tap measure the relative pressure between
the pressure at the tap location and the static pressure at the WOW in psf. First, a
transfer function was applied for correction of the tubing distortion - a onetime process
done for any wind testing project using flexible tubing to connect pressure taps to the
pressure scanners. The purpose is to correct the distortional pressure data caused by the
length effect of the tubing (Irwin et al. 1979). Afterwards, a post-test Partial Turbulence
Simulation (PTS) was performed to account for the missing low frequency part of the
spectrum at WOW (Mooneghi et al. 2016; Moravej 2018).

Pressure Results

The pressure scanning modules used in the aerodynamic test measure the relative
pressure in psf. These pressure values are presented in this paper as normalized pressure
coefficients (Cp) computed using equation 1, where AP is the relative pressure at the
tap location, p is the air density 1.225 kg/m3, and V., 7 corresponds to the mean wind
speed at mean roof height 34.5 in (87.5 cm). Statistical pressure coefficient parameters
were also computed by using their corresponding pressure change parameters, as
shown in equation 2 and 3. Peak pressure coefficients are referred to the minimum
(highest suction/negative pressure) and maximum (highest positive pressure). The peak
pressure is calculated as a function of the peak pressure coefficient occurred during the
subinterval, the resultant wind speed for that subinterval and flow density (Moravej et
al. 2019). The resultant wind speed composed of the mean velocity over the subinterval
and each of the low frequency turbulent velocity component, ur,uv,uw. The partial
turbulence simulation method uses Fisher Tippet Type 1 distribution in estimating the
probability of the peak pressure coefficient for not exceeding that peak pressure
coefficient in the subinterval. The peak pressure coefficient for each interval is
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calculated based on the peak pressure and the mean velocity of the full sample period
with full spectrum turbulence and it is based on mean hourly dynamic pressure. The
peak pressure coefficient for 3 sec is obtained by rescaling using equation 4 which is
based on 3-second dust dynamic pressure.

p=—2F (1)
0.5 P Vref
c _ Pmean )
p mean O.SpVI_%
_ Ppeak (3)
Copear = 0.5pV2
u o, (4)
Cpeak 3-sec — Cppeak (U )
3-—sec

For model A, the peak min Cp near the overhang corner was -3.9 for open terrain, and
-3.0 for model B (see Figure 6). It was apparent that the 2 ft overhang was exposed to
higher peak min Cp near the edge compared to the 6 ft overhang. This was attributed
to the high velocity in the z-direction at the edge, due to the walls that lead part of the
flow over the roof (Wiik and Hansen 1997). Similarly, the 2 ft soffit and its adjacent
wall was exposed to slightly higher positive Cp than the 6 ft soffit and its adjacent wall
(see Figure 7 and Figure 8).

(a) (b)

Figure 6. Peak Min Cp for part of the south roof with overhangs at wind
direction of 180° for (a) Model A (b) Model B

(a)
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(b)
Figure 7. Peak Max Cp for soffit at wind direction of 180° for
(a) Model A (b) Model B

(a)

(b)
Figure 8. Peak Max Cp for walls at wind direction of 180° for
(a) Model A (b) Model B

Correlation of Soffits and Adjacent Walls

The pressure taps in the walls and soffits were placed with equal spacing, to compare
the Cp of upper taps in the wall with the adjacent taps in the soffit using correlation
analysis (see Figure 9 and Figure 10). For all the figures that include the wall and the
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soffit, the shorter side of the soffit is the wall side (upper side), and the longer side of
the soffit is the edge side (lower side). The taps in the black dashed box used as sample
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Figure 9. Location of pressure taps of wall and soffit for Model A
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Figure 10. Location of pressure taps of wall and soffit for Model B

It is apparent from Figure 11 and Figure 12 that the peak max Cp were very similar
along the adjacent taps in all wind directions, while the peak min Cp slightly changed
for soffit taps located away from the wall. For instance, for wind directions from 135°
to 225° the wall and soffit taps were mainly exposed to positive pressure, thus, the
peak min Cp ranged from 0 to -1.0, while the positive Cps values were very similar
around 1 to 1.5. This supports the assumption in ASCE7-16 that the pressure coefficient
at the bottom covering of the roof overhang shall be taken as the external pressure
coefficient on the adjacent wall surface, but this is valid only for positive pressure
coefficient and appears not to be applicable for negative pressures. The edge pressure
taps in the soffit experienced more suction compared to the middle or the inner row.
The soffit exposed to more turbulence underneath and this turbulence increased near
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the edge where more separation occurs. Consequently, pressure taps at the soffit edge
had higher peak min Cp than the middle and inner taps.
1.5+ T .

Peak Cp

—=-Tap 59 Max Cp = Tap 281 Max Cp

. —=-Tap 59 Min Cp  * Tap 281 Min Cp

-2 VA -¢-Tap 295 Max Cp -e-Tap 266 Max Cp
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Figure 11. Peak Max and Peak Min for wall and soffit middle taps for Model A
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Figure 12. Peak Max and Peak Min for wall and soffit middle taps for Model B

Moreover, one of the objectives of this research study was to correlate the effect of wall
pressure to the soffit pressure and investigate how the length of soffit would affect this
correlation. Correlation coefficients are used to measure the relation between two
variables and one of the most common forms is the Pearson’s correlation (R factor)
shown in equation 5 which ranges from 0 (no correlation) to 1/-1 (perfect correlation).
2xi—%)(Yi=y)
- \/ S(xi—i )2 )2 (5)
(=% )*2Ayi=y)
Figure 13 and Figure 14 provide correlation coefficient contour plots for soffit of model
A and model B, respectively, for three wind directions (0°, 180° and 270%). As stated
before, for all the soffit plots, the wall side is the upper side of the plots, and the soffit
edge is the lower side. Both models show similar correlation coefficient when the
models were placed in the windward direction (180° degree). The correlation
coefficients for model A are significantly higher at the outer edges compared to case
B, for all other shown directions. For wind direction 270°, where the taps dominantly
exposed to suction, the correlation coefficients for model B decreased towards the edge.
This indicates that the correlation coefficients for longer overhang significantly
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decrease compared to shorter overhangs, especially when the taps are exposed to
suctions.

Figure 13. Correlation Coefficients contour plots for Model A soffit.

Figure 14. Correlation Coefficients contour plots for Model B soffit.

CONCLUSIONS

Based on experimental testing results and discussion, the following concluding remarks
can be drawn:

The 2 ft inclined overhangs were found to have higher pressure coefficient at
the edges compared to the 6 ft overhangs.

The length of the overhang did not seem to have a considerable effect on the
absolute positive pressure correlation between walls and soffits but has a
recognized effect on the negative pressure correlation.

The 6 ft soffit seemed to be less correlated at the edge with the wall upper taps
compared to the 2 ft soffit.

The correlation coefficients for longer soffits with the wall significantly
decrease compared to shorter soffits, especially when the walls and soffits are
exposed to suctions.

The soffit pressure coefficients should be taken as the adjacent wall external
pressure, as stated by ASCE7-16 for positive pressure only, while this shall not
be applicable for suction pressure, especially for overhangs of length more than
2 ft (the most common length of overhangs).
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ABSTRACT

Complex local flow regions occur on structures due to separation, edge vortices,
reattachment, local acceleration and deceleration effect, which causes non-uniform
pressure loads and even incipient structural failures. This effect is amplified further in
scaled wind tunnel measurements as evidenced by many recent researchers.
Researchers at the Florida Institute of Technology (FIT) have developed a wireless
sensor network system (WSNS) for localized multi-point field measurement of
hurricane/storm wind pressure on residential structures. This system with pressure
sensors and an anemometer were installed on roof of a residential house located at
Satellite Beach, FL to measure during Hurricane Isaias, when we collected 78 hours of
data from August 1, 2020. Twenty-five pressure sensors and an anemometer were
installed on the roof and walls of a full-scale house model mounted on a rotating table
in the Florida International University (FIU) Wall-of-Wind (WoW) hurricane
simulation facility. WoW measurements were made for 0° to 315° wind for wind
speeds ranging from 30 to 145 mph under both dry and rainy conditions. Data for
periods of strongest Hurricane Isaias wind, where the pressure variation is large were
analyzed. The WoW test data for the similar conditions was then analyzed and
compared. The power spectrum density (PSD) plots, for the intensity of the pressure
fluctuations at different frequencies, showed similar trends for the regions of corner
vortices and separation effect between Isaias and WoW test. However, the randomly
changing wind speed and direction of natural hurricane caused an attenuated PSD
distribution. Further details of similarity and differences between field and WoW
measurements are discussed in the paper.

Experimental Process

To monitor the wind performance during hurricane, the WSNS is built to measure the
absolute pressure, wind speed and direction on the residential house. The architecture
of the system contains sensors, wireless network and software subsystems (Kostanic,
et al., 2008; Subramanian, et al., 2020). The sensor subsystem contains pressure sensors
and anemometer nodes. The sensors on the house also measure temperature and,
humidity if required. A Reference pressure sensor is installed at the no-wind location
(attic or near ground in patio). Wireless network created by Xbee modules carries the
communication between all nodes (sensors) and a coordinator (base unit). The Xbee
modules transfer the data packages to the coordinator wirelessly. The coordinator
receives the packages from all nodes, and transfers to the data acquisition software
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through serial port of the computer where the data are saved as csv file. The packages
received are also uploaded to DesignSafe-CI project online storage if there is internet
access during measurement, shown as Figure 1 (Subramanian, 2020).

Figure 1 WSN System deployment configuration with Anemometer, Pressure Sensors and Reference Pressure
Sensor.

Hurricane Isaias, Category 1 hurricane, moved up along the east coast of Florida
(Latto, Hagen, & Berg, 2020) with the tropical storm winds. The WSN system was
installed on the roof of a house in Satellite Beach, Florida, referred to as Jack’s house,
the measurement included 10 pressure sensors and an anemometer of previous
generation of the WSNS. In addition, to compare the performance of the new
generation system, a pressure sensor and reference pressure sensor are installed on the
Jack’s house. The reference pressure sensor was installed under the porch of the
house where the wind was blocked by the bushes. In Figure 2, sensors 72, 74, 75, 77,
79, 82, 83, 84, 85 and 87 were from old WSNS and sensors 1 and 11 were from the
new system (Wang J. , 2021). Jack’s house is 8.9m wide from east to west and 18.1m
long from north to south. The length of the house is not shown completely in Figure 2
because no sensor is deployed on the rest area. The anemometer was located 2.2m
above the ridge on east side to measure free stream velocity and direction during
hurricane, as it shows in Figure 2. The location of the anemometer was chosen for
less wind blockage of neighboring buildings and vegetations.
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\
45°

Figure 2 WSNS Deployment Sensor Locations on Jack’s House During Isaias, 8.9m east to west and 18.1m north
to south (incomplete sketch)

The FIU Wall of Wind (WoW) is the experimental facility that simulates hurricane
wind. The large-scale model house (3.2 m x 3.4 m x 2.9 m) was fixed on the turntable
in Figure 3. The 12-fan array can generate winds up to the strength of Category 4
(131 to 145 mph). Twenty-five pressure sensors (new system) including a reference
pressure sensor and an anemometer of the system were installed. They were located,
4 sensors on the soffit, 6 sensors on the vertical sidewalls and 14 sensors on the roof.
The WoW is equipped with adjustable spires to achieve different upstream terrain
requirement, including open, suburban, and urban terrain conditions. Urban terrain is
simulated for this test. The WoW tests were performed under dry and wet (simulating
2"/hr. rain) conditions for 30 to 145 mph wind speeds and directions of 0 to 315° with
45° increment, as indicated in Figure 4. In Figure 4, blue circles indicate the WSNS
sensors and black dots the Scanivalve taps. The angles around the model indicate the
wind direction with reference to the model (Wang J. , 2021).

Large-Scale
House

Figure 3 Setup of the Model House, showing the Turntable, and the Fans.
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Figure 4 Test Layout of WSNS Sensors and Scanivalve Taps on the Roof

Each pressure sensors sampled at 10 samples per second, the anemometer sampled 1

speed and direction per second. Figure 5 shows a snapshot of wind speed and direction
during Isaias (Wang J. , 2021). We compare the fluctuating pressure characteristics by
spectral analysis of the pressure measurement on the roof when the wind speed reaches
the maximum value in Isaias WoW test. During Isaias, the maximum wind speed
accrued at UTC 2250 August 2 when the pressure reached to the lowest level with the

approximately 45 ° (Northeast) wind direction, see Figure 5. For WoW, we picked 2
minutes test of 60 mph at 45°, where the corner vortex is generated near the windward
corner. The test Figure 6 shows the visualization of the corner vortex at 45° by testing
in WoW of a flat roof at 45° (Chowdhury, Moravej, & Zisis, 2019), which shows that
the vortex develops along two windward edges. Vortex develops two conical structures,
where sensors are located as suggested in the results of a hurricane. The sensors were
located in the conical structures along the edge for Isaias and WoW test where the
vortex affects the intensity of pressure fluctuations. The acceleration effect acting on
the roof downstream reduces pressure fluctuation, but the separation acting on the
downstream area increases the pressure fluctuation.

The WoW can simulate the hurricane winds up to Category 5, the authors believe that
the intensity of fluctuation of the pressure on a natural hurricane is not uniformly
distributed with respect to the frequency, unlike in the simulated hurricane. The power
spectrum density (PSD) is widely used to quantify the spectral energy distribution for
a stationary window of data. The energy distribution with respect to the frequency
reflects the average energy of fluctuating pressure. In this case, the frequency reveals
the size of the eddies of flow, because the large eddies fluctuate slowly and produce
the low frequency of PSD, or vice versa. The spectral analysis plots are accordingly
from sensors 74, 77, 82 and 84 for Isaias and sensors 27, 26, 25, 23, 22 and 21, which
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are located in the region of corner vortex in WoW test. Figure 7 shows the time series
of absolute pressure variations for these WSNS sensors during Isaias. The PSD plots
are created at the minimum point of pressure measurement (Wang J. , 2021). The PSD
plots of the sensor for both measurements show the similarity and differences between
natural and simulated hurricanes. The magnitude of the PSD at a certain frequency
indicates the domination of the power for a certain size of the flow eddies (Wang J. ,
2021). The smaller size of eddies reflects the higher frequency on PSD plots or vice
versa.

The measurements in WoW are performed at the fixed angle and speed, by definition,
the measurement is stationary. However, the field hurricane measurement data needs a
stationarity check to determine the length of the data set used for spectral analysis. For
the natural hurricane Isaias, where pressure varies with time, a time series of pressure
data is assumed stationary with time (300 seconds of duration approximately). The
length of the stationary window of pressure is determined by Mann-Kendall Test
(MKT). The output of MKT is the Boolian value to indicate whether to reject the null
hypothesis (no trend presented in the given data series). At the point where the pressure
is at the minimum, and the speed is the highest level, the averaged maximum length of
stationary on pressure among sensors is around 500 seconds to reject the null
hypothesis of MKT. In the end, 400 seconds (80% of the averaged length of stationary)
of pressure data at Isaias is used for spectral analysis to ensure stationarity.

Figure 5 Wind Speed and Direction Measured by WSNS Anemometer During Isaias
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Figure 6 Corner Vertex Visualization by Chowdhury,et al. 2019
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Figure 7 Absolute Pressure Plots from WSNS Pressure Sensors during Hurricane Isaias

Spectral Analysis Result

The PSD plots of sensors during the Isaias (Left) and WoW test (Right) at 45° and 60
mph along gable line are shown in Figure 8, where the y-axis is PSD, and the x-axis is
the frequency. The range of the frequency axis is 0 to 0.6 Hz. Most of the PSD
distribution peak occurs between 0 to 0.15 Hz for Isaias measurement. Also, 0.07 Hz
separates the frequency between larger and smaller eddies. For the WoW test, the PSD
is uniformly distributed.

First, the PSD showed similar trends for the regions of corner vortices and separation
effect between Isaias and WoW test. Due to the corner vortices effect along the edge
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of the roof, increasing PSD is observed from sensor 74 to 82 for Isaias and 27 to 25 for
WoW where the energy of fluctuation of pressure grows. The separation effect acts
right after the ridge at the leeward roof in addition to the effect of corner vortices, the
strength of pressure fluctuation and suction peak during both Isaias (sensor 84) and
WoW (sensor 23) Sensors 21 and 22 show the reattachment of the flow and gradually
decreasing strength of fluctuation. The flow gradually “calms down. Unfortunately,
there wasn’t a sensor deployed on the corresponding location for Isaias, hence the
reattachment effect could not be established for a natural hurricane.
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Figure 8 The PSD Plot of Sensors Installed at East Eave During Isaias-2020 when the Speed Reached Highest
Value (Left) and Sensors 27 to 21, Installed at North Eave during WOW-2020 (Right)

Second, the PSD plots of WoW shown in Figure 8 (right) are broadly distributed along
the x-axis, which suggests a more uniform fluctuation with respect to frequency. In
contrast, the PSD for the natural hurricane is concentrated in the lower frequency
domain. Most of the energy is contained in the low-frequency fluctuations. This
phenomenon is also occurring in the area without the corner vortices and separation
effects such as Sensor 1 during Isaias, shown in Figure 8 (left). Hence the natural
hurricane contains slow-moving flow eddies (large eddies) which make the pressure
variations at long periods but keep the time-averaged pressure constant, as shown in
Figure 9. On the top of Figure 9, Isaias pressure plot indicates some low-frequency
fluctuations in pressure highlighted with the red lines, but the pressure of WoW doesn’t
show such low frequencies.
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Figure 9 The Time Series Pressure Plots in Isaias (Top) and WoW Test (Bottom). The Red Line Shows the Trend
of Slow Variation on Pressure at a Stationary Windowfor Isaias.

Discussions and Conclusions

The old version of WSNS was used for measurement during Isaias (Sensor 1 is the new
version sensor), and the new version is used in WoW. The biggest approvement of the
new WSNS is reducing the base noise of measurement which influences the spectral
analysis as well. The base noise of pressure for new WSNS is much less than that of
the old WSNS, enabling better resolution of the fluctuating pressure. This is evident in
Figure 10, where the measurement by the new system has less root mean square and
generates less noise than that measured by the old system, which indicates less PSD
value contributed by the base noise, which is the reason that sensor 1 in Figure 8 (left)
contains less PSD than other old WSNS sensors, but similar uneven distribution trend
during Isaias.
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Figure 10 The Comparison of the Pressure Measurement Noise Between New and Old System Measured at Same
Time and Location.

The spectral analysis focus on the pressure fluctuations acting on the windward and
leeward edge of house with the effects of acceleration, separation, and corner vortex.
The qualitative comparisons and similarities of PSD at different sensor locations on a
gabled roof between a natural hurricane and a WoW test are analyzed with the PSD
plot. On the windward side, the acceleration of the flow, due to the sloped-up roof, acts
at the same location of corner vortices to decrease the strength of pressure fluctuations.
In contrast, the corner vortices increase the strength of pressure and PSD value with
the frequency. Due to the obvious increasing PSD values with the position on the roof,
shown in Figure 8, the corner vortices dominate PSD increment. The separation effect
at the location after the ridge of the flow generates the disturbance of the flow
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associated with the increment of intense PSD distribution in the frequency domain in
both Isaias and WoW results. The corner vortex effect of experimental results is
matched well with the hurricane. Both field and experiment results prove that the vortex
strengthens the fluctuation of the flow and increases the PSD of pressure over the
frequency domain.

The uneven PSD distribution in frequency domain for both measurements are different
since hurricanes are not steady as the lab simulated condition, in which the constant
speed hurricane affects the pressure. The freestream turbulent properties for a natural
hurricane are not the same for simulated hurricane wind. Accordingly, the WoW’s wind
lacks large motions which change the flow properties, over a long period.

The WSNS measures the pressure on the surfaces of the house model at 30 mph, 90
mph 120 mph, and 145 mph. To show the spectral property independence with speed,
pressure and PSD plots for corresponding sensors along the east edge at speeds 30 mph,
60 mph, 90 mph 120 mph and 145 mph at 45° are given in Figure 11 and Figure 12.
Figure 11 shows absolute pressure fluctuation at different speeds on sensor 23 as an
example. Apart from lower mean pressure readings, the magnitude of the pressure
fluctuation is greater which enlarges the PSD values as shown in Figure 12. As shown
in Figure 12, the increment of speed does not influence the distribution of PSD with
respect to the frequency.

Figure 11 Pressure Fluctuation Magnitude for Sensor 23 at Different Speeds

63



2022 (6th) Residential Building Design & Construction Conference; May 11-12, 2022
The Pennsylvania State University, University Park, PA, USA; PHRC.psu.edu

Figure 12 PSD Plot for Sensor 27, 26, 25, 22 and 21 for Wind Speed 30 mph, 60 mph, 90 mph 120 mph and 145
mph at 45°
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ABSTRACT

A 1920’s era bungalow-style home located in West Lafayette, IN was recently
renovated to demonstrate a variety of sustainable and energy efficient technologies.
The upgrades include high levels of insulation and air sealing, geothermal heat/cooling,
energy recovery ventilation, and solar energy. The house also demonstrates several
novel technologies, such as a system for water re-use and a Biowall that improves
indoor environmental quality and aesthetics inside the home. The Biowall consists of
plant trays with loose growth media that are integrated into the return duct of the central
air conditioning system. As the ventilation air is gradually pulled through the root zone
of the plants, microbes slowly metabolize Volatile Organic Compounds that can
accumulate in airtight homes.

This paper describes the overall Biowall, but also introduces a smart watering algorithm
that improves performance by automatically adjusting the amount of water to the
plants. Experience with the Biowall has shown that a simple time-based watering
sequence tends to over-water or under-water depending on the season, varieties of
plants, and the characteristics of the plant growth media. The improved watering
algorithm uses real-time measurements to increase/decrease the amount of water
delivered to the plants on a given day. This is accomplished with a local controller that
regulates watering, lighting, and air flow and collects data on Biowall performance.
Preliminary data shows that the smart watering algorithm improves the health of the
plants by delivering the right amount of water based on the season and other operational
constraints.

INTRODUCTION

Figure 1 is a 1920’s era bungalow style home located in West Lafayette, IN called the
ReNEWW house. The home was used for many years as a rental for university
students, but since 2015 it has become a living laboratory for demonstrating sustainable
technologies for residences. Recent renovations added high levels of insulation and air
sealing, triple paned windows, geothermal heating/cooling, water re-use and storage,
energy recovery ventilation, and solar energy (ReNEWW, 2021). Graduate students
who live in the house while attending school also manage many of the ongoing research
projects. The home’s energy, water, waste, and environmental conditions are tracked
as part of the comprehensive site monitoring plan.
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Figure 1. A 1920’s era bungalow-style home showcases sustainable technologies.

The ReNEWW house is also hosting a field demonstration for a Biowall, which has a
goal of improving indoor environmental quality and overall aesthetics. Figure 2 shows
the Biowall’s prominent location in the main living/dining room. The green plants add
visual appeal to the room that would otherwise be rather plain. Although lighting and
watering is controlled automatically, the homes’ occupants are encouraged to pay
attention to the Biowall’s plants by occasional light maintenance of the trays.

Figure 2. The Biowall is located in the living room of the ReNEWW house.
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BIOWALL DESCRIPTION

Figure 3 shows that the Biowall consists of a stainless steel frame and four removable
plant trays. Perforations in the bottom of each tray allow air to pass through the loose
growth media, through the back duct in the closet, and into the return duct of the central
air conditioning system. A fan on the back of the Biowall operates along with the
central air conditioning system, gradually pulling return air from the living room and
through the root zone of the plants. Microbes in the loose soil slowly metabolize
Volatile Organic Compounds that can accumulate in indoor air of airtight homes.

Figure 3. Air passes through the loose soil media in the Biowall.

U.S. Patent #10,477,779 was issued in 2019 for this design (Biowall, 2021). There are
a number of other competing patents with similar features, so the claims of the patent
are narrowly interpreted in terms of the physical implementation described here. There
are no claims relative to the natural ability of plants to metabolize airborne
contaminants because that aspect has been widely demonstrated and deployed by other
researchers and commercial enterprises. The three primary claims of the patent are the:

e enclosure with removable plant trays
e controls for lighting, watering, and airflow
e integration with the HVAC system of a building

The Purdue University Office of Technology estimates that the Biowall is at
Technology Readiness Level of 8. This means that the Biowall system has been shown
to work in a demonstration setting but additional work may be needed before
commercialization. This paper describes both the overall Biowall demonstration and
recent efforts to improve the operation of the watering algorithm.
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Figure 4 is a front view of the Biowall showing the plants,
which were selected based on a widely cited report
compiled by NASA for plants that have beneficial air
cleaning characteristics (Wolverton, 1989). Other factors in
the plant selection process include overall hardiness and a
desirable physical appearance/color. The entire upper tray
in Figure 4 is a wandering jew, a fast-spreading plant with
a green/purple color. The remaining plants are a mix of
Golden Pothos, Philodendron, Candelilla, Aloe Vera,
Spider Plant, and Snakes Tongue.

Figure 4 also shows the LED grow lights in each tray that
provide artificial sunlight. The lights operate on a timed
basis, typically from 8 AM in the morning to 6 PM at night.
The occupants of the house have a local over-ride to turn
on/off the LED lights as needed.

Figure 5 is a close up of one plant tray that shows the growth
media that was specifically designed to allow air to flow
through it. The growth media is a three part mix containing
growstone (gray) for porosity, coco-coir (brown) for water
holding capacity, and activated carbon (black) to capture
airborne contaminants.

Figure 5 also shows the simple watering mechanism for
each tray. A solenoid valve (not shown) turns on/off the
water on a timed basis. A small pressure independent
emitter, more typically used for outdoor gardens, supplies a
steady water flow. Emitters range from 0.5 to 5 gph. The
emitter is connected to a weeper hose that distributes water.

Figure 4. The Biowall has
several types of plants.

Figure 5. Water is supplied to the plants by a weeper hose.
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Figure 6 shows the back of the Biowall in the cramped living room closet. The green
dashed line is the path of the air through the Biowall, past an axial fan, and into the
return duct for the home. This view also shows the blue and white PEX water lines to
the plants, sensors that monitor air characteristics, and the computer that enables web-
based monitoring and control.

Figure 6. The back of the Biowall connects to a return duct.

Figure 7 is one part of a graphic user interface that provides a homeowner with a basic
overview of Biowall performance via a smart phone or table (Hutzel, 2021). The dial
gage on the left is an “Environmental Index” a simple metric for Indoor Environmental
Quality that is computed in real time from measurements of temperature, humidity, and
VOC levels inside the home. The dial gage on the right shows the amount of air
flowing through the Biowall based on air changes per day. Additional graphics with
detailed information on lighting, watering, airflow, and power consumption are also
available, but those screens are primarily intended for individuals responsible for day
to day Biowall operation.
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Figure 7. A graphic user interface summarizes Biowall operation.

It is difficult to quantify the air cleaning performance of a Biowall in a field
demonstration because there are so many external factors that influence the
measurements. The best assessment of Biowall operation so far was conducted in an
environmental chamber with controlled conditions (Alraddadi, 2016). A ‘pull-down’
test method, in which a known amount of contaminant was introduced to the chamber
so that its decay could be monitored over time, was used for the evaluation. The decay
rate of the contaminants with the Biowall present was then compared to the decay rate
of an empty chamber and the growth media alone (without plants). The experiments
also evaluated the filter at different airflow rates across the filter and different moisture
content inside the growth media.

Based on the experimental data, the Clean Air Delivery Rate (CADR) of the Biowall
were quantified. The preliminary results showed that the Biowall removed up to 90%
of the introduced contaminants within two to three hours inside a sealed environmental
chamber. This could potentially translate into energy savings on the ventilation systems
of up to 25% by partially offsetting the need for outdoor air for fresh air ventilation. In
addition to savings on ventilation, the Biowall could contribute to savings in heating
and cooling energy by reducing the air temperature during summer months, and
reducing the air dryness during the winter months. Beyond these quantifiable benefits,
a Biowall provides an intangible benefit by adding a pleasant natural aesthetic to a
home.
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BIOWALL WATERING MECHANISM

The Biowall watering mechanism is a relatively simple apparatus to provide a small
amount of water at regular intervals to help maintain the plants. The water is supplied
to the Biowall by the domestic water in the house at approximately 60 psi. The seven
main components of the watering mechanism are:

1. pressure reducing valve — manual valve that reduces the water pressure to 40 psi

2. solenoid valve — automated valve that opens or closes based on a signal from the
controller

3. manual valve — one of four manual valves that turns on/off water to individual trays
of plants

4. emitters — a flow regulating device more commonly used in outdoor irrigation
systems to maintain a constant water flow. Emitters are rated from 0.5 to 5 gph

5. weeper hose — a perforated hose more commonly used in outdoor irrigation systems
to slowly distribute water to plants as the hose slowly leaks

6. leak detector —a 10’ cable is routed beneath the Biowall to sense water. If any part
of the cable is wet, it signals the controller to shut down Biowall operation

7. drain - a catch basin beneath each plant tray captures and diverts water to a floor
drain in the event of a leak or excess watering

The Biowall watering algorithm operates on a simple timed schedule. The controller
opens the solenoid valve for several minutes at regular intervals each day. Each of the
four trays of plants receives roughly the same amount of water. The plants thrive and
have a pleasant appearance for several months, but over time the limitations of this
basic watering strategy become apparent. Some of the plants begin to show stress by
dropping their leaves when the airflow through the Biowall causes the moisture content
of the growth media to fall outside the optimal range for the plants.

Experience has shown that the amount of water for a healthy Biowall is not static, but
instead is dictated by the weather because of the run-time for the central HVAC system.
During mild weather, when the central HVAC system does not run as often, excess
moisture can accumulate in the Biowall growth media. During hot or cold weather,
when the HVAC system runs for longer periods of time, the Biowall growth media can
get too dry. The cycle of growth media that is either too wet or too dry puts stress on
the plants and hurts the Biowall’s appearance.

One obvious solution is to add soil moisture sensors to the Biowall growth media. The
feedback from the sensors could be used to vary the amount of water provided to the
growth media. This option has been tested and shown to be helpful, but soil moisture
sensors have drawbacks. The main limitation is that they add additional cost and
complexity to the controls. It is highly desirable to keep the amount of instrumentation
to a minimum when pursuing Biowall commercialization.
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IMPROVED WATERING ALGORITHM

A “smart” watering algorithm was developed to improve Biowall performance by
varying the amount of water to the growth media based on environmental conditions.
The main feature of this approach is that no additional instrumentation is needed. The
algorithm uses a psychrometric analysis of the air entering and leaving the Biowall to
quantify the rate that water is absorbed by the growth media. The goal of the algorithm
is to achieve a steady-state moisture balance, where the rate of water being added is
equal to the rate that moisture is being picked up by the air flowing through the growth
media. The psychrometric evaluation identified three primary parameters that impact
this moisture balance.

The first parameter for the watering algorithm is the amount of air and the state of the
air flowing through the Biowall. Simply stated, the Biowall needs more water 1) at
higher air flow rates and 2) when the air is dry. More water is needed in the cold winter
months, when the HVAC system runs for longer periods of time and the dry air in the
home extracts more moisture from the growth media. The watering algorithm
quantifies the air characteristics based on real time measurements of temperature,
humidity, and flow rate (cfm).

The second parameter for the watering algorithm is the characteristics of the growth
media where the plants are grown. It is not surprising that soil with a higher amount
of fibrous material retains moisture, while rocky soil gives up moisture more easily.
The watering algorithm quantifies the growth media by measuring its moisture holding
capacity. This parameter is constant, so it is measured one time, as the plants are
initially deployed into the Biowall. This parameter is only changed when the mixture
for the growth media changes.

The third parameter for the watering algorithm is the type of plants. Some plants want
more water while others prefer drier conditions. This is partially determined by the root
structures of the plants, but also by transpiration, the rate at which plant give off moisture
to the surrounding environment. It can also be impacted by the maturity and physical
size of the plants as they grow and develop. This parameter changes slowly, so this
parameter is manually adjusted in the watering algorithm as the plants evolve.

Figure 8 shows the implementation of the watering algorithm in the Biowall controller.
The vertical axis is the amount of time in minutes that water is provided to the Biowall
each day. The horizontal axis is the amount of time in hours that the home’s HVAC
system operates each day. The three dashed lines in Figure 8 show various air flow
ranges from “low” to “high”. The Biowall changes from one airflow mode to another
based on how much air is being pulled through the return duct. The Biowall is in a
“low” airflow mode when only the Biowall fan is “on”. The Biowall is in a “mid” airflow
mode when the Biowall fan and the home’s energy recovery ventilator are “on”. The
Biowall is in a “high” airflow mode when three fans (Biowall fan, energy recovery fan,
and fan-coil unit) are “on”.
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Figure 8. The watering algorithm adjusts based on HVAC operation.

The red lines in Figure 8 show the upper and lower bounds of watering. These limits
were determined based on direct observations of the Biowall over time. The watering
algorithm is programmed to deliver at least 5 minutes of watering each day in any
airflow setting. To prevent over-watering, the watering valve will not open for more
than 15 minutes each day. These limits help maintain plant health by avoiding extreme
watering events.

This smart watering algorithm is being evaluated in 2021. It has been shown to
functionally operate as intended. The amount of time that the valve is open changes
based on operating conditions. It is harder to evaluate the impact of the watering
algorithm on Biowall performance because it is seasonally driven. The plants do not
change on a daily or weekly basis, it is a mater of months until changes are detected.
The qualitative data collected so far suggests that the smart watering algorithm will be
a significant improvement to Biowall operation by helping maintain healthy plants.

CONCLUSION

An improved Biowall watering algorithm uses real-time measurements to
increase/decrease the amount of water delivered to the plants on a given day. This is
accomplished with a controller that regulates water, light, and air flow while collecting
data on Biowall performance. Preliminary observations show that the “smart” watering
algorithm improves the health of the plants by delivering the right amount of water
based on the season and other operational constraints.
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ABSTRACT

Over the years, computational lighting simulation software have become the industry
standard for conducting daylighting analysis in the design of buildings. Such tools
predominantly rely on computational graphics intensive algorithms such as ray casting
and ray tracing to estimate daylighting inside buildings. Such ray tracing algorithms
take longer computational time to execute even for a single point-in-time simulation of
a single building design option, let alone analyzing multiple design alternatives. The
overdependence on such complex daylighting simulation tools has led to limited
exploration of the design space. Recent research suggests the benefits of leveraging
machine learning techniques, where input and output data from large sets of previous
daylighting simulations can be used to train an artificial neural network (ANN) model,
which upon sufficient training shall be able to predict daylighting metrics for new
building designs without having to perform an actual simulation. Building on top of
this hypothesis, this paper presents a novel ANN based metamodel (also called as
surrogate model) for spatial daylight autonomy (sDA) estimation along with a detailed
explanation of the model architecture, training and testing process. Preliminary training
results showcase promising trends in terms of the capability of the ANN based
metamodel to predict daylighting values at lesser computational time and lower error
as well.

1. INTRODUCTION

If building energy modeling are physics intensive computational problems, building
daylighting simulations on the other hand are graphic intensive computational
problems (Ayoub, 2020a). Over the years, computational lighting simulation software
have become the industry standard for conducting point-in-time daylighting analysis as
well as seasonal daylighting studies (seasonal averages) for any given building design.
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To calculate the amount of light inside a building, simulation tools use a variety of
information such as the building geometry (position, orientation, windows, apertures
and openings, and shading devices), artificial lighting details (position and operating
schedules), location of the building (latitude and longitude), adjacent building
geometries (if any), and sky model of that particular location (an imaginary
hemispherical dome with standardized illuminance distribution of the sky for various
positions of the sun published by the International Commission on Illumination) (CIE
DS 011.1/E-2001). Further, daylighting simulations help calculate a variety of metrics
such as illuminance, daylighting factor (DF), daylight autonomy (DA), spatial daylight
autonomy (sDA), continuous daylight autonomy (cDA), useful daylight illuminance
(UDI) and daylight saturation percentage (DSP) that help evaluate the lighting quality
of the building design. A summary of the definitions, calculation procedures and units
of measurement of these metrics is provided in Table 1.

Predominantly, daylighting simulation tools rely on complex ray tracing or ray casting
(relatively simple) algorithms to estimate the metrics in Table 1. On an intuitive level
both these algorithms involve casting a ray from a light source (sun if natural and
lighting fixture if artificial) to a point of interest inside the building and analyzing how
this ray gets partially or completely obstructed or reflected by potential obstacles such
as walls, windows, floors, roofs, etc., before reaching the target point. Based on the
difference in illuminance at the source and target, it is possible to arrive at the lighting
level (decreases if ray is obstructed and increases if multiple rays are reflected towards
target) (Aizlewood et al., 1994; Carrol, 1999). Simple lighting simulation tools like
Ecotect™ (now defunct), Honeybee™ and DIVA-for-Rhino™ model lighting as a
function of daylighting (meaning ray tracing from sun), whereas more complex
simulation tools like Radiance™ (uses ray tracing technique) and AGi32™ (uses
radiosity technique) model lighting as a function of both daylighting and artificial
lighting in buildings (meaning ray tracing from sun and other lighting fixtures in
building) (Figure 1).

Figure 1: Simple daylighting simulations executing ray tracing to multiple grid point inside building from natural
sources (skydome) (left). Complex lighting simulations executing ray tracing from both natural and electrical light
sources (adapted from AGi32 Inc., 2018 manual) (right).
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Various metrics for daylight evaluation of building design.

Table 1

‘() sanjea JS@ parenofes yim 100(j uo syurtod pris 101 ‘|

Jurod yoea 10§ sInoy dwnAep Jo Joquinu €10} Jo o3ejusoiad e se (¢) enore) ‘4
.qumsumoHomAx:_oo@-omv%mwvEoﬁubtnumsomm:uu\ﬁu@&uo:mEE:_:obsamgsonmoBLE::Bm_:u_mo.m
N
~

X0[ 00€Yy — €y 03 POYIpow SY

*(sdeys owun paulgep 19sn) IBIA Y} pue ABp 9] JO SOWI] JUAIIIJIP 10] Jutod yoes Je doUBUIWN([I 9JB[NO[R)) "7| SOUBUIWIN[[T 0] 93URI P[OYSAIY) (dSQ) 23eIu2019|
% ‘sjurod Jo pLI3 ojur 100]J APIAL( “[| oY} 2I9YM [(J() JO UONBOYIPOJN|  uoneImes yS1jAe(|
‘() sanjea [ pILINI[Ed YIm 100[J uo syutod pu3 joid “g| ‘njeA
Jurod yoea 10§ sInoy dwnAep Jo Joquinu g0} Jo o3ejusoiad e se (¢) enore) ‘4 9[3urs e Jo peasul (Xn] 000
1utod yoes 10§ (xn] 000Z-001 AeS) pPoysaIy) payroads uaamiaq SI OUBUIWN[T I2YM SINOY JO Ioquinu je[nofe)) ‘¢l  -00] Aes) oSuel e se payyroads| (S00T “Te 312 [19EN)
*(sdogs owun paulgep 19sn) I8IA 9} pue ABp 9Y) JO SOWI) JUAIIJIP 0] Jutod yoes Je 9oUBRUIWN([I 9)B[NO[B)) (| SI P[OY[SAIY} ddUBUIWUN[T ) (1an) aueurwn|yj|
% ‘sjurod Jo pLI ojur 100[J APIAI(J “[| 2IYM Y (J JO UOISIOA PALIPOIA]| yS1Ae nyos)|
‘Proysaiyy
mo]2q syurod 107 () sanjea payyIrom pue proysaiy) Surpa2oxa syutod 10 () sanjea vy yim 100[3 uo syutod pus 1014 9| 99°0 = 00£/00Z = VA
‘pouSisse are $)IPaId [ented aIoym WSIURYIIW| 0=vd|
Pa1ySIom B U0 paseq SINOY JO Joquinu A)e[no[es ‘ploysaiy) parjroads Mo[oq [9Ad] doueurwn(yl yim syutod 104 "¢l xn[ 0o =% pue xn| 00¢€ =
urod oBa 10J SINOY dWNAERP JO IdqUInU [210) JO 93RIUa0I1ad © Sk () 918[No[e)) “H{PIOYSaIy) dourUIWN[[] J1 “5°0 10|
urod yoea 10§ (X0] )€ ABS) P[OYSAIY) PALFIoads 9A0QR ST OUBUIWIN[I AIAYM SINOY JO JOqUUNU Je[NI[R)) “¢| ‘proysaxyy (9900 “Te 30 MeyuIay)|
*(sdays owm paurjop Iasn) 1834 oy} pue Aep dy) JO SAWI) JUIJIP 10] Jurod yoed Je duBUIWN{[I )B[NI[R)) '] QouruIwIN{[1 /Inoy Jernoned| (v@») Awouoiny|
% ‘sjurod Jo pLIg ojur 100[J APIAI( “| ' e jurod e je ooururwn[[]| IY31AeQ snonunuo))
“(owry ay) Jo 9 ‘sinoy awnAep|
06 1SBa] J& 10] X007 (] 9A0QR BAIR 100[] JO 9, SIAIS Yorym) syutod pLig Jo 1oquinu [e30) Jo 25ejudrad e se (¢) 9e[nofe) '  [enuue 2y Jo juaoiad (g Ise9]
‘awn aY) JO %06 Ise[ 38 10J (Xn] 00 ¢ Aes) proysaiy) payyroads aaoqe douruIUN([I Y syutod Jo 1oquinu e[nofe)) ‘¢l 18 10J PIAIYDE SI (Xn] OO AeS)| (€10T ‘)|
*(sdays awm pauljop Iasn) IedA oY) pue Aep Y JO SAWI) JUAIJJIP 10] Jurod yoea je dueUIWN[[I JB[NO[R)) 7| PIOYSAIY} uoneuIwun|1 paryroads (v@s) Awouony|
% ‘syutod Jo pLIS ojul J0O[} OPIAL( "[| QIOUYM BIIR I0O[J JO 9FBIUIII| y31Ae( reneds
‘() sanjea yg pre[nofed yym 100(j uo syurod puis 1014 ‘| (6861
Jurod yoea 10§ sInoy dwnAep Jo Joquinu g0} Jo o3ejusoiad e se (¢) enore) ‘4 (xny| ‘SUSIOLIOJY SOP sSING
Jurod yoea 10J (Xn] )€ ABS) PIOYSAIY) PALFIoads 9A0QR ST OUBUILIN[T AIAYM SINOY JO JOQUNU dJe[No[R)) "¢l  (0QE ABS) doUBUIWN([I PalY10dds UOTJBIOOSSY )|
*(sdays owm pauljop Iasn) 1834 oY) pue Aep dy) JO SAWI) JUIJIP 10] Jutod yoed Je duBUIWIN{[I )B[NI[R)) '] B SPa99x2 JyS1jAep Jey) SInoy| (Va)|
% ‘syutod Jo pLid ojul 100[] OPIALJ ‘||  QwnAep [enuue Jo oFejuoordd|  Awouoiny IiAe(|
'san[eA J( PaIe[Mo[ed Yiim 100[J uo syurod pus 10[d 4
‘3uIp[ing apIsyno doueurwn([l Aq Jurod Yoea je ddUBUIWUN{[T IPIAL( "¢ Surpying
urod yoea Je ddURUIWN{[I dJR[NO[R)) “Z| OPISINO douBUIWIN[[I 0) FUIP[INg (Cle)
% ‘syurod Jo pLg ojur 100[J APIAI( “| IpISUl ddUBUIWN[T JO ONEY| 10308 Sunysike(|
*SON[BA QOUBUIWN{[T PAJR[NO[ED YIIM 100]J uo syurod puis 10[J “¢f
(600 T8 19 17) Ju1od yoea Je douBUIWN[I AJB[NI[R)) *7] BaIR JUN 19d ‘0oe)Ins ¥
xn] ‘syurod Jo pLI3 ojur 100[J SPIAL( “[| WO JUSPIOUT XN[J SNOUTWN] [BI0 | (9) @oueurwunyyj|
S|
uown| 90In0s © JeY) JYSI] JO JUNOWY| (b) xny] snourwn|
nun 2INpPadoIJ uonemIR) uonuydIq LA

78



2022 (6th) Residential Building Design & Construction Conference; May 11-12, 2022
The Pennsylvania State University, University Park, PA, USA; PHRC.psu.edu

Further, such sophisticated daylighting simulation tools give better control such as finer
discretization of geometry (more grid points), selection of more surfaces for evaluation
(walls ceiling, desks and so on in addition to floors), a variety of output metrics from
the above list in Table 1, finer discretization of time steps for annual daylighting level
calculations and so on (Reinhart et al., 2006¢). Most of these computational lighting
simulation tools support rendering of false color renderings (grid cells color coded per
the calculated daylighting values) on top of the evaluated surfaces (Figure 2).

Figure 2: Sample false color rendering showing spatial daylight autonomy values for an interior space with
windows on one of the walls.

Simple tools are mostly confined to ray tracing to multiple grid points on the floor
(providing false color renderings of floors), whereas complex tools can perform ray
tracing to multiple grid points on all surfaces in a building (providing false color
renderings of all surfaces) (Lehar et al., 2007) (Figure 3).

Figure 3: Simple lighting simulation of interior space in Diva-For-Rhino™ (Daylight only) (left) and detailed
lighting simulation of interior space in Radiance™ (Daylight + Artificial light) (Ward, 1994) (right).

All these tools support both point-in-time simulations as well as lighting studies, which
provide seasonal averages. Out of the various metrics used to evaluate the design for
daylighting, spatial daylight autonomy is one of most useful metrics that helps
determine if the interior of the building has sufficient daylighting (LM, 2013).
However, executing ray tracing for multiple grid points for multiple timesteps is a
computationally intensive process. Such ray tracing algorithms take longer
computational time to execute even for a single point-in-time simulation of a single
building design option, let alone conducting daylighting studies for multiple design
alternatives.
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2. METAMODELS FOR DAYLIGHTING ESTIMATION

To tackle this, AEC researchers have recently started to explore the use of real time
raytracing algorithms that are used in games to render every frame in real time (Jones
et al., 2017). Though these methods showcase promising trends in terms of drastically
reducing the daylighting computation time as opposed to the traditional ray tracing
algorithms (Ayoub, 2020b), they are still GPU (Graphic Processing Unit) intensive
processes that require specialized computational hardware and setup. The
overdependence on such computationally intensive daylighting simulations has led to
limited exploration of the design space (lesser number of building design options
evaluated for daylighting) (Cassol et al., 2011). Such limited exploration of the design
space is detrimental for optimization.

Alternatively, recent research suggests the benefits of leveraging machine learning
techniques, where input and output data from large sets of previous daylighting
simulations can be used to train an artificial neural network (ANN) model, which upon
sufficient training shall be able to predict sDA values for new building designs without
having to perform an actual simulation (Ayoub, 2020a). Such daylighting prediction
ANN models can be used as surrogate model (also called as metamodel — Simpson et
al., 2001) to evaluate large sets of building design options for sDA at lower
computational expense during early stages as opposed to using computer graphics
intensive ray tracing or radiosity based simulations (Wortmann et al., 2015). Building
on top of this hypothesis, an ANN based metamodel for sDA estimation was developed
as shown in Figure 4.

Figure 4: Comparison of inputs, features and outputs of Radiance™ and DIVA-for-Rhino™ along with the ANN
based metamodel for spatial daylight autonomy estimation.
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3. MACHINE LEARNING BASED METAMODEL

Typically, any ANN model can be represented by a neural net architecture (or diagram)
which has an input layer, hidden layer(s) and an output layer with each layer containing
several neurons. Further, this model can be trained by processing large sets of samples
(called as training data) each of which has a combination of known input and output
values. Using the known input values and randomly assigned weights and biases to the
neural net, an output value is predicted. Subsequently, the error between the predicted
output and the known output is minimized by statistically adjusting the weights and
biases using a technique called back propagation of errors (Rumelhart et al., 1986;
LeCun et al., 1988). To understand this training process more intuitively, let us build a
simple ANN model to predict the spatial daylighting when simple room geometries
with a window on a wall are provided. To train this ANN model, let us use a simple
dataset of four rooms with varying room and window sizes (inputs) and their
corresponding sDA values (outputs) simulated by the tool Radiance™ (Table 2).

Table 2: Sample training dataset containing input values and output (sDA) for four room design options.

Samples Room Room Window Window Simulated
Length (ft) Width (ft) (x,) Length (ft) Height (ft) (x,) sDA (%) (v,)
(x1) (x3)

6

Rooml 10 15 3 47
Room?2 20 25 9 3 89
Room3 30 35 12 3 74
Room4 40 45 15 3 63

In this example, the ANN model shall have one input layer with four neurons
(x1, X5, X3, x4 representing room length, width, window length and height respectively),
one hidden layer with three neurons (hq, h;, h3) and one output layer with one neuron
(y; representing the sDA) (Figure 5). In any machine learning model (ANN model),
random weights (Wy, Wy, W3, Wy, Ws, W, Wy, Wg, Wy, W1, W11, Wig, Wiz, W14, Wys) are
assigned to each connection in the neural net whereas biases (b;, b,) are assigned to
the hidden and output layers as shown in Figure 5. For ease of understanding, consider
these weights as the statistical importance of each input node and bias as a
mathematical constant in the hidden layer neurons and output neuron.

Figure S: Sample setup for a simple ANN model to predict sDA using four inputs.
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Subsequently, input values from each sample are assigned to the input layer. It should
be noted that all values in the training database (in feet) should be normalized before
assigning them to the neurons. For example, the room length, room width, window
length, and window height values of the first sample in the training dataset (Rooml) is
normalized as 0.10, 0.15, 0.06 and 0.03 respectively and assigned to the respective
neurons (Figure 6). Let us assume that the random values as shown in Figure 6 are
assigned as the initial weights and biases.

Figure 6: Assigning random weights and biases.

Further, the output of each hidden layer neuron is calculated as the sum of a) the
summation of the product of input values connected to that neuron and the respective
weights assigned to those connections, and b) the bias assigned to the hidden layer
neuron. For example, the value of hidden layer neuron h; is calculated shown in Figure
7.

Figure 7: Sample calculation of the value of a single neuron in the hidden layer.
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In a similar fashion the values of the other hidden neurons h, and h5 are also calculated
(Figure 8).

Figure 8: Calculated values of all neurons in the hidden layer.

Next, in order to add non-linearity to the training dataset, activation functions are used.
For example, sDA might not increase linearly by increasing any of the four input
parameters or vice versa. Sometimes despite a larger window, the daylighting inside
the building might be lower due to the depth of the building. When an actual daylighting
simulation tool is leveraged, such relationships and interactions between the design
variables are solved using pertinent building physics equations and ray tracing
methods. On the other hand, to account for such aspects in ANN models which are
statistically trained, non-linearity is introduced artificially by using mathematical
functions called as activation functions. There are a variety of such functions such as
sigmoid, tanh, Softmax, ReLU, Leaky ReLU (Hassoun., 1995). For example, if the
value of hidden layer neuron h, (1.04) is substituted in the sigmoid activation function
(S(hy,) =1/1+ e ™), we get a modified value of 0.74 as shown in Figure 9.
Similarly, the other hidden layer neurons are also modified by substituting h, and h;
values in the sigmoid activation function.

Figure 9: Modified values of hidden layer neurons after applying activation function.
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Using these modified hidden neuron values, the output neuron value is estimated using
the same procedure used for the hidden layer neuron value calculation (Figure 10). For
the sample in consideration (Rooml), the predicted output value is 0.65 (65%)
(predicted sDA), whereas the simulated value for the same sample from Radiance™ is
0.47 (47%) (simulated sDA). The delta between the predicted and simulated value for
this sample (Room 1) is called as loss function or simply error. All the sequence of
steps illustrated above can be called as one feed forward cycle where inputs were used
to predict the output neuron value.

Figure 10: Sample calculation of the output node value using a single hidden layer node.

Now, using a technique called as backpropagation of errors (Rumelhart et al., 1986),
the randomly assigned weights and biases are adjusted with an objective of minimizing
the loss function. It should be noted that the above prediction was done for one sample
(Room1) from the training dataset (Table 2). Similarly, the feed forward cycle and back
propagation mechanism are executed for all samples in the training dataset and the
weights and biases are adjusted at every step. When the feedforward and
backpropagation for all the samples in a training database are executed, it is called as
one epoch (one learning cycle) in machine learning terminology (Miiller et al., 2016;
Géron, 2019).

In our example, one epoch is when all four samples are processed both forwards and
backwards until the error converges. It should also be noted that it is essential to train
the ANN model for multiple epochs, since adjusting the weights and biases based on
back propagation with just one epoch is not enough. However, training the ANN model
for large number of epochs might sometimes lead to a condition called as overfitting,
where the ANN model becomes overly accustomed to the training dataset and hence
will result in low error during training. The downside of overfitting is that the trained
ANN model has less generalizability to newer data, meaning the prediction error will
be very high for new samples apart from those used in the training dataset. Such new
data samples used to validate the accuracy of the trained ANN model is called as the
validation dataset. Similarly, training the ANN model for very limited number of
epochs might lead to another condition called as underfitting, where the error is very
high for both training as well as validation dataset. In summary, an underfitted model
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has low accuracy in both training and validation dataset, an overfitted model has high
accuracy while training, but low accuracy for samples from the validation dataset (i.e.,
less generalizability), whereas a model with optimal fitting will have high accuracy in
both training and validation datasets (i.e., high accuracy as well as generalizability)
(Goodfellow et al., 2016).

For example, in the case of our example, four new room options (RoomS5, 6, 7 and 8)
with varying room length, width, window length and height were generated and their
corresponding sDA values were simulated using Radiance™. The input output
combinations as shown in Table 3 were used as a validation dataset to test the accuracy
of the trained ANN model.

Table 3: Sample validation dataset containing input values and simulated output (SDA) for four additional room
design options.

Samples Room Room Window Window Simulated
Length (ft) Width (ft) Length (ft) Height (ft) sDA (%)
(x1) (x2) (x3) (x4) 1)
Room5 19 25 9 4 51
Room6 45 32 3 6 44
Room?7 23 21 7 3 66
Room8 36 67 10 5 61

The impact of underfitting, optimally fitting and overfitting the ANN model to the
training dataset (Table 2) is shown using plots comparing the prediction error of the
ANN model for the training and validation dataset respectively (Figure 11). In these
plots, the distance between the blue dots (simulated values) and the orange line
(predicted values) is the error. When the ANN model is underfit, these distances are
large in both training as well as validation datasets indicating high error, whereas in the
case of overfitting, training error is nearly zero, whereas the validation error is high.
ANN models that are trained optimally, will have lower prediction error in both training
as well as validation datasets (good fitting) as seen in Figure 11.

Figure 11: Plots comparing predicted and simulated values of sDA using the ANN model for the training and
validation datasets.
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The optimal number of epochs for good fitting of an ANN model is usually arrived
through a trial-and-error process (Goodfellow et al., 2016; Géron, 2019; Matthew,
2020). In this example, due to the small size of the training dataset (four samples),
training for multiple epochs can be executed easily. However, in reality where training
datasets are large (usually above 10° samples), it is difficult to complete even one epoch
(i.e.) to feed all samples to the computer at once. In such cases, the training dataset is
split into smaller batches containing specific number of samples (Géron, 2019; Sharma,
2019). For example, a training dataset containing 1000 samples can be split into five
batches of 200 samples each (batch size), thereby taking five iterations to complete one
epoch. The training of the ANN model is carried out until a stopping criterion is
achieved, which is usually either until a specific number of epochs or until the
prediction error of the overall model converges to a threshold value specified by the
user (Prechelt, 1988; Nguyen et al., 2005). The trained and validated ANN model is
further tested for accuracy by using it to predict the daylighting values for totally new
samples foreign to the testing and validation datasets. A collection of such new data
samples constitutes what is called a testing dataset.

The minimization of prediction error is dependent on how much the weights and biases
are adjusted which in turn is dictated by several factors such as number of hidden layers,
number of neurons per hidden layer and learning rate (a variable hyperparameter set by
the user) (Goodfellow et al., 2016; Géron, 2019; Sharma, 2019; Matthew, 2020). These
values are generally set using trial and error methods based on the size of the dataset,
computation time required for each iteration (batch in an epoch) and the overall epoch,
and the loss convergence plot for training and validation datasets. The loss convergence
plot shows how the loss (error) is reduced between the predicted values and the
simulated values over time (epochs).

Building on top of this example, an ANN model for daylighting (sDA) prediction is
developed. However, it should be highlighted that, unlike the example discussed above,
in addition to the overall building dimensions and window dimensions, sDA inside a
building is sensitive to other input variables such as orientation of the building, floor
level in consideration, wall to window ratio, window positions, number of glazing
panes in windows, operating schedule and so on (Kdster, 2004). Hence, it was
strategized to generate a large catalog of building design options with different
combinations of these input variables to train the ANN model for sDA prediction.
Based on an iterative trial and error process, the ANN for daylighting (sDA) prediction
was developed using the following steps:

3.1. Data Collection — In general, based on best practices in the area of applied machine
learning research, large and diverse datasets in the order of >10° data samples tend to
yield meaningful model performance (Smith et al., 2018; Brownlee, 2019). With the
computational resources available at hand, a practically viable dataset of 4000 different
variations of sample office building 3D models was generated by parametrically
varying input parameters such as floor length, floor width, floor height, floor level,
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orientation, wall to window ratio, window positions, window sizes, number of glazing
panes in each window and operating schedule as shown in Table 4. The 4000 design
options were split into three sets as 2500, 1000 and 500 options to be used as training,
validation and testing datasets, respectively. A generative algorithm was used for this
process (Muthumanickam et al., 2021) and the input variables were computationally
stored per the hierarchy mentioned in Figure 12. These models were then simulated for
sDA using Radiance™. For the sake of the study, Chicago was used as the location
with overcast sky conditions. The input and corresponding outputs for design options
in the three datasets were recorded into three separate .csv files to be used as training,

validation and testing datasets, respectively.

Table 4: Input variable range used in the generative algorithm for generating building models to be used as
training and testing datasets.

Input variables Range Type
Training Validation Testing
dataset Dataset Dataset
(2500 samples) (1000 samples) (500 samples)
Floor length 20 ft to 400 ft 10 ft to 450 ft 10 ft to 500 ft Random values
between range
Floor width 20 ft to 400 ft 10 ft to 450 ft 10 ft to 500 ft Random values
between range
Floor height 10 ft, 12 ft 10 ft, 12 ft 10 ft, 12 ft, 15 ft Discrete values
Floor level 1 to 25 1 to 30 1 to 35 Discrete values
Orientation 0 (N) to 180 (S) Intervals of 10 degrees
180 (S) to 360 (N) between range
Wall to window ratio 0to 100 % Random values
between range
Glazing panes 1, 2, 3 panes Discrete values
Operating schedule 6,8,10 hr | 6,8,10,12 hr | 6, 8,10, 12, 14 hr | Discrete values
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Figure 12: Sample data structure followed to record input variables of various building shapes.

The length, breadth and wall to window ratio were varied using a randomizer in the
generative algorithm which enables selection of random combinations between the
specified range. This was done to introduce irregularity within the dataset (as opposed
to a uniform pattern), which helps increase the robustness during training. Further, the
ranges length, breadth, floor to ceiling height, number of floors and operating schedule
were also varied between the training and testing datasets. The inclusion of new values
in the testing dataset apart from the original ranges used in the training dataset shall
help test the trained ANN model for its prediction performance and generalizability to
new conditions.

3.2. ANN Training — The ANN model was configured to have one input layer with
eight neurons (representing length, breadth, height, number of floors, orientation, wall
to window ratio, glazing type and operating schedule respectively), two hidden layers
with three neurons and four neurons per hidden layer respectively (per best practices)
(Miiller et al., 2016; Géron, 2019; Sharma, 2019; Matthew, 2020), and one output layer
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with a single neuron (representing spatial daylight autonomy value). A ReLU
(Rectified Linear Unit) activation function was used considering its effectiveness as
suggested in the literature (Karlik et al., 2011; Ramachandran et al., 2017; Sharma et
al., 2017; Nwankpa et al., 2018). The number of learning cycles (epochs) and the
iterations were set based on trial-and-error methods (Sharma, 2019; Matthew, 2020).
The predicted values were compared with the actual simulation results of these 2500
design options to arrive at the training loss function (error) of the ANN model.

3.3. ANN Validation — Concurrently, during the training, the partially trained ANN
model was used to predict the sDA values for the validation dataset (1000 design
options). The predicted values were compared with the actual simulation results of
these 1000 design options to arrive at the validation loss function (error) of the ANN
model.

3.4. ANN Testing — The pre-trained and validated ANN model was used to predict the
sDA values for a testing dataset (500 design options). The predicted values were
compared with the actual simulation results of these 500 design options to arrive at the
loss function (error) of the overall ANN model. This model can then be used to predict
sDA values for any given building design model instantly without the need to run actual
simulations.

The daylighting simulations in Radiance™ were run using a high performance
computer with multiple-core, multi-thread processor (Intel® CoreTM i9-10900K
3.5GHz) and a graphic processing unit (NVIDIA® QuadroTM RTX 5000). The ANN
setup (Figure 13) was computationally developed using an opensource library called
Keras and implemented in TensorFlow™ (Géron, 2019) utilizing the same local
resources (computational setup used for Radiance™ simulations. The computation
time for the simulations in Radiance™, training of the ANN model and validation and
testing of the pre-trained ANN model were saved from log files and TensorBoard™
respectively, for the sake of comparative analysis (Muthumanickam, 2021).
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Figure 13: Conceptual representation of the ANN based daylighting (sDA) prediction model construction.

4. TRAINING., VALIDATION AND TESTING OF ANN MODEL

Initially, the training and validation datasets were divided into batches of 250 samples
contributing to 10 batches per epoch (2500 training samples) and 4 batches per epoch
(1000 validation samples), respectively. The learning rate was set at 0.01 (Thimm et
al., 1996; Wilson et al., 2001; Smith, 2017). Four standard metrics namely, mean
absolute error (MAE), mean square error (MSE), root mean square error (RMSE) and
R-squared (R?) were calculated to analyze the error between the predicted and
simulated sDA values. The training and the validation processes were run
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simultaneously in TensorFlow™ and the loss convergence for both datasets were
plotted. Based on observations of the training and validation loss in TensorFlow™, the
learning rate was adjusted to 0.25 to decrease the computation time taken to complete
one epoch (Wilson et al., 2001; Smith, 2017). The ANN model was initially given a
stopping criterion of 1000 epochs (meaning run the forward feed and backpropagation
over the samples in the training and validation datasets 1000 times). This resulted in
poor convergence towards the stopping criterion (1000 epochs) for both the training
(indicated by high MSE value = 0.0763 —red color in Figure 14) and validation datasets
(indicated by high MSE value = 0.0883 — green color in Figure 14). Further, the R-
squared values were very far below 1 (the closer to 1 the better) for both the training
(R? = 0.3033) and the validation dataset (R? = 0.2586), indicating high error between
the predicted and the simulated sDA values (Figure 15).

Figure 14: Training and validation loss over 1000 epochs (Stopping criterion = 1000 epochs).

Figure 15: Prediction plots comparing ANN models performance for training (left) and validation (right) datasets
when trained using a stopping criterion of 1000 epochs.

To lower the error of the ANN model, the stopping criterion was changed from 1000
epochs to until the R-squared value of the ANN model reaches above 0.8 for the
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training dataset. The ANN model showcased good convergence for both the training
(MSE = 0.0106) and validation (MSE = 0.0150) datasets at around 2500 epochs and
reached the stopping criterion at 2723™ epoch (Figure 16). The ANN-model was able
to yield relatively better R-squared value for both the training (R* = 0.8729) and
validation dataset (R? = 0.8204) at around 2723 epochs (Figure 17).

Figure 16: Training and testing loss over 2723 epochs (Stopping criterion = R?>0.8).

Figure 17: Prediction plots comparing ANN models performance for training (left) and validation (right) datasets
when trained using a stopping criterion of R>>0.8 (2723 epochs).

In an attempt to increase the accuracy of the predictions even more, the stopping
criterion was extended to 3500 epochs. Training the model for a greater number of
epochs resulted in excellent convergence for the training dataset (MSE = 0.0028) but
showed trends of the validation loss (MSE = 0.0688) diverging drastically from the
training loss (Figure 18). This could be further asserted by comparing the predicted and
simulated values where the training dataset had highly accurate predictions (R* =
0.9654), whereas the validation dataset had poor prediction (R? = 0.3664) (Figure 19).
This was possibly due to the overfitting of the model due to extended training for a
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greater number of epochs, hence reducing the generalizability of the ANN model to
new data samples other than the training dataset.

Figure 18: Training and validation loss over 3500 epochs (Stopping criterion = 3500 epochs).

Figure 19: Prediction plots comparing ANN models performance for training (left) and validation (right) datasets
when trained using a stopping criterion of 3500 epochs.

A summary of the various error metrics recorded for the three stopping criteria (training
for 1000 epochs, training until R*>0.8, and training for 3500 epochs) is shown below
in Table 5.

Table 5: Comparison of model performance in training and validation datasets using three stopping criteria.

Stopping Criterion Epoch = 1000 R>>0.8 Epoch =3500
Dataset Training Validation Training Validation  Training Validation
MAE 0.2149 0.2304 0.0819 0.0971 0.0420 0.2056
(Lower the better)

MSE 0.0763 0.0883 0.0106 0.0150 0.0028 0.0688
(Lower the better)

RMSE 0.2762 0.2971 0.1029 0.1224 0.0530 0.2623
(Lower the better)

R? 0.3033 0.2586 0.8729 0.8204 0.9654 0.3664

(Closer to 1 the better)
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S. RESULTS AND DISCUSSION

In summary, it could be observed that the ANN-model performs poorly in both training
and validation when trained for 1000 epochs, relatively better in both training and
validation when trained for 2723 epochs, and better in training but poor in validation
when trained for 3500 epochs. Based on these observations, it can be asserted that the
ANN-model with a stopping criterion of R>>0.8 (2723 epochs) has high accuracy in
predicting spatial daylight autonomy values when presented with data samples from
both known conditions (training dataset) as well as new conditions (validation dataset).

To scrutinize this trained and validated ANN-models efficiency for new data samples,
it was used to predict the sDA values for the 500 completely new data samples from
the testing dataset (refer Table 4). The model was able to predict the sDA values with
a significant level of accuracy (R?= 0.7823). A plot comparing the predicted and
simulated sDA values for the 500 data samples in the testing dataset is shown in Figure
20. Additionally, a comparison of predicted and simulated values for a small subset of
25 design options from the testing dataset is shown in Figure 21.

Figure 20: Comparison of sDA values simulated by Radiance™ and predicted by ANN model for 500 data
samples in the testing dataset.

Figure 21: Zoomed in comparison of sDA values simulated by Radiance™ and predicted by ANN model for a
sample subset of 25 data samples in testing dataset.
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Further, the ANN based daylighting (sDA) prediction model upon successful training
was able to predict the sDA given a set of input values at a staggeringly lesser
computational time than the actual simulations (1000 design compute time —
Radiance™ = 8500 minutes; ANN = 457 minutes) while using the same computational
resources.

6. CONCLUSION

Given such benefits, the developed ANN model can be used as a potential
metamodeling candidate in a multi-fidelity modelling approach to optimize the
building for daylighting across multiple phases at lesser computational expense (Figure
22). More details about how the ANN based daylighting metamodel was used in the
design of an office building is covered in Muthumanickam et al., 2021. However, more
research in terms of systematically analyzing the sensitivity of the computational time
to more variations of the dataset and hyperparameters such as number of epochs,
learning rate, hidden layers, type of activation functions used is needed. For example,
increasing the number of epochs to 3500 in the scope of this research resulted in good
training accuracy and poor validation accuracy making the model less generalizable.
However, the same inference might not hold good for a dataset that is drastically
different from the one utilized in the scope of this research. It should be highlighted
that the scope of this research did not include organic shapes of forms of buildings,
thereby limiting the model results to rigid geometrical shapes. Limited availability of
readily usable public datasets of building models is a limiting factor for machine
learning research in the construction sector and efforts in terms of curating such
datasets if any is needed to aid researchers. Hence, expanding the data collection range
to include organic geometries and sensitivity analysis of hyperparameters to the
expanded dataset is a potential avenue for future research. This shall help in the optimal
fine tuning of the hyperparameters to enhance the model performance further. In
summary, such machine learning based metamodels for daylighting analysis showcase
promising potential in aiding designers to perform rapid daylighting analysis on large
sets of design options at lower computational costs.
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ABSTRACT

Building materials, construction project delivery, and facility operations over a
building lifespan contribute significantly to global greenhouse gas (GHG) emissions.
As building operations are being improved to reduce their environmental impact, the
building materials portion of construction has become a larger contributor to a
building’s lifecycle GHG emissions. The structural system contribution to GHG
emissions is significant and depends on the material types and quantities. Substituting
traditional building materials such as structural steel and reinforced concrete with
sustainable materials such as mass timber can reduce environmental impact. Further,
the use of hybrid systems can use various structural materials more effectively by
taking advantage of each material’s strengths, thus further reducing a structure’s
environmental impact by needing less overall structure material.

This paper presents a parametric evaluation of mass timber and hybrid-mass timber /
concrete floor systems for their design performance and environmental impact. Several
floor systems are considered at an early-stage design level of detail across a range of
dimensions. The systems include CLT floor with Glulam girders (TG), a CLT floor
with Glulam girders and Glulam beams (TGB), and a concrete-timber composite
system (TCC). Model variables include bay length and bay aspect ratio. Initial results
show that the TGB system generally results in the lowest embodied carbon (EC) out of
all three systems. Additionally, for a given floor bay aspect ratio, each system has an
ideal range of bay sizes which result in the lowest EC values for that floor system.
Finally, there appears to be a higher-order relationship between bay size and total
system depth. The results from this study will be used to develop design aids that will
inform decision-making during the early design phase of mass timber projects.

1.0 INTRODUCTION

Embodied carbon (EC herein) is one of several measures, such as embodied energy,
CO; emissions, and global warming potential, which approximates a material’s or
product’s negative impact on the environment. Building “operations” and building
“materials and construction” make up 28% and 11% respectively of global carbon
dioxide emissions (Architecture 2030, 2011). As building operations are becoming
more efficient, the energy from building materials and construction, commonly
quantified as EC, will contribute more significantly to a building’s overall
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environmental impact (Hens, 2020). The structure makes up a large portion of a
building’s EC, and the substitution of concrete and steel structural elements with timber
has been shown to reduce a structure’s environmental impact (Skullestad et al., 2016).
Further, although timber is generally accepted to have a lower environmental impact
as compared to other structural materials, its lower strength can result in a structure
requiring more material. Therefore, the use of hybrid structural systems, which mix
timber and steel or concrete, using materials where they are best suited, has the
potential to optimize a structure’s EC (Stern, 2018).

Mass timber is gaining traction in the construction industry for a variety a reasons,
including its suitability for prefabrication, short erection schedules, small crew sizes
for installation on site, and potential environmental benefits. There are many new mid-
to high-rise residential buildings incorporating mass timber structural systems,
including the Ascent project in Milwaukee, WI, the Crescent Terminus project in
Atlanta, GA, and the University of Washington West Campus Student Housing project
in Seattle, WA. With the increase in mass timber construction, there has been more
research into new timber systems and system configurations to expand design
possibilities. Jelusic and Kravanja (2017) studied the optimization of timber-concrete
composite floors for structural and cost objectives (Jelusic & Kravanja, 2017).
Movaffaghi et al. (2020) studied long-span timber-concrete composite floor systems,
developing design and optimization procedures for deflection and vibration objectives
(Movaffaghi et al., 2020). Mayencourt and Mueller (2019) studied the optimization of
CLT floor panels for flexure (Mayencourt & Mueller, 2019). Despite ongoing research
into specific systems for structural and cost-related design objectives, industry
professionals have limited guidance during the early stage of a mass timber project to
aid whole building design decision making that supports sustainability goals. Taking
inspiration from architectural design, parametric analysis offers designers greater
design exploration capabilities and flexibility over traditional design methods. Here
designers can study large varieties of design options at an early stage of design (Brown
et al., 2020). Therefore, the study presented in this paper used parametric analysis
methods to explore a variety of timber floor systems and configurations for EC
performance. The goal is to provide guidance across a range of possible grid
dimensions regarding which systems are most sustainable, as well as secondary
considerations such as the impacts of system selection on floor system depth.

2.0 METHODS

To conduct this study, a series of parametric models of potential floor systems was
created. An automated sizing procedure was then written based on U.S. timber design
codes. Finally, the parametric models were sampled across a range of variables to return
the required structural element dimensions and subsequent embodied carbon required.
This detailed methodology is similar to those found in Jelusic and Kravanja (2017),
Mayencourt and Mueller (2019), and Hens (2020). The following aspects of the project
will be discussed next: studied floor systems, parameters, model development,
structural performance and EC metrics.

2.1 Floor Systems
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This study currently includes three one-way spanning floor system models (Figure 1):
a CLT floor (acting as the structural deck) with Glulam girders (TG), a CLT floor with
Glulam girders and infill beams (TGB), and a concrete-timber composite system in
which steel connections are utilized to provide composite action between the timber
deck and concrete topping slab (TCC). The first two systems’ structures are composed
entirely of timber with a nonstructural concrete topping slab to meet acoustic and
vibration serviceability requirements, while the third uses both concrete and timber as
structural materials.

Figure 1: Investigated Floor Systems
2.2 Parametric Design

This study takes a parametric design approach to the analysis of each floor system.
Here, parametric design uses one or more input variables which can be changed to
create a set of designs, known as the design space. Each design in the design space is
evaluated for performance objectives of interest to define an objective space where
each point corresponds to a point from the design space. The data produced through
creating the design and objective spaces can then be analyzed to produce insights and
an improved understanding of the trends and behaviors of the model. This methodology
is commonly referred to as Design Space Exploration (Brown et al., 2020). In this
study, the variables in the models include bay length and floor bay aspect ratio for each
system, while performance objectives include total floor system depth (ft) and
estimated EC (Ibs CO> e per SF). Representative bay aspect ratios used in this study
are illustrated in Figure 2.

0.5 0.75 1.0 1.5 2.0 2.5
o) R L
w w W W w W

Figure 2: Floor bays illustrated in plan view for each aspect ratio used in the study,
where the aspect ratio is in terms of L:W

2.3 Modeling Overview and Process

The models generated for each system were tailored to the specific design process and
requirements for that specific system. The TG and TGB systems start with a design
which has a defined bay size, occupancy, and loading conditions, and designs the floor
system needed to meet all relevant strength and serviceability requirements. Designs
which did not meet the requirements were removed in post-processing. The TCC
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system analysis process requires that all information about the bay size and structural
design be known. Therefore, the TCC model begins with a full design which is
analyzed and checked for its ability to meet the strength and serviceability
requirements. Designs that did not meet the requirements were removed during post-
processing. All system models produced results which included information about the
final designs that work, as well as their corresponding system depths and estimated EC.

To implement the design processes described above, the models each use a combination
of Grasshopper scripts, custom python code written inside Grasshopper, Excel tables,
and custom python code written inside Spyder. A flowchart depicting this overall
process is provided in Figure 3.

Grasshopper — Custom
and Built-in Components

Excel file

Timber System and Timber

/i —™
Wood Components Design
Element
Properties —I
Database csv file esv file
Desi .
Grasshopper Shder C}utpurts. Spyder (Python)
Components Floor System —
Performance Data Visualization
Variable Tnput .csv file Objective Data and Analysis
‘ariable uts .
. . System Depth and
(Bay Width and Girder Design 5J:."r:;:l}:)ocliecl e(E:‘:.'ar}:)on) g
Aspect Ratio) Results png files/Misc
Results,
Excel Spreadsheet »  Graphs, and
R Timber-Concrete || Equations

Composite System Design

Figure 3: Flowchart depicting overall modeling process

Grasshopper is a powerful visual scripting platform commonly used in parametric
design for its ability to analyze a large number of designs in a design space, and then
provide the results in a form which can be exported to other applications for data
visualization, analysis, and other post-processing tasks. This study developed custom
script components to perform all timber structural design, and grasshopper script
components were used to manage the resulting data. For the TCC model, design
configurations were generated using GH scripting components, and the girder required
for the design was designed using the previously noted custom script components. The
design configuration and girder information for the design space were exported and
copied into an Excel spreadsheet file. The Excel file contains several tabs with cells
coded to analyze each design, determine the acceptability of the design, and calculate
additional information about system depth and EC. The data for all three models was
exported into .csv files for post-processing and analysis using custom python code in
Spyder.

2.4 Structural Design

Each floor system was designed and checked for flexure, shear, short and long-term
deflections, and vibration control. Other design considerations included acoustic
performance, fire design, and manufacturing and transportation limitations. Bays are
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uniform and rectangular, and the designs assume a residential occupancy. All floor
systems were designed following the relevant codes, standards, and guides for each
system. The TG and TGB systems are designed following the 2021 IBC (International
Code Council Inc., 2020), the 2018 NDS (American Wood Council, 2018), the 2013
US Edition of the CLT Handbook (Karacabeyli & Douglas, 2013), the 2019 Canadian
Edition of the CLT Handbook (Karacabeyli & Gagnon, 2019), ASCE 7-10 (Coulbourne
et al., 2017), and the US Mass Timber Floor Vibration Design Guide (WoodWorks
Wood Products Council, 2021). For the TCC system, the most relevant design guidance
is coming out of Canada, and therefore this study followed the Design Guide for
Timber-Concrete Composite Floors in Canada (Cuerrier-Auclair, 2020).

Other assumptions in the structural design process are as follows. All floor systems
were considered simply supported and one-way spanning. Multi-span floors were
considered in the TG and TGB systems, where the number of spans depends on
manufacturing and transportation limitations. The TCC model considered only two-
span conditions. To meet requirements for acoustics and walking-induced vibrations,
panels were assumed to be arranged to limit continuity between separate dwelling units,
and a concrete topping was provided, which is either considered structural or
nonstructural depending on the system. Loads were assumed uniform expect at girders
where the girder supports three or fewer beams. Dead loads include the self-weight of
the structural members. Dead loads also include superimposed dead loads, which
includes ten pounds per square foot (psf) for mechanical equipment, utilities, and
finishes, six psf for partitions, and, in the TG and TGB systems, 35 psf for a 1.5-inch
normal weight concrete topping. The concrete topping was included in the self-weight
for the TCC system. Lives loads are forty psf for the assumed residential occupancy.

2.5 Embodied Carbon Estimation

The intent of the EC estimation study was to focus on the structure at a design stage
level of detail with cradle to gate boundaries. While there are several methods used to
measure the environmental impact of materials and products, this research uses EC,
which is an estimate of the carbon dioxide emissions equivalent of a material.
(Hammond et al., 2019). EC values for each material in the model were obtained from
the Inventory of Carbon and Energy Database V3.0 (ICE), developed by Craig Jones
and Geoffrey Hammond at the University of Bath. EC values are provided in units of
mass of carbon dioxide equivalent per mass of material. The ICE database is a meta
database which compiles data from the available literature to determined EC values.
The values from ICE are often global averages, depending on the specific material.
(Hammond et al., 2019) Values used for this study are summarized in Table 1.

Table 1: Embodied Carbon of Materials (Ib CO2 e/lb)

Material EC Value General Notes
CLT 0.437 .
Timber Carbon Storage is neglected
Glulam 0.512
Concrete - 013 RC 32/40 (32/40 Mpa), 25% replacementt
Superstructure ’ of cement with fly ash
Plasterboard 0.39
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This study used values which do not include carbon storage; however, future work will
incorporate the carbon storage-based database values by evaluating floor systems with
varying percentages of sustainably sourced timber, or timber which can be considered
carbon-storing. The floor system EC estimates in this study were obtained by
multiplying the outputs of structural mass for each material from the structural model
by the corresponding value from the ICE database to obtain an estimated value for the
bay and on a per-square-foot basis.

3.0 RESULTS AND DISCUSSION

Upon completing the floor system model simulations along with extracting the data,
results were plotted in a series of combinations to perform a visualization of data for
initial exploratory trends. The insights gained from this visualization phase inform
future data analysis strategies to better understand the data. This section includes the
most relevant data visualizations which were the most helpful in understanding the
resulting design and objectives spaces from the analysis.

3.1 Overview of Results for All Systems

The first data visualization (Figure 4) provides an overview of the multi-objective space
for all the studied systems, comparing EC versus total system depth. Total system depth
includes the sum of the of the floor panel, girder, and concrete topping depths. In
general via the data plots, all three systems have at least some designs with both low
system depth (1-2 ft) and low EC (10-12 Ib CO; ¢/SF). Figure 4 further shows a general
trend of increasing system depth for increasing bay area; bays less than 400 SF are less
than 2 feet deep, and bays larger than 1000 SF are typically greater than 3 feet deep,
some approaching 5 to 6 feet. This trend is consistent with established knowledge of
structure design. Systems with the largest depths may not be practical, but initial data
analysis suggests that these depths occur mainly for systems with long-spanning, deep
girders, which is not common for mass timber design in residential occupancies. There
does not appear to be any strong correlation between bay area and EC (based on
inconsistent patterns in Figure 4’s data), suggesting that there may be some flexibility
for architects selecting a bay size if the main goal is reducing EC, as opposed to current
perceptions that larger bays must have more EC due to more material.

The data across the objective space becomes more widely spread among designs with
either or both high system depth and EC. For example, The TCC system has designs
between 2 and 6 ft deep with an EC greater than 15 1b CO; e/SF, while the TGB system
designs all fall between about 11 and 15 Ib CO> e/SF. Based on the data presented in
Figure 4, the TGB system has the lowest EC and the TG system has the highest EC, as
compared to equivalent bay sizes within the other systems. These are general trends,
and the next stage of data analysis will include curve fitting and the development of
equations to describe data relationships where appropriate. Additionally, the TGB
system has the most linear relationship in the data out of the three systems, which
warrants further investigation into the causes of this behavior.
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Figure 4: Total System Depth vs Embodied Carbon for All Systems, Sorted by Floor
System Type and Colored by Bay Area

3.2 Systems Comparison

In looking more closely at each system, Figure 5 shows the relationship between the
bay width and aspect ratio variables and the objective of EC for each system. As it can
be seen, each floor system has a distinct pattern in how the EC changes relative to
increases in bay width for five distinct aspect ratios. Cutoffs in the data lines at varying
ranges of bay widths are due to the preset range of and relationships between the bay
length and aspect ratio inputs.

Figure 5: Embodied Carbon versus Bay Width, sorted by the floor bay aspect ratio and
plotted separately for each system

The TCC system has distinct horizontal bands for each aspect ratio across which the
EC varies very little with changing bay size. This suggests that depending on a floor
systems aspect ratio, there may be an ideal range of bay sizes if the main goal is
reducing EC, which is not necessarily the smallest bay size. For example, for a square
bay, a designer could select a bay width anywhere between about 12 and 24 feet to
achieve a low EC per SF (~12 1b CO» ¢/SF), while a rectangular bay that is half as wide
as its span, or length, should be between about 9 and 15 feet wide to minimize EC (~12
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Ib CO; ¢/SF). The TG system more pronounced stepping of the data, and as a result,
the apparent ideal bay width range for a given aspect ratio is narrower as compared to
the timber concrete system. A square bay would need to be designed for a width
between about 10 and 13 feet to achieve ~10 Ib CO2 e¢/SF. The TGB system has
significantly less variation in EC along the total range of each aspect ratio category,
and has overall lower EC as shown in Figure 4. Most aspect ratios have the freedom to
select bay widths from 7 to 25 feet with low EC (11 to 13 Ib CO; ¢/SF). Figure 6
similarly represents the data for the other objective, total system depth. All systems
exhibit less variation in system depth, and appear to follow a quadratic-like relationship
between bay width and system depth for a given category of aspect ratio.

Figure 6: Total System Depth versus Bay Width, sorted by the floor bay aspect ratio
and plotted separately for each system

The “stepping” behavior observed in the TG system’s EC in Figure 5 is explored further
to understand what design feature or features are driving this behavior. Figure 7 takes
the same TG system data but colors the data in a scatterplot based on the CLT panel’s
contribution to total floor system EC. This helps explain the stepping behavior because
CLT EC is clearly related to each level of EC for the system designs. This is likely due
to the use of a discrete number of CLT panel types in the parametric model, as panels
are manufactured in discrete sizes, typically with an odd number of plies using
dimensional lumber.

Figure 7: TG system embodied carbon subplot colored by CLT’s contribution to EC
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4.0 LIMITATIONS AND FUTURE WORK

4.1 Limitations

There are several limitations to this study. Only gravity loads are considered, and the
effects of lateral loads on floor diaphragm design will be studied in future work.
Connections are not considered in this initial study, and therefore steel takeoffs are not
performed or included in the EC calculations. Regular bay layouts are considered, and
other configurations or floor openings are beyond the scope of the study. A residential
occupancy is assumed, and occupancies with higher live loads may behave very
differently than the system models here.

4.2 Future Work

This is an initial study, and future follow-up work is planned. A thorough validation of
the TCC model will be completed, during which various modeling assumptions will be
assessed for their appropriateness, including connection selection and composite
behavior. The TCC model will be expanded to consider different fire protection
options. Additional floor systems will be modeled, including a TCC system with beams
and a timber system with steel girders and the option to add steel beams. Where
appropriate, equations will be developed to describe the relationships observed during
the data visualization process. Additionally, smaller related studies will be performed
to assess the contributions to EC of other design elements and requirements, including
connections and acoustic performance. The model will also be expanded to include
separate design spaces for various fire performance design options and different levels
of sustainable timber sourcing which may introduce some carbon storage benefits.

5.0 CONCLUSIONS

This paper presented the initial results of an early parametric evaluation of mass timber
and hybrid-mass timber / concrete floor systems for their design performance and
environmental impact. The study consisted of a parametrically driven design
investigation which compared a CLT floor system with Glulam girders, a CLT floor
system with Glulam girders and Glulam beams, and a concrete-timber composite
system. Each system was analyzed using computational design space exploration
techniques to compare the systems at an early-stage-design level of design detail and
technical performance.

The initial results show that the timber system with girders and beams generally results
in the lowest embodied carbon (EC) out of all three systems. Additionally, for a given
floor bay aspect ratio, each system has an ideal range of bay sizes which result in the
lowest EC values for that floor system. Finally, there appears to be a higher-order
relationship between bay size and total system depth. The results from this study are
beginning to provide the information necessary to develop design aids and/or rules of
thumb that will inform decision-making during the early design phase of mass timber
projects.
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Abstract: Cross-Laminated Timber (CLT) as a structural material has attracted the
attention of many in the Architectural/Engineering/Construction (AEC) community.
Although CLT is used in multi-family residential structures, it has not been used
extensively for the construction of single-family residences. In this paper, a CLT
structural system alternative design is presented for a previously light-framed,
traditional style, single-family residence.

Introduction

CLT panels are most often utilized by U.S. designers as an attractive
construction material alternative for low-to-mid-rise multi-story residential and
commercial buildings. However, while CLT panels can also be utilized for the
construction of single-family residential buildings, they tend to be expensive in
comparison to conventional construction alternatives. Often, manufacturers will find
it difficult to profitably produce the minimal material required for the construction of
a single-family residence, rendering the use of the material unfeasible in many
instances.

In addition to cost disadvantages, the limited available CLT design guidance
makes single-family home design time consuming and risk prone in comparison to
conventional light-framing methods which are well established and somewhat
prescriptive in nature. Budgets for design are often small and significant engineering
effort cannot be justified in most instances. Although building/design codes and
production standards have been established for CLT, the design is currently largely
conducted according to the principles of engineering mechanics and structural
engineering practice. The lack of standardized details, pertinent residential design
examples, and prescriptive design aids makes it time-consuming to design smaller
structures without the aid of expensive specialized software.

Introduction to Design

Currently, CLT is utilized in more modern avant-garde designs, where
designers leverage the long-spanning, plate-like nature of the wooden slab element.
Some modern examples of single-family dwellings constructed using CLT are
presented in both the U.S. edition (Karacabeyli and Douglas 2013) and the Swedish
edition (Borgstrom and Frobel 2019) of the CLT Handbook.

In this paper, the design of a traditional style 2-)4-story single-family home
using CLT elements and current design resources is discussed. The residence has 8
feet ceiling heights for both the 1% and 2™ story, a basement, attic floor space and
bonus floor space above the attached garage. Previously, the design of the same home
was undertaken using conventional wooden light-framing methods. The light-frame
design was published in 2009 as a chapter in the book titled, “Timber Buildings and
Sustainability” (Jellen and Memari 2019). This alternative CLT design was intended
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as a follow-up to the original design. The intention is to identify benefits and
challenges associated with the use of the alternative system. The structural shell of
the residence, adapted from the light-framed design is shown in Figure 1.

Figure 1. Rendering of CLT Panelized Home Design.

In this design the CLT panels are utilized as load-carrying plate elements,
which transfer both conventional gravity loads and lateral wind loads to the concrete
foundation. To be consistent with the initial light-frame design, the conventional
gravity and wind loads were computed based on a project location of State College,
PA. As with the original design, seismic loads are assumed not to govern the design
of the lateral load resisting system. The dwelling utilizes a platform framing system,
similar to that described in The CLT Handbook (Karacabeyli and Douglas 2013), in
which the floor and roof panels bear directly on the exterior and interior bearing
walls. Floor and roof panels transmit gravity loads such as dead, floor live and snow
loading through wall panels to foundation. The floor panels also serve as diaphragms
that transfer wind loading to designated CLT shear resisting wall panels. The 2021
Special Design Provisions for Wind and Seismic (SDPWS) (American Wood Council
2020) is the standard that provides engineering design guidance on the design of
these lateral force resisting components.

Preliminary Design

The panelized model shown in Figure 1 was created in Autodesk Revit.
According to the Wood Products Council, creation of a 3D model of the building
system is necessary to realize the benefits of a prefabricated mass timber system
(Woodworks 2019). For the purposes of this design, it was decided to use CLT
panels for the roof, floors and walls. The structure of the home, in the original
design, consisted of a light-platform-framed system which utilized thin structural
panels as diaphragm and shear wall elements to provide lateral stability.

The platform framing style of the original design was maintained; however,
CLT panels were essentially substituted for the light-framed floor, roof, and wall
assemblies. This one-to-one substitution allowed the CLT alternate design to proceed
with only minor floor plan modifications. Platform framed CLT methods are likely
not the most economical solution for this design; however, by using this method it is
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possible to demonstrate not only design of the floor systems, but also the walls. In an
actual design situation, all the building system options should be evaluated.
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Figure 2. First floor plan.

The main exterior dimensions of the building are shown in Figure 2. As
shown in Figure 3, CLT panels are used for both interior and exterior load bearing
walls. The exterior walls not only transmit axial gravity load, but also transmit
in-plane and out-of-plane wind forces. The interior bearing walls transmit gravity
load only. Upon reviewing the geometry of the building, an 8 foot primary panel
module (width) was selected as the basis for panelization. According to the
Engineered Wood Association (APA), typical panel widths for CLT are 2-feet, 4-feet,
8-feet and 10-feet (APA 2019) having lengths up to 60 feet. It was necessary to
consider both the geometry of the main building and the garage when determining the
primary panel module. The factors that influenced the selection of the 8-foot module
are as follows:

1. Light-framed construction is typically designed using a 4-foot or 8-foot
module, because most of the construction materials such as structural
sheathing are produced with these dimensions. An 8 foot module is a logical
choice for adapting a light-framed structure for use with CLT panels.

2. Ceiling height for both the 1* and 2™ stories are both 8 feet, therefore, it was
logical to select the 8-foot module for the interior and exterior wall panels.

3. The length of the main building is 36 feet; therefore, 4-% panels per floor are
required. There’s no real benefit of selecting another module dimension and
the remaining half-section could potentially be utilized on another floor.

4. Three 8-foot panels equal to 24 feet can be placed spanning the short 22 feet
direction for the garage floor/ceiling structure.

5. The 30-foot width of the building is a convenient and efficient dimension for
considering 60 feet long master billets.

111


https://paperpile.com/c/adAhvP/GQUV

2022 (6th) Residential Building Design & Construction Conference; May 11-12, 2022
The Pennsylvania State University, University Park, PA, USA; PHRC.psu.edu

Upon completion of the preliminary design evaluation, structural design was
conducted to determine actual member and connection specification. Although
preliminary panel design properties can be obtained from PRG 320 (APA 2020), it
was decided to use manufacturer specific properties since they are readily available.
To demonstrate similarities and differences between CLT manufacturers terminology
and offerings, products from two CLT manufacturers were specified; Nordic X-LAM
panels were specified for the walls and Katerra panels were specified for the floors
and roof.

As mentioned previously, conventional external loads were calculated based
on State College, PA. Tekla Tedds (Tedds) software was then used to determine the
Main Wind Force Resisting (MWFR) and Components and Cladding (C&C) wall
and roof wind loads for both the main building and the garage. Tedds was also used
to determine balanced, unbalanced and drifted snow loading for the sloped roofs.

_.-_._._'_'_'_._._._,_,_,_._r EARING WALLS

Figure 3. Building section.

The structural design was partitioned into sections. The sections include, CLT
Wall Panel Design, CLT Floor Panel Design, CLT lateral System Design, and lastly
the Foundation System design. Connections were designed; however, will not be
discussed in this paper.

CLT Wall Panel Design

In this section, the initial design and specification of the CLT wall panels is
discussed. Final wall verification occurs in the CLT lateral System Design section.
The wall panels are initially specified based on their capacity to resist the internal
axial forces resulting from the application of the prescribed gravity loads and the
internal bending forces resulting from the application of out-of-plane wind forces on
the wall panel. The primary method of design for the walls was hand calculations.
The 2018 NDS (AWC 2017) was utilized as the design basis and the Nordic X-lam
Technical Guide (Nordic 2020) was consulted to obtain panel options and design
properties.

With minimization of the material use in mind, the X-LAM 89-3S, 3.5-inch
thick panel was initially selected for consideration. The 89-3s is a 3-layer, 3-2-inch
thick panel. The panel is certified according PRG 320 as an E1 stress grade panel.
Initially, the controlling 2™ story wall panel was selected for design. It was decided
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to orient the strong-axis vertical. Typically wall panels are oriented in this fashion to
provide greater bending resistance to out-of-plane wind forces.

Design limit states are the axial capacity, the out-of-plane bending capacity
and also the lintel requirement. The axial capacity and demand were first
determined. An axial demand of 1,213 plf was calculated based on controlling ASD
load combination Dead (D) + 0.75 Live (L) + 0.75 Snow (S) + (0.75) 0.6 Wind (W).
The 2018 NDS design equations located in Section 3.7 and those in the associated
commentary section C3.7 were utilized to develop the capacity. Design capacity was
calculated on a per foot basis. The column buckling resistance (P ) was calculated
using the minimum apparent bending stiffness (EI,,, ;) = 0.5184 EIL __ as
recommended by the CLT handbook section 2.2.2. The apparent bending stiffness,
defined by 2018 NDS Section 10.4.1, was calculated using a shear deformation factor
(K,) of 11.8 (pinned support conditions). The axial capacity of the 89-3s was
calculated to be 29,726 plf, which far exceeds the demand of 1,214 plf.

The unadjusted panel bending capacity for the panel was provided in the
Nordic technical guide. Adjusting per 2018 NDS Table 10.3.1 resulted in a design
moment capacity of 5,360 Ibf/ft. C&C magnitude wind loading was applied and a
bending demand of 108 Ibf-ft was calculated based on ASD load combination 0.6 D +
0.6 W. Once again the capacity far exceeded the demand. Considering the
interaction between axial and bending force, a demand/capacity ratio of 0.023 was
calculated using NDS interaction equation C3.9.2-3. The resulting ratio of 0.023
shows that the capacity of the thinnest panel far exceeds the demands. By
engineering judgement no additional strength checks were required.

Initially, the lintels were checked oriented with the strong-axis vertical. This
orientation is beneficial for resisting out-of-plane wind forces; however, only the
center lamination is available to resist bending forces. The lintel bending capacity
was calculated per the provisions of NDS Section 3 considering only the center
horizontal ply. Because the lintel is actually part of the wall, the boundary conditions
will be fixed. Due to the fixed boundary condition, a portion of the bottom of the
lintel will be in compression; therefore, the beam stability factor (C,) will not equal
1.0. The slenderness ratio, based on an effective length of 2.06 1, = 2.06 x 6-feet =
12.36-feet, and an effective width of 0.75-inch was calculated. The calculated
slenderness ratio of 60 was greater than the limit of 50 prescribed in NDS Section
3.3.3.6; therefore, it is not possible to utilize the 89-3s panel for an integral lintel in
the strong-axis vertical position.

Slenderness continued to be a concern during the initial evaluation of the
lintels. Upon discovering that the 89-3s were inadequate, it was decided to check the
wider 4.125 inch, 105-3s panel. The 105-3s did meet the bending slenderness
criteria; however, the bending strength of the single layer was not adequate. Next, the
possibility of utilizing the panels oriented with the strong-axis horizontal was
investigated. The lintel bending slenderness concerns were resolved; however, in this
new orientation, the compression member slenderness limit set forth in NDS Section
3.7.1.4 was not satisfied. In order to satisfy the slenderness limit, with the strong-axis
in the horizontal position, a 5-layer, 5.625-inch 143-5s panel was required.

The addition of the extra two layers was unacceptable, therefore, it was
decided to add joints at the larger openings and utilize independent lintels rather than
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the continuous panel on the 1% floor . It was determined that 105-3S lintels installed
with the strong-axis horizontal were adequate for all 1* floor lintels. The panels were
upsized to match the new lintel size. Because of the lighter loads on the 2™ story
lintels, the 105-3S lintels were able to be utilized in the vertical position. This
allowed for jointless 2™ story panels.
Floor and Roof Panel Design

A combination of hand calculations and software based solutions were
utilized for analysis and specification of the floor/roof panels. As with the wall
panels, the floor and roof panels were sized on a per-foot basis. When required,
RISA 3D software was used to calculate internal forces and estimate deflections.
Material properties were estimated based on the outer layer wood species properties.
An equivalent thickness was calculated based on equations 1 and 2, where d,,;, is the
thickness of the beam and b is the width of the beam (12 inches in this case).
Apparent stiffness was considered to include the effects of shear deformations, as
recommended in the 2018 NDS.

Lopp = EI 4pp ~ E [1]
3 121,
d equiv = ‘\/ b 4 [2]

In addition to hand calculation and RISA 3D, WoodWorks Sizer program was utilized
to analyze the floor panels.

Preliminary panel sizes were selected from Katerra CLT Pre-Analysis Span
Tables (Katerra 2020b). The strength of the floor panels was checked first. Floor
panels were assumed to be continuous over intermediate bearing locations and span
one-way. A representative 1% floor panel was first checked using Sizer and the results
compared to hand calculations. Analysis results from RISA 3D and Sizer compared
closely and therefore Sizer was used to check the remaining floor panels.

Upon completion of the floor panel design, the preliminary roof panel sizes
were verified. As can be seen in Figure 3, the roof is designed to function without the
need for interior bearing. The decision to detail the roof in this manner was made to
largely eliminate obstruction in the most usable central portion of the attic and to
avoid loading the interior span of the attic floor below. In order to analyze the roof
panels, RISA 3D models were created for both the main roof and the garage roof.
The analytical models not only provided the internal forces and deflections required
to determine adequate panel sizes, but also provided joint forces which were used to
determine connection requirements at the peak and base of the panels.

The Garage panels were checked first. Based on the pre-analysis tables, a
3.54-inch K3-0350 panel was selected for analysis. Upon review of the design loads,
it was clear that due to the adjacent higher main portion of the building, the drifted
snow load would control the design. Neither the K3-0350 panel nor the 3.84-inch
K3-0380 panel satisfied the L/240 live load and L/180 total load deflection criterias;
however, the wider 4.14-inch K3-0410 panel was able to satisfy all strength and
service criteria.

The same process was followed for the selection of the main roof panel. Like
the Garage panel, the initial pre-analysis table panel selection (K3-0380) did not pass
the deflection criteria. There was no snow drift possible on the main roof, but due to
the roof slope, an unbalanced snow loading was required to be investigated. In order
to satisfy deflection criteria, the thicker K3-0410 was also required for the main roof.
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Lateral Force-Resistance System (LFRS) Design

Figure 4 identifies the main LFRS components. The CLT floor and roof
panels act as rigid diaphragms transferring wind loads to designated shear panels
located within the walls. The shear wall boundaries, outlined in Figure 4, are
fictitious and defined by the anchorage to the floor panels. A segmental approach,
based on the mandatory requirements set forth in Appendix B of the 2021 SDPWS
was utilized to apportion the shear wall segments. Appendix B does not permit shear
walls to be designed using Force-Transfer Around Opening (FTAO) or Perforated
Shear Wall methods. The horizontal diaphragm, connections and chords/struts were
all fully designed; however, for brevity, analysis, calculations, and details are not
discussed in this paper.

Figure 4. LFRS components, southern building elevation.

Initially, the design of the horizontal diaphragms was considered. In order to
determine whether the panels possessed adequate internal shear strength, the panel
edgewise shear stress (F,) was required. The allowable design value for edgewise
shear stress was obtained from Katerra guidance (Katerra 2020a). The CLT panels'
in-plane stiffness and strength were large and far exceeded the diaphragm demands.
Based on the large calculated roof panel shear capacity, it was assumed that
subsequent diaphragm and shear wall panels were adequate to resist in-plane shear
loading; therefore no further strength checks were performed. A rigid diaphragm
analysis was conducted to determine both the diaphragm demands and shear
distribution to resisting wall segments.

After determining the shear load distribution to the adjoining shear wall
segments, the segments were checked for overturning resistance. Both the
compressive pressure (f,) and tensile force (T), resulting from the propensity of the
panel to overturn when subjected to shear loading, were calculated. Figure 5a shows
the panel forces.

Conservatively, considering the self-weight of the CLT panels only and ASD
load combination 0.6 D + 0.6 W, the tensile forces were calculated for each shear
wall segment. Along Wall Line 2, only SW1 required tensile anchorage. No
anchorage was required for those segments along Wall Line 1. To resist the tensile
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forces, Simpson Strong-Tie MSTC28 straps were specified. The ST6224 straps,
depicted in Figure 5b, would have been adequate to resist the calculated tensile force;
however, for continuity of load path, the force had to be directly transferred to the
panel below. The intersecting 2™ floor panel created a separation between the two
panels preventing installation of the required number of nails. The longer strap was
required to bridge this distance. Because the MSTC28 had excess capacity,
calculations were performed and the required number of nails reduced from 18 to 10
per side. Even with this reduction and consideration of the overstrength factor
prescribed in 2021 SDPWS Section B.3.4.3 the MSTC28 capacity of 1966 Ibf was
more than adequate to resist the calculation demand of 279 1bf.

The bearing capacity of the CLT floor panel below the compressive leg of the
overturning CLT panel was also checked. It was assumed that a perpendicular to the
grain failure would occur from the vertically oriented laminations of the shear panel.
For the bearing check, the overturning analysis was repeated considering ASD load
combination D + 0.75(0.6 W) + 0.75 S and adding the collateral roof and floor dead
load to the self-weight. Based on equation 6.11 in the Swedish CLT Handbook,
bearing area was estimated considering the two strong axis wall laminations widths
and 25% of the segment length. A maximum bearing pressure of 82 psi was
calculated which was less than the allowable floor capacity of 425 psi.

b.)

a.)

Figure 5. a.) Shear panel overturning free-body diagram b.) Shear panel tension
resistance strap.
Foundation Design

Foundation design was relatively simple and resulting foundation elements
were similar in size to those required for the light-framed wood structure previously
designed (Jellen and Memari 2019). The W8x18 girder utilized for the light-framed
structure was adequate for midspan support of the CLT floor system. Concentrated
load checks were conducted according to the Steel Construction Manual (SCM)
(American Institute of Steel Construction (AISC) 2011) Specification Section J10 at
the column bearings. All checks passed; however, a maximum LRFD factored
reaction of 48.2 Kips did approach the limit of 51.1 kips calculated for web
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compression buckling. The columns were also sized at the same time the girder was
checked. Due to the heavier column loads, a thicker-wall 3.5-inch diameter (0.216
inch thick) adjustable column was required, in lieu of the thinner 11 gauge column
utilized for the light framed design.

The foundation wall specification was similar to that of its light-framed
counterpart; however, the footing sizes increased slightly. The increased weight of
the CLT structure required a 24 inch wide plain concrete wall footing in lieu of the 18
inch wide footing utilized for the light-framed structure. Interior column pad footings
increased in size from the 4 ft - 0 in x 4 ft - 0 in x 10 in thick pads utilized for the
light framed structure totwo 4 ft-6inx4ft-6inx 12 inpadsanda4ft-0inx4 ft
-0 in x 12 in pad. In general, there was a need for larger foundation elements due to
the increased weight of the structure; however, the increases were minimal and not
likely to affect the foundation costs significantly.

Conclusions

In general, certain aspects of this single-family residence CLT design were
time consuming. Additionally, CLT is typically less cost effective than competing
building materials for single-family residences. Also, when using CLT for small
projects such as single-family homes, the manufacturer is likely to require the
complete design, including panelization, to be delivered by the design team. This
increases the front-end design time as well as the design fee. It is difficult to justify
the increase in design effort given the minimal design budgets available for most
single-family projects.

If CLT is to be considered for use in single-family projects, then the efficiency
of the workflow should be maximized. During the course of this design, valuable
lessons were learned regarding efficient workflow. The following is a list of some of
those lessons:

1. Adapting an existing building plan for use with CLT panels can be difficult if
the geometry of the structure does not match typical CLT panel dimensions.

2. Interior Bearing walls, not stacked with the wall or beam below, will be
applied to the floor panel as a line load, which could result in increased floor
panel thickness.

3. To improve efficiency hand calculations should be minimized. Consider
2021 SDPWS Section 4.1.2.2 for lateral system design, which allows,
“approved alternate procedures that are in accordance with the principles of
engineering mechanics”. FEA software like Dlubal’s RFEM could be
utilized.

4. During wall design, recommend designing lintels first.

For wall and lintel design, always check the slenderness prior to performing
further structural checks.

6. Due to the geometry of the floor plan, various floor thicknesses were required
for this design. This could increase cost.

7. Examples of the application of the overstrength and reduction factors required
for diaphragm and shear wall design by the 2021 SDPWS would be helpful to
designers.

Light-framed construction is still the most economical construction system for
traditional style single-family homes. The system is familiar to most contractors and

9]
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the material is readily available. The units of construction are modular and
construction using this method can be accomplished by the homeowner if required.
There are many benefits to using this system; however, there are also many
inefficiencies in the construction system. Most revolve around inefficient workflow.
Currently the inefficiencies inherent in light-framed construction methods do
not outweigh the economic savings of the system; however, if economic conditions
change, the demands of homeowners shift toward more complex structures or an
increased number of manufacturers come online, then the economy of alternative
construction systems, such as CLT, could improve. Additionally, as CLT research
continues and more domestic resources become available, both workflow and
economy of the system will improve as well.
References

American Institute of Steel Construction (AISC). (2011). Steel Construction Manual.
American Institute of Steel Construction.

American Wood Council. (2020). Special Design Provisions for Wind and Seismic
(SDPWS). American Wood Council.

APA. (2019). Cross-Laminated Timber Selection and Specification. The Engineered
Wood Association.

APA. (2020). ANSI/APA PRG 320: 2018: Standard for performance-rated
cross-laminated timber. APA - The Engineered Wood Association.

AWC. (2017). 2018 National Design Specification for Wood Construction. American
Wood Council Leesburg, VA, USA.

Borgstrom, E., and Frobel, J. (Eds.). (2019). The CLT Handbook, CLT Structures -
Facts and Planning. Swedish Wood.

Jellen, A., and Memari, A. (2019). “Structural Design of a Typical American
Wood-Framed Single-Family Home.” Timber Buildings and Sustainability, G.
Concu, ed., InTechOpen, 27-54.

Karacabeyli, E., and Douglas, B. (2013). “CLT handbook.” US Edition,
FPInnovations and Binational Softwood Lumber Council, Point-Claire, Quebec.

Katerra. (2020a). Katerra CLT Product Definition.

Katerra. (2020b). Katerra CLT Pre-Analysis Span Tables.

Nordic. (2020). Nordic X-LAM Technical Guide. Nordic Structures.

Woodworks. (2019). Mass Timber Cost and Design Optimization Checklists.
Woodworks.

118


http://paperpile.com/b/adAhvP/ahZm
http://paperpile.com/b/adAhvP/ahZm
http://paperpile.com/b/adAhvP/ahZm
http://paperpile.com/b/adAhvP/ahZm
http://paperpile.com/b/adAhvP/XybfP
http://paperpile.com/b/adAhvP/XybfP
http://paperpile.com/b/adAhvP/XybfP
http://paperpile.com/b/adAhvP/XybfP
http://paperpile.com/b/adAhvP/GQUV
http://paperpile.com/b/adAhvP/GQUV
http://paperpile.com/b/adAhvP/GQUV
http://paperpile.com/b/adAhvP/GQUV
http://paperpile.com/b/adAhvP/iAlqj
http://paperpile.com/b/adAhvP/iAlqj
http://paperpile.com/b/adAhvP/iAlqj
http://paperpile.com/b/adAhvP/iAlqj
http://paperpile.com/b/adAhvP/yrYv
http://paperpile.com/b/adAhvP/yrYv
http://paperpile.com/b/adAhvP/yrYv
http://paperpile.com/b/adAhvP/yrYv
http://paperpile.com/b/adAhvP/4ujZ
http://paperpile.com/b/adAhvP/4ujZ
http://paperpile.com/b/adAhvP/4ujZ
http://paperpile.com/b/adAhvP/4ujZ
http://paperpile.com/b/adAhvP/5mQV
http://paperpile.com/b/adAhvP/5mQV
http://paperpile.com/b/adAhvP/5mQV
http://paperpile.com/b/adAhvP/5mQV
http://paperpile.com/b/adAhvP/5mQV
http://paperpile.com/b/adAhvP/2RJgh
http://paperpile.com/b/adAhvP/2RJgh
http://paperpile.com/b/adAhvP/2RJgh
http://paperpile.com/b/adAhvP/2RJgh
http://paperpile.com/b/adAhvP/OoMC
http://paperpile.com/b/adAhvP/OoMC
http://paperpile.com/b/adAhvP/OoMC
http://paperpile.com/b/adAhvP/u5SI
http://paperpile.com/b/adAhvP/u5SI
http://paperpile.com/b/adAhvP/u5SI
http://paperpile.com/b/adAhvP/9zEG
http://paperpile.com/b/adAhvP/9zEG
http://paperpile.com/b/adAhvP/9zEG
http://paperpile.com/b/adAhvP/VRSW
http://paperpile.com/b/adAhvP/VRSW
http://paperpile.com/b/adAhvP/VRSW
http://paperpile.com/b/adAhvP/VRSW

2022 (6th) Residential Building Design & Construction Conference; May 11-12, 2022
The Pennsylvania State University, University Park, PA, USA; PHRC.psu.edu

Resilience and Social Justice as a Framework for Architectural Education,
Research and Practice — The Design+Build Kunga ADU

Jorg Riigemer

Associate Professor, School of Architecture, College of Architecture and Planning,
University of Utah, 375 S 1530 E, Salt Lake City, Utah 84112. +1 801 585 8951,
ruegemer@arch.utah.edu

1. INTRODUCTION TO DESIGN + BUILD SALT LAKE

The DesigntBuild Salt Lake (D+BSL) program at the University of Utah’s
School of Architecture (SOA) is a newly implemented regional, academic led
design build program and immersive experience where students develop, design
and construct affordable, 40-60% more energy efficient than code-standard
small residential buildings (D+BSL, 2020). It teaches students about physical
design and construction and offers a test bed for applied research in the field of
residential design, systems and performance for faculty and students. It also
tries to meet critical affordable housing needs for people in underserved areas
in the region, evident through helping to create affordable homes for Habitat for
Humanity (low-income) and Salt Lake City Assist (wheelchair bound former
refuge) clients to date.

Similar to the Design Build Bluff program at the SOA, D+BSL focuses on the
practical component of actual construction in the student’s education,
immersing them “into the realties and exigencies of the construction industry”,
which “encourages a more lateral relationship between ideas on paper and nuts
and bolts on site” (Yusaf, Galarza 2015), at the same time integrating the
conceptual and research through modeling software and digital fabrication.

In addition, regional communities are supported through engagement, co-design
and building activities, raising awareness of careers in the build environment by
providing opportunities for students to engage in community service and
creative projects as a way to promote cultural diversity and sustainability.
Offering a comprehensive construction component, the inaugural Kunga ADU
project allowed student leadership throughout all design, permitting and
construction phases of a real-world, small-scale project (Fig. 01).

2. STUDIO PHILOSOPHY

Both design build programs at the SoA are positioned within the School’s
graduate degree program. Students join one of the programs after they are
trained in research and design methods and the comprehensive application of
technology and professional integration in the studio setting. The D+BSL
coursework cluster includes a 5-credit design studio, a 3-credit sustainability
technology seminar and a 6-credit build studio.

Learning objectives of the classes include a practice-oriented architectural
education that exposes its participants to all stakeholders and actors in a real-
world project, in which students experience the immediate impact of their
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architectural thinking, their communication and action in the broader context of
building construction. They begin to express their own position of architecture
and form and learn to cope with the challenges that come with the actual
realization of a project from architectural sketches, plans, renderings and
models to the built project. A holistic, integrated development process allows
them to interact with the low-income minority group clients, the community,
building officials, and the engineers that are part of the studio team.

Figure 01: The contemporary Kunga ADU after its finalization in fall 2020

Studio outcomes include the goal to design and build a small residential
building, for which the students learn to work collaboratively in a team
atmosphere while respecting the opinions of others. They gather, assess, record
and comparatively evaluate relevant information and performance to support
conclusions related to the project, and acquire skills to assess disparate
information sources. Participants gather information about the site, precedents
and determinants of design including but not limited to historic traditions and
cultural issues, entitlement issues, sustainability, health safety and welfare
restrictions, accessibility and the programmatic needs of a client. They further
develop skills to represent ideas in a narrative form and translate them into
abstract concepts that incorporate the essence of the project criteria. This
includes the preparation of a comprehensive program as an assessment of the
future building occupant’s needs, an inventory of spaces and their requirements,
a detailed analysis of the specific site condition design assessment criteria, a
review of the relevant building codes, standards, applicable zoning and relevant
sustainable requirements. Thereafter, they execute design development in a
manner that demonstrates comprehensive competence in architectural design
relevant to the specific topic, where they resolve the main issues within the
project concerning architectural technologies so that they extend and amplify
the original design concepts. At the end of the design process, students have
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developed fundamental design skills that reconcile conflicting agenda with an
integrated overall and cohesive design outcome that balances the requirements
of multiple building systems. Participants have also learned professional
communication skills with an improved ability to write technical briefs, to
listen and empathize with constituents and to present ideas effectively to a
client or other stakeholders. They then present a comprehensive architectural
project that is sophisticated in its architectural design and thoroughly developed
in detail at the level of construction documents, which is used to obtain the
building permit. This phase also includes a rigorous description with a critical,
candid reflection upon its intends and results, represented through concise and
clear technical documents that utilize the conventions of architectural
communication. By the end of the construction process, students have also
internalized the considerable scope of construction skills necessary to build the
project that they designed.

3. DESIGN METHOD

The Kunga ADU studio process required complex thinking and a strong
collaborative group approach, in which students had to learn that the sum of all
efforts is more important than an individual outcome. Simultaneously the
success of the overall project heavily depended on each individual’s reliable
contribution. The class cluster was structured as a combination of iterative
research, design, precedent and fabrication assignments of increasing
complexity. Numerous participatory meetings and workshops with community
partners, the wheelchair-bound former refugee client, members of the
jurisdiction, neighborhood citizens and manufacturers exposed students to
challenges of urban planning and zoning, architectural design and project
research. This integrated and holistic design team approach allowed at all
project stages that a cross section of architecture students, faculty, practitioners,
stakeholders and engineers engaged in meaningful ways. The classes’ setup
experimented with new modes of optimized living, seeking to develop a client-
tailored small living unit that had to consider all aspects of code requirements,
and had to be optimized in its passive energy performance at a limited budget.
The initial design studio and technology seminar method began with
researching suitable small-scale residential and high performance precedent
case studies, among which Sobek’s B-10 in Stuttgart, Germany (Archdaily.com
2021), Maddison Architects’ RCCV in Victoria, Australia (Maddison
Architects 2021), Propel Studio’s Wedge ADU in Portland (Propel Studio
2021), and Yale’s School of Architecture Homeless Home in New Haven
(Dezeen.com 2021) were explored and critically reflected on. In parallel, studio
participants explored, analyzed and mapped the given site with regard to the
precedent research outcome, by critically questioning assumptions about
standard design solutions and constructing methodologies predominate along
the Wasatch Front, specific siting, passive energy and building orientation,
climate and code requirements. Methods of choice were journalistic, including
case studies, design and construction methodologies, structural studies, a
thorough code review and material identification. They were also data driven,
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incorporating climate, building orientation, cost and system research, Volatile
Organic Compounds (VOC) free components, iterative Sefaira energy
simulations and Passive-to-Active design strategies (Ruegemer, 2011). The
process required a close collaboration with the structural and mechanical
engineers, who were consulting the team frequently. Students gathered and
analyzed information from a variety of sources including recent literature, the
Internet, local municipality and utility providers and manufacturers, did field
explorations on site and visited local trades and a prefab component
manufacturer. The outcome was a comprehensive catalog of site, design and
functional requirements, existing plants and trees, ‘healthy’ materials and low-
impact construction methods, preliminary performance and component
assembly simulations, all of which were superimposed onto the given context
of the actual project site within its (legal) boundaries.

After another feedback loop with the client, students substantiated and finalized
the initial design towards a project that was agreed on by all stakeholders, was
buildable and also high performing. As an important part of the resilient
approach present in this method, research and quantitative optimization
methods were continuously utilized to explored specific Passive House (PH)
envelope components and detailing (Corner, D., Fillinger, J., Kwok, A., 2018;
Liickemann, 2009), which was complemented by real time Sefaira and Passive
House Planning Package (PHPP) energy simulations for all iterations that the
team explored. With the PH approach being an established standard for energy
efficient buildings in many parts of the developed world, the standard comes
with systemic disadvantages that can be overcome by including Active House
strategies (Hegger, Faftlok, Passig, 2013). This was specifically important for
the Kunga project, where the combination of the two standards helped to reach
the goals by carefully gauging requirements of both systems against each other,
to carefully move the dial towards either more passive or active systems, to
fulfill the defined comfort and performance requirements for the client at a
limited project budget

The design process was further driven by a new ADU guideline developed by
Salt Lake City in parallel to the student’s design work, as well as the building
permit and structural requirements of the jurisdiction.

4. DESIGN PHASE

The Kunga ADU project was challenged by a very narrow and complex
timeline that tried to align an academic semester schedule with the realities of
an 8-months permitting process that consisted of a required conditional use
permit (CUP) and the actual building permit. As a result, the team worked in
parallel to still outstanding permits, hoping that those would finally be granted
without requiring larger changes. To bridge the gap between the fall semester
start in late August and the attainment of the building permit in November of
2019, the team decided to prefabricate most building components. The visit at
the local prefab manufacturer led to a simple solution for stick-framed
interlocking wall components manufactured for temporary assembly in the
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school’s shop yard that would later be disassembled and transported to the site
for final assembly.

4.1 Site Considerations

The integration of the project into the restrictive environment of cumbersome
code requirements left only a small area on the existing property to locate the
building. Key considerations for placement included accessibility and visual
connection to the main house and access to daylight and passive solar winter
heat gain, which was used for careful building orientation and the vigilant
placement of window openings in the building’s envelope. The flat site allowed
for a thermal-bridge free, fully insulated shallow slab foundation (Corner,
Fillinger, Kwok, 2018) that was easily constructed by the students.

4.2 Program and interior

Design and programming of the 830 sq.ft. ADU followed the client’s functional
requirements and daily routines, with each space specifically designed around
daylight access, functionality and wheelchair accessibility. The main space
includes the kitchen and living/working area along the building’s south side,
with a bedroom and bathroom tucked behind towards the north facade. A small
gallery above the bedroom constitutes a space for a future caregiver. The ideal
performative building mass of a simple cube was developed towards an external
surface area (2,840 ft%) to internal TFA (the net conditioned floor area of 735
ft*) ratio of 3.8, which is suboptimal since the ideal PH performance value is at
or below 3.0. The discrepancy is due to the building’s small size - it is much
more challenging to optimize a small building’s A/V (area to volume) and form
factor (Lewis, 2014). Except for the kitchen furniture, for which the client
requested a regular layout to work on the counter top with the wheelchair
parked in parallel, the building was designed for full ADA accessibility. The
students designed and build all furniture as part of the overall design process,
using CNC-milled and clear-coated Baltic birch plywood in combination with
simple base cabinets purchased from a global furniture manufacturer chain.

4.3 Material choice and indoor environment

The most important, highly dynamic ‘material’ applied throughout the small
building is daylight, which has been carefully orchestrated for each space,
providing an every-changing vibrancy in the south-facing spaces of the ADU.
The interior design focuses on the utilization of very few materials: a neutral,
daylight-reflective VOC-free white paint for all walls and ceilings, and a sealed
concrete floor. Furniture and window frames are made from Baltic birch, to add
warmth to the palette of reduced materials (Fig. 02). This conscious reduction
in materials allows the client to define her lifestyle through the elements and
components that she brings into the building. Using a chemicals of concern list,
all materials were carefully selected for a minimized environmental impact and
to ensure highest indoor environmental and air quality by avoiding VOCs and
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off-gassing materials, focusing on natural and long-lasting supplies and
applications.

Figure 02: Living room with the wheelchair-optimized working sofa

5. SUSTAINABILITY AND RESILIENCE

The passive-to active design strategies applied in the Kunga ADU range from a
site-specific design with south-facing orientation, daylight studies to enhance
passive solar heat gain and light comfort, integrated fixed sun blades above the
south facing windows to control summer heat gain, and a concrete floor that is
exposed to the winter sun for additional heat gain during the cold months of the
year. Envelope components are as close to PH requirements as the budget
allowed. As per PHPP (PHIUS 2021), and Ubakus U-value, moisture and heat
protection calculator (Ubakus 2021), the building’s envelope components are
rated R-32 for walls, R-50 for roof, and R-32 for its floor slab respectively.
Windows have a performative U-value of 0.26. Final certified PH air
infiltration rate was at 0.6 ACHs, (US DOE, 2019), using the novel AeroBarrier
technology (Yost, 2019). An optimized Active Building Compact Core and
Post Occupancy Monitoring system (POM) developed by the author as part of
his research provides performance data, allowing interpretation of performance
measures implemented for their feasibility/ROI.

5.1 HVAC systems and system performance

The electric-only building is heated through a combination of a 3-zone radiant
floor heating in the 4” insulated shallow-slab concrete floor (thermal mass
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activation in addition to solar heat gain) and a heat-pump Mini Split system,
which also provides cooling during the hot summer months. The radiant system
is run by an on-demand electric water heater that also provides Domestic Hot
Water (DHW) in the building, with the system controlled and remotely
accessible through smart thermostats.

As part of the PH approach, a small whole-house Energy Recovery Ventilation
(ERV) system with MERV 7 filters (EPA, 2021), provides a continuous stream
of pre-conditioned, clean and healthy air into the ADU, simultaneously
recovering about 88% of the exhaust flow’s thermal energy (Kwok, Grondzik
2007, Lechner 2009).

5.2 Simulation results

Iterative Sefaira energy simulations and physical model studies led to an EUI
performance increase of 44% over the comparable code standard building,
which was mainly achieved through a 71% heating demand reduction in Salt
Lake’s heating-dominated climate, and a 40% cooling demand reduction (Fig.
03). The projected EUI is 20 kBTU/sq.ft./yr, and projected annual energy
consumption is 3,696 kWh, compared to 8,811 kWh for the same building
constructed to code standard (Fig. 04). The actual monetary savings is only 12-
16% compared to a natural gas-heated building, due to the four times higher
cost of electricity for an equal amount of (heating) energy. Being constructed as
a solar-ready building, the Sefaira energy model suggests that nine, 315 W
standard residential roof PV panels would offset the building’s simulated
energy requirements.

Figure 03: Sefaira-simulated comparison of the as-built ADU (top) with the
baseline code-standard version (center). 9-PV cell offset shown at bottom

As part of the project’s ongoing research component, a custom-built EKM
push-monitoring POM system was installed and went into operation on March
15, 2021, to be described in detail in future publications. After 8 months of data
collection it is still too early to allow for an objective and quantitative
proposition, but a first data interpolation averaged onto the monthly
consumption shows the following tendency:

Between March 16, 2021 and November 22, 2021, occupants consumed an
average electricity of 493 kWh/month. Thereof, 191 kWh were used for radiant
floor heating, 70 kWh for the production of DHW (1,817 gal.), 9.33 kWh
operated the Zehnder ERV, and 7.71 kWh were utilized for the radiant pumps
and the monitoring system. 76.28 kWh were used to operate the Mini Split heat
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pump system. The remaining 138.52 kWh were utilized for lighting, cooking,
appliances and other electric household devices. To summarize, 275
kWh/month were used on average for heating, cooling and fresh air in the
building (HVAC side), which interpolates to 3,300 kWh/year. Comparing this
to the Sefaira numbers for HVAC energy segments alone (Fig. 04, left), the
sum for heating in KBT/yr (6,211), cooling (704), fans (498) and pumps (335)
is 7,748, which equals 2,271 kWh/year and is 1,029 kWh/year lower than the
actual energy consumption. Furthermore, compared to the simulated total
energy consumption of 3,696 kWh/year, occupants would use an annually
interpolated 5,916 kWh/year, which is about 62% more than predicted), but still
33% lower than foreseen code standard performance (Fig. 04). It needs to be
noted that the building, original modeled for occupancy of one senior adult in a
wheelchair, was occupied from the onset by a young family of 2 adults and 2
small children.

Figure 04: Energy segments in kBTU/year (left) and Sefaira simulated
Total Energy comparison of the code-standard version (center) and the as-
built ADU (right)

The ongoing, two-year POM phase will show how precise these assumptions
are. Besides, the bi-weekly POM data analysis already led to the client’s
education towards better performance, when the author discussed these first
results and recommended operational behavior changes that led to increased
efficiency.

6. CONCLUSION

Despite the many challenges within an ‘impossible time frame’ and a global
pandemic, the Kunga experience has been successful in delivering a beautiful
and already AIA award-wining small-scale project to the client. The author is
confident in stating that the Kunga experience overall has been a success in its
original intention to serve as an outreach, community service, teaching and
research initiative, linking faculty and students in architecture with stakeholders,
practitioners, jurisdictions and industry partners, to create strong learning
opportunities about architecture through sustainable, resilient and affordable
building design and construction projects, extending design education beyond
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the classroom into the community, thus offering a truly transformative
experience to all involved and especially to the program’s participating students.
The project has a significant impact on:

* The client family’s life by providing additional space urgently needed;

* The general public by leading the way towards future ADU designs for
an urban densification in the region;

* The academic community of participating students and faculty;

* The professional community who engaged in mentoring architecture
students by sharing their expertise; and

* The future development of the new D+BSL program.

This impact includes a strong sustainable focus as it relates to the project design,
and a social and just focus as it relates to the scope of work and responsibilities
for architects.
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ABSTRACT

The Department of Energy (DOE) Race to Zero and Solar Decathlon student
competitions facilitate project-based service-learning opportunities for students
majoring in Architecture, Interior Design, and Construction Management.

The department of Construction & Building Sciences (CBS) supports
annual interdisciplinary student-led design-build teams to engage with local
non-profit organizations to design and build net zero ready and net positive homes.
Two net-zero ready competition homes were constructed in partnership with Habitat
For Humanity, which led to to participation in the 2020 Solar Decathlon local build
challenge to design and build a net-positive home in collaboration with Ogden City.
The home won first place in Energy Performance, second place in
Presentation, and third place in Engineering. The home is outperforming the
energy model and is a verified net positive home after a year of operation. As a
result of the media attention, the local housing authority is now partnering on
projects to address the housing shortage and affordability issues in Utah. These
real-world experiential project-based service-learning experiences are often the
highlight of students’ undergraduate experience and have resulted in an influx of
positive exposure for the CBS department and University that included increased
enrollment, student satisfaction, and support from our administration.

INTRODUCTION

The faculty within the department of Construction & Building Sciences, representing
Architecture, Interior Design, and Construction Management programs, have
supported student-led design teams since 2017 to participate in the Department
of Energy’s (DOE) Race to Zero competition and the 2020 Solar Decathlon Local
Build Challenge (SDLBC). Undergraduate students are required to design/build
affordable, marketable homes that meet the DOE Zero Energy Ready Home (ZERH)
guidelines incorporating current building science principles and practices.

This paper outlines how participation in these student competitions has provided
project-based service learning opportunities, resulting in greater exposure and
enrollment in Architecture, Interior Design, and Construction Management programs.
It also explores the opportunities that exist to improve building design and
construction practices using the ZERH guidelines.
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2017-2019 RACE TO ZERO COMPETITIONS

Each year, students have gone above and beyond the baseline Race to Zero student
competition requirements to partner with the local chapter of Habitat for Humanity to
design and construct affordable, high-performance, single-family homes. Each home
had a real site, design criterion, and unique design/budget constraints imposed on the
students’ submission. These design solutions resulted in greater community impact and
industry partnerships.

The first five-bedroom, two-bathroom 2,160 square foot ZERH was designed for a
single mother of 6 children in 2017 for the Race to Zero student competition and was
constructed in 2018. The home was featured in the National Association of Home
Builders local “Parade of Homes,” highlighting affordable net zero construction
strategies to the builder and Parade visitor communities. The home garnered a lot of
media attention and led to a video being produced by the local utility natural gas
company, Dominion Energy with their spokesman “Therm,” which presented the
ZERH strategies implemented in the project, such as a hybrid furnace/water heater,
heat pump Heating Ventilation & Air Conditioning (HVAC), Energy Recovery
Ventilator (ERV), air sealing, and passive solar design strategies. The video
highlighting the net zero design strategies implemented can be viewed at the following
link. https://www.youtube.com/watch?v=KPLILKDOeUo

The 2018 Race to Zero student competition three-bedroom, two-bathroom, 1040 square
foot ZERH home was designed for a family of four to meet all standards outlined in
the U.S. Sustainable Habitat for Humanity Construction Standards (HFH 2017), as well
as 2018 Race to Zero Student Design Competition Guidelines (NREL 2018). This was
the students’ first all-electric home and introduced mini-split HVAC technology. The
home introduced insulated shallow foundation design/build techniques to the local
building department, whose representatives partnered with students to oversee the
implementation was completed properly, avoiding unnecessary costs and
environmental impacts typically associated with traditional frost depth footings and
foundation for a slab on grade home in a cold climate.

2020 SOLAR DECATHLON COMPETITION

The culminating 2020 Solar Decathlon local build challenge experience was to build a
net positive, five-bedroom, three-bathroom, 2450 square foot single family home with
a detached two-car garage. The property was provided by the city in which the
University is located (Ogden). The University funded the project with the intent to
create a revolving fund that could be used to design and build affordable net zero homes
in the local community. The three main objectives of the revolving fund include:
provide a project-based student service learning experience; promote high performance
net zero energy home design/build strategies; and serve the community by providing
affordable housing solutions.
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Teams competing in the Solar Decathlon Build Challenge worked during a two-year
period to design (2019), build (2020), and operate (2021) their houses in their own
respective regions, with student work culminating in the presentation of their work at
the Solar Decathlon Competition Event held at the National Renewable Energy
Laboratory in Golden, Colorado. (DOE 2020) Participants were required to
demonstrate creative solutions for real-world issues in the building industry.

Highlights of the Department of Energy Solar Decathlon Competition include:

e Teams compete to earn points by operating their house successfully, and by
showcasing the excellence of their solutions to industry expert jurors. (DOE
2020)

e Through local exhibitions, teams are able to explain the importance of their
innovations and solutions to a broad public audience.

e The competition and winners are promoted through a variety of media outreach
efforts, which provide participants and their collegiate institutions an
opportunity for national exposure. (DOE 2020)

e (ollegiate institutions that participate in the challenge are recognized as leaders
in cultivating career-ready, young professionals with cutting-edge skills.
Industry partners who collaborate with teams gain national and local
recognition and have the opportunity to interact with knowledgeable future
design and construction professionals. (DOE 2020)

The 2020 SDLBC included ten contests: Energy Performance; Engineering; Financial
Feasibility & Affordability; Resilience; Architecture; Operations; Market Potential;
Comfort & Environmental Quality; Innovation; and Presentation. (DOESD, 2020) The
following sections of the paper are excerpts from the final deliverable and presentations
to the juries in each of the three contests the team placed in the top three.

ENERGY PERFORMANCE CONTEST- FIRST PLACE FINISH

According to the DOE, “Superior energy performance is at the heart of the Solar
Decathlon. This Contest evaluates the building’s energy use and production, as well as
its capability to provide energy services—whether connected to the electricity grid or
operating with on-site and/or stored power.” This contest scored five sub contests
including Energy Efficiency, Energy Production, Net-Zero Plus Energy, Demand
Response, and Off-Grid Functionality.

Our home scored 95.2 points of the total 100 points possible. Energy Efficiency was
addressed by specifying high levels of insulation [R29 Structural Insulated Panel (SIP)
exterior walls, R49 Insulated Concrete Form (ICF) foundation walls, and raised heel
energy trusses to allow full depth R49 blown in fiberglass insulation] which provided
superior resistance to heat transfer or high R values.

The home was air sealed to under 1 Air Change per Hour (ACH) using Aerobarrier.
Aerobarrier fills gaps as small as a human hair and up to '4” wide. All sorts of gaps left
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by tradesmen get filled like drywall or sheathing overcuts, gaps between boards, and
unsealed penetrations. It sealed the home to .6 Air Changes per Hour (ACH) at drywall
stage to 50 pascals of pressure. Windows were specified as fixed windows unless
required to meet egress to minimize air leakage and used triple surface coated double
pane low e glass with argon between the panes to provide a U factor of .29 or better.

This home not only met all requirements for the 2020 SDLBC, but also the 2020
SDLBC code requirements (DOE 2019). Students used the DOE Zero Energy Ready
Home National Program Requirements (Rev. 07) that built upon the comprehensive
building science requirements of Energy Star for Homes Version 3, along with proven
Building America innovations and best practices (DOEZERH 2020).

DOE Zero Energy Ready Homes are verified by a qualified third-party and are at least
40-50% more energy efficient than a typical new home. This generally corresponds to
a Home Energy Rating System (HERS) index score in the low to mid 50’s, depending
on the size and region in which it is built (DOEZERH, 2020). Our home earned a HERS
of 44 without the solar array and -8 with the solar array to compensate for the electric
vehicle charging capabilities. This translates into the home being 56% more energy
efficient than a 2006 energy code compliant home with a HERS score of 100.

ENGINEERING CONTEST-THIRD PLACE FINISH

This contest expects the effective integration of high-performance engineering
systems, including heating, cooling, water, and ventilating systems. Solar Decathlon
houses reflect different technology and integration options, providing an analysis of
design implications for energy and environmental performance, up-front and long-term
costs, and reliability. (DOESD 2020) We received 78 of the total 100 points possible
in this category.

Because the home was so air tight and super insulated, mechanical ventilation was
required by code to provide fresh air. An innovative approach to maximizing our
investment in conditioned air was undertaken. All bathroom fans were replaced with
exhaust ports tied to the ERV where the conditioned air preheated or cooled the
incoming fresh air via a heat exchanger. The now “pre-conditioned and filtered” fresh
outdoor air was introduced into the common spaces of the home to balance the
ventilation system. Energy monitoring of the home via Emporia Vue Gen. 2 circuit
level monitoring allows us to track the energy consumption of individual circuits. The
ERYV is on one of these circuits and has used 319 KWh of energy over the entirety of
2021. This equates to approximately $.06 per day to continuously exchange fresh air
at 75 Cubic Feet per minute. This provides a complete fresh air change in the home
every 4.5 hours at approximately 95% efficiency.

Coupled with the innovative ventilation system is the Mitsubishi cold climate ductless
mini split heating and cooling heat pumps. These heat pumps have individual room
programmable thermostats, which allows for meeting room specific needs. The
homeowners have reported that they are currently only using two of the 5 units
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provided on the main level because the solar heat gain through the windows in the
winter is so great and the home stays at a consistent temperature without having all of
the units on. So far in 2021, the heating and air conditioning of the whole home has
cost on average $2.94 per day in electricity and they have used 7597 KWh of electricity
to maintain a temperature of 70 degrees Fahrenheit year-round. Not needing to bring
natural gas into the home helped offset the cost of an all-electric HVAC system with
a COP of 3.2, as opposed to installing gas furnace with a highest efficiency of 96-98%.

Another innovative approach was to maximize the self-consumption of site generated
solar energy. A 50-gallon Rheem Prestige hybrid hot water heater, with a Wi-Fi
enabled programmable thermostat, was implemented to load shift when the solar
electricity generated on site could be used to super heat the domestic hot water. It was
programmed to heat the hot water to 140 degrees Fahrenheit between the hours of 10:00
A.M and 2:00 P.M. when the homeowners typically were producing more solar energy
than they could consume; thus, using the energy they are producing instead of putting
it back on the grid. The plumbing system was designed specifically to minimize the
amount of pipe run between the water heater and faucets, reducing material and labor
costs.

The home incorporated Goal Zero Yeti 2500-Watt Hour portable battery backup
technology to allow the home to maintain critical loads for up to 72 hours if the
electrical grid were to be down in a natural disaster or other unforeseen event. One of
the 39 solar panels is continuously trickle charging the battery so it is always at full
capacity. An additional 8 add on 1500-Watt Hour battery units would provide enough
battery backup to run all critical loads (lights and outlets in main living space,
microwave, and smoke detectors) for more than a week. The solar array generates
enough energy to offset the energy usage of the all-electric home annually, and it also
generates enough electricity to charge an electric car enabling it to drive up to 20 miles
per day.

So far this year (2021), the home’s solar array produced 14.87 MWh of electricity and
the home consumed 13.77 MWh of electricity making the home net positive by 1.1
MWh. This over production is partially due to the homeowner not charging an electric
car and the battery back-up system not needing to be used.

Several builders and homeowners have used our website to duplicate systems or
strategies in their own homes. ( https://www.weber.edu/solardecathlon/default.html)
All materials used on this project were selected with affordability in mind. For instance,
SIPs minimize thermal bridging with 6” of polystyrene, high density, foam between
two sheets of 7/16” OSB. This also allows a nearly airtight exterior building envelope.
By using SIPs, we reduced framing labor and material costs by 17% when compared
to traditional framing.

Large overhangs were designed to nearly eliminate solar heat gain in the summer with
appropriate shade angles, yet to allow maximum solar heat gain in the winter. There
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are limited windows on the west side of the home to minimize solar heat gain, and also
in respect to the privacy of the neighboring house. The only window on the south side
is in the door and is only a quarter light window to allow daylighting into the
laundry/mud room area.

The land was donated by the city Ogden, Utah to show their commitment to revitalizing
neighborhoods and breathing new life into historic districts. This particular lot sat
empty for nearly 10 years after a dilapidated four plex was torn down. The debris from
the old fourplex had been buried on site and the students discovered an underground
aquifer that ran through the site. This discovery determined that the project had to
provide a perimeter drain as well as a French drain under the monolithic basement slab.

The Craftsman Architectural Style home was intentionally designed to nestle in with
existing homes on this historic avenue and showcase how a period style home can
provide a net-zero energy lifestyle. Students worked with city planners to design a
home that would fit in on the narrow, deep lot. The home is 24’ wide by 58 deep with
a detached two car garage. Students were provided a set of schematic plans and ideas
that city planners had designed using SketchUp, and were allowed to alter to fit within
the guidelines of the 2020 SDLBC. The design was dictated by the 20’ front and side
setbacks on the corner lot. A 6’ side setback on the west side required that windows be
strategically placed so they didn’t look directly into the windows of the neighbor.

Aside from visible solar panels, there is no distinct differentiation between this home
and it's neighbors, other than the knowledge that this home is a net positive, all-electric
home capable of producing all of its own energy annually, maintaining all of its critical
loads in excess of a week’s duration, plus charging an electric car to drive up to 20
miles per day. The design team wanted to prove that it is possible to build a net zero
home that fits into the neighborhood, and appeals to a large audience, not just those
that are energy conscious.

The home is long and narrow, therefore long sight lines were designed to allow the
feeling of a more open floor plan. All upstairs hallways are eliminated to provide for a
spacious feel of the floor plan, while accommodating ADA guidelines. As a result,
potential buyers who walked through the home frequently commented on how much
bigger it felt than it appeared from the exterior. All of the living space is intentionally
placed on the east side of the home, provided with large windows to introduce ample
daylight and allow the home’s occupants to enjoy the view of the picturesque Rocky
Mountains. In fact, during construction, daylight was so prevalent that no artificial light
was required to work on the interior during the day.

The home is designed to make the “True Cost of Ownership" affordable to occupants
of the east bench sector of Ogden by nearly eliminating energy bills. The home is
outperforming the most widely accepted measuring stick for how energy efficient a
home is using the Home Energy Rating Score (HERS) energy model predictions; The
homeowners are experiencing electrical energy bills of only ~$9 per month, which is
the unavoidable charge for the required connection to the utility company’s electrical
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grid. This equates to an annual energy bill of around $108. The grid is essentially acting
like a battery to store excess energy that is being produced in the spring and fall. This
can subsequently be used in winter and the hottest part of the summer when usage is
greater than production.

The building envelope of the home showcases off the shelf solutions to reduce utility
costs. The combination of Aerobarrier and a super-efficient HVAC, requires
conditioning the air only once an hour; whereas, most new homes today require the air
to be conditioned 4-7 times an hour.

The foundation is built with Insulated Concrete Forms (ICFs) that have an effective R
value of 45-55. The main floor’s exterior walls are panelized Structural Insulated
Panels (SIPs) that have an effective R value of 29. The roof utilizes 16 raised heel
energy trusses to allow full depth R 49 blown in fiberglass insulation in the attic to be
extended all the way out to the exterior edge of the exterior walls, thus eliminating the
leading cause of ice damming. The windows are triple low-e coated glass filled with
Argon gas and have a U factor of .27 or lower depending on the operation of the
window. All appliances are Energy Star and Water Sense certified. The home uses
100% LED fixtures or bulbs.

PRESENTATION CONTEST- SECOND PLACE FINISH

Presentation quality can dramatically affect market perception and the likelihood of
innovation adoption. This contest evaluates the team’s ability to accurately and
effectively convey its design and energy performance strategy to relevant audiences.
(DOESD 2020) We scored 85 out of 100 in this contest.

In order to showcase our home and how net zero design and construction is possible,
our interior design department designed a kiosk to showcase the new and innovative
building materials used in the home. It included media displays, videos, a 3D printed
model as well as sponsor information. Several open house events were held both
virtually and in person.

Our online presence was focused on making information available to the public
regarding our Net Zero build. An organized website was key as we shared plans, project
manuals, sub-contractor and supplier information to allow future homeowners to
duplicate our efforts. Instagram was the preferred platform for content because it
specifically targeted our followers demographics, and ability to quickly load content.
The website had over 4,000-page views since launching the website in January of
2020. Visitors spent close to 3 minutes on the website, while 50% came back for a
second look. Many stayed on our main page, with 1/3 viewing student profiles. The
website is https://www.weber.edu/solardecathlon/default.html, with links to our social
media platforms included.

Our heaviest traffic occurred shortly after the local newspaper articles were published.
Students received a lot of media attention in the form of multiple press releases, an
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article in Utah Construction & Design magazine, three different live news station
interviews and highlights in the evening news, with all major print news writing stories,
including follow up stories.

The overarching goals of the project were to create a sustainable revolving fund,
support community builds, fostering student education and advance green building
concepts from academia research into common industry practices. This home has been
a teaching tool for high school concurrent enrollment classes and technical college
students who completed the entire plumbing scope and assisted in the framing and
electrical scopes as part of their apprenticeship programs. University and technical
college students worked alongside sub-contractors, used new methods and materials,
fundamentally changing the future of residential construction. Work has already begun
on the next two projects that include off-site manufacturing or pre-fabrication.

Upon completion, the home was sold on a lottery system. We listed the home, giving
prospective homebuyers 2 weeks to submit full price offers. We received 13 full price
offers on the home at $350,000. The home was appraised at $425,000. Each potential
buyer’s name was placed on a paper in a tumbler, from which the University’s
President drew the name of the “winning” buyer. The home was built for $147.51 per
square foot, while the local going rate was $175 per square foot. The value per square
foot based on the appraisal was $173.47 per square foot.

CONCLUSION

Participation in the Department of Energy Race to Zero Student Design Competitions
and 2020 Solar Decathlon Build Challenge greatly enhanced the college experience
for students majoring in Architecture, Interior Design, and Construction Management.
One of the videos on the website created for the Solar Decathlon is the team lead
reflecting on her excitement to show to her kids and family what she did for her senior
project. She says, “I didn’t write a paper for my capstone experience, I designed and
built a net-positive home I can be proud of for years to come, and I drive by I can say,
I built that!”

These projects have allowed conversations surround the “true cost of ownership” to
provide context for the case to invest in long term energy savings. Students have
commented that their opinion on what they will invest in has shifted from granite
countertops to items no one will ever see such as air sealing and insulation. Building
Science became something that was fun and exciting instead of just another lab with
pre-defined outcomes.

The needle of progress and long-term change is moving in the right direction. The
number of homeowners, builders and developers, who have reached out wanting more
information and consultation on how they can achieve net zero on their projects is
astounding. The Covid-19 pandemic forced the team to develop a lot of engaging
material on the website for remote tours and public displays. This ended up being a
great resource to be able to send potential adopters of our systems on their own projects.
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The website contains all information needed to duplicate the systems to nearly
eliminate thermal bridges, air seal the home, mechanically ventilate the space very
efficiently, and provide comfort in all seasons.

The home continues to outperform the HERS energy modeling. As predicted, the
HVAC is the largest electricity consumer using 13,392 KWh of energy to maintain a
temperature in the home of 70 degrees year-round. The Water Heater is the second
highest consumer at 7598 KWh of energy, and the ERV used just 319 KWh of energy
in 2021. The total electrical consumption of the home in 2021 was 13.85 MWh and the
production of the solar array was 14.87 MWh substantiating that the home is a net
positive home. The Emporia Vue circuit level energy monitoring system helped
identify an issue and further investigation proved that the compressor on the hybrid
heat pump water heater was not working properly and is currently being repaired.
Despite the water heater using six to seven times more electricity than normal to rely
solely on resistance heat to provide all of the domestic hot water, the home is still net-
positive. The synergies of super insulation, air tight, and nearly no thermal bridges
make for an exciting case study of just how efficient a building envelope can be. These
experiences will undoubtedly propel students into the industry as emerging
professionals. It provides an interdisciplinary capstone project that students will be
proud of for many years.
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ABSTRACT

Ball State University has participated in five Race to Zero (RTZ)/Solar Decathlon
Design Challenge (SDDC) competitions since 2017. During this time, we have worked
with twenty student teams of over 100 students, seen fourteen teams advance as
finalists, and celebrated five award prizes—four in housing divisions.

The driver for our continued participation in SDDC is the rigorous integrated design
framework provided for teams. This design integration involves the expansion of
boundaries beyond traditional “architectural” design considerations into technical
systems, performance modeling, environmental impacts, etc. Although some SDDC
teams involve students in other disciplines to address technical integration
requirements outside of architectural design, we have achieved these expectations
mostly within the architecture teams themselves by expanding horizons and harnessing
technical assistance from industry partners and other resources. In doing so, we have
been able to keep the teams efficient as well as to encourage the students to learn more
about buildings than they would in an architectural design studio with a less diverse
range of systems engagement. Institutional recognition of the value of SDDC has
resulted in a scaling-up of our involvement in the program. What began with graduate
students and a single studio advisor now includes undergraduate teams and multiple
advisors, which offers benefits for collaboration and challenges with coordination.

This paper will describe the structure of our SDDC studios; the infusion of building
science into the design studio setting; working with external partners; and observations
on successes and challenges. The focus will be on how the experience is different from
conventional architecture studios and the positive impact that the competition has on
encouraging, guiding, and demanding better comprehensive design solutions.

SOLAR DECATHLON DESIGN CHALLENGE (SDDC)

The US Department of Energy (DOE) created the Race to Zero (RTZ) in 2014 as an
annual design competition for university students. Two goals of the competition were
to “integrate high performance with design in degree programs” and to “inspire
students to enter into sustainable building careers.” Early on, RTZ focused on housing
typologies, required compliance with the DOE’s Zero Energy Ready Home
requirements (USDOE 2, 2019), and provided building science training sessions.

RTZ was renamed the Solar Decathlon Design Challenge (SDDC) in 2018 to combine
DOE competition efforts and to distinguish RTZ from the Solar Decathlon design/build
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competition begun in 2002. From competing teams, there were relatively few changes
to the structure of the design competition other than the name change. (USDOE 3)

From 2014-2017, the competition focused on four residential building typologies as
divisions: attached housing, suburban single-family detached, urban single-family
detached, and multi-family. For the 2017/2018 competition, a small elementary school
commercial building type was added as a division. For the 2018/2019 competition, a
small office building typology was added as a division and the multi-family type was
changed to a mixed-use multi-family type. For the 2020-21 competition, a small retail
type was added to the two other commercial types. More changes are expected for the
next SDDC cycle. These regular changes to the competition divisions are evidence that
the organizers strive to respond to team feedback, to track emerging interests/issues in
the building industry, and to provide sufficient options for student team involvement.

SDDC requires that students develop collaborative teams to design proposals for one
of the building typology divisions. The proposals are evaluated by a jury according to
how well they respond to ten contest areas (hence the “decathlon” name). These
contests change year-to-year in response to industry trends and/or feedback from teams
and juries. See Table 1.

Table 1. RTZ/SDDC contest areas
2016/17 RTZ 2020/21 SDDC

1. Architectural Design 1. Architecture

2. Interior Design, Lighting, and Appliances 2. Engineering

3. Energy Analysis 3. Market Analysis

4. Constructability 4. Durability & Resilience

5. Financial Analysis 5. Embodied Environmental Impact
6. MEP Systems Design 6. Integrated Performance
7 7
8 8
9 9
1 1

Envelope Performance and Durability Occupant Experience
Indoor Air Quality (IAQ) and Ventilation Comfort & Environmental Quality
Innovation

. Energy Performance
0. Presentation and Documentation Quality

0. Presentation

DOE develops a new competition guide each year that describes the requirements for
team structure, competition deadlines, parameters for the divisions, and details related
to the contests. These guides establish expectations for the submitted proposals to:
address technical considerations, comply with industry standards, and integrate
enclosure and HVAC systems. While the NAAB accreditation requirements that
govern US schools of architecture require that students demonstrate abilities related to
integrated design, the high level of design development required by SDDC—including
verifying predicted performance against industry benchmarks—is not the norm and
may contribute to the appeal for participating architecture schools.

SDDC AT BALL STATE

The Ball State University Department of Architecture is part of the R. Wayne Estopinal
College of Architecture and Planning (CAP). CAP includes programs in architecture,
landscape architecture, urban planning, urban design, historic preservation,
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construction management, and interior design. Ball State does not have a college or
department of engineering. The Department of Architecture has an enrollment of 374
students, which is the largest department in the college and represents 36% of CAP
enrollment. The department has accredited undergraduate and graduate programs
Instruction primarily occurs at the Muncie, Indiana campus but we also have a satellite
location in Indianapolis that houses one year of our Master of Architecture program.

Under the newly revised National Architectural Accrediting Board (NAAB)
requirements, architecture programs must provide evidence of student ability and
understanding in a range of considerations including those that relate to building
technology and construction methods; design synthesis; building systems integration;
health, safety, and welfare concerns; and regulatory considerations. In the Department
of Architecture, these student learning objectives are satisfied in our ARCH 602
(previously ARCH 501) graduate-level and ARCH 400 undergraduate-level
comprehensive architecture design studio courses.

A significant challenge of the Arch 602 and Arch 400 studios is creating a project
through which students can attain a high level of technical detail over the course of a
single 16-week semester. In 2017, the graduate comprehensive design studio began
using the RTZ as the design project for the course. In 2020, the undergraduate
comprehensive design studios joined the graduate course in using SDDC as the design
project for the course, two courses taught simultaneously.

SDDC allows our comprehensive design studio to meet and exceed departmental and
accreditation student learning objectives for at least four reasons.

e It includes smaller building types that are an appropriate scale and are manageable
for students in small teams to develop and complete in a short period of time. In
recent competition cycles, the addition of larger building types such as the school
and office building pose challenges to teams.

e [t focuses on collaboration and teamwork, which means that students contribute
individual expertise to the projects and that members learn from one another for
help and skills development. Indeed, the competition challenges architecture
students to develop schemes to a level of complexity uncommon in architecture
studio courses, which encourages and necessitates assistance from other courses
and disciplines with technical expertise.

e The schedule and the typical spring semester schedule align relatively well (albeit
not perfectly). Because some SDDC teams begin their design development in the
fall semester, teams that do the projects over one semester only appear to be at
somewhat of a disadvantage. However, the flexibility of the competition
requirements allows teams to participate within the constraints of their own
departmental and curricular constraints.

e [t encourages involvement of community partners and industry professionals to
further assist students with limited technical skills or knowledge develop more
detailed and technically sophisticated proposals.
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Team Structure. The typical Ball State SDDC team structure is illustrated in Figure
1. The basic structure was developed in 2017 and the arrangement has been sufficiently
robust and accommodates modifications over time. For example, in 2020 the scale of
the endeavor increased when we added a 2™ course to the annual competition cycle.

Figure 1. Diagram illustrating the course and collaborative structure of the Ball State
SDDC teams

The centerpiece of the team collaboration structure is the core design team situated in
the design studio. Originally taught by one design studio faculty member, there are now
two lead faculty in two studios with part-time design adjuncts in the graduate course.
The enrollment of the studios and the student preferences for team size determine the
number of core teams each year. See Table 2.

Table 2. SDDC team statistics by year

Year Faculty Courses Teams Team Sizes
2017 1 Grad only 3 2-3 Students
2018 1 Grad Only 2 4 Students
2019 1 Grad Only 2 5 Students
2020 3 Grad & Ugrad 5 5-7 Students
2021 3 Grad & Ugrad 3-5 4-9 Students

Each core team works collaboratively with students in architecture elective courses
designed to support the studio. The mainstay elective course has been Arch 632 High-
Performance Buildings, a course focused on energy simulation. Over the years we
experimented with other support courses with limited success in terms of improving
our standing with the competition juries. In 2017, we offered a LEED for Homes course
that ran the proposals through the LEED for Homes framework and developed a LEED
score as a way of distinguishing the proposals. In 2018, we offered a course on
embodied energy/carbon that ran the proposals through Tally software to determine the
carbon footprint of the materials used. These courses have been useful to some extent,
but not as essential as the simulation course. We now integrate the embodied
energy/carbon analysis into the energy modeling course. The design core teams
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sometimes work with an independent study course on cost estimating led by faculty in
our construction management program, which has been an easier way for faculty in
that program to be involved in the competition given their curricular constraints.

The competition encourages teams to work with industry partners “who can provide a
market-ready perspective for proposed design solutions.” (USDOE 3) Internally, we
divide these “outside the university” partners into two categories: community partners
and industry partners. Community partners are organizations that are in the business of
building the kinds of buildings the student teams are proposing and can act as clients
for our student teams. Ball State SDDC teams have worked with a variety of
community partners including custom homebuilders, non-profit homebuilding entities
including Habitat for Humanity, and community development corporations (CDCs).
Typically, partners assign a liaison that works directly with the student teams.
Interactions include video conferences (particularly useful during Covid-19), in-person
critiques, workshops, presentations, site visits, etc. The involvement varies depending
on the partner and the liaison availability. Ideally the partner interfaces with the teams
at least once per month throughout the semester. Finding a partner who is willing to
work with all the teams is easier than having multiple during a semester.

Industry partners are professionals and/or academics working in specialty areas. For
our teams, these partners have included mechanical engineers, the local ASHRAE
chapter, a PV systems installer, housing designers, real-estate professionals,
community development or services organizations, etc. Typically, the industry partners
interface with the teams once per semester through a workshop. We have also had
industry partners review student reports and provide feedback. See Figure 2.

Figure 2. HVAC Workshop with engineers from the ASHRAE CIC in 2020 (by authors)

Design Studio Courses. For the 2017-2019 SDDC, the core design teams were situated
in a single 6-credit graduate-level comprehensive design studio taught by a single
faculty advisor. These studios had approximately 8-10 students enrolled. This
arrangement resulted in an excellent teacher/student ratio for a college course (and even
for an architecture studio course where there are typically 12-15 students). The students
in these small studio classes were divided into 2-3 student teams each taking on one of
the housing typologies. Department leadership recognized quickly that SDDC was an
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excellent experience for students and a rigorous way of satisfying curricular needs, and
they have supported the expansion of our involvement. The basic idea is to use SDDC
to give all students in our programs a net-zero design experience.

We dramatically scaled-up our involvement in SDDC in 2020. The graduate-level
studio core teams were joined by a 6-credit undergraduate-level core teams. Each
studio had a faculty advisor. The effort was complicated by the fact that the graduate-
level course had moved off-site to our Indianapolis center while the undergraduate
group remained at the Muncie campus. In addition, the class days and times were
different with some overlap. For example, the undergraduate group met Monday,
Wednesdays, and Fridays from 1-5pm while the graduate group met Mondays and
Thursdays from 12:30-5:30pm. Between the two courses, the number of students
involved increased to over 30 and the number of teams also increased to 5. Despite the
size changes and logistical challenges, the studio faculty advisors decided that it was
important for the two courses to share resources and have opportunities meet.

Since Mondays were a shared class day for both courses, topical workshops and design
reviews for both groups were scheduled for those days. Mondays become the day the
two studios met together virtually. For example, if an industry partner was visiting the
Indianapolis center to give a presentation to the graduate-level group, the
undergraduate studio would meet in a classroom and join the presentation using a web
conference. Also, the groups would physically meet for site visits or workshops when
possible. During Covid-19, web conferencing became an indispensable tool to connect.
In 2021, the local ASHRAE chapter successfully conducted an HVAC workshop via
Zoom using the Breakout Room feature, which limited the amount of partner
involvement by consolidating meetings with groups. Another benefit for the advisors
was shared coordination of activities. Finally, having design reviews online allowed
guests who would otherwise not be able to travel to meet with the teams in person.
There were some Mondays when there was not a group activity especially around the
SDDC submittal deadlines.

In 2021, after one cycle of fine-tuning the scheduling across the classes, the advisors
decided to have three milestone design review presentations aligned with the SDDC
schedule: the first a week in advance of the first Project Proposal submission, the
second two weeks in advance of the large Project Portfolio submission, and the last a
week in advance of the juried competition event. These reviews allowed teams to
receive one last round of feedback from advisors and invited guests on their materials
in advance of submitting them to SDDC. After the competition event at the end of the
semester, the classes met for one last time to recap the experience and share work.

Finally, the two courses used a common weekly report template for teams to document
what each team member had worked on over the past week, how much time (as a %)
was spent addressing the SDDC contest areas, and what goals/questions the team had
for the upcoming week.

Elective Seminar Courses. A variety of 3-credit architecture elective seminar courses
have been offered over the years intended to provide support to the core studio teams.
The instructor for these courses coordinates the class schedule with the studio schedule,
is involved in the studio curricular planning, and regularly attends studio reviews to
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stay abreast of developments with the competition teams. Assignments in the elective
classes are intended to provide useful research, information, or analysis for the core
teams at strategic points throughout the process. The most successful elective focuses
on high-performance buildings and conducts a building and energy code review for the
teams in the initial weeks of the semester. As the core team designs progress, digital
models are shared with students in the elective classes to perform energy analysis using
a variety of tools including REM/Rate to obtain a HERS score (for residential building
types), using BEopt to provide comparisons of systems selections, etc. Teams across
the courses coordinate materials with each other directly.

The information from these analyses is then shared with the core teams to inform their
process. The idea is that the elective class removes some of the technical burden from
the design teams and provides an extra “set of eyes” focused on details. The elective
classes appear to be most useful to teams when they address competition requirements
(e.g. energy modeling to obtain a HERS rating) rather than considerations that go
beyond the competition requirements (e.g. demonstrating how a project could achieve
a LEED or a WELL certification), which was a surprising outcome over the years since
the advising team believed that an important role for the support courses would be these
“extra” considerations that would distinguish projects at the competition.

Independent Study Courses. When necessary, we have engaged students in the
SDDC process through independent study courses, which are more flexible and
adaptable than scheduled classes. SDDC encourages teams to work in interdisciplinary
and cross-disciplinary ways within their institutions. This can be challenging given the
constraints of curricula in different departments. The Ball State Construction
Management program’s curriculum does not allow much room for elective courses to
accommodate involvement. The best option for them has been for a small handful of
students in their program to work with an advisor on SDDC as an independent study.
For departments interested in being involved in SDDC, but who are unwilling or unable
to use independent studies and cannot accommodate the competition in existing or new
courses, we have had to forgo collaborations.

Within the Department of Architecture, there have been students over the years who
are interested in doing an independent study related to SDDC as part of a graduate
thesis. We have had one excellent experience with this arrangement, but in general it
is exceptionally challenging for a single student to manage a large complex project like
SDDC without a larger collaborative team as we have in the studios.

CONCLUSIONS

Outcomes. Since 2017, Ball State has engaged 20 student teams and over 100
individual students in the SDDC. Of these 20 teams, 14 have advanced to the finalist
round after the first Project Proposal (formerly Progress Report) submission resulting
in a 70% success rate in getting teams to the final jury presentations. Of these 14 finalist
teams, 5 have been awarded prizes by the competition juries resulting in a 36% success
rate for the finalists and a 25% success rate overall. One trend we are tracking internally
is that it appears to be more difficult to advance to the finalist round now than before.
Anecdotally, this may be the result of more teams registering for the competition. To
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address this issue, DOE invited 10 finalist teams per building typology in 2021
compared with 8 previously. We have seen our success in getting to the finalist round
decrease over time. However, the number of awards given per division has increased
to now include first, second, and third place winners as well as separate Grand Prize
winners for the residential and commercial divisions.

Departmental, college, and university leadership have taken increased interest in our
SDDC involvement and successes, which has allowed us to integrate the competition
into our curriculum, expose more students to the SDDC program, and expand our
efforts. One example of these benefits has been support for a 2023 Solar Decathlon
Build project on a local site in Indianapolis that we are currently working on with
Englewood CDC, the community partner we have used for the past two SDDC cycles.

Challenges. While the competition registration fees have decreased over time (a
positive), it is expensive to travel to the competition event held at NREL in Denver
each April. DOE requires that a member of the team present in person and encourages
up to five team members to attend. Some travel funding through the university has
helped to subsidize the travel costs for the students, but the team members typically
still pay a percentage of the expenses. Due to Covid-19, the in-person event was shifted
to a virtual event for the 2020 and 2021 cycles, which was a missed opportunity for the
student teams but eliminated the burden of the travel costs. However, the NREL event
is always a highlight and we anticipate a return to the in-person event in 2022.

One challenge with the competition event is that DOE limits how many faculty advisors
and student team members can attend. This limitation is due to space available to host
the event at NREL, but it can be difficult to determine who attends and who stays
behind. A colleague at another university has taken larger groups than NREL allows to
Denver and then some of the team members do not attend the event to give everyone
on the teams the opportunity to travel.

SDDC officially begins in the fall-semester but our curriculum only allows us to begin
the projects in the spring semester. Some competing teams at. Other schools have
upwards of 7-8 months to develop their proposals while we are typically constrained
to approximately 11-12 weeks. It is hard to compete with teams who have had more
time to develop their projects. This is an issue that has been raised with DOE in faculty
feedback sessions but that has not been adequately addressed to date.

SDDC requires that all student team members complete a building science training
program organized through DOE. The goal is to establish a level playing field for the
teams who may come from very different disciplinary backgrounds and who may or
may not have experience or knowledge with high performance or net-zero energy
building design. Initially, the training was run through RDL with Joe Lstiburek and
John Straube as the instructors— undisputedly building science experts. However, the
videos were too long, somewhat rambling, and difficult for the students to get through.
In 2021, DOE released a new set of training modules through Heat Spring and the
instructors are primarily DOE and NREL staff. The videos are shorter, more concise,
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and easier for students to get through. However, there are two challenges we have
experienced with the building science training. First, our teams sometimes have
students who are only involved in limited aspects of the design process and who may
be from majors outside those that deal with buildings. It is difficult to justify that these
students complete a lengthy training process when they have limited involvement.
Second, in our courses we find that the students usually do the training with minimal
complaints but that it can be difficult to see the knowledge gained in that training
applied directly in the projects. There appears to be a disconnect here—doing the
training doesn’t guarantee that the students will use the training to inform their project.

Scaling-up our involvement in SDDC by adding more courses, students, faculty
advisors, etc. has complicated our involvement in the competition. There is more
coordination necessary between different faculty advisors; less consistency with the
technical details and solutions that the teams propose; and less awareness of what the
various teams are developing. In short, more teams are harder to manage. Our approach
has been to use the schedule to provide some structure for all teams.

Lessons learned. Ball State’s participation in SDDC has been an overwhelmingly
positive experience for faculty, students, and associated partners. Each year, we closely
track the strengths and weaknesses of our process, schedule, and outcomes, and we use
this information to inform our process in subsequent years. Below are a few lessons we
have learned over the past 5-years of SDDC involvement:

e [tis best to let student self-select to take a course or studio that is engaged with the
SDDC. This isn’t always possible but improves student engagement.

e SDDC technical requirements place pressure on teams to quickly develop a
building that can be detailed, which can result in schemes that do not fully benefit
from the iterative architectural design process. In short, teams can end up with well-
detailed but generic or mundane architectural solutions.

e Determining the perfect size SDDC team challenging. Too few students and every
member has to do a lot of different things. Too many members and there. Is a risk
of members becoming too specialized (and perhaps not satisfying the broad
objectives of the course) and also some members not being as engaged.

e The DOE juries are still not releasing the scores for the 10 contest areas for each
team, which would be very helpful for repeat advisors.

e The competition requires them to learn a lot simply because they “need to know”
things to submit strong materials that are competitive with other teams. DOE
provides many, perhaps too many, resources to help students, but the short timeline
for many teams seems to mean that many of the resources go underutilized—
especially the building science training modules.

e SDDC asks teams to design a net-zero building that addresses a set of contest area
criteria, but teams quickly learn that the proposals need to go far beyond these basic
requirements to be competitive. Every team shows up with a net-zero building that,
is basically the minimum requirement for admission to the competition.
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ABSTRACT

Frame House is a conceptual design experiment which aims to simplify the housing design
and construction process and empower occupants to participate in the creation of their
home through a user-fabricated modular component system. Frame House builds on
concepts from the traditional balloon framing system but introduces a modular,
component-based aspect to this structural framing system to ease the customizability,
transportability, and the assembly and disassembly processes. The modularity of the
structural system theoretically allows Frame House to be user-fabricated, encouraging
homeowners to participate in the design and construction of their homes. In this paper, we
present our preliminary research on housing market issues, existing precedents for
modular, customizable housing systems, conceptual development process of the Frame
House system, future potentials, ongoing research plans, and possible use cases in the
residential housing industry.

INTRODUCTION

Overview

Frame House is a conceptual design experiment which aims to simplify the housing design
and construction process and empower occupants to participate in the creation of their home
through a user-fabricated modular component system. Frame House builds on concepts from
traditional balloon framing, but introduces a modular component- based aspect to this
system. In doing so, this system gains the potential to be easily customizable, transportable,
and demountable. Additionally, the modularity of the components can allow Frame House
to be user-fabricated, encouraging homeowners to participate in the design and construction
of their homes. With these potential benefits, Frame House has the possibility to reduce the
strain of housing market issues such as the lack of affordable housing and lack of skilled
labor, among others. While Frame House does not claim to solve every challenge relating to
this complex issue, the team sees the potential to bring new opportunities into the market.

The conceptual development of the Frame House took place in the Spring of 2021 during
one of Penn State’s Directed Research Studios, Open-Source Housing Systems, offered by
Benay Giirsoy in the Department of Architecture. Frame House’s research process began
with an analysis of the current housing market issues and several existing systems. Using
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this research, the team established project goals and developed the preliminary design system
which was explored through a series of scaled prototypes. Our current goal is to develop a
working structural frame construction system. The team plans to run a digital structural
analysis on the structural frames and create a series of structural tests which will be done in
collaboration with the Pennsylvania Housing Research Center (PHRC), using their lab and
equipment. In the future, the team hopes to make the system more affordable, expedient,
customizable, expandable, and demountable.

Analysis of Housing Market Issues

In his book, The Architecture of Affordable Housing, Sam Davis notes that the fact that “the
United States is suffering from an acute housing shortage is indisputable. In 1989, the
shortage of housing for those in need stood at over five million dwellings” (Davis, 1995).
This shortage has only increased. “By 2030, UN-Habitat estimates that 3 billion people,
about 40 percent of the world’s population, will need access to adequate housing. This
translates into a demand for 96,000 new affordable and accessible housing units every day”
(UN Habitat, 2021). This is further exacerbated by the fact that many families’ housing costs
are increasing to upwards of 50-70% of their income (Davis, 1995). Since “seventy percent
of the cost of a new dwelling is affected by planning and design”, it is imperative to create a
new system of designing and building that can reduce housing costs and restore the
affordability of homes (Davis, 1995). While building truly sufficient affordable houses does
not necessarily cost less than building market-rate houses, the main cost savings can come
from two main strategies: material and space efficiency and creative home financing (Davis,
1995).

Lack of skilled labor creates an additional bottleneck toward increasing housing stock. A
study conducted by Freddie Mac reveals that the housing shortage is partly caused by the
deficit of skilled construction labor (Freddie Mac, 2021). This shortage is only getting worse
during the recent COVID-19 pandemic, seen in the 2020 survey by the National Association
of Home Builders (NAHB), where the deficit of skilled labor topped the list of the problems
builders faced in 2020 (Chaluvadi, 2020). These labor and housing shortages are even
anticipated to increase after the COVID-19 pandemic ends, since emergency situations like
this one increasingly displace many people who live in the affected areas, creating acute
spikes in housing needs (Metraux et.al., 2020).

The COVID-19 pandemic revealed additional issues in the housing market as well. The rise
of remote work during this time showed an increase in desire for more livable square footage
and the need for more flexibility. Existing houses are unable to adapt to these changes,
making homeowners unhappy with their living spaces. Beyond that, those who want to build
their own home to meet their unique needs have difficulties designing and constructing a
home by themselves. More specifically, the safety, serviceability, permit and inspection
requirements needed to comply with codes, make it difficult for prospective homeowners
with no construction background to build the homes that they will occupy. As a result,
homeowners have few avenues to affordably build a new home that can meet their ever-
changing needs.

These issues are complex in nature and do not stem from isolated causes. Modular, self-built
housing systems, such as the Frame House, can reduce the strain on the housing market by
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lowering the design and construction costs, and reducing the need for skilled labor, while
increasing flexibility in living spaces.

Analysis of Existing Systems
PREVI Low-Cost Housing Development: Atelier 5 Submission

PREVI, Proyecto Experimental de Vivienda, is an experimental social housing project
developed during the 1960s in Lima, Peru which was collectively designed by a group of
international architects who aimed to reconcile the conflicting forces of informal growth and
top-down planning through low-cost, modular housing designs (Stirling, 2021). The Atelier
5 team from Switzerland designed one portion of this complex. Their housing system has
been assigned as a guiding precedent in the Open-Source Housing Design Systems Studio to
Puja Bhagat and Celina Deng, two students from this studio who are among the authors of
this paper. Atelier 5’s system was of particular importance due to its goals of affordability,
easy constructability, light-weight components, expandability, and self-built kit-of-parts.
While Atelier 5 used precast concrete components to achieve these goals, in the design for
the Frame House as the studio project, the system is updated to integrate contemporary
digital fabrication technologies for ease and flexibility of fabrication, as well as open-source
access.

Although Atelier 5’s design had many virtues, there were some issues as well. Because of
the limited footprint, it was an inflexible system to expand upon. The rigidity of the concrete
panels meant that expanding or reconfiguring the spaces in a home was particularly difficult.
Additionally, the mandatory split-level design of the home made it incompatible with the
needs of mobility-restricted occupants. Using Atelier 5’s system as a precedent, the students
explored ways to update the existing design for more flexibility in expansion, and
accessibility.

Wikihouse: Open Source Digital Construction System by Alastair Parvin

Wikihouse was created in 2011 by Alastair Parvin as an open-source, DIY housing system
(Wikihouse, 2021). Users can download the cut sheets for specific models of Wikihouse
structures and fabricate them using CNC machines. Because of their kit-of-parts nature,
Wikihouses are easy to assemble with a small group of people, though they require additional
envelope development and finish work that are not modularized within the Wikihouse
system. While Wikihouse system includes well-designed components that are freely
available for anyone to download and fabricate, these elements are not easily adaptable, as
the different building models are discrete, and parts are not standardized or interchangeable
from one to the other. With the Frame House system, the students similarly intended to
design modular components and connection systems. However, their goal was to make a
standard, interchangeable system of components with envelope and HVAC as embedded
elements within the design.

Designing for Modularity

Many designers have experimented with modular housing, creating affordable and easily
constructible modular housing systems. U-Build by Studio Bark in the United Kingdom
features simple modular boxes that can be easily connected to create a unique home design.
This system aims to enable users to participate in the construction process by focusing on
easy fabrication, construction, and disassembly (Studio Bark, 2021). The New Makers also
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have a series of similar modular housing systems. Their goal is to design an affordable “plug
& play” set of modules that are flexible in nature (The New Makers, 2021). Each system of
parts addresses a unique living condition and is designed to fit the needs of each occupant
type. These types of modular systems are relevant to Frame House’s kit-of-parts design.

Designing for Adaptability

Other designers have tackled the challenge of designing adaptable structures. The Open
Building by John Habraken is an adaptable building system that focuses on building
flexibility, resilience, and a circular construction economy. The core principle behind this
system is to separate a building’s components by their specific lifespans and allow those
elements to be interchanged independently of others. With this logic, the structure is kept
permanent while the interior can change more freely, allowing the building to adapt to future
needs of homeowners, new regulations, and new innovations and still maintain all core
building functions (Habraken, 1961). The Open Building system and other adaptable
buildings have been thoroughly analyzed by Renee Y. Chow (2017) and Stephen Kendall
(2017).

Avi Friedman further details the flexible house concept through his Adaptable House
scheme. This concept focuses on making homes to be both spatially and structurally flexible,
allowing them to adapt more completely to changing homeowner needs. His book details
specific design techniques for changing interior layouts, upgrading systems, and altering
building layouts. The last section of the book even discusses real-world applications of this
concept (Friedman, 2002). While both of these systems are not modular, they do address
many of the challenges around interchangeable components in housing which are applicable
to the Frame House’s adaptability goals.

Designing for Disassembly

Designing for disassembly pushes the life cycle of buildings one step further, where the
structure is intended to be broken down and potentially reused at the end of the building’s
lifespan. While these types of systems require a significant amount of prior planning, they
have the potential to reduce environmental impacts of structures, particularly in terms of
material waste and carbon footprint. ARUP, along with Frener & Reifer have explored the
potential for disassembly in their report, “Design Innovation for the Circular Economy”
(ARUP, 2016). Their report details studies done on the disassembly of facades, reuse of
materials, ability to track material end of life, and more. In the conceptual development of
the Frame House, the students aimed to utilize the concepts behind the design for
disassembly movement to create components that have the potential to be broken down,
exchanged, and rebuilt.

Main Goals for the Frame House System

The main goals in the Open-Source Housing Systems design studio was to design houses that
the users can affordably, quickly, and easily customize, fabricate, build, and adapt. Along
these lines, Frame House system is designed to allow users to generate housing variations
based on their needs, which they can potentially construct themselves with a standard kit-of-
parts and modify based on their changing needs. Although it is in its conceptual design stage,
the precedents reviewed in this paper are a testimony that Frame House system has the
potential to be affordable, expedient, customizable, expandable and reusable. It can simplify
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the housing design and construction process and empower occupants to participate in their
home creation.

Development of the Modular System

The authors designed a preliminary Frame House system using the established project goals,
the identified issues in the housing market, and lessons learned from existing affordable
modular housing projects as drivers. The team used traditional balloon framing techniques
as a basis for the structure of Frame House and introduced a modular aspect to the frame
construction. They focused on making the kit-of-parts of the Frame House system easily
demountable, transportable, exchangeable, reusable, and recyclable. Additionally, any
number of unique homes could be constructed using the same components, different than the
traditional lumber framed houses which are less flexible in nature. With the kit-of-parts,
users would be able to construct a Frame House through a series of individual frames
connected by infill components. This frame-style design allows the users to customize the
shape and size of the home by simply adding or removing components, and creates a
repetitive construction process that can be quickly comprehensible for individuals who lack
construction skills. Additionally, the individual components introduce human-scale elements
into the design which are light-weight and easy to work with, as opposed to a cut lumber
construction. Frame House’s linear format, based on the design of the Atelier 5 houses, also
creates the potential for this system to be utilized as both an urban infill housing, as well as
a rural row or detached homes.

After establishing this preliminary system, the team conducted a series of small-scale
prototype tests, ranging from connection explorations to understand the structural frames of
Frame House at a detail level, up to large half scale tests which investigated Frame House’s
user constructability and component functionality (Figure 1). Throughout the prototyping
process, the team discovered several issues with the preliminary design, including obstacles
with structural stability and the potential for incorrectly assembled components. The team
found that prototyping was an effective way to test design intentions and troubleshoot areas
of difficulty in the system.

Figure 1: Frame House Prototypes
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Alongside the system design and physical prototyping, the team also developed a digital
design interface to facilitate an easy transition from design to construction. This interface
allows occupants to easily create unique Frame Houses using the standard kit-of-parts. The
user can explore and generate homes until they are satisfied with the final result. From here,
the program automatically generates the home’s component cut sheets which have been
nested in order to utilize the minimum amount of material. In doing so, the user has a direct
connection from design to construction, which will in turn simplify the home creation
process. Sample floor plans and models can be seen in Figure 2.

Figure 2: Frame House Variations

FRAME HOUSE: CONCEPTUAL POTENTIALS

Through the team’s literature studies and initial conceptual development from the design
studio, several potentials for the Frame House system have been discovered which can be
further explored in future research.

Affordable: Theoretically, Frame House’s modular component-based frames can make
building a house cheaper than building with standard balloon frame construction methods
due to the elimination of labor costs, optimization of material cut sheets to reduce waste,
utilization of a thickened edge slab, and integration of casework into the kit-of-parts. As can
be seen in Figure 3, a 2,300 sqft home can potentially cost up to $90,000 less than a standard
construction home based on the National Association of Home Builder’s 2019 Residential
Home Construction Cost Breakdowns for Single- Family Homes (Ford, 2020). While this
data requires additional research and testing to solidify the actual cost of Frame House, the
initial estimates are promising.

Expedient: Frame House system can also be faster to construct than a typical balloon framed,
owner-built home due to the ease of assembly and repetitive nature of the components
(Figure 3). Since the components are modular and easy to connect, unskilled homeowners
may assemble frames more easily. While production-built homes would still be much faster
to construct, according to Berks Home Production Builders (Berks Homes, 2020), Frame
House does have the potential to improve upon the timeline of occupant constructed homes
(Agadoni, 2021). Therefore, with the Frame House system, more houses can be built in a
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shorter period of time with more flexibility in design. Additionally, the modular components
and frame structure design bring the potential to design in HVAC pathways, envelope
connections, and casework in the kit- of-parts. Plumbing and electrical systems can be wired
through the frame and wall cavity, and the HVAC duct systems can be inserted inside the
floor cavity. While the team has not conducted research on this aspect of Frame House yet,
there are many modular housing precedents which have integrated systems successfully,
such as the WikiHouse.

Figure 3: Frame House Cost and Timeline Analysis
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Customizable: Frame House’s digital design interface has the potential for users to create
unique homes using the standard kit-of-parts quickly and easily. Users can design any
number of unique Frame Houses with many frame configurations. In doing so, users can
have incredible flexibility in customizing a Frame House to their specific needs, all while
designing within the kit-of-parts dimensions and assembly requirements. Generated Frame
Houses are constructible through the standard kit-of- parts and come with optimized cut
sheets for fabrication.

User-Friendly Construction: Frame House’s digital design interface would allow users to
seamlessly transition from design to construction through the digital interface’s ability to
generate optimized cut sheets. Frame House system’s modular components can make
building a home simpler, particularly with the mistake-proof principles added to each piece
which make it difficult to assemble a Frame House incorrectly. Each piece type is labeled
with a unique identifier and directional marker which inform the users on how and where
the pieces should be assembled. During the component prototyping phase in the design
studio, the team found that two partial frames and one infill set at 6” = 1°-0” scale could be
constructed by two individuals in about 34 minutes. Moving forward, the team plans to add
identifiers for the placement of envelope and HVAC components into the kit-of-parts design
as well, as a way to potentially simplify the system further. In doing so, user error can be
minimized and construction simplified. Frame House’s user-friendly construction can, thus,
minimize the need for skilled labor, which in turn may help reduce the strain on the housing
market.

Ready for Occupancy: Frame House has the potential to be a complete system ready for
occupancy once constructed. Further research is needed to integrate envelope control layers
and HVAC system pathways, to make the system comply with the United State’s Residential
Building Codes (RBC). Existing modular systems that are code-compliant and ready for
occupancy once built, specifically the WikiHouse by Alastair Parvin and the UBuild system
by Studio Bark, are used as precedents and guiding forces. The team sees potential in Frame
House adapting similar code compliance strategies, specifically starting with Pennsylvania
based codes.

Expandable/Downsizable: Once constructed, Frame House is designed to be expandable and
downsizable. Frames can be removed, added, or rearranged in order to adapt to the
occupants’ changing needs. This conceptual feature of Frame House is particularly
applicable to any unforeseen circumstances that may require adaptations to homes. This
would make Frame Houses more flexible than houses built using standard construction
methods. The interior of Frame Houses is designed to be adaptable since it is separated from
the structure. However, more research needs to be conducted to enable the envelope and
frames to be similarly adaptable. While full envelope deconstruction can be challenging in
terms of maintaining proper airtightness and environmental comfort, there is potential for a
partially demountable system, similar to The Open Building system by John Habraken.

Reusable: Because of Frame House’s standard modular components, there is a potential to
disassemble and reuse pieces for another house or donate pieces to support a community
member’s house. This can lengthen the lifespan of a Frame House and reduce its total waste
production over time since parts can be repurposed. This aspect of Frame House can reduce
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the strain on the housing market’s resources since new homes may not necessarily require
completely new parts. While the interior of the home can be easily demountable and
reusable, the reuse of structural components in Frame House requires additional testing to
understand the extents and limitations for deconstructing and reconstructing components.

CONCLUSIONS AND FUTURE RESEARCH

The Frame House system presented in this paper has been developed during Spring 2021, as
part of the Open-Source Housing Systems design research studio at Penn State University,
Department of Architecture. The team is currently working on developing the Frame House
system further through structural simulations, load tests and full-scale prototypes in
collaboration with the Pennsylvania Housing Research Center (PHRC). In doing so, the team
aims to deepen their understanding of Frame House’s structural capacity and buildability.
The team also plans to integrate envelope design into the modular system, coordinate system
pathways into the kit-of-parts, and align the structural system with the Residential Building
Code and Pennsylvania-based codes.

Frame House has the potential for many different uses in the residential industry through
various building typology applications and organizational structure adaptations. One
possible application of the Frame House system is for disaster response housing. Disasters
often displace a large number of individuals in a short amount of time. Frame House System
can be suitable for this circumstance due to its potential for reduced cost and construction
time, easy deployment and deconstructability, and minimal wasted space using flat-packed
transportation. Additionally, Frame House’s reusable nature can theoretically allow each
temporary home to be rebuilt many times over. Another application for the Frame House
System can be an accessory dwelling unit (ADU) for families who would like to extend their
home using an external structure.

The Frame House System can be further optimized when particular organizational strategies
are applied. The team realizes that it is impractical for a single Frame House user to obtain
a CNC machine. Rather, it may be more efficient to create centralized CNC factories which
could cut all parts that users may need. These factories could optimize the fabrication process
by mass producing many Frame House parts at once, reaping all the benefits of community
building without the need for homes to be constructed in the same location. Since Frame
House parts can be flat-packed and transported, this system could be effective across a wide
variety of locations. Frame pieces can also be more efficiently nested on CNC beds over a
larger number of homes, which would reduce material waste and save additional cost.
Through these organizational changes, the Frame House system can be efficiently scaled-up
to reduce time, cost, and material waste. With the more optimized system, Frame House can
potentially address the needs of the housing market with its ability to design and construct
more houses in a shorter period of time without the need for skilled labor. In doing so, Frame
House can contribute to a more balanced housing market in the future.
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Abstract

In a world of bigger is better, the Tiny Home Counter-Movement is seemingly a fad in
the residential construction industry. However, sales of tiny homes continue to endure.
New builders that specialize in various types of tiny homes continue to sprout up in
high deficient housing stock markets, especially market areas like California. Large
developers tend to rely on strategies that involve a mix of small enough lots to enable
the correct number of houses to produce a profitable development. What if the
paradigm was to shift? The impacts of the COVD-19 pandemic further exacerbated
construction costs and schedules, furthering the housing affordability and shortage
issues while allowing society to reevaluate their housing situations. By remembering
housing types and mixes from the past, integrating them with low-risk opportunities
could provide the ability to fill a missing gap in the current housing industry in
California. Including the option of tiny homes into residential development through
concentric diversification, residential builders can protect themselves from the impact
of our cyclical industry while also expanding their business. This position paper seeks
to connect the issues related to the housing crisis with concentric diversification
through tiny home integration. The arguments and discussion contained herein will
illustrate that concentric diversification is the lowest risk growth strategy for residential
construction firms. In addition, this discussion demonstrates how tiny home
development is the potential vehicle to integrate increased sustainability while
reestablishing the option of the "starter home" and the easily manageable downsized
"empty-nester home." An introduction to an achievable pathway with incremental steps
to testing this diversification method will support further research.

Introduction

Construction is a cyclical industry (Berman & Pfleeger, 1997). Residential
construction is particularly susceptible to business cycles (Sloate, 2012), with periods
of growth followed by periods of recession. If a builder does not plan adequately,
keeping an eye on the market trends, a severe slowdown may decimate their business.
Therefore, some companies will incorporate expansion methods of acquisitions or
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diversification. These entrepreneurial methods vary based on the business's strategic
planning process (Ahuja & Lampert, 2001). Diversification is a standard method for a
company to increase effectiveness and economic stability, reduce cost and production
risks, optimize project delivery, and increase economic competitiveness (Kalinichuk &
Tomek, 2013). Therefore, it is wise to incorporate diversified growth strategies to
ensure cash flow (Ehrlich, 2001).

Concentric diversification is a method of business expansion that focuses on
growth in related industries (Figure 1). As defined by Wheelen et al. (2018), it is "an
appropriate corporate strategy when a firm has a strong competitive position, but
industry attractiveness is low." In construction, there are numerous methods for
growing a company. However, home builder growth is more successful when crafted
in a careful strategy sensitive to the industry's peculiarities (Markides, 1997).
Constantinos Markides (1997) outlines six steps to successful strategic growth in his
article on diversification. Initially published in 1997, these following steps endure
providing a well-reasoned process: knowing the company's strengths and weaknesses,
what assets are necessary for the new venture, are we competitive, will the
diversification cause more harm than benefit, and will this growth strategy improve the
company or are we unable or not in the position to benefit?

Expansion Layer:
established business,
mastery of process
& product, steady
revenue

o Extension Layer:
mastery of process
& product, not yet
established &
generating
significant revenue

—® Core: Residential
business looking to
expand

Figure 1: Framework of concentric diversification, adapted from Wheelen et al., (2018)

Carefully implemented diversification in residential construction provides
reliable means to protect a firm from the impacts of the industry's cyclical nature
(Rijamampianina et al., 2003). Sustainability in the current global climate change
discussion is shifting the paradigm of housing options (Shearer & Burton, 2019).
Noticeably, tiny homes are developing into a more viable alternative to fulfill the
movement towards responsible development in this emerging political and cultural
shift (Schenk, 2015). Therefore, this paper aims to correlate tiny homes to affordable,
sustainable, permanent transitional home design through responsible concentric
diversification. A proposed framework for continuing research in tiny home
incorporation is provided.
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Background
Concentric Diversification Opportunities for Residential Construction

Residential builders grow through various forms of diversification (Ehrlich,
2001). Custom builders will strategically position themselves to keep their trade
craftsmen busy and under contract until interest rates are lower. Production home
builders will implement concentric diversification to retain profits by having real estate
agents and mortgage brokers as additional services. Incorporating these necessary
services into their business model can capitalize on further gains within the firm. With
the changing regulations in California that now encourage construction of Accessory
Dwelling Units (ADUs) (California Department of Housing and Community
Development, 2021), integration of this type of housing option provides residential
developers a related diversification option. ADUs are offered as an add-on to existing
development or a new opportunity in a potential housing development. An established
home builder could expand into managing residential rental properties of communities
that have been completed but not purchased.

Since the 1960s, single-family starts have been an indicator of an economic
recession (Blythe, 2019). As interest rates rise, household income thresholds for
mortgages rise, resulting in fewer qualifying for new home loans (Zhao, 2021b).
Rentals' market rates increase as fewer people qualify for home loans (Boykin, 2021),
thus lowering the demand for new construction. The preparation and weathering of the
cyclical nature of residential building is a topic of the National Association of Home
Builders (NAHB). In an article from 2010 entitled, "Business Diversification is Key to
Home Builder Growth," the NAHB contends that their course will examine more than
twenty-five different construction industry opportunities for expansion. The NAHB
claims that diversifying clients' options can grow a business and increase profitability
(NAHB, 2020). Another aspect that is gaining the attention of the NAHB is the
integration and development of tiny homes as a new avenue for home builders (Quint,
2018a). Classes, seminars, and other informational outlets are available for assisting
and promoting diversification.

Is Concentric Diversification Worth the Risk to Strengthen the Core Business?

Does this type of diversification strategy ultimately lead to successful growth?
Suppose a company diversifies into a related industry that closely aligns with its core
competencies. The result may include new revenue streams, enhancing the business's
portfolio, acquiring new capabilities, or securing a competitive advantage (Nordmeyer,
n.d.). For example, Walt Disney is a well-known company that successfully diversified
from an animation business into resorts, theme parks, live entertainment, cruise lines,
planned residential communities, television broadcasting, and retailing (Markides,
1997). The related expansions of Walt Disney link to their core business of entertaining
illustrate a very successful pattern of concentric diversification. First Call Construction
provides a relevant example of this type of related expansion. First Call has
implemented concentric diversification by expanding from residential remodeling and
insurance restoration to minor commercial improvements that larger contractors do not
want to do, thus insulating themselves from the fickleness of the residential
construction industry (Zuckerman, 2007).
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Be warned, no growth strategy is without risk, not guaranteed, and is not easy
(Vance, 2015a). In a Harvard Business Review survey, 62% of sampled businesses
damaged their bottom lines by diversification (Despain, 2015). A study from McKinsey
& Company showed 33% of respondents reporting increased company value of at least
10% of their business efforts (Nordmeyer, n.d.). In comparing the different methods of
growth strategy, concentric diversification tends to embody the least amount of risk
(Neftke & Henning, 2013).

Concentric diversification is less risky when the growth stems from the strength
of the firm's core competencies. It broadens the distribution network of the business
without requiring a new target audience (Quain, 2018). A company with solid core
competencies has a strategic advantage against its competition by expanding into a
related industry than expanding into an unrelated market. It allows the company to
achieve significant goals with fewer working parts and financial costs (Quain, 2018).
Their competitive advantage will provide a secure foundation for growing their market
share, widening their client base, and achieving synergy. Concentric diversification
stemming from a competitive advantage supported by core competencies will further
strengthen the competitive advantage (Rijamampianina et al., 2003). For example, a
successful home builder incorporating tiny homes or ADUs into their offerings poses
a viable and lower-risk business expansion.

Businesses can implement concentric diversification to increase shareholder
value through synergy (Wright, n.d.). When a company experiences better results as a
whole rather than the sum of its parts, the company achieves synergy. For example, a
residential builder incorporates real estate agents, property management, and a
mortgage broker. By transferring knowledge and market intelligence, sharing
resources, and combining operations, these companies' synergy strengthens as their
core competencies expand. Thus, if real estate agents share feedback from their clients
after visiting various properties, it may provide information on emerging preferences
or a new trend for future developments or home designs. Similarly, a builder that
includes ADUs in their development plans has the opportunity to remodel or build
ADUSs to remain resilient when new construction slows.

Diversification Based upon Capitalizing on Core Competencies.

Intriguingly, tiny home construction firms are springing up while current home
builders have not expanded into this niche market. Three identified core competencies
are creating customer benefit, the difficulty of imitation, and its applicability across
markets (Vance, 2015b). When implementing a growth strategy, a company must
capitalize on these identified strengths of its core competencies. Diversification based
on core competencies that are easy to imitate or do not provide a customer benefit will
not provide a long-term strategy (Vance, 2015b). Thus, a deeper understanding of the
complexity of a corporation's core competencies will facilitate the proper analysis
necessary to discern the best direction of sustainable corporate growth.

Diversification is not always the best option for a company, primarily if they
have already found an ideal application of their skills (Vance, 2015a). Therefore, when
looking at different markets to diversify, the firm must verify that the market is one that
it can acquire all necessary assets, where its core competency is a synergistic fit. A
firm's core competencies will only improve (Vance, 2015b). Tiny home inclusion is a
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market available to existing and established home builders with an entrepreneurial
spirit. The owner of First Call Construction, Scott Cierzan, states it well, "I hope I'm in
the middle of the road — entrepreneurial enough to take advantage of opportunities but
cautious enough not to chase everything. Finding the balance is the hardest part,"
(Zuckerman, 2007).

Tiny Homes as an Alternative Sustainable Residential Development Approach.

Tiny homes gained notoriety in the late 2000's post-recession recovery.
However, the first tiny house company in the US started building mobile units in
Sonoma, California, in 1999 (Nonko, 2017). The tiny house movement embodied
response to living more with less, reducing household carbon footprint, refocusing on
simple needs, options of off-grid living, and a lower cost option for those outpriced in
current markets (Whitford, n.d.). The tiny houses first developed integrated a traditional
home on top of a vehicular pull trailer. These are typically defined as 100 to 400 square
feet (SF), producing about 2,000 pounds of CO2 emissions each year compared to the
28,000 pounds produced by an average-sized home (James Hardie Building Products,
2017). This paper focuses on tiny houses with permanent foundations, a type of ADU
per regulations, as large as 500 SF (California Department of Housing and Community
Development, 2021).

Senator Tina Smith in 2019 stated that housing costs are growing faster than
wage growth, increasing housing price points above what people can afford (NAHB,
2019). A common argument against the tiny home trend is the high cost of a single tiny
house build, the lack of a flexible living environment. Still, most importantly, it does
not resolve the issue of rising land costs (D'Amico, 2020). One problem is rising costs
affecting affordability in purchasing new homes (Thompson, 2021a). The share of
prospective newly built homebuyers peaked at 42% at the end of 2020 before falling to
33% (Quint, 2021). The reduction is related to the double-digit cost increases of
building materials, particularly lumber prices (Thompson, 2021b). Currently, 21.1
million US households have insufficient funds for a $100,000 home (Zhao, 2021a).

A second issue with tiny home development is the cost of land and using it
efficiently. A recent NAHB article states home lots have risen in price by a record 18%
(Siniavskaia, 2021). In the article, Siniavskaia (2021) denotes that the Pacific division
has the smallest lots across the US through the median lot value rates at the second
most expensive. California is the least affordable place to live, regardless of community
size (Thompson, 2021). Coupled with the average single-family house is 2,261 SF,
with the majority having four or more bedrooms and three or more bathrooms (US
Census Bureau, n.d.).

Exploring a Framework to Concentric Diversification with Tiny Home Pathway.
Tiny Homes are a Sustainable Housing Option

To utilize land more efficiently in California, the combination of two lots in a
home development would accommodate six to eight tiny homes, compared to one
house per lot. These tiny home groupings or bungalow courts (currently referred to as
cottage plans) would have a communal outdoor area with a smaller personal area to
assist cost-efficiency and flexibility. Including cottage plans in production housing
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would provide more opportunities for first-time homebuyers and downsizers, thus
increasing interest in this type of housing option (Quint, 2018b).

Tiny homes are not the only solution to housing affordability (Shearer, 2018),
through the integration of new construction methods could further lower costs and
shorten timelines (Schenk, 2015). For example, utilizing modular construction would
reduce the cost of construction and scheduling timelines, with the majority of the homes
being prefabricated to be assembled on-site (Trambley, 2021). Thus, leaving only those
decorative or architectural accents added on-site to provide homeowners with a sense
of personalization. Currently, tiny homes (SF limited to 400 SF or less) are estimated
to cost between $40,000 and $100,0000 to build (HomeAdvisor, n.d.).

Favorable Financial and Regulatory Changes to Support Tiny Home Inclusion.

From the debut of the tiny house, there are obstacles in their path to inclusion
in residential communities (Evans, 2017). The first is the reluctance of banking
institutions to support traditional home loans to purchase a tiny home (Evans, 2021).
As the first generation of tiny homes was mobile, they did not meet the requirements
for a standardized home loan, though some institutions supported personal loans (Luthi,
2021). One distinction in this proposal is the cost of a permanent foundation, depending
on the size and location, would be higher than a mobile tiny house trailer frame
(HomeAdvisor, n.d.). A permanent foundation will provide stability needed to allow
banks to endorse a mortgage loan for a purchase or to build a tiny house. Though the
options are still limited, tiny home financial support is becoming more available with
personal loans and lines of credit. (Luthi, 2021).

Another significant issue is the tiny home prohibitive government regulations
(Evans, 2021). Depending upon local jurisdictions, most regulations regarding zoning,
property setbacks, and minimum land sizes are currently evolving to integrate tiny and
small homes into urban planning (Evans, 2017). In California, the tiny home climate is
changing in a favorable light, as seen in adopting inclusive ADU regulations (California
Department of Housing and Community Development, 2021) and major cities
particularly encouraging tiny home infills (Trambley, 2021). In addition to the
governmental challenge is the negative perception some established communities have
regarding tiny home inclusion (Carbone, 2019). The idea of Not in My Back Yard
(NIMBY) is still prevalent in some residential communities (Trambley, 2021).
Perceptions are changing through proliferate media coverage and television shows
regarding the tiny house movement with these changing regulations (Evans, 2019,
2021, Shearer, 2018).

Exploring Tiny Home Viability for Residential Construction Firm Growth.

Though the pandemic culminated in the issues of labor shortages, housing
affordability, and sky-rocketing costs (Thompson, 2021a, 2021b), it could be the
breaking of dawn for a new era of housing (Shearer, 2018). The previous framework
presented in the basic principles of concentric diversification is adapted to demonstrate
the opportunity for tiny home inclusivity. Figure 3 shows the new pathway with tiny
homes as the overall goal with ADUs as the market test for demand.
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Figure 2. Concentric diversification framework for tiny home inclusion, adapted from
Wheelen et al., 2018).

As illustrated above, a firm looking to diversify would first grow into a minor
business expansion, testing the market for the larger goal. For example, provide a tiny
house as a type of ADUs within their existing home development. The cost and
materials of this tiny home become a portion of the building plan for each participating
lot. Including an ADU would provide the future homeowner with a tiny house for
various uses (Shearer, 2018), such as a mother-in-law suite, man cave, she-shed, or a
small rental property for a college student or caregiver to an elderly owner. A smaller
primary house footprint with a tiny home ADU would suit an average California
building lot of 5,000 to 7,500 SF (Garcia & Tucker, 2021).

Providing a smaller, lower-cost starter home than the current single-family
starter home, which is currently four bedrooms, three baths, and a total of 2,200 SF
(Shearer & Burton, 2019), would be a desirable option in the face of housing
affordability (Evans, 2021). A small 400 to 800 SF with one or two bedrooms and one-
bath starter homes would appeal to a vast majority of housing cost-burdened renters
who cannot afford the housing market (NLIHC, 2021). If buyers demonstrate favorably
towards the ADU inclusion, the construction firm would then have a case for adapting
and integrating tiny home cottage collections into mainstream home developments
(Evans, 2017) as a further related expansion option.

The impact of this proposition has a greater significance for California home
builders. A more diverse product line will provide a means of advantage (Wheelen et
al., 2018). If a large portion of the population is unable to afford a modest two-bedroom
rental home or even a modest one-bedroom apartment in 93% of US counties (NLIHC,
2021), then how will US home sales be sustained when an average home is twice the
size? By providing a smaller footprint for a starter home, millions of Americans will
have the opportunity towards homeownership, which will give a sustainable additional
product line for residential construction companies (Shearer, 2018).
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Concluding Remarks and Future Research

Concentric diversification is a robust and viable growth strategy for residential
construction firms if implemented consciously and carefully. After careful analysis and
deliberation, each company must pursue a related growth service or product line
specialization that aligns with the existing structure and culture. Residential home
builders are poised to take advantage of an emerging niche market. As the proposed
framework demonstrates, careful concentric diversification will provide an entry for
established home builders to include ADU's. To be successful, a company should grow
from the strength of its core competencies, those aspects, and characteristics that your
company exceeds over your competition. By ensuring diversification from a position
of core competency strength, risks will not be eliminated but minimized.

Residential home builders have demonstrated critical strengths in building
single-family homes; however, the slowing of the industry today is related to
affordability and post-pandemic cost increases in materials and land values, not only
cyclical impacts. Concentric diversification into ADUs and, more importantly, tiny
home developments provide a substantial, viable, low-risk growth opportunity to take
advantage of current economic and cultural trends. With the ramifications of
sustainable innovations in construction materials, methods, and design, tiny home
developments could hold the key to affordability. Incorporating them into existing and
new home construction provides options for increasing density, lowering the carbon
footprint while being responsive to the changing needs of the residential market,
economic, societal, and industry issues. Tiny homes as a permanent housing model
require further research, and concentric diversification can viably provide the
opportunity to study it further.
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ABSTRACT

A case study was performe