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Abstract 

Mass timber is a framing category that uses large wood panels, including CLT. The goal was to 

explore the effectiveness of CLT through designing a renovation of an office building utilizing 

mass timber and comparing it to a steel alternative. ASCE 7-10, IBC-2015, AWC-NDS, AISC-15 

references were used to ensure structurally sound designs. While the current cost of CLT is high 

due to a lack of manufacturers, the sustainability, manufacturability, and constructability benefits 

make CLT a competitive building material.  
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Capstone Design Statement 

To complete the Capstone Design aspect of this project, the team designed a gut renovation of a 

five-story office building in Boston, MA. Two designs were completed: one using cross-

laminated timber (CLT) with mass timber elements, and the other using a structural steel frame 

with a cast-in-place concrete slab on a metal deck. The designs were analyzed and compared to 

help determine the effectiveness of CLT.  Several real-world constraints were addressed while 

completing this project. 

Sustainability 

To address the sustainability constraint of our capstone design, the team created two designs for 

the interior structural system: one using CLT floor and wall panels with Glued-Laminated 

(glulam) beams and columns, and the other using structural steel with a cast-in-place concrete 

slab on a metal deck. The team focused on CLT, which is a more sustainable alternative to other 

building materials, such as steel or concrete.  

Economics 

To address the economic constraint of our capstone design, the team compared the economical 

differences between the two designs. The team used different cost parameters, such as the cost of 

the materials, manufacturing, transportation, labor, and estimated time of construction. Since 

there are far fewer CLT manufacturers in the United States than steel manufacturers, including 

the cost of the manufacturing and transportation of the materials was necessary to create a more 

complete comparison of the economic impact of each design alternatives. 

Health and Safety 

To address the health and safety constraints of the capstone design, the team addressed the safety 

concerns that come with the design of a multi-story office building made of mass timber or steel. 

To create safe and realistic designs, the team followed the guidelines for CLT and mass timber 

found in the CLT Handbook, the American National Standards Institute and APA - The 

Engineered Wood Association’s Standard for Performance-Rated Cross-Laminated Timber, the 
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American Wood Council’s (AWC) Manual for Engineered Wood Construction, and the AWC’s 

National Design Specification for Wood Construction. The steel design followed the guidelines 

from the American Institute for Steel Construction’s 15th edition of the Steel Construction 

Manual. Both designs also followed the requirements from the American Society of Civil 

Engineers’ Minimum Design Loads for Buildings and Other Structures 7-10, the International 

Building Code of 2015, and the International Existing Building Code of 2015 with the 

Massachusetts State Building Code 780 Amendments 9th Edition.  

Ethics 

The team addressed ethical concerns throughout the project. The team worked ethically 

throughout the project and followed the ethical guidelines put in place by the American Society 

of Civil Engineers. These guidelines include creating safe and sustainable structures, acting 

professionally and avoiding conflicts of interest, and treating everyone involved in the project 

fairly (American Society of Civil Engineers [ASCE], 2017). 

Manufacturability and Constructability 

To address the manufacturability and constructability constraints of the capstone design, the 

team addressed the limited knowledge and experience in the use of CLT in North America. The 

team used standard and readily available sections for both the mass timber and steel frame 

designs. The team took into account the limited number of CLT manufacturers in the United 

States. The team also considered the limited experience a construction team may have when 

working with CLT. In addition, the team made design decisions that used repetition and 

promoted ease of construction. To address the regulations, design factors, and structural analysis, 

the team referenced the CLT Handbook, the International Building Code, the International 

Existing Building Code, and the American Institute of Steel Construction’s 15th edition of the 

Steel Construction Manual.   
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Professional Licensure Statement 

Professional licensure is important and required in the Civil Engineering industry to maximize 

the impact one can have on their community. Only a licensed Professional Engineer (P.E.) has 

the ability to seal and sign off on designs, confirming that the design meets the required safety 

standards and will be effective for societal use. 

 

To achieve a professional license, an aspiring Civil Engineer must first graduate from an ABET-

accredited college or university. The aspiring Civil Engineer must then pass the Fundamentals of 

Engineering (F.E.) exam, which will allow them to become an Engineer in Training (E.I.T.). An 

E.I.T. must then work under the direct supervision of a P.E. for at least four years, with some 

states requiring longer. In some states, earning a Master’s degree can shorten this working period 

by up to a year. After gaining the proper experience of working under a P.E., as prescribed by 

their state’s licensing board, the E.I.T. can apply to take the Principles and Practice of 

Engineering (P.E.) exam. After passing the P.E. exam, the E.I.T. must also submit a portfolio to 

their state’s licensing board in order to earn their license and seal. 

 

In order to maintain their license, a P.E. must pay annual dues to renew it. They must work 

ethically and responsibly as their work will have a direct impact on their community. Achieving 

professional licensure will also allow a Civil Engineer to further advance their career. Many 

companies even require their engineers to earn their professional licensure in order to get 

promotions. This is because P.E.s are recognized as individuals who are trustworthy and 

knowledgeable about their industry. P.E.s can be easily recognized as ethical workers by 

potential clients and are respected by their peers in the industry. 

 

In a gut renovation project, much like the one completed, the P.E. would oversee and ensure 

correct calculations throughout the project in order to ensure the safety and effectiveness of the 

structure. They would also ensure that all designed elements follow the guidelines and 

regulations put forth in all applicable building and design codes. As the Engineer of Record 

(EOR), the P.E. would make the final decision on the member sizes used throughout the design 

before sealing and signing off on the design.  
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1.0 Introduction 

Mass timber is a building framing category that uses large wood panels for construction 

(ReThink Wood, n.d., pp. 2-4). Mass timber encompasses several building materials, including 

nail-laminated timber (NLT), dowel-laminated timber (DLT), structural composite lumber 

(SCL), glued-laminated timber (GLT or glulam), and cross-laminated timber (CLT). This 

project’s main focus was on CLT. CLT is a relatively new building material that is gaining 

popularity across the globe. CLT was first introduced in Europe in the 1990s and spread to North 

America in the early 2000s. The spread of CLT was helped by the global interest in more 

sustainable construction, which is one of CLT’s greatest advantages, along with its construction 

speed. The spread and use of CLT, however, has been much slower in North America than in 

Europe, although popularity in the United States is increasing. This slower spread has led to 

fewer manufacturers in North America and less research being conducted locally to help improve 

the application and more widespread acceptance of this relatively new construction material. An 

aspect of CLT that still requires research is the acoustic and vibration performance as these areas 

still have many unknowns.  

 

The goal of this project was to explore the effectiveness of CLT through a case study of a gut 

renovation of a five-story building in Boston, MA using CLT and mass timber elements. The 

building was originally constructed in 1907 to be used by the New England Confectionery 

Company. The existing building consisted of heavy timber with multi-wythe mass masonry 

exterior walls. In this study, the building was designed to be completely renovated into an office 

building. This case study was based in part on a project completed by Simpson Gumpertz & 

Heger (SGH). The four objectives that were identified to complete this case study were: 

 Objective 1: Establishing Alternative Solutions in CLT 

 Objective 2: Establishing Alternative Solutions in Steel 

Objective 3: Evaluating and Comparing the Design Solutions in CLT and Structural 

Steel 

Objective 4: Reviewing Acoustic and Vibration Design Alternatives 
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Two designs were completed in this case study: one using CLT with mass timber elements, and 

the other using structural steel with a cast-in-place concrete slab on a metal deck. This allowed 

for a comparison of the effectiveness of the two building materials. In addition, current research 

being done on acoustic and vibration performance of CLT was reviewed and analyzed to 

estimate how those areas would impact the mass timber design. The results of this case study 

allowed the effectiveness of CLT to be explored, from the design to the cost to the 

manufacturability of the material.  
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2.0 Background 

CLT is a prefabricated engineered 

wood panel that consists of multiple 

layers of laminates that are stacked 

in alternating directions (APA - The 

Engineered Wood Association 

[APA], n.d.a). The individual 

layers, also known as plies, of CLT 

can be bonded together with a 

structural adhesive or metal 

fasteners. An odd number of layers is typical, with 3, 5, and 7 layers being the most common, 

although even layered panels do exist. Using an odd number of layers, or plies, creates a 

direction of greater strength for specific applications, i.e. floors, roofs, or walls (Evans, n.d.). 

CLT is a relatively new construction material, with its first introduction being in Austria, 

Germany, and Switzerland in the 1990s and it spread across Europe by the early 2000s 

(Greenspec, n.d.; North Carolina State University [NC State], n.d.). Although CLT was also 

introduced in North America in the early 2000s, its spread and use in North America has been 

much slower than in Europe (Pei et al., 2016). By 2016, there were 13 CLT manufacturers across 

Europe with a projection of 17 manufacturers by the end of 2020 (Ebner, 2017). In contrast, 

there were only eight manufacturers in North America by 2019 (six of which have locations in 

the United States) with the hope of an additional Canadian manufacturer by 2020 (Golenda, 

2019; Sorensen, 2019).  

 

The slower spread of CLT in North America could be attributed to this lack of local 

manufacturers, which has led to higher cost premiums. Another factor that may have slowed the 

spread of CLT across North America, and specifically in the United States, was that CLT was 

not recognized by the International Building Code (IBC) or National Design Specification (NDS) 

until 2015 (Koch & Kam-Biron, 2020; Laguarda Mallo & Espinoza, 2014). This very late 

addition can be attributed to building code limitations and the challenge of meeting structural 

capabilities for large wood buildings. Now, with codes being changed to accommodate new 

technology, wood structures can be permitted to reach greater heights than before (Coats & 



 

16 

Richardson, 2013) . Since CLT is a newer building material, there are still many unknowns, 

leading to questions about its effectiveness in comparison to other building materials, such as 

steel.  

2.1 Mass Timber 

Mass timber is a building framing category that uses large wood panels and members for floor, 

roof, and wall construction (ReThink Wood, n.d., pp. 2-4). Mass timber encompasses several 

building materials, including nail-laminated timber (NLT), dowel-laminated timber (DLT), 

structural composite lumber (SCL), glued-laminated timber (GLT or glulam), and cross-

laminated timber (CLT). Each of these mass timber options include several layered wood panels, 

but they differ in the ways the panels are orientated and held together. NLT, for example, uses 

nails and screws to bind individual timber members together while DLT is held together with 

dowels. Both CLT and glulam can be glued together with durable and moisture resistant 

adhesive; CLT, however, is unique in having the panels orientated in alternating, perpendicular 

directions, which allows for two-way spanning. 

2.2 The Advantages and Disadvantages of CLT 

One of the biggest disadvantages of CLT in North America has been its late introduction to the 

continent. With less time for CLT to establish itself in North America, there is a lack of tenured 

CLT manufacturers, raising the issues of time and cost when working on CLT buildings within 

the United States. Another looming disadvantage is the lack of data within commercial 

construction supporting the life cycle of CLT and the claim that along with mass timber elements 

they can both be a major climate change solution (Robbins, 2019). Beverly Law, a professor of 

global change biology and terrestrial systems science at Oregon State University, recognizes the 

lack of analysis of carbon emitted by mass timber production since it is a huge and complex task 

to assess the factors of CO2 produced in forest ecosystems as well as in production (Robbins, 

2019).   

 

A great advantage for CLT is its application in building construction ranging from public to 

institutional use to even multifamily buildings (ReThink Wood, n.d.). In the case of school 
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buildings, CLT is especially helpful due to its prefabricated state when fitting a project into a 

time frame as short as the summer when students are away from school and still being able to 

finish within the timeframe. This shows how valuable CLT can be for projects of all sizes as 

efficiency in erection time can help reduce the overall project duration. As of 2018, there has 

been a looming boom for CLT manufacturing in the U.S. with four factories in production (two 

of which are making architectural CLT), five factories coming online, and three more announced 

across eight states (Jenkins, 2018).   

 

A great example of mass timber construction in North America can be seen at the University of 

British Columbia with the Brock Commons building. This is an 18-story tall wood hybrid 

building, with 17 of those stories comprised of mass timber. The wood structure was completed 

in less than 70 days after the prefabricated components had arrived on site, which was four 

months faster than a project of a similar size (Think Wood, 2020). In terms of environmental 

impact estimated by the Wood Carbon Calculator for Buildings, based on research by Sathre, R. 

and J. O’Connor, the avoided and sequestered greenhouse gases from the wood used in the 

building is equal to removing 511 cars off the road for a year, and the total amount of carbon 

dioxide avoided by using wood products over other materials in the building is equivalent to 

2,432 metric tons (Think Wood, 2020).  

 

CLT has developed a criteria, or “sweet spot,” for projects where if three of the five conditions 

are met, then CLT should be strongly considered (Morrow, 2018). These five conditions are: 

labor costs, labor scarcity, Anti-Terrorism Force Protection (ATFP) Standoff, high foundation 

costs, and schedule constraints. CLT construction can be found to be cost competitive for 

building projects between six and 14 stories and at its most optimal for construction between 

eight to 12 stories (Schmitt, 2020).  

2.3 Sustainability and Forestry 

In recent years the need for green building materials has become a growing concern due to the 

rapid changing of Earth’s climate. A good example of CLT’s growing popularity and application 

to sustainability can be seen from the U.S Department of Defense’s use of CLT for its on-base 

housing due to its general resilience and resistance to explosive forces (Jenkins, 2018). The 
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Mjøstårnet, located in Brumunddal, Norway, is an example proving modern tall buildings can be 

built with green sustainable materials (Moelven, 2019). This Norwegian constructed building 

stands at 280 feet (85.4 meters) tall with 37,073 square feet (11,300 square meters) of space and 

boasts a hotel, apartments, offices, a restaurant, common areas, and even a swimming hall 

(Moelven, 2019). This high-rise structure showcases how capable and versatile CLT can be in 

place of typical materials such as steel and concrete. However CLT is currently a more optimal 

option when used in the six to 12 story range (Morrow, 2018). 

 

From an environmental standpoint, CLT has been viewed very positively because it can be seen 

as a solution to reducing carbon emissions (Sierra Club, 2019). Concrete, for example, is one of 

the most highly used substances on the planet, second only to water, and is responsible for eight 

percent of global CO2 emissions (Sierra Club, 2019). CLT can be seen as the rationale 

substitution to a building material such as concrete to help reduce a building's embodied carbon. 

The Life Cycle Assessment (LCA) is a tool used to assess environmental impacts and resources 

associated with a product’s life cycle, from raw material acquisition, via production and use 

phases, to waste management (Finnveden et al. 2009). Embodied carbon measures emissions 

from extraction, manufacturing, transporting, and the use of a building material. Combined, these 

emissions account for 11 percent of total carbon emissions globally using a life cycle assessment. 
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While reducing carbon emissions by using CLT may be the hope, the need for timber will only 

rise with CLT’s popularity and, if not managed properly, could lead to the deforestation of 

forests that store large amounts of carbon. As promoted by the Sierra Club to effectively counter 

this issue, proper forest stewardship and protection must be used. This is why the Sierra Club is 

in support of the protection of public lands to ensure the safety of primary forest while also 

allowing younger forest degraded by past logging to recover.   

2.4 The Need for Research into the Acoustic and Vibration Performance 

of CLT 

Due to CLT being a relatively new construction material not only in North America but also 

globally, there are quite a few areas that still require research to improve its performance. One 

such area is the acoustic and vibration performance. At present, the acoustic performance of CLT 

alone is not adequate. For acoustic performance in buildings, the mass of the building elements 

plays a key role in reducing sound transmission between the rooms and floors. Unfortunately, 

CLT’s advantage of being a lighter material becomes a disadvantage when it comes to acoustics 
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(Preager, 2019). Due to CLT’s higher strength-to-weight ratio and lower density in comparison 

to typical concrete slabs or masonry walls, the acoustic separation between rooms and floors in 

CLT buildings is worse than buildings that use these traditional materials. The acoustic 

separation of CLT structures also does not currently meet the IBC requirements on their own, 

with CLT having a sound transmission class (STC) of approximately 40 when the IBC requires 

an STC of at least 50 (Metropolitan Acoustics, 2019; Preager, 2019; The International Code 

Council [ICC], 2015). In order to comply with the IBC, additional barriers, such as a gypcrete 

topping or decouplers, are typically used to enhance the acoustic properties of CLT (McLain, 

2019).  

 

In hopes of improving the acoustic properties of CLT, research has been, and continues to be, 

conducted worldwide. In 2016, Antonio Di Bella, Nicola Granzotto, and Luca Barbaresi 

conducted an experiment to identify a spectrum of the normal impact sound pressure level of a 

CLT floor in order to create a tool that allows estimations of the noise insulation of a CLT floor 

(Di Bella et al., 2016). In 2013, Mariana Perez and Marta Fuente conducted research on a two-

story experimental facility to create a predictive model of the acoustic behavior of CLT 

structures (Perez & Fuente, 2013). These studies, along with other research being conducted, 

look to better understand acoustic performance in relation to CLT and how the design of CLT 

can be adjusted to improve its acoustic properties. 

 

Research is also being conducted into the vibration and seismic resistance of CLT structures. 

Traditional, lightweight joisted wood flooring systems are typically smaller and lighter than CLT 

floors, while typical concrete slabs are heavier and larger. This indicates that the fundamental 

frequency of CLT should be between the fundamental frequency of lightweight floors of greater 

than 15 Hz and the fundamental frequency of concrete slabs of less than nine Hz, which was 

confirmed through tests run by FPInnovations (Hu & Gagnon, 2012; Pirvu, 2015). Based on 

CLT’s fundamental frequency being between the fundamental frequency of lightweight floors 

and concrete slabs, it has been determined that the current standards for the vibration design of 

lightweight and heavy floors are not adequate for CLT floors. This has led many to conduct 

research on how to design CLT floors for vibration performance.  
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Research is also being conducted into the seismic resistance of CLT. CLT has been increasingly 

used for floor diaphragms and shear walls to provide better seismic resistance for buildings. Due 

to this, research is being conducted globally to determine how CLT can be used to strengthen 

new and existing structures against seismic activity. In 2012, Lin Hu and Sylvain Gagnon 

conducted research to better predict the vibration performance of CLT floors as the existing 

design methods for lightweight and heavy floors are not applicable to CLT floors (Hu & Gagnon, 

2012). Through this study, a new design method for floor vibrations was created for CLT floors, 

which can be used to provide better vibration and seismic performance within CLT structures. 

Other research, however, has found that there are currently too many unknowns with CLT since 

it is a relatively new building material, indicating that more research is needed into CLT as a 

material and its relation to seismic resistance. 

2.5 Design Standards and Specifications 

The introduction of CLT in North America has led to its inclusion in several engineering 

publications and building codes that were used throughout this project. These include the CLT 

Handbook, the American National Standards Institute (ANSI) and APA - The Engineered Wood 

Association’s (APA) Standard for Performance-Rated Cross-Laminated Timber (ANSI-APA 

PRG), the American Wood Council’s (AWC) Manual for Engineered Wood Construction (AWC-

2018), and the AWC’s NDS for Wood Construction (AWC-NDS). The design requirements of 

steel were referenced from the American Institute for Steel Construction’s (AISC) 15th edition of 

the Steel Construction Manual (AISC-15). Both designs also referred to the American Society of 

Civil Engineers’ Minimum Design Loads for Buildings and Other Structures (ASCE 7-10), the 

IBC of 2015 (IBC-2015), and the International Existing Building Code (IEBC) of 2015 (IEBC-

2015) for the design requirements of CLT and the building codes as well as the Massachusetts 

State Building Code 780 Amendments 9th Edition Chapter 16 Structural Design Amendments 

(780 CMR 16) for applicable local requirements. 

2.5.1 Seismic Design 

With the increase of interest in CLT construction over the years, multiple countries have begun 

adopting provisions for CLT into their design standards. However, due to legal differences and 

differences in economics between regions some fundamental issues are addressed differently, 
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and one of these particular issues is seismic design (Tannert et al 2018). The applicable seismic 

response modification factors for the United States range from R = 3 to 3.5 depending on the 

results of FEMA P695 analysis (Tannert et al 2018). For the seismic design of steel R = 3 is used 

when the structural steel system is not specifically detailed for seismic resistance, which 

considers the fact that Massachusetts is not prone to frequent earthquakes and composite steel is 

being used for the building (Hamburger, 2009). 

2.5.2 CLT Manufacturers 

As previously mentioned, there were nine CLT manufacturers operating in North America as of 

2019. A summary of these manufacturers can be found in Table 2.5.2. In contrast, there were 60 

steel manufacturers in operation in 2018 in the United States alone (“Steel companies of the 

United States”, 2018). 

 

Table 2.5.2: CLT Manufacturers 

Manufacturer Location(s) Website 

Dr Johnson Wood 

Innovations 

Riddle, Oregon, United States https://drjlumber.com/ 

Element5 Co. Toronto, Ontario, Canada 

Montréal, Québec, Canada 

Ripon, Québec, Canada 

https://elementfive.co/ 

Freres Lumber Co., Inc. Lyons, Oregon, United States 

Mill City, Oregon, United 

States 

https://frereslumber.com/ 

Nordic Structures Montréal, Québec, Canada https://www.nordic.ca/en/home 

Sterling Solutions Phoenix, Illinois, United 

States 

Lufkin, Texas, United States 

https://www.sterlingsolutions.com/ 

StructureCraft Abbotsford, British Columbia, 

Canada 

https://structurecraft.com/ 

StructurLam Penticton, British Columbia, 

Canada 

Vancouver, British Columbia, 

https://www.structurlam.com/ 
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Canada 

Portland, Oregon, United 

States 

Granite Bay, California, 

United States 

Austin, Texas, United States 

Western Structures, Inc. Veneta, Oregon, United States https://westernstructures.com/ 

 

While the number of CLT manufacturers in North America is growing, there seems to be three 

major areas where these manufacturers are: British Columbia, Québec, and Oregon. The 

different manufacturers each have information on their websites regarding the products they 

offer and the projects in which they have been involved. Some of the manufacturers’ websites, 

such as Nordic Structures (Nordic) and Structurlam, also include product catalogs detailing the 

typical member sizes that can be produced. None of these websites, however, include pricing 

information for their products. Instead, contact and quotes pages are used to allow owners, 

designers, or contractors to begin working with the manufacturer on their project.  
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3.0 Methodology 

The goal of this project was to explore the effectiveness of CLT through a case study of a gut 

renovation of a five-story building in Boston, MA using CLT and mass timber elements and 

comparing the design to a structural steel frame with a cast-in-place concrete slab on a metal 

deck. The team designed for the building to be completely renovated into an office building. This 

case study was based on a project completed by SGH. The four objectives that were identified to 

complete this case study are: 

 Objective 1: Establish Alternative Solutions in CLT 

 Objective 2: Establish Alternative Solutions in Steel 

 Objective 3: Evaluate and Compare Design Solutions in CLT and Structural Steel 

Objective 4: Review Acoustic and Vibration Design Alternatives 

3.1 Objective 1: Establishing Alternative Solutions in CLT 

Objective 1 was used to establish a CLT renovation with mass timber elements of the case study 

building based on the floor plans provided by SGH. A breakdown of each level in the floor plan 

was conducted to address the design of each floor. Two heavy-timber elements were chosen for 

the design process: CLT was used in the design of the floor and walls while glulam was used in 

the design of the beams and columns. Design calculations for the mass timber building included 

the gravitational loads of the building, including the self-weight; lateral load resistance; and a 

load takedown for the existing masonry exterior of the building. All floors but the roof were 

designed using five-ply CLT panels, while the roof system used three-ply panels. Some CLT 

member lengths were rounded up to the nearest ⅛ of an inch due to potential discrepancies found 

from manual measurements within the floor plan.  

 

References, such as the AWC NDS of 2018, the CLT Handbook, and ASCE 7-10, as well as IBC 

and IEBC of 2015, were used during the design process to ensure design factors and code 

requirements were being followed. Google Sheets for each floor were created in order to assist in 

the repetitive design calculations. 
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3.2 Objective 2: Establishing Alternative Solutions in Steel 

Objective 2 establishes an alternative design of a steel frame renovation with a cast-in-place 

concrete slab on a metal deck for the case study building in conjunction with the floor plans 

provided by SGH. The design used a series of composite structural steel beams supported by 

wide-flange columns for each individual floor. Design calculations for the steel frame included 

gravitational loads of the building, including self-weight, and lateral load resistance. 

 

References including AISC-15, ASCE 7-10 along with the IBC and IEBC of 2015 were used 

during the design process to ensure design factors and code requirements were being followed. 

Google Sheets for each floor were created in order to assist in the design calculations. 

3.3 Objective 3: Evaluate and Compare the Design Solutions in CLT and 

Structural Steel  

Once the designs of both the mass timber and steel frame renovations were completed, the team 

moved on to Objective 3 and reviewed the two designs to evaluate and compare a cost analysis 

of each design as well as the manufacturability and constructability of each approach to 

determine the more effective design of the two. The unit cost of the CLT members was 

calculated from information provided by Nordic through the sponsor of the project. The unit cost 

of the steel and glulam members were found through the RSMeans publications Assemblies 

Costs and Building Construction Costs. To evaluate both the CLT and steel design’s 

manufacturability and constructability the team established a set of criteria, looking at whether 

similar members of the material could be obtained, if the members were readily available, and 

which of the fabrication processes would be more efficient.   

3.4 Objective 4: Assess Acoustic and Vibration Design Alternatives 

For Objective 4 the team looked into case studies and current research of CLT structures in 

relation to acoustic and vibration performance and their potential impact on the mass timber 

design. The team investigated the design for acoustics and vibrations for CLT based on design 

examples and reference calculations within these studies. 
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4.0 The Case Study Building 

In order to explore the effectiveness of using CLT 

for a building structure, a case study of a gut 

renovation of a five-story building in the seaport 

district of Boston, MA was used. The building was 

originally constructed out of heavy timber with 

multi-wythe mass masonry exterior walls in 1907 to 

be used as a factory by the New England 

Confectionery Company. The building was 

constructed to be almost symmetrical in an “H” 

shape. A typical floor plan can be seen in Figure 

4.3.  

 

This case study involved designing the building for 

a complete renovation into an office space. The 

new office space included the existing masonry 

exterior, five masonry staircases, and three central 

elevator shafts. A new lobby was attached to the 

existing structure, and each occupied floor would 

now contain office spaces. The current floor plans 

for the existing building can be found in Appendix 

B.  

 

The design of this renovation was completed twice. The first design used mass timber, utilizing 

CLT walls and floors and glulam beams and columns. The second design was of a steel frame 

with a cast-in-place concrete slab on a metal deck. This provided a comparison between CLT and 

a common construction material that is widely used in construction in Boston, which allowed the 

relative effectiveness of CLT to be analyzed. In both designs, the existing structure in the central 

portion of the building remained, meaning no renovations were made in that area. In order to 

determine the seismic loadings on the building in both the mass timber and steel frame designs, a 

seismic weight per floor was needed. This seismic weight per floor included the weight of the 

Figure 4.1: Exterior of the Case Study Building 

Figure 4.2: Interior of the Case Study Building 
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existing exterior mass masonry walls, which would remain constant between both designs. The 

weight of the mass masonry walls was 34 kips per floor. 
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Figure 4.3: Typical Floor Plan 
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5.0 Mass Timber Design 

The CLT and glulam design were completed using the Allowable Stress Design (ASD) practice. 

The use of both heavy timber elements results in a hybrid structural system that assists in 

addressing the limitation of space flexibility by using CLT for the floors and walls while the 

glulam is used for the columns and beams (Liu, 2016). Nordic in Québec, Canada was the 

chosen manufacturer for the mass timber design as they were the closest manufacturer to Boston 

that produces both CLT and glulam, and this firm has a history of supplying these materials for 

construction projects in the New England area. Since the building is fairly symmetrical, the 

design process was simplified. The design consisted of 90 beams along the column lines and 28 

columns per occupied floor, and 150 beams (90 beams along the column lines and 60 infill 

beams) and 28 columns for the roof level. Each floor had an area of approximately 18,600 square 

feet. The attached lobby consisted of four beams with an approximate area of 1,800 square feet. 

Each floor was 13 ½ feet in height for a total building height of 81 feet. The framing layout for 

each floor was determined using the floor plans provided by SGH, which can be seen in 

Appendix B.  

 

The mass timber framing system provides resistance to the gravity loads (dead loads, live loads, 

and snow loads) by allowing the loads to transfer from member to member, with each member 

providing adequate support. The gravity loads begin at the roof, with the roof beams, walls, and 

floors transferring the loads through the columns to the 4th floor, where the loads are once again 

transferred to the beams, walls, and floors. This process continues until all of the load is 

transferred to the foundation of the building. In order to provide adequate resistance to the lateral 

loads (seismic loads and wind loads), shear walls were incorporated. These walls prevent 

individual members, and therefore the building, from deflecting, or swaying, in a horizontal 

direction. The shear walls also allow these lateral loads to be transferred down the building to the 

foundation. 
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5.1 Loadings Considered in the Mass Timber Design 

There were five load types considered in the design: dead loads, live loads, snow loads, seismic 

loads, and wind loads, and these are listed in Table 5.1.1. The weight of the CLT floors along 

with the weight of mechanical, electrical and plumbing (MEP) systems and hung ceilings and 

finishes were considered when calculating the dead loads. After a beam size was chosen, the 

self-weight of the beam was also added to the existing dead load. The live loads were determined 

using Table 4-1 in ASCE 7-10 (American Society of Civil Engineers [ASCE] & Structural 

Engineering Institute, 2010). The 80 pounds per square foot for corridors was used only for 

members that were completely within a corridor space. If a member supported both an office 

space and a corridor, the 100 pounds per square foot load for a Class A office space was used in 

order to design for the highest possible load. Class A office spaces are newer spaces that are 

designed to have a high quality infrastructure (Golden, 2016). The snow loads were determined 

using the provisions of 780 CMR 16 (Office of Public Safety and Inspections, 2017).  

 

The seismic loads were determined according to the provisions of 780 CMR 16 and ASCE 7-10 

(Office of Public Safety and Inspections, 2017; ASCE & Structural Engineering Institute, 2010). 

A seismic analysis spreadsheet was used to simplify the seismic loading calculations (ICC, 

2012). This spreadsheet used the seismic risk category of the building, the soil classification of 

the site, local seismic data, and the weight of the building elements to determine the seismic 

loadings. The seismic forces were converted from the story forces in kips obtained from the 

spreadsheet to pounds per foot of building width. The building was determined to be in seismic 

risk category II, and the unknown soil was classified as site class D. The weight of the designed 

structural members as well as the existing exterior masonry wall were used when determining the 

seismic loadings on the building. Since the height of each floor is considered when determining 

the seismic loadings, each floor had a slightly different seismic load with the higher floors 

having slightly higher loads. This is due to the distribution of story forces that roughly conforms 

to the first mode shape for the building, making the building’s horizontal deflection act similarly 

as it would to a cantilever beam up from the building’s foundation (Murty et al., n.d.). The 

difference in loading, however, was minimal. Since the roof level had smaller, lighter structural 

members, especially with a three-ply CLT floor versus a five-ply CLT floor on the other floors in 

the building, the seismic loading for the roof level was smaller than the floors below. The 
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seismic loading calculations from the seismic analysis spreadsheet can be found in Figures 5.1.1 

and 5.1.2.  

 

The wind loads were determined by using the requirements of 780 CMR 16 and ASCE 7-10 

(Office of Public Safety and Inspections, 2017; ASCE & Structural Engineering Institute, 2010). 

A wind loadings spreadsheet was also used to simplify the calculations of the wind loadings 

(FLSmidth, n.d.). This spreadsheet used the risk category of the building, local wind speed data, 

and wind uplift forces to determine the wind loadings on the building. The wind loadings were 

represented as pounds per square foot of exposed wall area. Similar to the seismic loads, the 

wind loads are different on each floor with higher floors having larger loads since wind speed 

increases with height. The wind loading calculations from the wind loads spreadsheet can be 

found in Figure 5.1.3.  

 

Table 5.1.1 Loads Considered in the Mass Timber Design 

Load Type Load Elements Considered 

Dead Load 25.6 psf for lobby and ground 

floor through 4th floor 

MEP, Self-weight of CLT 

floors 

17.4 psf for the roof 

Live Loads 100 psf for lobby and ground 

floor 

Lobbies and first-floor 

corridors 

80 psf for corridors on 1st, 

2nd, 3rd, and 4th floors 

Corridors above the first floor 

100 psf for office spaces Offices 

20 psf for the roof Roof 

Snow Load 40 psf for ground Snow load from 

Massachusetts Structural 

Design Amendments 30 psf for the roof 

Seismic Loads 14.2 plf  for lobby and ground 

floor 

Seismic parameters from 

Massachusetts Structural 
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14.2 plf for 1st floor Design Amendments, risk 

category II, soil site class D 

14.2 plf for 2nd floor 

14.2 plf for 3rd floor 

14.2 plf for 4th floor 

4.88 plf for the roof 

Wind Load 36.5 psf for ground floor Wind speeds from 

Massachusetts Structural 

Design Amendments 
39.2 psf for 1st floor 

41.3 psf for 2nd floor 

42.9 psf for 3rd floor 

44.2 psf for 4th floor 

45.3 psf for the roof 

 

 

  



 

33 

 

Figure 5.1.1: Seismic Loading Data for Mass Timber Design 
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Figure 5.1.2: Seismic Loading Analysis for Mass Timber Design 
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Figure 5.1.3: Wind Loading Analysis 
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5.2 Glued Laminated Timber Beam Design 

The glulam beams were designed to 

comply with the bending capacity, 

shear capacity, and deflection limits as 

prescribed in ASCE 7-10, AWC-NDS, 

AWC-2018, 780 CMR 16, and all other 

applicable building codes and design 

guides (ASCE & Structural 

Engineering Institute, 2010; American 

Wood Council [AWC], 2018b; AWC, 

2018a; Office of Public Safety and 

Inspections, 2017). An iterative process 

was used to determine the beam sizes to be used throughout the building. First, a beam size from 

Nordic’s Structural Details catalog was selected that met the bending, shear, and deflection 

criterion (Nordic, 2020). The stress grade of the beams was 24F-ES/NPG as that is the stress 

grade of glulam beams that Nordic provides. The deflection criterion put forth by the 780 CMR 

16 was the main determining factor for the beam sizes as the deflection could not be more than 

L/360 from the live load or L/240 from the live and dead load combined (Office of Public Safety 

and Inspections, 2017).  

 

Once an initial beam size was chosen, the next smallest beam size was then examined as smaller 

and lighter structural members can provide a more economical design, with savings on 

fabrication, transportation, and erection. The smallest beam size that met the bending, shear, and 

deflection criterion was chosen, and this beam size was examined for similar beam types (ie. 

beams in the north-south direction, girders in the east-west direction, etc.). If the already selected 

beam size resulted in a highly over-designed beam or an under-designed beam, a new beam size 

was chosen using the same iterative process, mainly occurring with beams that were in contact 

with the masonry staircases. Intermittent, or infill, beams were added to the roof level to provide 

adequate support to the roof when combined with a three-ply CLT floor panel. The beam and 

girders were stacked framed as this would reduce the need for hanger connectors, reducing the 

cost and labor needed when compared to a flush framed system. While this design process 

Figure 5.2.1: Typical Floor Plan 
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caused some members to be slightly over-designed, having as many beams of the same size as 

possible would simplify the manufacturing of the beams and the renovation of the building. 

 

The final beam design was composed of 52 17 ⅝” x 15 ⅛” beams (beam sizes are denoted as 

width x depth) in the north-south direction, two 8 ½” x 8” beams in contact with the staircase in 

the south-west corner of the building, four 7 ¼” x 6” beams in contact with the staircase in the 

north of the building, two 7 ¼” x 7 ⅛” beams in contact with the staircase in the north-east 

corner of the building, and 30 13 ⅝” x 10 ¾” girders in the east-west direction for each floor 

from the ground floor to the fourth floor, as seen in Figure 5.2.2. The lobby was composed of 

four 23 ¾” x 21 ¾” beams, as seen in Figure 5.2.3.  

 

The roof was composed of 104 11 ½” x 9 ¾” beams in the north-south direction, four 5 ⅜” x 5” 

beams in contact with the staircase in the south-west corner of the building, eight 5 ⅜” x 3 ¾” 

beams in contact with the staircase in the north of the building, four 5 ⅜” x 4 ¼” beams in 

contact with the staircase in the north-east corner of the building, and 30 9 ½” x 8 ½” girders in 

the east-west direction, as seen in Figure 5.2.4. Google Sheets were used throughout the iterative 

design process to ensure correct calculations. These calculations can be found in Appendix C. 
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Figure 5.2.2: Ground Floor Through 4th Floor Glulam Beam Sizes 
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Figure 5.2.3: Attached Lobby Glulam Beam Sizes 



 

40 

 

 

Figure 5.2.4: Roof Glulam Beam Sizes 



 

41 

5.3 Glued Laminated Timber Column Design 

The glulam columns were designed to comply with the axial loading capacity, buckling capacity, 

and shear capacity as prescribed in ASCE 7-10, AWC-NDS, AWC-2018, 780 CMR 16, and all 

other applicable building codes and design guides (ASCE & Structural Engineering Institute, 

2010; AWC, 2018b; AWC, 2018a; Office of Public Safety and Inspections, 2017). When 

determining the column sizes to be used throughout the case study building, an iterative process 

was used. First, a column size from Nordic’s Structural Details catalog was determined that met 

the axial loading, buckling, and shear criterion (Nordic, 2020). The stress grade of the columns 

was 24F-ES/NPG as that is the stress grade of glulam columns that Nordic provides. The 

columns were kept square for the ease of manufacturing and constructing. Ensuring the column 

size could adequately support the axial loading was the main determining factor for the column 

sizes.  

 

Once an initial column size was chosen, the next smallest column size was analyzed as smaller 

and lighter structural members can provide a more economical design. The smallest column size 

that met the axial loading, buckling, and shear criterion was chosen, and this column size was 

examined for the other columns throughout the building. If the already selected column size 

resulted in a highly over-designed or under-designed column, a new column size was determined 

using the same iterative process. This mainly occurred for the columns supporting the roof of the 

building. While this design process caused some columns to be slightly over-designed, having as 

many columns of the same size as possible would ease the manufacturing of the columns and the 

renovation of the building.  

 

The final column design was composed of 28 9” x 9” columns for each floor from the ground 

floor to the fourth floor, as seen in Figure 5.3.1At the fifth floor level, the roof was supported by 

28 8” x 8” columns, as seen in Figure 5.3.2. Google Sheets were used throughout the iterative 

design process to ensure correct calculations. These calculations can be found in Appendix C. 
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Figure 5.3.1: Ground Floor Through 4th Floor Glulam Column Sizes 
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Figure 5.3.2: Roof Glulam Column Sizes 
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5.4 Cross-Laminated Timber Floor and Wall Design 

5.4.1 Cross-Laminated Timber Floor Design 

The CLT floors were designed to comply with the flexural strength capacity, shear strength 

capacity, and deflection limits as prescribed in ASCE 7-10, AWC-NDS, AWC-2018, ANSI-APA 

PRG, 780 CMR 16, and all other applicable building codes and design guides (ASCE & 

Structural Engineering Institute, 2010; AWC, 2018b; AWC, 2018a; APA & American National 

Standards Institute [ANSI], 2018; Office of Public Safety and Inspections, 2017). When 

determining the CLT floor panel size, an iterative process was used. First, a five-ply panel was 

analyzed to determine whether it met the flexural, shear, and deflection criterion. A five-ply 

panel was examined because it is the typical size used for occupied floors in office buildings. 

The stress grade of the panel was E1 because that is the stress grade of CLT floor panels that 

Nordic provides (Nordic, 2020). The panels were designed to span in the east-west direction 

between the perpendicular beams spanning in the north-south direction. Once it was determined 

that a five-ply floor panel could be used, a three-ply panel was also examined as smaller and 

lighter structural members can produce a more economical design. It was determined that a 

three-ply panel with intermittent beams added to the roof level would provide adequate support 

to the roof of the building.  

 

The final design consisted of 240 12’ x 8’ five-ply CLT panels, 30 12’ x 8’ 7 ¼” five-ply CLT 

panels for the top half of the building, and 30 12’ x 8’ 7 ⅜” five-ply CLT panels for the bottom 

half of the building for each floor from the ground floor to the fourth floor, as seen in Figure 

5.4.1.1. The lobby consisted of 16 12’ x 8’ five-ply CLT panels, as seen in Figure 5.4.1.2. The 

roof was composed of 480 6’ x 8’ three-ply CLT panels, 60 6’ x 8’ 7 ¼” three-ply CLT panels 

for the top half of the building, and 60 6’ x 8’ 7 ⅜” three-ply panels for the bottom half of the 

building, as seen in Figure 5.4.1.3. While continuous spanning panels were considered, the 

longer length of each panel would have resulted in more plies being needed. In order to keep the 

five-ply CLT panels for occupied floors and three-ply CLT panels for the roof that are typically 

used in office buildings and are typically less expensive than panels with more plies, simply span 



 

45 

CLT panels were chosen. Google Sheets were used throughout the iterative design process to 

ensure correct calculations. These calculations can be found in Appendix C. 

 

The self-weight of the CLT floors were compared to the self-weight of the floors of the existing 

structure to ensure the new dead load applied to the existing exterior mass masonry walls would 

be allowable. The case study building has an existing three-inch wood subfloor with an existing 

one-inch thick layer of gypcrete. The combined self-weight of these existing elements would 

conservatively be approximately 18 pounds per square foot (APA, n.d.b; Rubio, 2020). The new 

dead load produced by the self-weight of the five-ply CLT floors was approximately 21 pounds 

per square foot, and the new dead load produced by the self-weight of the three-ply CLT floors 

was approximately 12 pounds per square foot.  

 

This means that while the new three-ply CLT floors would produce a smaller dead load on the 

existing exterior mass masonry walls than the existing floors, the five-ply CLT floors would 

produce a larger dead load on the mass masonry walls. Typically, if the weight of a new floor is 

within five percent of the existing floor weight, no changes would be needed for the existing 

exterior walls. However, the maximum weight the new five-ply CLT floors could have without 

needing upgrades or retrofits to the existing mass masonry walls would be 19 pounds per square 

foot. Since the weight of the new five-ply CLT floors was also larger than this, some upgrades or 

retrofits would need to be made to the existing mass masonry walls, although the upgrade or 

retrofit would be minimal as the mass masonry walls would only need to additionally support 

three pounds per square foot. When completing the upgrade or retrofit, new interior column 

footings will also be placed in order to support any additional loadings from the new mass timber 

design, which will ensure the existing foundation will be able to support this new design. 

 

The combined dead and live loads of the new CLT floors were also compared to the dead and 

live loads of the existing wood subfloor with the layer of gypcrete to ensure the new loadings 

applied to the existing exterior mass masonry walls would be allowable. The existing building 

has, conservatively, a floor dead load of 23 pounds per square foot, including the self-weight of 

the floor, MEP, hung ceilings, and finishes. The existing building also has, conservatively, a 

floor live load of 125 pounds per square foot (ASCE & Structural Engineering Institute, 2010). 

Combined, the dead and live load of the floors of the existing building is approximately 148 



 

46 

pounds per square foot. The new floor dead load of the five-ply CLT floors was approximately 

29 pounds per square foot, including the self-weight of the floor, MEP, hung ceilings, and 

finishes, while the new floor dead load of the three-ply CLT floors was approximately 20 pounds 

per square foot. The new floor live load of the five-ply CLT floors was 100 pounds per square 

foot, while the new floor live load of the three-ply CLT floors was 20 pounds per square foot. 

Combined, the dead and live load of the new floors was approximately 129 pounds per square 

foot for the five-ply CLT floors and 40 pounds per square foot for the three-ply CLT floors. 

Since both the five-ply and three-ply CLT floors have a smaller combined dead and live load 

than the existing floors, no additional upgrades or retrofits would be needed for the existing 

exterior mass masonry walls. 
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Figure 5.4.1.1: Ground Floor Through 4th Floor CLT Floor Panel Sizes 



 

48 

  

Figure 5.4.1.2: Attached Lobby CLT Floor Panel Sizes 
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Figure 5.4.1.3: Roof CLT Floor Panel Sizes 
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5.4.2 Cross-Laminated Timber Wall Design 

The CLT walls were designed to comply with the axial loading capacity as prescribed in ASCE 

7-10, AWC-NDS, AWC-2018, ANSI-APA PRG, 780 CMR 16, and all other applicable building 

codes and design guides (ASCE & Structural Engineering Institute, 2010; AWC, 2018b; AWC, 

2018a; APA & ANSI, 2018; Office of Public Safety and Inspections, 2017). Wall panels were 

needed to enclose the stairways, elevators, and some masonry elements throughout the building. 

When determining the CLT wall panel size, an iterative process was used. First, a five-ply panel 

was analyzed to determine whether it met the axial loading criterion. The stress grade of the 

panel was E1 because that is the stress grade of CLT wall panels that Nordic provides (Nordic, 

2020). Once it was determined that a five-ply wall panel could be used, a three-ply panel was 

also examined as smaller and lighter structural members can produce a more economical design. 

Each wall was also analyzed as a shear wall to provide resistance to the lateral loadings placed 

on the building by the seismic and wind loads. An example of the load path for the lateral 

loadings through these shear walls can be seen in Figure 5.4.2.1. 

 

The final design consisted of one 5 ½’ x 13 ½’ five-ply CLT panel, one 15’ 10 ⅝” x 13 ½’ five-

ply CLT panel, two 21’ 2 ⅛” x 13 ½’ five-ply CLT panels, one 8’ 5 ¾” x 13 ½ five-ply CLT 

panel, two 27’ 2 ⅛” x 13 ½’ five-ply CLT panels, two 11’ 3 ⅝” x 13 ½’ five-ply CLT panels, 

two 37’ 5” x 13 ½’ five-ply CLT panels, two 9’ 10 ⅝” x 13 ½’ five-ply CLT panels, one 12’ 4 

¼” x 13 ½’ five-ply CLT panel, one 24’ x 13 ½’ five-ply CLT panel, one 14’ 10” x 13 ½’ five-

ply CLT panel, one 17’ 7 ⅞” x 13 ½ five-ply CLT panel, two 13’ 11 ⅜” x 13 ½’ five-ply CLT 

panels, two 20’ 10” x 13 ½’ five-ply CLT panels, two 8’ 10” x 13 ½’ five-ply CLT panels, and 

two 27’ 10 ⅝” x 13 ½’ five-ply CLT panels for each floor from the ground floor to the roof, as 

seen in Figure 5.4.2.2. The exterior lobby wall consists of one 32’ x 27’ five-ply CLT panel, as 

seen in Figure 5.4.2.3. Due to the larger size of the exterior lobby wall, the fabricator may need 

to fabricate smaller wall pieces for shipping. Google Sheets were used throughout the iterative 

design process to ensure correct calculations. These calculations can be found in Appendix C. 
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Figure 5.4.2.1: Load Path for Lateral Loads Through a Shear Wall from TeamCivil 
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Figure 5.4.2.2: Ground Floor Through 4th Floor CLT Wall Panel Sizes 
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Figure 5.4.2.3: Attached Lobby CLT Wall Panel Size 
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6.0 Steel Frame Design 

The steel frame design was completed in a similar manner as the mass timber design. The steel 

design, however, was completed using the Load and Resistance Factor Design (LRFD) practice. 

The framing of the building was kept the same as in the mass timber design, so the design 

process was simplified. The design consisted of 90 beams and 28 columns per floor, with each 

floor having an area of approximately 18,600 square feet. The attached lobby consisted of four 

beams with an approximate area of 1,800 square feet. The attached lobby for the steel design 

would also include a new masonry exterior wall. Each floor was 13 ½ feet in height for a total 

building height of 81 feet. The framing and floor plan for each floor was determined using the 

floor plans provided by SGH, which can be seen in Appendix B.  

 

The steel framing system resists gravity loads in the same way as the mass timber framing 

system: by transferring the loads from member to member beginning at the roof of the building 

and continuing until all of the gravity loads are transferred to the foundation. In order to provide 

adequate resistance to the lateral loads, braced frames were used within the framing system. 

These bracings perform similarly to a shear wall in that they prevent individual members, and the 

building as a whole, from deflecting horizontally and allow lateral loads to transfer down 

through the building to the foundation. Bracings create a truss-like system to provide more 

stability and limit horizontal drift. 

6.1 Loadings Considered in the Steel Frame Design 

The same five load types as for the CLT alternative were considered in the design of the 

structural steel system: dead loads, live loads, snow loads, seismic loads, and wind loads. The 

loadings considered for the design can be found in Table 6.1.1. The weight of a four-inch thick 

concrete slab on a metal deck as well as the weight of mechanical, electrical and plumbing 

(MEP) systems and hung ceilings and finishes were considered when calculating the dead loads. 

Once a beam size was chosen, the dead load was updated to include the member’s self-weight. 

The live loads remained the same from the mass timber design, with the 80 pounds per square 

foot for corridors used only for members that were just supporting a corridor space and the 100 

pounds per square foot load for a Class A office space used for members that supported both an 
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office space and a corridor in order to design for the highest possible load. The snow loads and 

the wind loads remained the same from the mass timber design. 

 

The seismic, or earthquake, loads were determined using the provisions of 780 CMR 16 and 

ASCE 7-10 (Office of Public Safety and Inspections, 2017, ASCE & Structural Engineering 

Institute, 2010). A seismic analysis spreadsheet was used to ease the seismic loading calculations 

(ICC, 2012). This spreadsheet used the seismic risk category of the building, soil classification of 

the site, local seismic data, and the weight of the building elements to determine the seismic 

loadings. The seismic forces were converted from story forces in kips to pounds per foot of 

building width. The building was determined to be in risk category II, and the unknown soil was 

classified as site class D. The weight of the designed structural members as well as the existing 

exterior masonry wall were used when determining the seismic loadings on the building. Since 

the height of each floor is considered when determining the seismic loadings, each floor had a 

slightly different seismic load with the higher floors having slightly higher loads. This is due to 

the distribution of story forces that roughly conform to the first mode shape for the building, 

making the building’s horizontal deflection act similarly as it would to a cantilever beam up from 

the building’s foundation (Murty et al., n.d.). This change in loading, however, was minimal. The 

seismic loading calculations from the seismic analysis spreadsheet can be found in Figures 6.1.1 

and 6.1.2.  

 

Table 6.1.1 Loads Considered in the Steel Frame Design 

Load Type Load Elements Considered 

Dead Load 55 psf MEP, Self-weight of concrete 

slab 

Live Loads 100 psf for lobby and ground 

floor 

Lobbies and first floor 

corridors 

80 psf for 1st, 2nd, 3rd, and 

4th floors 

Corridors above the first floor 

100 psf for office spaces Offices 

20 psf for the roof Roof 
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Snow Loads 40 psf for ground Snow load from 

Massachusetts Structural 

Design Amendments 
30 psf for the roof 

Seismic Loads 30.6 plf for lobby and ground 

floor 

Seismic parameters from 

Massachusetts Structural 

Design Amendments, risk 

category II, soil site class D 30.6 plf for 1st floor 

30.6 plf for 2nd floor 

30.6 plf for 3rd floor 

30.6 plf for 4th floor 

30.6 plf for the roof 

Wind Load 36.5 psf for lobby floor Wind speeds from 

Massachusetts Structural 

Design Amendments 39.2 psf for 1st floor 

41.3 psf for 2nd floor 

42.9 psf for 3rd floor 

44.2 psf for 4th floor 

45.3 psf for the roof 
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Figure 6.1.1: Seismic Loading Data for Steel Frame Design 
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Figure 6.1.2: Seismic Loading Analysis for Steel Frame Design 
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The self-weight of the concrete slab on a metal deck was compared to the self-weight of the 

floors of the existing structure to ensure the new dead load applied to the existing exterior mass 

masonry walls would be allowable. The case study building has an existing three-inch wood 

subfloor with an existing one-inch thick layer of gypcrete. The combined self-weight of these 

existing elements would conservatively be approximately 18 pounds per square foot (APA, 

n.d.b; Rubio, 2020). The new dead load produced by the self-weight of the concrete slab on a 

metal deck was approximately 50 pounds per square foot.  

 

This means that the new concrete slab on a metal deck would produce a larger dead load on the 

mass masonry walls than the existing floors. Typically, if the weight of a new floor is within five 

percent of the existing floor weight, no changes would be needed for the existing exterior walls. 

However, the maximum weight the new concrete slab on a metal deck could have without 

needing upgrades or retrofits to the existing mass masonry walls would be 19 pounds per square 

foot. Since the weight of the new concrete slab on a metal deck was also larger than this, 

upgrades or retrofits would need to be made to the existing mass masonry walls in order to 

provide support for an additional 32 pounds per square foot. When completing the upgrade or 

retrofit, new interior column footings will also be placed in order to support any additional 

loadings from the new steel frame design, which will ensure the existing foundation will be able 

to support this new design. 

 

The combined dead and live loads of the new concrete slab on a metal deck was also compared 

to the dead and live loads of the existing wood subfloor with the layer of gypcrete to ensure the 

new loadings applied to the existing exterior mass masonry walls would be allowable. The 

existing building has, conservatively, a floor dead load of 23 pounds per square foot, including 

the self-weight of the floor, MEP, hung ceilings, and finishes. The existing building also has, 

conservatively, a floor live load of 125 pounds per square foot (ASCE & Structural Engineering 

Institute, 2010). Combined, the dead and live load of the floors of the existing building is 

approximately 148 pounds per square foot. The new floor dead load of the concrete slab on a 

metal deck was approximately 55 pounds per square foot, including the self-weight of the floor, 

MEP, hung ceilings, and finishes. The new floor live load of the concrete slab on a metal deck 

was 100 pounds per square foot for the ground floor through the 4th floor and 20 pounds per 

square foot for the roof. Combined, the dead and live load of the new concrete slab on a metal 
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deck was approximately 155 pounds per square foot for the ground floor through the 4th floor 

and 75 pounds per square foot for the roof.  

 

This means that the roof level would not require any additional upgrades or retrofits to the 

existing exterior mass masonry walls due to the roof level having a smaller combined dead and 

live load than the existing building. The ground floor through fourth floor, however, would 

produce a larger combined dead and live load than the existing building. But, if the combined 

dead and live loads of a new floor is within five percent of the existing floor’s combined dead 

and live loads, no changes would be needed for the existing exterior walls. In this case, the 

maximum combined dead and live loads the new concrete slab on a metal deck could have 

without needed additional upgrades or retrofits would be 155 pounds per square foot. Since this 

is the loading the concrete slab on a metal deck would produce, no additional upgrades or 

retrofits would be needed. 
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6.2 Steel Beam Design 

The steel beam design was completed in a 

similar fashion as the glulam beam design. 

The steel beams were designed to comply 

with the bending capacity, shear capacity, 

and deflection limits as established in 

ASCE 7-10, AISC-15, 780 CMR 16, and 

other applicable building codes and design 

guides (ASCE & Structural Engineering 

Institute, 2010; American Institute of Steel 

Construction [AISC], 2017; Office of Public 

Safety and Inspections, 2017). When deciding on the beam size to be used throughout the 

building, an iterative process was used. First, a beam size from AISC-15 was identified that met 

the bending, shear, and deflection criterion. The bending capacity criterion was the main 

determining factor for the beam sizes as the member needed to be capable of handling the 

bending moment caused by the loadings. Once an appropriate beam size was selected, the next 

smallest beam size was examined as smaller and lighter structural members provide a more 

economical design. The smallest beam size that met the bending, shear, and deflection criterion 

was chosen, and this beam size was examined for applicability to the other beams throughout the 

building. If the already selected beam size resulted in a highly over-designed beam or an under-

designed beam, a new beam size was chosen using the same iterative process. This mostly 

happened with beams that were in contact with a staircase. Since the cast-in-place concrete slab 

on a metal deck could remain the same on the roof level, no intermittent roof beams were needed 

in the steel design. While this design process caused some members to be slightly over-designed, 

having as many beams of the same size as possible would ease the manufacturing of the beams 

and the renovation of the building. 

 

The final beam design was composed of 52 W16x31 beams spanning in the north-south 

direction, eight W12x14 beams in contact with the staircases throughout the floor, and 30 

W12x22 girders spanning east-west for each floor from the ground floor to the fourth floor, as 

seen in Figure 6.2.2. The lobby was composed of four W24x62 beams, as seen in Figure 6.2.3. 

Figure 6.2.1: Typical Floor Plan 
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The roof was composed of 52 W14x22 beams spanning in the north-south direction, eight 

W12x14 beams in contact with the staircases throughout the floor, and 30 W12x14 girders 

spanning east-west, as seen in Figure 6.2.4. Google Sheets were used throughout the iterative 

design process to ensure correct calculations. These calculations can be found in Appendix D.  
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Figure 6.2.2: Ground Floor Through 4th Floor Steel Beam Sizes 
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Figure 6.2.3: Attached Lobby Steel Beam Sizes 
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Figure 6.2.4: Roof Steel Beam Sizes 
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6.3 Steel Column Design 

The steel column design was also completed in a similar fashion as the glulam column design. 

The steel columns were designed to comply with the axial loading capacity, buckling capacity, 

and shear capacity as prescribed in ASCE 7-10, AISC-15, 780 CMR 16, and all other applicable 

building codes and design guides (ASCE & Structural Engineering Institute, 2010; AISC, 2017; 

Office of Public Safety and Inspections, 2017). When determining the column sizes to be used 

throughout the building, an iterative process was used. First, a column size from AISC-15 was 

determined that met the axial loading, buckling, and shear criterion. Ensuring the column size 

could adequately support the axial loading was the main determining factor for the column sizes. 

Once an initial column size was chosen, the next smallest column size was analyzed as smaller 

and lighter structural members can provide a more economical design. The smallest column size 

that met the axial loading, buckling, and shear criterion was chosen and that column size was 

examined for the other columns throughout the building. While this design process caused some 

columns to be slightly over-designed, having as many columns of the same size as possible 

would ease the manufacturing of the columns and the renovation of the building. The final 

column design consisted of 28 W8x31 columns for each floor from the ground floor to the roof, 

as seen in Figure 6.3.1. Google Sheets were used throughout the iterative design process to 

ensure correct calculations. These calculations can be found in Appendix D. 
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Figure 6.3.1: Ground Floor Through Roof Steel Column Sizes 
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6.4 Steel Bracing Design 

In order to resist the lateral loading from the seismic and wind loads, bracing throughout the 

building was needed. The load path for the lateral loadings through the bracing supports can be 

seen in Figure 6.4.1. It was determined that lateral bracings were needed every third bay in the 

east-west direction to support the north-south direction beams for each half of the building. This 

determination was made to resist the horizontal deflection, or sway, of the building. The 

introduction of braces to the design also reduced the impact of lateral loads on the beam and 

column members, as they were designed to resist vertical loads (Bwail, 2019). To provide more 

stability, the bracings were placed on the opposite bay in the north-south direction on each floor. 

For example, a bracing supporting beam A5.1-B5.1 on the ground floor would be placed on 

beam B5.1-C5.1 on the first floor. The maximum spacing for the brace on the W16x31 beams 

was determined to be 9’ 10”, meaning that two inverted V-bracings were needed for each beam. 

Inverted V-bracings, also known as chevron bracings, were chosen as they can provide the most 

resistance to sway (Alshamrani et al., 2009). This type of bracing also allows the tenants 

flexibility with movement about the floor by allowing doorways and corridors to be placed along 

the bracing lines (AISC, n.d.). The steel bracings and the associated welded gusset plate 

connection were designed to comply with the bending moment capacity, net and shear rupture 

capacity, buckling capacity, tension capacity, shear capacity, and deflection limits as prescribed 

in ASCE 7-10, AISC-15, 780 CMR 16, and all other applicable building codes and design guides 

(ASCE & Structural Engineering Institute, 2010; AISC, 2017; Office of Public Safety and 

Inspections, 2017).  

 

When determining the bracing size to be used throughout the building, an iterative process was 

used. First, a bracing size from AISC-15 was determined that met the required criterion. Once an 

initial bracing size was chosen, the next smallest size was analyzed as smaller and lighter 

structural members can provide a more economical design. The smallest bracing size that met the 

required criterion was chosen and that size was examined for application to the other bracings 

throughout the building. The final bracing design consisted of four HSS5x5x⅜ braces with ¾” 

thick gusset plates placed every three bays in the east-west direction to support the north-south 

direction beams on each half of the floor, as seen in Figure 6.4.2. Google Sheets were used 
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throughout the iterative design process to ensure correct calculations. These calculations can be 

found in Appendix D. 
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Figure 6.4.1: Load Path of Lateral Loads Through the Braced Frame 
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Figure 6.4.2: Braced Frame Design 
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7.0 Evaluation 

The biggest factors that can affect the material or design an owner selects for a project are the 

total project cost and duration. Therefore, a cost analysis was performed for the structural 

members for both the mass timber and steel frame designs, estimating the cost of the in-place 

costs (cost of the materials, labor, and equipment) for the gut renovation project. However, the 

duration of the manufacturing and construction process for the project impacts not only the total 

project duration, but also the overall cost of the project. The age old aphorism “time is money” is 

especially true in the construction industry as labor costs are determined by the project duration. 

Because of this, the manufacturability and constructability of the mass timber and steel frame 

design were also evaluated. 

7.1 Cost Analysis of the Mass Timber and Steel Frame Designs 

The costs of the structural elements for the mass timber design can be seen in Table 7.1.1. The 

glulam beam costs for the mass timber design were calculated using Building Construction Costs 

with RSMeans Data (R.S. Means Company, 2019). While this data did not include the cost of the 

glulam beam sizes determined for the mass timber design, an average of the cost per cubic inch 

of the glulam beams listed in Building Construction Costs with RSMeans Data was calculated 

and used as a form of unit cost. The costs for the glulam columns costs for the mass timber 

design were calculated using Assemblies Costs with RSMeans Data (R.S. Means Company, 

2016). The costs for the CLT floors and wall panels were calculated using information from 

Nordic (M. Richard, personal communication, March 12, 2021). In the case of missing 

information, conservative extrapolations were made. The total structural in-place cost of the 

mass timber design was estimated to be approximately $4,900,000, or $43 per square foot. 
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Table 7.1.1: Cost Analysis for Mass Timber Design 

Structural Element Unit Cost Total Cost 

Glulam Beams   

17 ⅝” x 15 ⅛” $0.03/cubic in $554,000 

13 ⅝” x 10 ¾”  $0.03/cubic in $94,000 

8 ½” x 8” $0.03/cubic in $2,300 

7 ¼” x 6” $0.03/cubic in $2,100 

7 ¼” x 7 ⅛” $0.03/cubic in $1,500 

11 ½” x 9 ¾”  $0.03/cubic in $93,000 

9 ½” x 8 ½” $0.03/cubic in $10,000 

5 ⅜” x 5” $0.03/cubic in $360 

5 ⅜” x 3 ¾” $0.03/cubic in $380 

5 ⅜” x 4 ¼” $0.03/cubic in $260 

23 ¾” x 21 ¾” $0.03/cubic in $24,000 

 Total Glulam Beam Cost $780,000 

Glulam Columns   

9’ x 9’ $3,600/mbf $46,000 

8’ x 8’ $3,400/mbf $6,900 

 Total Glulam Columns Cost $53,000 

CLT Floors   

8’ x 12’ $20/sq ft $2,300,000 

8’ 7 ¼” x 12’ $20/sq ft $310,000 

8’ 7 ⅜” x 12’ $20/sq ft $310,000 

8’ x 6’ $12/sq ft $280,000 

8’ 7 ¼” x 6’ $12/sq ft $37,000 
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8’ 7 ¾” x 6’ $12/sq ft $37,000 

 Total CLT Floor Cost $3,300,000 

CLT Walls   

5 ½’ x 13 ½’ $20/sq ft $8,900 

15’ 10 10/17” x 13 ½’ $20/sq ft $26,000 

21’ 2 2/17” x 13 ½’ $20/sq ft $69,000 

8’ 5 11/17” x 13 ½’ $20/sq ft $14,000 

27’ 2 2/17” x 13 ½’ $20/sq ft $88,000 

11’ 3 9/17” x 13 ½’ $20/sq ft $37,000 

37’ 4 16/17” x 13 ½’ $20/sq ft $120,000 

9’ 10 10/17” x 13 ½’ $20/sq ft $32,000 

12’ 4 4/17” x 13 ½’ $20/sq ft $20,010 

24’ x 13 ½’ $20/sq ft $39,000 

14’ 9 15/17” x 13 ½’ $20/sq ft $24,000 

17’ 7 13/17” x 13 ½’ $20/sq ft $29,000 

13’ 11 5/17” x 13 ½’ $20/sq ft $43,000 

20’ 9 15/17” x 13 ½’ $20/sq ft $67,000 

8’ 9 15/17” x 13 ½’ $20/sq ft $29,000 

27’ 10 10/17” x 13 ½’ $20/sq ft $90,000 

32’ x 27’ $20/sq ft $17,000 

 Total CLT Wall Cost $750,000 

 Total Mass Timber Design 

Cost 

$4,900,000 

  $43/sq ft 

 

The costs of the structural elements for the steel frame design can be seen in Table 7.1.2. The 

structural in-place costs for the steel frame design were calculated using Building Construction 
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Costs with RSMeans Data (R.S. Means Company, 2019). The in-place cost for the gusset plates 

were calculated by taking the average price of two metals manufacturer’s gusset plate prices 

(Metals Depot, n.d.; Midwest Steel and Aluminum, n.d.). In the case of missing information, 

conservative extrapolations were made. The total structural in-place cost of the steel frame 

design was estimated to be approximately $980,000, or $8.70 per square foot. 

 

Table 7.1.2: Cost Analysis for Steel Frame Design 

Structural Element Unit Cost Total Cost 

Steel Beams   

W16x31 $57/linear ft $330,000 

W12x22 $42.50/linear ft $77,000 

W12x14 $33/linear ft $24,000 

W24x62 $107/linear ft $14,000 

 Total Steel Beam Cost $450,000 

Steel Columns   

W8x31 $58.96/linear ft $130,000 

 Total Steel Column Cost $130,000 

Concrete Slab   

4” Thick Concrete Slab $270/cubic yd $380,000 

 Total Concrete Slab Cost $380,000 

Bracings   

HSS5x5x⅜   $103/brace $22,000 

¾” Gusset Plate $41.35/plate $8,900 

 Total Bracings Cost $31,000 

 Total Steel Frame Design 

Cost 

$989,000 

  $8.70/sq ft 
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In addition, both designs would require some upgrades or retrofits to the existing exterior mass 

masonry walls due to the new weights produced from the designed floors as well as new interior 

column footings to ensure the building’s foundation could adequately support the new designs. 

Both of these would increase the overall cost of both designs. Even with this, it is clear that the 

in-place costs for the steel frame design were much less than the mass timber design from the 

cost analysis. While glulam members can be less expensive than steel members, fabricated 

glulam does tend to be more expensive than steel (Buckland Timber, n.d.). This was seen with 

the beam cost for each design, with the glulam beams being comparable, but ultimately more 

expensive, than the steel beams. The glulam beams were also expected to be more expensive 

than the steel beams due to the mass timber design including infill beams on the roof level to 

allow for a three-ply CLT floor. The glulam columns, however, were less expensive than the 

steel columns. The biggest difference in the costs between the two designs was the CLT floor 

and the concrete slab on a metal deck costs. However, this does fall in line with previous 

comparisons of CLT and concrete structures and structural members (Came, 2018).  

 

The steel cost per square foot seemed to be lower than the $15-$25 per square foot that is 

expected of a steel frame (Cost Hack, 2020). This could be due to the lack of inclusion of 

finishes and fire protection material for the steel members or indicative that the steel frame 

design was lighter than a typical steel frame. The mass timber cost per square foot, however, 

does fall in line with the expected cost per square foot of $48-56 for CLT structures since glulam 

elements, which are less expensive than CLT, were used (Concrete Reinforcing Steel Institute, 

2018). Since CLT is still a relatively newer material and there are a limited number of 

manufacturers, the in-place costs would be higher than materials that are more readily available, 

like steel.  

 

In addition to the in-place costs, the transportation of the materials from the manufacturer to the 

project site should also be considered. Nordic, the selected manufacturer for the mass timber 

design, is approximately 250 miles away from the case study building, while the closest steel 

manufacturer to the case study building, Boston Welding & Design, Inc., is approximately 10 

miles away. While CLT is comparable to traditional construction materials in terms of 

transportation cost, the large difference in the locations of these manufacturers would cause the 

transportation of the mass timber materials to be more expensive than the steel frame design 
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(Lewis et al., 2016). Once again, the limit of CLT manufacturers due to the slower spread of 

CLT in North America would cause the mass timber design to be a more expensive option than 

the steel frame design. However, what CLT, and therefore the mass timber design, lacks in 

material and transportation costs can be improved by the manufacturability and constructability 

of the design. 

7.2 Manufacturability and Constructability of the Mass Timber and Steel 

Frame Designs 

Easing the manufacturing and construction of a building can reduce the overall duration of a 

building renovation, which would ultimately reduce the overall cost of the project. One way the 

design of the case study building aimed to ease the manufacturing of the building materials was 

to select readily available member sizes and using a typical member size as much as possible 

throughout the building. Readily available members are member sizes that manufacturers 

regularly make, so choosing these members would reduce the overall fabrication time. The mass 

timber structural members were selected from the Nordic Structural Details catalog, making 

these member sizes readily available through Nordic (Nordic, 2020). The steel members were 

selected from AISC-15. Within the design tables provided in AISC-15, some member sizes are 

bolded. These members are more efficient and widely used (Pham, 2016).  

 

As mentioned in Chapters 5 and 6, once a member size was selected, it was analyzed for its 

applicability to all the other members throughout the building. This was done to also ease the 

manufacturing and construction of these members. Ordering multiple members of the same size 

would allow the manufacturer to produce the materials more efficiently as manufacturers tend to 

produce in batches of the same size. Using this method can reduce the time to set up the 

fabrication and decrease waste (Gemma, 2019). In addition, having one member size throughout 

the building would allow for a faster and smoother construction by reducing confusion and the 

risk of members being placed in the wrong location. 

 

In general, mass timber construction tends to be completed faster than steel construction. CLT 

especially can be erected quickly due to the prefabrication of the panels. This off-site 

prefabrication allows construction crews to simply place the panels, reducing the overall labor 
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cost and construction duration as well as improving the safety of the construction site (Di Bella 

& Mitrovic, 2020). In fact, CLT construction has been found to have up to a 20% shorter 

duration than concrete construction, and concrete construction can be up to twice as fast as steel 

construction (Di Bella & Mitrovic, 2020; Whirlwind Team, 2016). In addition, prefabrication can 

allow elements such as doors and windows to also be installed off-site, which contributes to 

reducing the overall construction duration. 

 

Since CLT is a newer material, it is likely that construction crews who have limited experience 

with CLT may require additional construction time due to the learning curve of working with a 

new material. While this should not prolong the duration of the project to the point where it is a 

longer duration than steel construction, it should be planned for since it is likely that a 

construction crew completing the renovation would have limited experience using CLT. Despite 

having a higher in-place cost, the ability to have a shorter manufacturing duration because of the 

use of repetitive readily available sizes throughout the building as well as a shorter construction 

duration due to prefabrication, reduces the overall cost of the project and makes the mass timber 

design a competitive option when compared to the steel frame design.   
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8.0 Acoustic and Vibration Performance of CLT 

In order to determine the implications of the acoustic and vibration performance of CLT and how 

design standards and requirements would affect the mass timber design of the case study 

building, several studies were identified, read, and analyzed for key findings and understanding. 

A summary of these studies is presented in Table 8.1. 

 

Table 8.1: Studies on the Acoustic and Vibration Performance of CLT 

Name of the 

Study 

Authors Where the 

Study Was 

Completed 

Year 

of 

Study 

Types of Tests  

“The use of cross 

laminated timber 

for long span 

flooring in 

commercial 

buildings” 

Kirsten Lewis, 

Bella Basaglia, 

Rijun Shrestha, 

and Keith Crews 

University of 

Technology 

Sydney, Sydney, 

Australia 

2016 ● Discussion of timber 

floor design methods 

● Finite element 

analysis 

● Experimental modal 

analysis 

“Acoustic 

characteristics of 

cross-laminated 

timber systems” 

Antonino Di 

Bella and Milica 

Mitrovic 

University of 

Padova, Padova, 

Italy 

2020 ● Review of the 

evolution of acoustic 

research on CLT 

“Seismic design 

of a six-storey 

CLT building in 

Italy” 

D. Vassallo, M. 

Follesa, and M. 

Fragiacomo 

Florence, Italy 2018 ● Description of the 

design and 

construction of a six-

story building, with 

an emphasis on 

seismic and vibration 

design 

“Controlling 

cross-laminated 

timber (CLT) 

floor vibrations: 

Fundamentals 

and methods” 

Lin Hu and 

Sylvain Gagnon 

FPInnovations, 

Quebec, Canada 

2012 ● Creation of a new 

design method to 

predict the vibration 

performance of CLT 

floors 

“Vibrations in 

residential 

timber floors: A 

Whokko Schirén 

and Trixie 

Swahn 

Linnæus 

University, 

Småland, 

2019 ● Evaluated current 

floor structures in 

Sweden to determine 
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comparison 

between the 

current and 

revised Eurocode 

5” 

Sweden if they would be able 

to pass a new 

vibration design 

method criterion 

under review for 

Eurocode 5  

 

Since these studies were conducted outside of the United States, the codes and requirements 

discussed are based on international and local codes. The main code referenced throughout these 

studies was Eurocode 5, which addresses the design of timber structures. These studies 

highlighted three main factors that affect the acoustic and vibration of CLT panels, especially 

CLT floors: the fundamental natural frequency of the panels, the stiffness of the panels, and the 

velocity and acceleration of the floor.  

 

Humans are sensitive to vibrations between 4 and 8 Hz, so floors are typically designed to either 

exceed that range or implement measures that will limit the susceptibility of that range (Schirén 

& Swahn, 2019). In addition, vibrations caused by normal walking tend to have a momentary 

duration for floors with a fundamental natural frequency above 8 Hz (Hu & Gagnon, 2012). In 

general, low-frequency floors, usually made of concrete, have a fundamental natural frequency 

of less than 8 Hz, while high-frequency floors, typically made of timber, steel, or lightweight 

concrete, tend to have a fundamental natural frequency above 8 Hz (Schirén & Swahn, 2019). 

Since CLT floor panels can be heavier than typical timber floors, however, there is a concern that 

the fundamental natural frequency of CLT could be below 8 Hz, requiring special design. Many 

codes internationally, however, only include guidance on designing timber floors above 8 Hz 

(Lewis et al., 2016; Schirén & Swahn, 2019; Vassallo et al., 2018).  

 

In order to find the fundamental natural frequency of the floors used for the case study building, 

the equation 𝑓1 =
𝜋

2𝑙2
√

(𝐸𝐼)𝑙

𝑚
  was used, where f1 is the fundamental natural frequency, l is the 

length of the CLT floor panel, (EI)l is the longitudinal elastic modulus, and m is the mass of the 

CLT panel (Lewis et al., 2016; Schirén & Swahn, 2019). From this, it was found that the typical 

floor used from the ground floor through the fourth floor would have a fundamental natural 

frequency of 13 Hz and the floor used for the roof level would have a fundamental natural 

frequency of 35 Hz. Since both of these were above 8 Hz, no special design would be required. If 
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the floors had a fundamental natural frequency below 8 Hz, however, this could be improved by 

selecting specific coatings for the floor panels or increasing the mass of the floor panels (Di 

Bella & Mitrovic, 2020; Schirén & Swahn, 2019). 

 

The stiffness of the CLT floor panels also plays a role in the acoustic and vibration performance 

of mass timber buildings because the stiffness controls the deflection of the CLT floor panels. In 

the design method proposed by Schirén and Swahn (2019), a stiffness criteria was created to 

predict the floor performance level in terms of acoustic and vibration performance. This floor 

performance level goes from Level I to Level VII, where “Level I is excellent and Level VII is 

unacceptable” (Schirén and Swahn, 2019, p. 27). The stiffness criteria to predict the floor 

performance level uses the equation 𝑤225 𝑙𝑏𝑠 =
𝐹𝑙3

48(𝐸𝐼)𝑙𝑏𝑒𝑓
, where w225 lbs is the stiffness of the 

floor when a concentrated static force of 225 lbs is applied and 𝑏𝑒𝑓 =
𝑙

1.1
√

(𝐸𝐼)𝑡

(𝐸𝐼)𝑙

4
, where (EI)l is 

the longitudinal modulus of elasticity and (EI)t is the transverse modulus of elasticity (Schirén 

and Swahn, 2019). From this, the stiffness of the floor used from the ground floor through the 

fourth floor would be 0.0146 in (0.371 mm), which translated to a floor performance level of 

Level III, which is good. The stiffness of the floor used for the roof level would be 0.0226 in 

(0.573 mm), which translated to a floor performance level of Level IV, which is fair.  

 

In addition to the vibration and acoustic performance of the CLT floor panels, the stiffness of the 

floor panels can also indicate the vibrations the floor will undergo due to the seismic 

performance of a building. The high in-plane and out-of-plane stiffness and strength in both the 

longitudinal and transverse directions of CLT panels are what makes CLT suitable for seismic 

resistant construction (Di Bella & Mitrovic, 2020). In order to properly provide seismic 

resistance, the CLT panels must limit the floor deflection due to a concentrated static force of 

225 lbs (1 kN) to 0.0787 in (2 mm) (Hu & Gagnon, 2012; Lewis et al., 2016; Schirén & Swahn, 

2019; Vassallo et al., 2018). Using the equation Δ =
𝐹𝑙3

48(𝐸𝐼)𝑙
, where F is the concentrated static 

force, l is the length of the CLT floor panel, and (EI)l is the longitudinal elastic modulus, it was 

found that the typical floor used from the ground floor through the fourth floor would have a 

deflection of 0.0173 in (0.438 mm) and the floor used for the roof level would have a deflection 

of 0.0564 in (1.43 mm) (Lewis et al., 2016; Schirén & Swahn, 2019). Since both of these are less 
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than the limit of 0.0787 in, the floors in the case study building are capable of adequately 

resisting seismic forces in terms of deflection. The stiffness of these CLT floor panels could be 

improved by using a stress grade other than E1 that has a higher longitudinal elastic modulus, or 

through the use of hold-down anchors or similar connections (Breneman, 2017; Vassallo et al., 

2018). 

 

The final major factor affecting the acoustic and vibration performance of CLT floor panels is 

the velocity and acceleration of the floor. Limiting the velocity and acceleration for CLT floor 

panels can also help with the seismic resistance of mass timber buildings (Arnold, 2004). The 

velocity and acceleration of the floors are affected by the damping ratio, the stiffness, and the 

excitation of the floor (Hu & Gagnon, 2012). The unit impulse velocity response was limited to 

𝜈 ≤ 𝛽(𝑓1𝜁−1), where 𝛽 is the point load deflection limit, f1 is the fundamental natural frequency, 

𝜁 is the modal damping ratio, and 𝜈 =
4(0.4+0.6𝑛40)

𝑚𝑏𝑙+200
, where m is the mass of the CLT floor panel, 

b is the width of the CLT floor panel, l is the length of the floor panel, and       

𝑛40 = (((
40

𝑓1
)

2
− 1) (

𝑏

𝑙
)

4
(

(𝐸𝐼)𝑙

(𝐸𝐼)𝑡
))

0.25

, where (EI)l is the longitudinal modulus of elasticity and 

(EI)t is the transverse modulus of elasticity (Lewis et al., 2016; Schirén and Swahn, 2019). From 

this, it was found that the unit impulse velocity response for the typical floor used from the 

ground floor through the fourth floor would be 1.72 ft/s (0.523 m/s) limited by 6 ft/s (1.83 m/s) 

and the floor used for the roof level would be 5.28 ft/s (1.61 m/s) limited by 16.2 ft/s (4.95 m/s). 

Since both floors would have a unit impulse velocity response less than their limit, the floor 

would be able to properly resist seismic forces. While there was also acceleration criteria 

discussed, it only needs to be checked for floors with a fundamental natural frequency between 4 

and 8 Hz (Schirén and Swahn, 2019).  

 

A set of velocity criteria equations can be used to determine the seismic response modification 

factor, R, for the CLT floor panels. The R value can then be used to predict the floor 

performance level, in a similar way as the stiffness criteria (Schirén and Swahn, 2019). The R 

value for the typical floor used from the ground floor through the fourth floor would be 7.96, 

which translated to a floor performance level of Level II, which is great. The floor used for the 

roof level would have an R value of 14.2, which translated to a floor performance level of Level 
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IV, which is fair. The velocity and acceleration of the CLT floor panels could be improved by 

increasing the overall stiffness of the panels and improving connections between the panels 

and/or adding coatings to the floor panels to improve the damping ratio (Di Bella & Mitrovic, 

2020; Hu & Gagnon, 2012). Based on the reviewed studies, the CLT floors selected for the mass 

timber design seem like they would perform fairly in terms of acoustic and vibration 

performance as well as seismic resistance. The stiffness, velocity, and acceleration of the floor 

panels throughout the building could be improved, but they do seem to follow the guidelines and 

requirements of the design methods presented in the various studies, as well as the codes 

discussed within the studies.  
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9.0 Conclusions 

The four objectives of the project were completed. The first objective was completed through the 

design of a gut renovation of a five-story building in Boston, MA using CLT with mass timber 

elements. The second objective was completed by establishing  a similar design utilizing a steel 

frame with a cast-in-place concrete slab on a metal deck. The third objective was completed by 

comparing the in-place cost, transportation, manufacturability, and constructability of the two 

design options. Finally, the fourth objective was completed through analyzing recent studies on 

the acoustic and vibration performance of CLT and evaluating how this could impact the mass 

timber design.  

 

CLT did outmatch the steel design in terms of sustainability, manufacturability, and 

constructability, but due to the scarcity of mass timber suppliers and manufacturers in North 

America, the cost alone for the five-ply CLT, equating to $20 per square foot, exceeds the 

expected total cost of the steel design, which is approximately $15 per square foot. Because of 

this, it is currently unlikely for a CLT building with mass timber elements, like the case study 

building, to be selected over a steel frame design. However, once CLT has a wider spread 

throughout the United States, it is likely that more CLT manufacturers outside of Oregon will 

begin operation in the coming years due to an increase in demand. Once this happens, the 

material and transportation costs for CLT should decrease. Combining lower material and 

transportation costs with the already established sustainability, manufacturability, and 

constructability benefits will make CLT a very competitive option when compared to traditional 

building materials, such as steel. 

 

After completing this project, some ideas and suggestions for future projects include surveying 

owners, developers, manufacturers, and contractors on their awareness and willingness to use 

CLT, completing a full acoustics and vibration design for the case study building, exploring the 

fire protection capabilities of CLT structures, and exploring the option of a hybrid mass timber 

and steel building. A survey for manufacturers and contractors could be conducted to help push 

awareness for CLT and can also assess how willing they are to begin using it. By using an 

already designed building, a full acoustic and vibration design of a CLT structure could be 

performed to find what elements of the building would be most affected and to evaluate how 
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much the design changes based on acoustic and vibration performance would differ from the 

original design. Through the background research, the team found some information on the fire 

protection capabilities of CLT and how it can be a better option than traditional timber buildings 

in this regard. It would be interesting to evaluate the fire protection capabilities of CLT structures 

in comparison to other building materials, especially as the construction of extensive wood 

structures has been steered away in the past due to its flammability. Finally, a hybrid building 

utilizing both mass timber and steel elements could be designed to establish how the hybrid of 

the materials compare to a design using just one of the materials. This would reflect the 

established use of hybrid CLT high-rise buildings in Europe. 
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Capstone Design Statement 

To complete the Capstone Design aspect of this project, we will be designing a gut renovation of 

a five-story office building in Boston, MA. Two designs will be completed: one using cross-

laminated timber (CLT) and one using steel. The designs will be analyzed and compared to help 

determine the effectiveness of CLT. We plan on addressing several real-world constraints while 

designing for this project. 

Sustainability 

To address the sustainability constraint of our capstone design, we will be creating two designs: 

one using CLT and one using steel. We will be focusing on CLT, which is a more sustainable 

alternative to other building materials, such as steel or concrete. Both designs will be analyzed 

for their sustainability using a number of factors such as CO2 emissions and energy savings. 

Economics 

To address the economic constraint of our capstone design, we will be comparing the economical 

differences between the two designs. We will be using different cost parameters, such as the cost 

of the materials, manufacturing, transportation, labor, and estimated time of construction. Since 

there are far fewer CLT manufacturers in the United States than steel manufacturers, taking the 

cost of manufacturing and transportation of the materials into account is necessary to create a 

more complete comparison of the economic impact of our designs. 

Health and Safety 

To address the health and safety constraints of our capstone design, we will be addressing the 

safety concerns that come with the design of a multi-story office building made of CLT or steel. 

To create safe and realistic designs, we will be following the guidelines for CLT found in the 

CLT Handbook, the American National Standards Institute and APA - The Engineered Wood 

Association’s Standard for Performance-Rated Cross-Laminated Timber, the American Wood 

Council’s (AWC) Manual for Engineered Wood Construction, and the AWC’s National Design 

Specification for Wood Construction. The steel design will follow the guidelines from the 

American Institute for Steel Construction’s 15th edition of the Steel Construction Manual. Both 
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designs will also follow the guidelines from the American Society of Civil Engineers’ Minimum 

Design Loads for Buildings and Other Structures 7-10, the International Building Code of 2015, 

the International Existing Building Code of 2015, and all local building codes.  

Ethics 

To address the ethical constraint of our capstone design, we will be addressing ethical concerns 

throughout the project. We will be working ethically throughout this project and will follow the 

ethical guidelines put in place by the American Society of Civil Engineers. These guidelines 

include creating safe and sustainable structures, acting professionally and avoiding conflicts of 

interest, and treating everyone involved in the project fairly (American Society of Civil 

Engineers [ASCE], 2017). 

Manufacturability and Constructability 

To address the manufacturability and constructability constraints of our capstone design, we will 

be addressing the lack of knowledge and experience of CLT in North America. We will be using 

standard and readily available sections for both the CLT and steel designs. We will be taking into 

account the shortage of CLT manufacturers in the United States. We will also consider the lack 

of knowledge a construction team may have for working with CLT. In addition, we may make 

design decisions that use repetition and promote ease of construction. To address the regulations, 

design factors, and structural analysis, we will be referencing the CLT Handbook, the 

International Building Code, the International Existing Building Code, and the American 

Institute of Steel Construction’s 15th edition of the Steel Construction Manual. 
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1.0 Introduction 

Cross-laminated timber (CLT) is a relatively new building material that is gaining popularity 

across the globe. CLT was first introduced in Europe in the 1990s and spread to North America 

in the early 2000s. The spread of CLT was helped by the global interest in more sustainable 

construction, which is one of CLT’s greatest advantages, along with its construction speed. The 

spread and use of CLT, however, has been much slower in North America than Europe. This has 

led to fewer manufacturers in North America and less research being conducted locally to help 

improve this new construction material. An aspect of CLT that still requires research is the 

acoustic and vibration performance as both areas still have many unknowns.  

 

The goal of this project is to explore the effectiveness of CLT in New England. This will be done 

through a case study of a gut renovation of a five-story building in Boston, MA using CLT. The 

building was originally constructed in 1907 to be used by the New England Confectionery 

Company. We will be designing for the building to be completely renovated into an office 

building. This case study is based on a project being completed by Simpson Gumpertz & Heger 

(SGH). The four objectives that have been identified to complete this case study are: 

 Objective 1: Evaluate the Design Implications of CLT 

 Objective 2: Evaluate the Design Implications of Steel 

 Objective 3: Assess Acoustic and Vibration Design Alternatives 

 Objective 4: Compare the Design Solutions of CLT and Steel 

Two designs will be completed in this case study: one using CLT and one using steel. This will 

allow for a comparison of the effectiveness of the two building materials. We will also design for 

the acoustic and vibration performance of CLT based on the current research that is being done 

in those areas. The results of this case study will allow the effectiveness of CLT to be explored, 

from the design to the cost to the manufacturability of the material. 
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2.0 Background 

CLT is a prefabricated engineered wood panel that consists of multiple layers of panels that are 

stacked in alternating directions (APA - The Engineered Wood Association [APA], n.d.). The 

individual layers of CLT can be bonded together with a structural adhesive or metal fasteners. 

CLT is a relatively new construction material with its first introduction being in Austria, 

Germany, and Switzerland in the 1990s and was spread across Europe by the early 2000s 

(Greenspec, n.d.; North Carolina State University [NC State], n.d.). Although CLT was also 

introduced in North America in the early 2000s, it’s spread and use in North America has been 

much slower than in Europe (Pei et al., 2016). Since CLT is a newer building material, there are 

still many unknowns, leading to questions about its effectiveness in comparison to other building 

materials, such as steel.  

2.1 The Advantages and Disadvantages of CLT 

One of the biggest disadvantages for CLT in North America has been its late introduction to the 

continent. With less time for CLT to establish itself in North America, there is a lack of tenured 

CLT manufacturers raising the issues of time and cost when working on CLT buildings within 

the United States. Another looming disadvantage is the lack of data supporting CLT (Robbins, 

2019). Beverly Law, a professor of global change biology and terrestrial systems science at 

Oregon State University, recognizes the lack of analysis of carbon emitted by mass timber 

production since it is a huge and complex task to assess the factors of CO2 produced in forest 

ecosystems as well as in production (Robbins, 2019).   

 

 A great advantage for CLT is its application in construction ranging from public to institutional 

use to even schools and multifamily buildings (reThink Wood). In the case of schools, CLT is 

especially helpful due to its prefabricated state when fitting a project into a time frame as short as 

the summer when students are away from school and still being able to finish within the 

timeframe. This shows how valuable CLT can be for projects of all sizes in reducing their 

duration significantly. As of 2018, there has been a looming boom for CLT manufacturing in the 

U.S. with: four factories in production, two of which are making architectural CLT five factories 

coming online, and three more announced across eight states (Jenkins, 2018).   
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2.2 Sustainability and Forestry 

In recent years the need for green building materials has become a growing concern due to the 

rapid changing of Earth’s climate. A good example of CLT’s growing popularity and application 

to sustainability can be seen from the U.S Department of Defense’s use of CLT for its on-base 

housing due to its general resilience and resistance to explosive forces (Jenkins, 2018). The 

Mjøstårnet is an example proving modern tall buildings can be built with green sustainable 

materials (Moelven, 2019). This Norwegian constructed building stands at 280 feet (85.4 meters) 

tall with 37,073 square feet (11,300 square meters) of space and boasts a hotel, apartments, 

offices, a restaurant, common areas, and even a swimming hall. This high-rise structure 

showcases how capable and versatile CLT can be in place of typical materials such as steel and 

concrete.  

 

From an environmental standpoint, CLT has been viewed very positively as it can be seen as a 

solution to reducing carbon emissions (Sierra Club, 2019). This may be the hope but the need for 

timber will only rise with CLT’s popularity and, if not managed properly, could lead to the 

deforestation of forests that store large amounts of carbon. As promoted by the Sierra Club to 

effectively counter this issue, proper forest stewardship and protection must be used. Concrete, 

for example, is one of the most highly used substances on the planet, second only to water, and is 

responsible for eight percent of global CO2 emissions (Sierra Club, 2019). CLT can be seen as 

the rationale substitution to a building material such as concrete to help reduce a building's 

embodied carbon. Embodied carbon measures emissions from extraction, manufacturing, 

transporting, and the use of a building material which accounts for 10 percent of emissions 

globally using the life cycle assessment (LCA). 

2.3 The Need for Research into the Acoustic and Vibration Performance 

of CLT 

Due to CLT being a relatively new construction material not only in North America but also 

globally, there are quite a few areas that still require research to improve the performance of 

CLT. One such area is the acoustic and vibration performance of CLT. At present, the acoustic 

performance of CLT alone is not adequate. Since CLT is not as large or thick as a typical 

concrete slab or masonry wall, the acoustic separation between rooms and floors in CLT 
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buildings is worse than buildings that use these traditional materials. The acoustic separation of 

CLT structures also does not currently meet the International Building Code (IBC) requirements 

on their own, with CLT having a sound transmission class (STC) of approximately 40 when the 

IBC requires an STC of at least 50 (Metropolitan Acoustics, 2019; The International Code 

Council [ICC], 2015). In order to comply with the IBC, additional barriers are typically used to 

enhance the acoustic properties of CLT. In hopes of improving the acoustic properties of CLT, 

research has been and continues to be conducted worldwide. In 2016, Antonio Di Bella, Nicola 

Granzotto, and Luca Barbaresi conducted an experiment to identify a spectrum of the normal 

impact sound pressure level of a CLT floor in order to create a tool that allows estimations of the 

noise insulation of a CLT floor (Di Bella, Granzotto, & Barbaresi, 2016). In 2013, Mariana Perez 

and Marta Fuente conducted research on a two-story experimental facility to create a predictive 

model of the acoustic behavior of CLT structures (Perez & Fuente, 2013). These studies, along 

with other research being conducted, look to better understand acoustics in relation to CLT and 

how the design of CLT can be adjusted to improve its acoustic properties. 

 

Research is also being conducted into the vibration and seismic resistance of CLT structures. 

Traditional lightweight joisted wood flooring systems are typically smaller and lighter than CLT 

floors, while typical concrete slabs are heavier and larger. This indicates that the fundamental 

frequency of CLT should be between the fundamental frequency of lightweight floors of greater 

than 15 Hz and the fundamental frequency of concrete slabs of less than nine Hz, which was 

confirmed through tests run by FPInnovations (Hu & Gagnon, 2012; Pirvu, 2015). Based on 

CLT’s fundamental frequency being between the fundamental frequency of lightweight floors 

and concrete slabs, it has been determined that the current standards for the vibration design of 

lightweight and heavy floors are not adequate for CLT floors. This has led many to conduct 

research on how to design CLT floors for vibrations. Research is also being conducted into the 

seismic resistance of CLT. CLT has been increasingly used for floor diaphragms and shear walls 

to provide better seismic resistance for buildings. Due to this, research is being conducted 

globally to determine how CLT can be used to strengthen new and existing structures against 

seismic activity. In 2012, Lin Hu and Sylvain Gagnon conducted research to better predict the 

vibration performance of CLT floors as the existing design methods for lightweight and heavy 

floors are not applicable to CLT floors. Through this study, a new design method for floor 
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vibrations was created for CLT floors, which can be used to provide better vibration and seismic 

performance within CLT structures (Hu & Gagnon, 2012). Other research, however, has found 

that there are currently too many unknowns with CLT since it is a relatively new building 

material, indicating that more research is needed into CLT as a material and its relation to 

seismic resistance. 

2.4 Design Standards and Specifications 

The introduction of CLT in North America has led to its inclusion in several engineering 

publications and building codes that will be used throughout this report. These include the CLT 

Handbook, the American National Standards Institute and APA - The Engineered Wood 

Association’s Standard for Performance-Rated Cross-Laminated Timber (ANSI-APA PRG), the 

American Wood Council’s (AWC) Manual for Engineered Wood Construction (AWC-2018), 

and the AWC’s National Design Specification for Wood Construction (AWC-NDS). The report 

will also refer to the American Society of Civil Engineers’ Minimum Design Loads for Buildings 

and Other Structures (ASCE 7-10), the IBC of 2015 (IBC-2015), and the International Existing 

Building Code of 2015 (IEBC-2015) for the design requirements of CLT and the building codes. 

The design requirements of steel will be referenced from the American Institute for Steel 

Construction’s 15th edition of the Steel Construction Manual (AISC-15). 
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3.0 Methodology 

Goal: To address the effectiveness of a CLT design for the renovation of a future office building 

to be used by SGH. 

3.1 Objective 1: Evaluate the Design Implications of Steel 

 

Steps Scope References 

Design a 

steel 

frame 

• Design steel frame based on floor 

plans provided by SGH 

o Design for similar structural 

members (girders, columns, 

etc.) 

o Design for gravitational and 

vertical loads of the 

building, including self-

weight 

o Design for lateral load 

resistance 

o Complete a load takedown 

for the foundation and 

masonry exterior of the 

building and adjust the 

design as needed 

• Complete design calculations  

o Will use design software 

(ie. RISA, AutoCAD, 

Excel, etc.) to help ensure 

correct calculations 

• Floor plans of the building 

provided by SGH 

• United States and local design 

requirements and building 

codes 

o AISC-15 

o ASCE 7-10 

o IBC-2015 

o IEBC-2015 

▪ Level 3 

Alteration  

 

3.2 Objective 2: Evaluate the Design Implications of CLT 

 

Steps Scope References 
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Design 

CLT 

renovation 

• Design all CLT walls, floors, 

etc. based on floor plans 

provided by SGH 

o Design for gravitational 

and vertical loads of the 

building, including self-

weight 

o Design for lateral load 

resistance 

o Complete a load 

takedown for the 

foundation and masonry 

exterior of the building 

and adjust the design as 

needed 

o Use glulam for beam and 

column design 

• Complete design calculations  

o Will use design software 

(ie. RISA, AutoCAD, 

Excel, etc.) to help 

ensure correct 

calculations  

• Floor plans of the building 

provided by SGH 

• United States and local design 

requirements and building 

codes 

o CLT Handbook 

o ANSI-APA PRG 

o AWC-2018 

o AWC-NDS 

o ASCE 7-10 

o IBC-2015 

o IEBC-2015 

▪ Level 3 

Alteration 

• Design Example 

o (Brandner, Flatscher, 

Ringhofer, 

Schickhofer, & Thiel, 

2016) 

 

3.3 Objective 3: Assess Acoustic and Vibration Design Alternatives 

 

Steps  Scope References 

Design for 

acoustic/vibrations 

for CLT 

• Design for 

acoustics/vibrations for CLT 

based on design examples 

and reference calculations 

• CLT Handbook 

• Design Examples 

o (Bella & 

Mitrovic, 2020) 

o (Vassallo, 

Follesa, & 

Fragiacomo, 

2018) 
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o (Hu & Gagnon, 

2012) 

o (Lewis, 

Basaglia, 

Shrestha, & 

Crews, 2016) 

 

3.4 Objective 4: Compare the Design Solutions of CLT and Steel  

 

Steps Scope References 

Compare the CLT 

and Steel Designs 

• Complete a cost analysis for both 

designs and compare them 

• Compare the manufacturability and 

constructability of the designs 

• CLT and steel 

design results 
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Proposed Project Schedule 
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Appendix B: The Floorplans of the Case Study Building 

 



 

110 

 



 

111 

 



 

112 

 



 

113 

 



 

114 

  



 

115 

Appendix C: Mass Timber Design Calculations 

Dead Load Breakdown 

The uniform dead load throughout the building included an estimation for mechanical, electrical, 

and plumbing systems (MEP), hung ceilings and finishes, and the self-weight of the CLT floors. 

An assumption of five pounds per square foot was made for the MEP and hung ceilings and 

finishes (“Structural Loads”, n.d.). The CLT floor panels had an additional assumed dead load of 

three pounds per square foot for a hardwood finish on the floor. The dead load of the CLT floor 

panels was calculated to be approximately 21 pounds per square foot for the five-ply panels and 

approximately 12 pounds per square foot for the three-ply panels. 
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Beam Design 

Attached Lobby 
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Ground Floor Through 4th Floor 

Typical North-South Direction Beams 
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Beams in Contact with the Staircase in the South-West Corner of the Building 
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Beams in Contact with the Staircase in the North of the Building 
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Beams in Contact with the Staircase in the North-East Corner of the Building 
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Typical East-West Direction Girders 
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Roof 

Typical North-South Direction Beams 
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Beams in Contact with the Staircase in the South-West Corner of the Building 
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Beams in Contact with the Staircase in the North of the Building 

 



 

163 



 

164 



 

165 

 



 

166 

Beams in Contact with the Staircase in the North-East Corner of the Building 
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Typical East-West Girders 
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Column Design 

Ground Floor Through 4th Floor 
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Roof 
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Floor Design 

Attached Lobby 
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Ground Floor Through 4th Floor 
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Roof 
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Wall Design 

Attached Lobby 
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Ground Floor Through Roof 
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Cost Analysis 
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Appendix D: Steel Frame Design Calculations 

Dead Load Breakdown 

The uniform dead load throughout the building included an estimation for mechanical, electrical, 

and plumbing systems (MEP), hung ceilings and finishes, and the self-weight of the cast-in-place 

concrete slab on a metal deck. An assumption of five pounds per square foot was made for the 

MEP and hung ceilings and finishes (“Structural Loads”, n.d.). The dead load produced by the 

cast-in-place concrete slab on a metal deck was found by assuming a 4” thick slab and 

multiplying that by the density of concrete (150 pounds per cubic foot) (Vanderwerf, 2007). This 

resulted in a 50 pounds per square foot dead load for the cast-in-place concrete slab on a metal 

deck. 
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Beam Design 

Attached Lobby 
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Ground Floor Through 4th Floor 

Typical North-South Direction Beams 
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Beams in Contact with the Staircase in the South-West Corner of the Building 
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Beams in Contact with the Staircase in the North of the Building 
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Beams in Contact with the Staircase in the North-East Corner of the Building 
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Typical East-West Direction Girders 
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Roof 

Typical North-South Direction Beams 
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Typical East-West Direction Girders 

 



 

210 



 

211 

 

Column Design 

Ground Floor Through Roof 
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Bracing Design 

Ground Floor Through Roof 
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Cost Analysis 

 


	Abstract
	Acknowledgments
	Authorship
	Capstone Design Statement
	Professional Licensure Statement
	Table of Contents
	List of Tables
	List of Figures
	1.0 Introduction
	2.0 Background
	2.1 Mass Timber
	2.2 The Advantages and Disadvantages of CLT
	2.3 Sustainability and Forestry
	2.4 The Need for Research into the Acoustic and Vibration Performance of CLT
	2.5 Design Standards and Specifications
	2.5.1 Seismic Design
	2.5.2 CLT Manufacturers


	3.0 Methodology
	3.1 Objective 1: Establishing Alternative Solutions in CLT
	3.2 Objective 2: Establishing Alternative Solutions in Steel
	3.3 Objective 3: Evaluate and Compare the Design Solutions in CLT and Structural Steel
	3.4 Objective 4: Assess Acoustic and Vibration Design Alternatives

	4.0 The Case Study Building
	5.0 Mass Timber Design
	5.1 Loadings Considered in the Mass Timber Design
	5.2 Glued Laminated Timber Beam Design
	5.3 Glued Laminated Timber Column Design
	5.4 Cross-Laminated Timber Floor and Wall Design
	5.4.1 Cross-Laminated Timber Floor Design
	5.4.2 Cross-Laminated Timber Wall Design


	6.0 Steel Frame Design
	6.1 Loadings Considered in the Steel Frame Design
	6.2 Steel Beam Design
	6.3 Steel Column Design
	6.4 Steel Bracing Design

	7.0 Evaluation
	7.1 Cost Analysis of the Mass Timber and Steel Frame Designs
	7.2 Manufacturability and Constructability of the Mass Timber and Steel Frame Designs

	8.0 Acoustic and Vibration Performance of CLT
	9.0 Conclusions
	Bibliography
	Appendix A: Project Proposal
	Appendix B: The Floorplans of the Case Study Building
	Appendix C: Mass Timber Design Calculations
	Dead Load Breakdown
	Beam Design
	Attached Lobby
	Ground Floor Through 4th Floor
	Typical North-South Direction Beams
	Beams in Contact with the Staircase in the South-West Corner of the Building
	Beams in Contact with the Staircase in the North of the Building
	Beams in Contact with the Staircase in the North-East Corner of the Building
	Typical East-West Direction Girders

	Roof
	Typical North-South Direction Beams
	Beams in Contact with the Staircase in the South-West Corner of the Building
	Beams in Contact with the Staircase in the North of the Building
	Beams in Contact with the Staircase in the North-East Corner of the Building
	Typical East-West Girders


	Column Design
	Ground Floor Through 4th Floor
	Roof

	Floor Design
	Attached Lobby
	Ground Floor Through 4th Floor
	Roof

	Wall Design
	Attached Lobby
	Ground Floor Through Roof

	Cost Analysis

	Appendix D: Steel Frame Design Calculations
	Dead Load Breakdown
	Beam Design
	Attached Lobby
	Ground Floor Through 4th Floor
	Typical North-South Direction Beams
	Beams in Contact with the Staircase in the South-West Corner of the Building
	Beams in Contact with the Staircase in the North of the Building
	Beams in Contact with the Staircase in the North-East Corner of the Building
	Typical East-West Direction Girders

	Roof
	Typical North-South Direction Beams
	Typical East-West Direction Girders


	Column Design
	Ground Floor Through Roof

	Bracing Design
	Ground Floor Through Roof

	Cost Analysis


