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Abstract 

The goal of this project was to design a Class A office building using mass timber, present the 

client with a fire analysis, design an alternative building for advanced structural resilience, and 

include a repair scope with cost estimate evaluation for each option.  

 

Three options for design were analyzed. The first option was rated Type IV-A, but would require 

extensive structural repair after a time-equivalent fire. The second option was rated at Type IV-A and had 

the ability to host Class B office space after a time-equivalent fire with only non-structural repair. The 

third option was rated at Type IV-A and had the ability to host a Class A office space after a time-

equivalent fire with only non-structural repair.   
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Capstone Design Statement 

 Worcester Polytechnic Institute requires all capstone design projects to meet ABET 

(Accreditation Board for Engineering and Technology) standards. At WPI, the Major Qualifying 

Project (MQP) is a high-level research project that addresses a problem found in a student’s 

professional discipline. This MQP designed a four-story office building constructed of Cross-

Laminated Timber (CLT) and glue-laminated timber (Glulam). This design addressed a fire 

analysis of CLT and a more structural resilient design of the building will be completed. A cost-

benefits analysis was provided for the two designs. The following constraints were identified 

based on the following categories: Economic, Social, Political, Health & Safety, 

Manufacturability, Sustainability, and Ethics. 

 

Economic 

To address the economic constraint of our capstone design the team compared the cost of our 

building designed to the current code standard, the cost of our fire repairs, and the cost of the 

structural resilient building design. We looked at the cost of the materials, manufacturing, 

transportation, labor, and construction time. In addition, we considered the market flux of CLT. 

 

Social 

To address the social constraints of our capstone design we demystified the public stigma that 

wood and timber materials are less fire resistant than other common construction materials.  

 

Health & Safety 

To address the health and safety constraints of our capstone design, we utilized current building 

codes and requirements during our design. We ensured that fire protection materials and the 

building height and area are sufficient for a Type IV-A office building. 

 

Manufacturability 

To address manufacturability constraints of our capstone design, we considered the location and 

accessibility of CLT manufacturers in North America, including analyzing which regions have 

better access to CLT than others with the few current manufacturer locations. We used standard 
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sections of CLT with section cutouts that are easily prefabricated with CNC machines. We also 

took into account availability of wood in the current climate, as the COVID-19 pandemic has 

created various material shortages. 

 

Sustainability  

To address the sustainability constraints of our capstone design, we used CLT as our main design 

material. CLT produces less greenhouse gasses, less waste, significantly lighter when compared 

to concrete, and has faster construction times than both concrete and steel.  

 

Ethics 

To maintain an ethical approach, we conducted ourselves with integrity and professionalism and 

use our project to advance the health, safety, and welfare of the public. We considered both the 

socioeconomic and health impacts of the growth of CLT on society. We also utilized the 

principles of sustainable development in our designs, act professionally to clients, communicate 

potential issues, and adequately credit the previous extensive research on CLT. 
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Professional Licensure Statement 

The National Council of Examiners for Engineering and Surveying (NCEES) is an organization 

that provides professional licensure for engineers and surveyors. Only a certified Professional 

Engineer (PE) can approve and sign off on final engineering plans for a project, ensuring it meets 

the required safety standards.   

 

To become a licensed Professional Engineer the following requirements must be meet: 

1. Earn a four-year degree from an ABET accredited university 

2. Pass the Fundamentals of Engineering (FE) exam to become an Engineer in Training 

(EIT) 

3. Work under another PE for a minimum of four years 

4. Pass the Principles and Practice of Engineering (PE) exam 

 

In this project, a Professional Engineer would work with a team to design, plan, and stamp plans. 

The professional engineer can size members, run the fire analysis, do lateral design, and work 

with other parties to make sure the design satisfies all needs.  
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Chapter 1: Introduction 

Cross-Laminated Timber (CLT) is a type of prefabricated solid wood panel that consists 

of crosswise layers of kiln-dried lumber board. The engineered wood product was first developed 

in Germany and Austria during the early 1990s. Gerhard Schickhofer, an Austria-born 

researcher, completed his PhD thesis on CLT in 1994. After refining press technology between 

1995 and 1996, the first multi-story building was constructed in Austria by 1998. The combined 

growth in CLT structures throughout Europe and research from Schickhofer sparked the first 

national CLT design guideline for Austria in 2002. By 2013, CLT started to make an appearance 

within North America and was soon featured in the National Design Specification (NDS) for 

wood construction by 2015 (American Wood Council, 2017). Since then, CLT has grown rapidly 

throughout the United States. However, there is still hesitation to construct multi-story buildings 

with CLT due to the flammability of wood structures that resulted in catastrophic fire damage. 

The goal of this project was to design a Class A office building using mass timber, 

present the client with a fire analysis, design alternative designs for advanced structural 

resilience, and include a repair scope with cost estimate evaluation for each option.  

The project was defined into four objectives: 

 

Objective 1: Design a Type IV-A Class A CLT Office Building 

Objective 2: Evaluate Fire Resilience and Repair Options of Building 

Objective 3: Design a CLT Office Building for Advanced Structural Resilience 

Objective 4: Cost Analysis of Building Options 

 

The first phase of the project was the design of a Type IV-A Class A CLT office 

building. The fire analysis of the original design considered fire exposure and damage, charring, 

repairs, and post-fire capacity. The second post-fire design was calculated to support a Type IV-

A Class B CLT office building. The last building option was to carry a Class A occupancy load 

post-fire. To conclude, a cost estimate including repairs was presented as financial comparison 

between the alternative structural designs. 
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Chapter 2: Background 

2.1: Mass Timber  

 Mass timber is a category of wood product used for columns, beams, flooring, walls, and 

roofing. Mass timber has a high strength rating due to compressed layers, panelized or single 

components, and adhesives. In addition to its strength rating, mass timber is significantly lighter 

than concrete and steel, and less carbon intensive. Products of mass timber include cross-

laminated timber (CLT), glue-laminated timber (Glulam), dowel-laminated timber (DLT), nail-

laminated timber (NLT), laminated strand lumber (LSL), laminated veneer lumber (LVL), and 

parallel strand lumber (PSL) (Mass Timber -Think Wood, 2022). Each product varies depending 

on number of panels, orientation, and how they are held together. For example, DLT uses wood 

dowels to join laminations together, while glulam components are positioned according to their 

stress-rated performance and bonded with a durable, moisture-resistant adhesive (Mass Timber – 

Naturally: Wood, 2022)  

  

2.2: The Growth of CLT 

During the early 2000s, CLT production and usage increased significantly in Europe due 

to its energy efficiency as a part of the Green Movement. This led to the construction of over 500 

CLT buildings within England alone. One notable project was the first “timber tower”, Murray 

Grove, which was constructed in Hackney, London in 2009. This nine-story residential building 

was completely constructed with mass timber and featured a tight honeycomb design using CLT 

structural panels. This building paved the way for the potential of CLT as an environmentally 

sustainable and financially viable solution within construction, especially in urban areas. The use 

of CLT for Murray Grove allowed a faster project schedule by 30% (total of 49 weeks), saved 

300 metric tons of CO2, and provided 29 fully insulated and soundproof apartment units simply 

by avoiding the use of precast concrete and other standard construction materials 

(Waughthistleton.com, 2021; American Wood Council, 2017). As of June 2021, there have been 

1,169 mass timber projects in the United States, 249 of which are in construction or built and 365 

in design (see Figure 1) (WoodWorks - Wood Products Council, 2021). 
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Figure 1: Mass Timber Projects in Design and Constructed in the US (June 2021) 

 

CLT has many benefits compared to standard construction materials such as steel, 

concrete, and masonry. The carbon emissions from the production of CLT is 50% of what is 

required for concrete and a shocking 1% of what is required for steel production. Since CLT 

does not have an abundance of production facilities in the United States, the carbon emissions for 

travel are far more. However, they still do not reach the emission level of concrete or steel (The 

B1M, 2017). Another advantage of CLT is the minimal waste during production, due to the 

ability to reuse sawdust, timber cutouts, and other byproducts. CLT is very energy efficient in 

performance, with an R-value of 1.25 per inch of thickness. For seismic performance, it is more 

forgiving due to its ability to flex without losing structural stability. It also provides high 

performing acoustics, especially with an added acoustic mat layer, which is beneficial for urban 

construction. Besides the performance and environmental benefits, CLT is 75% lighter than 

concrete which can reduce groundwork costs for buildings. It also has a significantly lower 

construction time because panels are prefabricated, so they can be installed immediately on site. 
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This is especially beneficial for urban areas with minimal on-site storage of materials, because 

the panels can be produced and transported the day they are needed (Landreman, Archie, and 

WoodWorks - Wood Products Council, 2017). CLT has grown significantly and has many 

benefits, but the common misconception of all wood as unsafe for fire conditions causes 

hesitation.  

2.3: Design of Cross-Laminated Timber 

Cross-Laminated Timber, or “CLT’ is made up of layers, or laminations, that are 

generally stacked crosswise with the direction of fiber 90 degrees to the previous. An illustration 

of a sample CLT panel is shown at right in Figure 2. Pairs of parallel layers can be included at 

the core or the outer layer for special applications. Layers are glued with structural adhesive. To 

create CLT panels, individual boards are finger 

jointed and glued. Odd numbers of layers are 

used so that both outer layers of wall panels can 

be oriented parallel to the vertical load path axis 

to maximize vertical load capacity in wall 

panels. For floor and roof panel systems, outer 

layers are oriented parallel to the span axis. Most commonly, CLT panels are composed of three, 

five, and seven layers (FPInnovations, 2013). Three and five layer panels are the most accessible 

to produce and are the most readily available from manufacturers. 

When designing CLT structures, one important factor is the material constraint. For 

Nordic X-Lam Cross-Laminated Timber, the maximum dimensions of panels are 

106.25”(8.854’) x 64’ (Nordic Structures, 2020). Standard layup combinations for Nordic X-

Lam are listed in Table 1 seen below. 

 

Nordic X-Lam Panel Longitudinal Layer 

Thickness 
Transverse Layer 

Thickness 
Layup Combination Total Thickness 

89-3s 35 mm = 1-⅜ in 19 mm = ¾ in L-T-L 89 mm = 3 ½ in 

105-3s 35 mm = 1-⅜ in 35 mm = 1-⅜ in L-T-L 105 mm = 4 ⅛ in 

143-5s 35 mm = 1-⅜ in 19 mm = ¾ in L-T-L-T-L 143 mm = 5 ⅝ in 

175-5s 35 mm = 1-⅜ in 35 mm = 1-⅜ in L-T-L-T-L 175 mm = 6 ⅞ in 
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197-7s 35 mm = 1-⅜ in 19 mm = ¾ in L-T-L-T-L-T-L 197 mm = 7 ¾ in 

213-7l 35 mm = 1-⅜ in 19 mm = ¾ in L-L-T-L-T-L-L 213 mm = 8 ⅜ in 

244-7s 35 mm = 1-⅜ in 35 mm = 1-⅜ in L-T-L-T-L-T-L 244 mm = 9 ⅝ in 

244-7l 35 mm = 1-⅜ in 35 mm = 1-⅜ in L-L-T-L-T-L-L 244 mm = 9 ⅝ in 

267-9l 35 mm = 1-⅜ in 19 mm = ¾ in L-L-T-L-T-L-T-L-L 267 mm = 10 ½ in 

Table 1: Nordic X-Lam Standard Panel Layup Combinations (Nordic Structures, 2020) 

 

 CLT has a light unit-weight, so vibration and deflection often determine allowable spans, 

rather than bending or shear. Much of CLT design includes balancing panel capacity with 

desired interior clear height, as a larger required number of laminations lowers clear height 

(McLain, Ricky, and Greg Kingsley, 2020). 

Another important factor in CLT design is grid efficiency. The most efficient grid designs 

of CLT often differ from that of steel or concrete. On average, CLT square floor grids are sized 

between 20’ x 20’ and 30’x 30’, and rectangular grids are sized between 10’x 20’ and 20’x 32’. 

Grids are generally made with glulam girders supporting CLT panels. When designing a larger 

square grid, intermediate glulam purlins can be utilized, but these usually are not needed in 

rectangular grids. There are also alternative grid solutions that account for challenges such as 

MEP placement and unusual required spans. One alternative that has been previously utilized 

included 2 layers of CLT panels running perpendicular to each other, providing room for MEP 

structures and negating the need for glulam girders. For larger spans, a composite system of mass 

timber with a concrete topping or a combination system of CLT floor panels and parallel glulam 

beams could be utilized (McLain, Ricky, and Greg Kingsley, 2020).  

The final important factor for CLT building design is the type of member connections. 

There are many types of CLT connections, and different options may offer different advantages. 

Factors to consider in CLT connection designs are load transfer, cost-effectiveness, aesthetic 

impact, height impact, and crushing or shrinkage leading to differential material movement. 

Additionally, the connection must have the same fire resistance as the members (McLain, Ricky, 

and Greg Kingsley, 2020). 
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2.4: Building Codes 

According to the 2021 IBC, there are five construction types. The construction types 

include I, II, III, IV, and V. Of these, there are further specification categories (see Figure 3 

below - eg: A, B, C, HT). The purpose of these classification types is to evaluate and define the 

severity of building material combustibility and the fire resistance rating (FRR) of its building 

elements. Each construction type has a different FRR requirement per structural element. 

Different elements such as bearing walls and floors are not required to have equivalent FRRs 

(Codes.iccsafe.org, Oct. 2020).  

 

Figure 3: Fire-Resistance Rating Requirements for Building Elements  

(Table 601 IBC, 2021) 

 

The initial building was designed for a Class A occupancy load of 100 psf and a Type IV-

A Classification. A Type IV-A building is considered more appealing for an advertised Class A 

building due to the higher FRR standard. However, this type does not allow exposed mass timber 

elements, which can be considered architecturally appealing. The height and square footage for 

the four-story building is 64 feet high and is just under 83,160 total square feet. The building 

features an atrium from the first floor to the second floor and a rooftop penthouse with stair and 

elevator access. The rooftop penthouse is 6,790 square feet with a height of 19 feet. According to 
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the 2021 IBC, rooftop penthouses cannot exceed a third of the square area of the supporting roof 

deck and cannot exceed a height of 18 feet. However, there is an exception for penthouses that 

include an elevator to have a maximum height of 28 feet, hence the building is code compliant. 

The building is also within the 2021 IBC limit for Type IV-A buildings by a significant margin 

because it includes an automatic sprinkler system. By including an automatic sprinkler system, 

the building is limited to 18 stories with a total height of 270 feet and a 324,000 total square 

footage (WoodWorks - Wood Products Council, et al., 2019).  

2.5: CLT and Fire 

For this case study, we analyzed a fire that occurs in a 4-story office building. The 

number one cause of office fires is cooking equipment, which accounts for 29% of all office 

fires. Other causes of office fires include electrical distribution and lighting equipment, heating 

equipment, intentional, smoking materials, exposure, and electronic or entertainment equipment. 

The peak times of days for office fires were between noon and 2:00 PM. This is the time of day 

where the greatest number of people are in the office. However, fires that occur between 7:00 

PM and 7:00 AM cause the greatest amount of property damage. Improving automatic detection 

systems, extinguishing equipment, and the fire resistance rating prevent further damage to be 

caused to the building (“NFPA Report”). 

Fire resistance rating (FRR) is the ability of a material to confine fire, continue to provide 

a structural function during fire, or both (International Code Council, 2021). The FRR is 

measured from the start of the fire until the material fails to function. Fire resistance of CLT 

depends upon the number of layers, thickness, adhesive, and panel assembly. Often, 

noncombustible materials are applied to mass timber to increase the FRR. Wall and floor 

assemblies that are made of CLT and exposed and covered with non-combustible material can 

provide up to a 3 hour FRR (Pogue, 2021). CLT’s fire resistance is provided through charring. 

The charring of CLT is different from other timber panels due to the number of layers, glue 

composition, and joints. Charring is when a timber panel is exposed to a fire greater than 400 

degrees C and causes the timber to ignite and burn at a steady rate. As the timber continues to 

burn, the char becomes an insulating layer. This layer protects the unburnt core of the panel and 

prevents an excess rise in temperature (“GreenSpec: Cross-Laminated”).  
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Fire Dynamics Simulator (FDS) and Consolidated Model of Fire and Smoke Transport 

(CFAST) are the two main fire simulation software in use today. FDS is a Computational Fluid 

Dynamics (CFD) model of fire-driven fluid flows. It is most appropriate for simulations of low-

speed, thermally-driven flow, with an emphasis on smoke and heat transfer from fires. CFAST is 

a two-zone fire model. It is best used to calculate the evolving distribution of smoke, fire gases 

and temperature throughout compartments of a building during a fire. From both softwares, a 

heat transfer model can be developed. This can be used to determine thermal gradients of the 

wood elements, and the impacts on the structural capacity. For the sake of our project, we will 

not be using fire simulation software. Instead we will borrow parametric models and equations 

from literature, such as Figure 4, 5, and 6 shown below, to analyze various fire scenarios. This 

alternative is best suited for our short time frame to complete this project (NIST, 2011). 

 

Figure 4: Effective Char Depths for CLT 
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When CLT is damaged in a fire, there are multiple ways of fixing or replacing it. When 

charring is localized it can be removed with sanding, scraping, or abrasive blasting. This is done 

for minor fire damage and if the structural integrity can remain intact. If small areas are 

damaged, they can be repaired with equivalent wood sections, such as sections around doors or 
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windows (Ranger, Lindsay, et al, 2019). If the char or fire damage impacts multiple layers of the 

CLT it is best to replace all layers affected. One solution is to remove and clean the damaged 

portions and replace it with new laminations attached with adhesive. This solution does not 

restore full structural capacity of the CLT panel, but it does restore the FRR. Another option is to 

remove the damaged portions and replace them with new laminations attached with adhered and 

screwed scarf joints or adhered only. This option reestablishes pre-fire structural capacity, 

maintains exposed CLT, and restores FRR (“Post-Fire Restoration,” 2018).  

Our case study building will have some form of automatic sprinklers. Sprinklers are used as a 

means of active fire suppression but can be a balance between fire damage and damage from 

excess water discharge. Accidental or excess water discharge from sprinklers can result in frozen 

pipes, mechanical damage, installation defects, or corrosion of sprinkler elements. This water can 

adversely affect the wood structure and cause moisture damage. A high moisture content can 

affect the strength and stiffness, and lead to decay or mold. CLT does not absorb water very 

quickly and would only be an issue for prolonged water exposure. This exposure can be limited 

by concrete toppings which protect the wood from direct water contact (Ranger, Lindsay, et al, 

2019).   
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Chapter 3: Methodology  

Goal: Design a CLT office building, present the client with a fire resistance evaluation, design 

an option for advanced structural resilience, and provide a repair scope and cost-benefit analysis 

for each option.  

 

3.1 Objective 1: Design a Type IV-A Class A CLT Office Building 

The goal of this objective was to determine the mass timber members and CLT elements 

for our four-story office building. Each level of the floor plan was separated to determine the 

calculations and design of each component. The fourth-floor ceiling and atrium was often 

analyzed separately due to the weight of the penthouse above, and the exposure to the second 

floor. Within each level, members were separated into flooring, shear walls, joist, girders, and 

columns. CLT was used for the flooring and shear walls, while glulam and gypsum were used for 

the joist, girders, and columns. Spreadsheets were utilized to combine calculations of 

gravitational loads, lateral loads, fire adjustment factors, and design and allowable moment for 

every member.  

References including the IBC 2021, CLT Handbook, Nordic Technical Guides, AWC 

NDS 2018, and ASCE 7-10 were used during the design and calculation process. Spreadsheets for 

each member were created to assist with repetitive design calculations.  

3.2 Objective 2: Evaluate Fire Resilience and Repair Options of Building 

 After the completion of the design of a Class A office building, the fire assessment was 

completed. Each member of the Option 1 building was designed according to the FRR or 

induced moment post fire. Similar to objective one, each level was separated to asset with 

identification and calculations. The char depth of the CLT and glulam members were determined 

by using the char rating and exposure time that corresponds to a Type IV-A building. 

Spreadsheets were created to assess the post fire members moment compared to the ultimate 

moment. Based off these calculations and char depth, it was determined if the member needed to 

be replaced or repaired. 

 References including the IBC 2021, CLT Handbook, Nordic Technical Guides, 

AWC NDS 2018, and FDS 2021 were used during the design and calculation process. 

Spreadsheets for each member were created to assist with repetitive design calculations.  
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3.3 Objective 3: Design a CLT Office Building for Advanced Structural Resilience 

 Objective 3 was the completion of our redesign from a Class A building to a Class B 

building post fire. After the fire analysis was completed, every member was evaluated to support 

a reduction of the live load from 100 psf to 50 psf post fire. If the members could not support the 

reduction, they were resized. A new fire analysis was completed for the new resized members to 

determine if they could support the reduced live load post fire.  

References including the IBC 2021, CLT Handbook, Nordic Technical Guides, AWC 

NDS 2018, and FDS 2021 were used during the design and calculation process. Spreadsheets for 

each member were created to assist with repetitive design calculations. 

3.4 Objective 4: Cost Analysis of Building Options 

Once the fire analyses were completed, an inventory of alternative building elements 

designs were calculated. This inventory was directly transferred into a cost estimate for the 

alternative designs as a numerical comparison between structural decisions. This estimate also 

included the estimated cost of repairs for each design. 

References including the 2022 National Construction Estimator and Building 

Construction Costs with RSMeans Data 2021 were used during the estimation process. A 

spreadsheet was created to assist with repetitive calculations.  
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Chapter 4: Design for a Type IV-A Office Building 

4.1: Floor Layouts 

At the beginning of the design process, the functionality of the office building was 

determined for later analysis. Each story was distinguished by its purpose. The first floor main 

entrance has an atrium which is welcoming and open. The entrance could be used as an open 

cafe/dining space for employees to visit on lunch breaks or host clients to a meal. On the back 

side of the building core, there is open space with the possibility for use as a mixed lounge and 

private conference rooms to host clients. On the second floor there is room for a potential 

conference room overlooking the atrium. The rest of the floor can be used as open workspace to 

encourage collaborative work. The second floor could promote teamwork and group work with 

large tables and moving white boards. On the third and fourth floors, areas can be designated to 

be quieter with private offices and cubicles. There are two kitchenettes, one on each side of the 

central core, for the ease of breaks and water or coffee refills.  

 

Figure 7: Potential Layout of Floor One and Two 
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Figure 8: Potential Layout of Floor Three and Four 

4.2: Gravitational Loads 

The building site was assumed to be located in Worcester, MA. After the functionality of 

each story was determined, the gravitational loading design began. Starting on the roof, it was 

assumed there was proper drainage for the ponding effects of rain. This provided a governing 

load of snow instead of rain. ASCE 7-10 was utilized for all local information regarding live roof 

loading effects. Stacked framing was assumed for the design to promote room for mechanical, 

electrical, plumbing, and fire protection equipment throughout the building. This also allowed 

the design to be slightly more conservative than flushed framing. The official load path was as 

follows: roof into joists, joists into girders, girders into columns, and columns into foundation. 

4.2.1: CLT Paneling for the Roof and Floor Systems 

For the ease of constructability, the CLT panels were designed consistently with minor 

variations between purposes. In the case of the CLT roof, 3-ply panels were able to withhold the 

roof dead and live loads while the 5-ply panels had to be used throughout the rest of the building 
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floor systems to hold the 100 psf occupancy live load. These panels alternated between five and 

six foot widths throughout each level to remain in transportation limit for semi-truck beds. 

The process of determining a CLT panel size began with selecting a panel from Nordic 

Technical Guide for X-Lam. This guide provided panel sizing based on length, loading, and 

FRR. According to the IBC 2021, a Type IV-A building requires a 2 hour FRR for all flooring 

members and an 1 ½ hour FRR for roof members. Nordic provides CLT panels that support up to 

a 2 hour FRR. Due to loads of the penthouse and members in the core, panels of gypsum board 

were added to the CLT, providing additional time for the FRR. Gypsum was also added to 

prevent multiple laminations falling off due to charring.  

After a panel was selected, spreadsheets were created to simplify the process of 

calculating the allowable moment, shear, and deflection. The gravitational loads on the 

corresponding floor were run through the eight ASD load combination equations, and the 

combination that provided the largest load governed. The actual moment, shear, and deflection 

were calculated. If any of these calculations were larger than the allowable values, a new panel 

size was selected. This process was repeated for all CLT panels. All members had acceptable 

shear, moment, and deflection values. 

As shown in the figures below, the highlighted areas include the sections of paneling. An 

inventory of CLT and spreadsheets can be found in Appendix E and Appendix B 

 

4.2.2: GLT Joists 

Glue-Laminated Timber joists were stacked on top of the girders and utilized to support 

the CLT floors or roof. The determination of a joist member began with gravitational loads on 

the corresponding floor. The gravitational loads were inputted into the eight load combinations, 

and what combination provided the largest load governed. A joist was selected from Nordic 

Technical Guide Lam+. According to the IBC 2021 a Type IV-A building requires a 3 hour FRR 

for all structural members, except members only supporting the roof, which only require a 2 hour 

rating. Nordic provides glulam members that support up to a 2 hour FRR. As a result of this, the 

members were designed to withhold a 2-hour FRR on three sides of the beam where it would be 

exposed to fire, and 2 additional panels of gypsum board were added. The two panels of gypsum 

provide an additional hour FRR, bringing the glulam joist up to the require 3 hour FRR.  
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Spreadsheets were created to simplify the process of calculating the allowable moment 

and shear. A fire resistance adjustment factor, provided by Nordic, was applied to the adjusted 

bending moment. If the moment of the member was greater than the allowable moment, a new 

size and fire resistance adjustment factor was selected. This process was repeated for all glulam 

joists. All members had acceptable shear, moment, and deflection values. 

As shown in the figures below, the highlighted vertical members include the typical and 

specially designed joists. An inventory of glulam members and spreadsheets for typical and 

special case joist can be found in Appendix E and Appendix B. 

 

Figure 9: Typical Joist First and Second Floor Ceiling 
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Figure 10: Typical Joist Floor Third and Fourth Floor Ceiling 

 

 

Figure 11: Special Case Joist First and Second Floor Ceiling 
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Figure 12: Special Case Joist Floor Third and Fourth Floor Ceiling 

4.2.3: GLT Girders 

The determination of a glulam girder member began with gravitational loads on the 

corresponding floor and joist. The gravitational loads were broken down into three-point loads 

from the joist stacked on the girders. The loads from each individual joist were inputted into the 

eight load combinations equations, and whatever combination provided the largest load 

governed. The self-weight of the glulam girder was also considered. A girder was selected from 

Nordic Technical Guide Lam+. According to the IBC 2021, for a Type IV-A building, it requires 

a 3-hour FRR for all structural members. Nordic provides glulam members that support up to a 

2-hour FRR. As a result of this, the members were designed to withhold a 2-hour FRR on four 

sides of the beam where it would be exposed to fire, and 2 additional panels of gypsum board 

were added. The two panels of gypsum provide an additional hour FRR, bringing the glulam 

girder up to the require 3-hour FRR.  

Spreadsheets were created to simplify the process of calculating the allowable moment 

and shear. A fire resistance adjustment factor, provided by Nordic, was applied to the adjusted 

bending moment. If the moment of the member was greater than the allowable moment, a new 

size and fire resistance adjustment factor was selected. This process was repeated for all glulam 

girders. All members had acceptable shear, moment, and deflection values. 
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The girders can be seen as the horizontal beams within the plan views shown below. An 

inventory of glulam members and spreadsheets for typical and special case girders can be found 

in Appendix E and Appendix B. 

 

  

Figure 13: Typical Girders First and Second Floor Ceiling 

  

Figure 14: Typical Girders Third and Fourth Floor Ceiling 
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Figure 15: Special Case Girders Floor First and Second Floor Ceiling 

 

 

Figure 16: Special Case Girders Third and Fourth Floor Ceiling 
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4.2.4: GLT Columns 

The last calculation for the gravity loads were within the columns. Columns were 

selected from Nordic’s Technical Guide Lam+. Due to a Type IV-A building having a required 

3-hour FRR, all columns were initially selected based on their allowable concentric end load and 

corresponding FRR. The largest FRR Nordic provides is for 2 hours. As a result of this, the 

columns were covered with two gypsum wall boards, allowing for an additional 1-hour FRR. In 

addition, the columns were kept square to assist with the fire analysis and evenly char on all four 

sides. 

Once this criterion was met, calculations were completed to ensure the column could 

support the axial loading. The first step was to determine the loading from the girders on either 

side of the column and the self-weight of the column. The adjusted compression parallel to the 

grain and the minimum modulus of elasticity were calculated. The ratio of effective length to 

depth was checked to be less than 50. If it was less than 50, the critical buckling design value and 

column stability factor could be computed. The axial buckling capacity was used to determine 

the allowable load and compared to the Nordic allowable concentric end load for a 3-hour FRR. 

Spreadsheets were created to repeat this process for the corresponding columns on floors 1-3.  

The figures below show the typical and special case column sizes per floor. The column 

sizes increased with each floor from top to bottom, due to the additional weight from the floor 

above.  The columns around the core are the largest because the need to withhold the weight of 

the penthouse. An inventory of glulam members and spreadsheets for typical and special case 

joist can be found in Appendix E and Appendix B. 
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Figure 17: Typical Columns Floor One and Two 

 

Figure 18: Typical Columns Floor Three and Four 



31 

   
 

 

Figure 19: Special Case Columns Floor One and Two 

 

Figure 20: Special Case Columns Floor Three and Four 
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4.3: Lateral Loading  

4.3.1: Seismic Loading  

 Seismic loading was determined with the use of ASCE 7-10 Seismic Analysis Program. 

This program provided a spreadsheet that combined geographic location, soil classification, risk 

category, and weight of the building per floor to determine seismic loading. It was assumed the 

building was located in Worcester, Massachusetts, but a specific site was not selected. Based off 

this assumption, the unknown soil was classified as Site Class D. The building was determined to 

be in risk category II, as this category is assigned to most structures. The weight of the structural 

members and height per floor were inputted into the spreadsheets.  The inventory of all the 

members was used to calculate the average weight per floor and converted into kips. Initially, it 

was thought wind loads were significantly greater. However, due to the weight of the penthouse 

and mechanical systems, seismic loading was quite similar to wind loading. The Seismic 

Analysis Program spreadsheet can be found in Figures 21 and 22. 
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Figure 21: Seismic Analysis Program Spreadsheet 
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Figure 22: Seismic Analysis Program Spreadsheet 
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4.3.1 Wind Loading 

 Wind Loading was determined with the use of ASCE 7-10 and a wind loads spreadsheet, 

created by FLSmidth. This spreadsheet combined risk category, regional wind speed, exposure 

category, and enclosure classification to calculate the wind loads on the building. The building 

was classified as a risk category II and basic wind speed of 124 mph, per ASCE 7-10 Table 1.5-1 

and Figure 26.5-1A. Since there is no physical site for the building, it was classified as an 

exposure category C. The building was determined to be an enclosed structure, due to lack of 

openings or partially enclosed areas. The shorter side of the building was selected as the 

windward wall, while the longer side was the leeward wall. Similar to seismic loading, the wind 

loads varied per floor due to the differing height. In the end, wind load was determined to be the 

governing lateral load. The FLSmidth wind loads spreadsheet can be found below in Figure 23.  
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Figure 23: FLSmidth Wind Loads Spreadsheet 
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4.3.3: Shear Walls 

To withstand the lateral loads, CLT shear walls were designed within the core of the 

building. The lateral load path started at the edges of the CLT flooring from the exterior of the 

building to the interior of the building and into the shear walls. From this, the required shear wall 

lengths in both East-West and North-South directions were finalized. The overturning effects 

were resisted through the dead loads accumulated throughout the building. 
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Chapter 5: Fire Analysis 

5.1: Post-Fire Structural Damage 

For the initial building design, members were sized to support gravitational and lateral 

loads before and during a time-equivalent fire event for a Type IV-A building. In the initial 

design of CLT members, the initial member sizes were influenced by allowable stress design and 

by manufacturer-provided fire ratings for various CLT sizes.  

For each member, the initial design was confirmed by examining specific char rates and 

calculating the strength of the remaining cross-section. For fire design, ultimate strength of the 

member was used, rather than allowable strength for regular occupancy in accordance with the 

2021 Fire Design Specification for Wood Construction (2021 fire design specification for wood 

construction). To design to fire rating, the ultimate strength of the beam is assessed, rather than 

the allowable load for regular occupancy, because confirmation is needed that emergency 

personnel have adequate time to evacuate occupants without structural failure. The typical FDS 

procedure does not design for occupancy after a fire event, and repairs may be needed with this 

method. A table below shows some design values for a typical member. 

Figure 24: 

Member Total 

Req. Fire 

Rating 

(hr) 

Member 

Req. Fire 

Rating 

(hr) 

GYP fire 

protection 

(hr) 

Member 

Remaining 

Cross Section 

Allowable 

Moment 

(ft-lbs) 

Ultimate 

Moment 

(x2.85) (ft-

lbs) 

Design 

Moment 

(ft-lbs) 

11.5” x 15.5” 3 2 1 5.18” x 12.34” 19,167  54,627 43,062 
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Figure 25: Illustration of building Cross-Section with Charred Girder 

 

 

 For each member of the initial design, it was also noted whether that member would be 

able to support an allowable occupancy load after the fire event. It was found that most members 

were not able to support such a load, and for a time-equivalent fire, extensive repairs were 

needed.  

5.2: Repair Methods 

Several repair methods for damaged structural elements such as: CLT floors, GLT beams, 

GLT columns, and CLT shear walls were researched. For mass timber and CLT is the charring if 

localized, it can be removed with sanding, scraping, or abrasive blasting. This is done for minor 

fire damage and if the structural integrity can remain intact. If small areas are damaged, they can 

be repaired with equivalent wood sections, such as sections around doors or windows (Ranger, 

Lindsay, et al, 2019). 

If the char or fire damage impacts multiple layers of the CLT it is best to replace all 

layers affected. One solution is to remove and clean the damaged portions and replace them with 

new laminations attached with adhesive. This solution does not restore full structural capacity of 

the CLT panel, but it does restore the FRR. Another option is to remove the damaged portions 

and replace them with new laminations attached with adhered and screwed scarf joints or 

adhered only. This option reestablishes pre-fire structural capacity, maintains exposed CLT, and 
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restores FRR (“Post-Fire Restoration,” 2018). Chapter 6: Post Fire Class A to a Class B Office 

Building  

6.1: Structural Design Change Overview 

Three building options were examined for various levels of post-fire resiliency. These options 

are presented in the list and table below: 

Option 1: Designed for Class A 

Option 2: Designed for Class A, with ability to become Class B after a fire event 

Option 3: Designed for Class A, with ability to remain Class A after a fire event  

 

Table 6.1.1: Building Options 

Option 

Building Class 

Before Fire Event 

1* 

Building Type 

Before Fire Event 1 

Building Class 

after Fire Event 1* 

Building Type After 

Fire Event 1* 

Option 1 

Class A 

100 psf Occupancy 

Rating 

Rated as a Type 

IV-A building 

3-hour rating for 

structural frame, 

except 2 hours at 

floor and roof frame 

N/A 

members may not 

be fit for continued 

occupancy, may 

require extensive 

structural repair 

N/A 

Members may no 

longer meet required 

fire rating, may 

require extensive 

structural repair 

Option 2 

Class A 

100 psf Occupancy 

Rating 

Rated as a Type 

IV-A building 

3-hour rating for 

structural frame, 

except 2 hours at 

floor and roof frame 

Class B 

50 psf Occupancy 

Rating 

Rated as a Type IV-A 

building 

3-hour rating for 

structural frame, 

except 2 hours at floor 

and roof frame 

Option 3 

Class A 

100 psf Occupancy 

Rating 

Rated as a Type 

IV-A building 

3-hour rating for 

structural frame, 

except 2 hours at 

floor and roof frame 

Class A 

100 psf Occupancy 

Rating 

Rated as a Type IV-A 

building 

3-hour rating for 

structural frame, 

except 2 hours at floor 

and roof frame 

*Fire Event 1 is defined using time equivalence  
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6.2: Option 1: Designed for Class A 
 

 The first option was designed to support gravitational and lateral loads before and during 

a time-equivalent fire event for a Type IV-A building. Chapter 4 details the design of this option, 

and Chapter 5 details the fire analysis.  

  

6.3: Option 2: Designed for Class B post fire  

From the fire analysis of option 1, strategies to improve the resilience of the building 

design were formed. Multiple strategies were used in the Option 2 design. First, members had to 

be resized to be large enough to sustain a Class B occupancy with minimal structural repairs 

post-fire. This specifically meant that member widths had to increase. Second, more layers of 

gypsum were added onto particularly vulnerable structural elements, such as CLT, Girders, and 

Columns, to minimize the member exposure time and char depth. Finally, certain joists were 

added below the penthouse to further distribute the equipment load and reduce member size. 

After a time-equivalent fire event, in this option damaged gypsum board would still have to be 

replaced, but there would still be sufficient member cross sections to maintain a Type IV-A fire 

rating and serve a Class B occupancy with minimal structural repairs. Below are various box-

and-whisker plots which display the average increase in percent perimeter and area for members 

to be sufficient from Option 1 to Option 2. Percent increase in perimeter suggests the increase in 

Gypsum fireproofing needed. 
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Figure 26 

 
Figure 27 
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Figure 28 

 
 

Figure 29 
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Figure 30 

 
 

Figure 31 
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Figure 32: Option 2 Joist Sizing, level 3 and 4 

Figure 33: Option 2, level 1 and 2 
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Figure 34: Special Case Joists, level 1 and 2 

 
Figure 35: Special Case Joists, level 3 and 4

 



47 

   
 

Figure 36 : Option 2 Girders, level 1 and 2

 
Figure 37 : Option 2 Girders, level 3 and 4
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Figure 38 : Special Case Girders, Level 1 and 2 

 
Figure 39 : Special Case Girders, Level 3 and 4 

 



49 

   
 

Figure 40: Option 2 Columns, level 1 and 2 

 
Figure 41: Option 2 Columns, level 3 and 4 
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Figure 42: Special Case Columns, levels 1 and 2 

 
Figure 43: Special Case Columns, level 3 and 4 

 
 

 

 From the design of Option 2, it was discovered that there would be significantly more 

material needed to design a building that did not need major structural repairs after a time-
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equivalent fire. At the point with the most load under the equipment penthouse, the structure 

took up over 5 feet of ceiling height. Especially on the first floor and under the equipment 

penthouse, member sizes started to increase past the point of some standard fabrication.  

6.4: Option 3: Designed for Class A, with ability to remain Class A after a fire event  

 Based on the design of option 2 and comparison with option 1, it can be concluded that in 

order to remain Class A after a time-equivalent fire, member sizes would increase significantly. 

Following percentages found in the option 2 design, the point that took up over 5 feet of ceiling 

height would now take up over 6.5 feet of ceiling height, leaving only a 9.5’ clearance. This 

option would also be more expensive than option 1 or 2.  
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Chapter 7: Evaluation 

 A final evaluation of our building and its alternative designs are significant in 

understanding the impacts of structural engineering decisions. Although, as a client or general 

contractor, it is important to evaluate the differences in design and how it may impact 

construction costs and duration. It must also be noted the constructability of a design directly 

effects the duration of a project. Labor and equipment were not directly included in the 

evaluation but as the construction project duration increases these factors would increase as well.  

7.1: Cost Considerations in Design and Construction 

 The final cost estimates are shown in Table 7.1.1 and Table 7.1.2. The average market 

price of CLT was assumed as $21 per cubic foot which considered for the roof, floors, and shear 

walls in our structural system CAWBIOM (2015). The cost of GLT members averaged $0.03 per 

cubic inch according to Building Construction Costs with RSMeans Data 2021.  

 

Table 7.1.1: Summarized Cost Estimate for Building Option 1 

Structural Element Quantity (total area) Unit Cost Total Cost 

CLT Panels 50,156 ft^3 $21/ft^3 $1,053,266.16 

GLT Beams 23,452,673 in^3 $0.03/in^3 $703,580.18 

GLT Columns 7,044,257 in^3 $0.03/in^3 $211,327.72 

TOTAL 
$1,968,174.05 

$23.67 per sqft 

 

When determining the post-fire cost of repairs for building option 1, each mass timber 

element had major structural damage. For the CLT floors, roof, and walls it was safe to assume 

one lamination had been charred off and stripped equaling a total of 2.75 inches removed. To 

replace these laminations after a fire event costs upwards of $370,221. For the glue laminated 

beams and columns, there was significant damage where nearly every member would need to be 

replaced post-fire to withstand any occupancy load. In the case of repairing the building back to 

its initial Class A requirements, the GLT replacement would cost nearly the same as the original 
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of $914,908. In addition to these structural components, the original FRR would require full 

replacement of all gypsum wall board. 

 

 

Table 7.1.2: Summarized Cost Estimate for Building Option 2 

Structural Element Quantity (total area) Unit Cost Total Cost 

CLT Panels 56,340 ft^3 $21/ft^3 $1,183,140.66 

GLT Beams 53,199,840 in^3 $0.03/in^3 $1,593,595.19 

GLT Columns 10,789,895 in^3 $0.03/in^3 $323,696.86 

TOTAL 
$3,100,432.71 

$32.28 per sqft 

 

 For the third building option, the structural elements and respective costs were statistically 

analyzed through a box-and-whisker chart to determine the scale up values.  

7.2: Constructability of a Mass Timber Building 

 In comparison to standard construction materials such as concrete and steel, mass timber 

has a wide range of capabilities. The fabrication process for CLT ensures precision through 

Computer Numerical Controlled (CNC) machines which contributes to quicker completion for 

delivery on-site. Additionally, with the precut panels, safety increases and less demand for 

skilled laborers can be factored in labor costs. Stacked framing was utilized in the structural 

design phase which assisted in the freedom of mechanical, electrical, plumbing, and fire 

protection equipment to move throughout the building. The last constructability consideration 

was with the transportation of materials from the NORDIC mill in the region of Quebec, Canada 

to the on-site delivery of materials in Worcester, MA. Both CLT and glulam elements were sized 

appropriately to fit standard transportation vehicles under 53 feet in length and 8.5 foot width. 

The weight limit of a 5-axle semi-trailer is just over 25 tons in the United States which limits the 

number of materials delivered on-site at a time. Additionally, the route of delivery must be 

considered to accommodate local highway and motor carrier regulations. On-site considerations 
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include wrapping all six sides of the mass timber and place on skids to account for thermal and 

moisture protection FPInnovations (2019). 

Chapter 8: Conclusion 

 The four original objectives were completed for this project. The first objective was 

completed through the challenging building layout with the atrium and significant weight of the 

rooftop penthouse alongside all gravitational and lateral loading effects. The second objective 

was completed through fire analysis and evaluation of damage. The third objective was 

completed through the redesign of not only one but two alternative buildings considering 

different occupancy cases. The fourth and final objective was completed with a final cost 

estimate of the alternative structural designs and post-fire respective repair costs. In conclusion, 

building option two was the most cost effective for repairs and preventative measures.  
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Capstone Design Statement 

 Worcester Polytechnic Institute requires all capstone design projects to meet ABET 

(Accreditation Board for Engineering and Technology) standards. At WPI, the Major Qualifying 

Project (MQP) is a high level research project that addresses a problem found in a student’s 

professional discipline. This MQP will design a four-story office building constructed of Cross-

Laminated Timber (CLT) and glue-laminated timber (Glulam). This design will address a fire 

analysis of CLT and a more structural resilient design of the building will be completed. A cost-

benefits analysis will be provided for the two designs. The following constraints were identified 

based on the following categories: Economic, Social, Political, Health & Safety, 

Manufacturability, Sustainability, and Ethics. 

 

Economic 

To address the economic constraint of our capstone design we will compare the cost of our 

building designed to the current code standard, the cost of our fire repairs, and the cost of the 

structural resilient building design. We will look at the cost of the materials, manufacturing, 

transportation, labor, and construction time. In addition, we will consider the market flux of 

CLT. 

 

Social 

To address the social constraints of our capstone design we will be demystifying the public 

stigma that wood and timber materials are less fire resistant than other common construction 

materials.  

 

Health & Safety 

To address the health and safety constraints of our capstone design, we will utilize current 

building codes and requirements during our design. We ensure that fire protection materials and 

the building height and area are sufficient for a Type IV-B office building. 
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Manufacturability 

To address manufacturability constraints of our capstone design, we will consider the location 

and accessibility of CLT manufacturers in North America, including analyzing which regions 

have better access to CLT than others with the few current manufacturer locations. We will use 

standard sections of CLT with section cutouts that are easily prefabricated with CNC machines. 

We will also take into account availability of wood in the current climate, as the COVID-19 

pandemic has created various material shortages. 

 

Sustainability  

To address the sustainability constraints of our capstone design, we will be using CLT as our 

main design material. CLT produces less greenhouse gasses, less waste, significantly lighter 

when compared to concrete, and has faster construction times than both concrete and steel.  

 

Ethics 

To maintain an ethical approach, we will conduct ourselves with integrity and professionalism 

and use our project to advance the health, safety, and welfare of the public. We will consider 

both the socioeconomic and health impacts of the growth of CLT on society. We will also utilize 

the principles of sustainable development in our designs, act professionally to clients, 

communicate potential issues, and adequately credit the previous extensive research on CLT. 
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Chapter 1: Introduction 

Cross-Laminated Timber (CLT) is a type of prefabricated solid wood panel that consists 

of crosswise layers of kiln-dried lumber board. After CLT was first patented in 1985 in France, 

the concept spread across Europe. After refining press technology between 1995-1996, the first 

multi-story building was constructed in Austria by 1998. CLT started to make an appearance 

within the United States in 2013 (American Wood Council, 2017). Since then, CLT has grown 

rapidly throughout the United States. However, there is hesitation to construct multi-story 

buildings out of wood because of historical events that resulted in mass fire damage to wood 

structures. 

The goal of this project is to design a CLT office building, present the client with a fire 

resistance evaluation, design an option for advanced structural resilience, and provide a repair 

scope and cost-benefit analysis for each option. We will be designing a four story Type IV-B 

office building in Massachusetts based on a case study provided to us from the project sponsor.  

To help us achieve our goal, we have identified 4 objectives: 

Objective 1: Design a Type IV-B CLT Office Building 

Objective 2: Evaluate Fire Resilience and Repair Options of Building 

Objective 3: Design a CLT Office Building for Advanced Structural Resilience 

Objective 4: Cost Analysis of Building Options 

 

The first phase of this project is the design of a Type IV-B CLT office building. This will 

be our base design used to evaluate the fire resilience of the office building. The fire resilience 

evaluation will consider fire exposure and damage, charring, repairs, and post-fire capacity.  

Our second design will also be a Type IV-B CLT office building, but will be designed for 

advanced structural resilience. Finally, we will present two CLT office designs and the cost of 

multiple fire repair options. 

 

Chapter 2: Background 

2.1: The Growth of CLT 

 During the early 2000s, CLT production and usage increased significantly in Europe due 

to its energy efficiency. This led to the construction of over 500 CLT buildings within England 
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alone. One notable project was the first “timber tower”, Murray Grove, which was constructed in 

Hackney, London in 2009. This nine story residential building was completely constructed with 

mass timber and featured a tight honeycomb design using CLT structural panels. This building 

paved the way for the potential of CLT as an environmentally sustainable and financially viable 

solution within construction, especially in urban areas. The use of CLT for Murray Grove 

allowed a faster project schedule by 30% (total of 49 weeks), saved 300 metric tons of CO2, and 

provided 29 fully insulated and soundproof apartment units simply by avoiding the use of precast 

concrete and other standard construction materials (Waughthistleton.com, 2021; American Wood 

Council, 2017). As of June 2021, there have been 1,169 mass timber projects in the United 

States, 249 of which are in construction or built and 365 in design (see Figure 1) (WoodWorks - 

Wood Products Council, 2021). 

 

Figure 1: Mass Timber Projects in Design and Constructed in the US (June 2021) 

 CLT has many benefits compared to standard construction materials such as steel, 

concrete, and masonry. The carbon emissions from the production of CLT is 50% of what is 

required for concrete and a shocking 1% of what is required for steel production. Since CLT 

does not have an abundance of production facilities in the United States, the carbon emissions for 
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travel are far more. However, they still do not reach the emission level of concrete or steel (The 

B1M, 2017). Another advantage of CLT is the minimal waste during production, due to the 

ability to reuse sawdust, timber cutouts, and other byproducts. CLT is very energy efficient in 

performance, with an R-value of 1.25 per inch of thickness. For seismic performance, it is more 

forgiving due to its ability to flex without losing structural stability. It also provides high 

performing acoustics, especially with an added acoustic mat layer, which is beneficial for urban 

construction. Besides the performance and environmental benefits, CLT is 75% lighter than 

concrete which can reduce groundwork costs for buildings. It also has a significantly lower 

construction time because panels are prefabricated, so they can be installed immediately on site. 

This is especially beneficial for urban areas with minimal on-site storage of materials, because 

the panels can be produced and transported the day they are needed (Landreman, Archie, and 

WoodWorks - Wood Products Council, 2017). CLT has grown significantly and has many 

benefits, but the common misconception of all wood as unsafe for fire conditions causes 

hesitation.  

 

2.2: Design of Cross-Laminated Timber 

Cross-Laminated Timber, or “CLT’ is made up of layers, or laminations, that are 

generally stacked crosswise with the direction of fiber 90 degrees to the previous. An illustration 

of a sample CLT panel is shown at right in Figure 2. Pairs of parallel layers can be included at 

the core or the outer layer for special applications. Layers are glued with structural adhesive. To 

create CLT panels, individual boards are finger 

jointed and glued. Odd numbers of layers are used so 

that both outer layers of wall panels can be oriented 

parallel to the vertical load path axis to maximize 

vertical load capacity in wall panels. For floor and 

roof panel systems, outer layers are oriented parallel 

to the span axis. Most commonly, CLT panels are 

composed of three, five, and seven layers (FPInnovations, 2013). Three and five layer panels are 

the most accessible to produce and are the most readily available from manufacturers. 

When designing CLT structures, one important factor is the material constraint. For 

Nordic X-Lam Cross-Laminated Timber, the maximum dimensions of panels are 
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106.25”(8.854’) x 64’ (Nordic Structures, 2020). Standard layup combinations for Nordic X-

Lam are listed in Table 1 seen below. 

Nordic X-Lam Panel Longitudinal Layer Thickness Transverse Layer Thickness Layup Combination Total Thickness 

89-3s 35 mm = 1-⅜ in 19 mm = ¾ in L-T-L 89 mm = 3 ½ in 

105-3s 35 mm = 1-⅜ in 35 mm = 1-⅜ in L-T-L 105 mm = 4 ⅛ in 

143-5s 35 mm = 1-⅜ in 19 mm = ¾ in L-T-L-T-L 143 mm = 5 ⅝ in 

175-5s 35 mm = 1-⅜ in 35 mm = 1-⅜ in L-T-L-T-L 175 mm = 6 ⅞ in 

197-7s 35 mm = 1-⅜ in 19 mm = ¾ in L-T-L-T-L-T-L 197 mm = 7 ¾ in 

213-7l 35 mm = 1-⅜ in 19 mm = ¾ in L-L-T-L-T-L-L 213 mm = 8 ⅜ in 

244-7s 35 mm = 1-⅜ in 35 mm = 1-⅜ in L-T-L-T-L-T-L 244 mm = 9 ⅝ in 

244-7l 35 mm = 1-⅜ in 35 mm = 1-⅜ in L-L-T-L-T-L-L 244 mm = 9 ⅝ in 

267-9l 35 mm = 1-⅜ in 19 mm = ¾ in L-L-T-L-T-L-T-L-L 267 mm = 10 ½ in 

Table 1: Nordic X-Lam Standard Panel Layup Combinations (Nordic Structures, 2020) 

 CLT has a light unit-weight, so vibration and deflection often determine allowable spans, 

rather than bending or shear. Much of CLT design includes balancing panel capacity with 

desired interior clear height, as a larger required number of laminations lowers clear height 

(McLain, Ricky, and Greg Kingsley, 2020). 

Another important factor in CLT design is grid efficiency. The most efficient grid designs 

of CLT often differ from that of steel or concrete. On average, CLT square floor grids are sized 

between 20’ x 20’ and 30’x 30’, and rectangular grids are sized between 10’x 20’ and 20’x 32’. 

Grids are generally made with glulam girders supporting CLT panels. When designing a larger 

square grid, intermediate glulam purlins can be utilized, but these usually are not needed in 

rectangular grids. There are also alternative grid solutions that account for challenges such as 

MEP placement and unusual required spans. One alternative that has been previously utilized 

included 2 layers of CLT panels running perpendicular to each other, providing room for MEP 

structures and negating the need for glulam girders. For larger spans, a composite system of mass 

timber with a concrete topping or a combination system of CLT floor panels and parallel glulam 

beams could be utilized (McLain, Ricky, and Greg Kingsley, 2020).  

The final important factor for CLT building design is the type of member connections. 

There are many types of CLT connections, and different options may offer different advantages. 

Factors to consider in CLT connection designs are load transfer, cost-effectiveness, aesthetic 
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impact, height impact, and crushing or shrinkage leading to differential material movement. 

Additionally, the connection must have the same fire resistance as the members (McLain, Ricky, 

and Greg Kingsley, 2020). 

 

2.3: Building Codes 

 According to the 2021 IBC, there are five construction types. The construction types 

include I, II, III, IV, and V. Of these, there are further specification categories (see figure below - 

eg: A, B, C, HT). The purpose of these classification types is to evaluate and define the severity 

of building material combustibility and the fire resistance rating of its building elements. Each 

construction type has a different fire resistance rating (FRR) requirement per building element. 

Different elements such as bearing walls or floors receive higher or lower classifications (see 

Figure 3) (Codes.iccsafe.org, Oct. 2020).  

 

Figure 3: Fire-Resistance Rating Requirements for Building Elements  

(Table 601 IBC, 2021) 

 

For our case study building, we will initially focus on a two-hour rating for a Type IV-B 

office building. Type IV-B was selected because it allows for a four story building, but doesn’t 

require fire resistance ratings that are impractical for standard CLT construction. The height and 

square footage for our four story case-study building is 64 feet high and just under an 80,250 
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square foot area. Our building features an atrium to the second floor and a rooftop penthouse 

with stair and elevator access. The rooftop penthouse is 6,790 square feet with a height of 19 

feet. According to the 2021 IBC, rooftop penthouses cannot exceed a third of the square area of 

the supporting roof deck and cannot exceed a height of 18 feet. However, there is an exception 

for penthouses that include an elevator to have a maximum height of 28 feet, hence our building 

is compliant. Our building is also within the 2021 IBC limit for Type IV-B buildings by a 

significant margin because we will include an automatic sprinkler system. By including an 

automatic sprinkler system, our building can be up to 12 stories with a total height of 180 ft and a 

216,000 total square footage area (WoodWorks - Wood Products Council, et al., 2019).  

 

2.4: CLT and Fire 

 For this case study, we will be analyzing a fire that occurs in a 4-story office building. 

The number one cause of office fires is cooking equipment, which accounts for 29% of all office 

fires. Other causes of office fires include electrical distribution and lighting equipment, heating 

equipment, intentional, smoking materials, exposure, and electronic or entertainment equipment. 

The peak times of days for office fires were between noon and 2:00 PM. This is the time of day 

where the greatest number of people are in the office. However, fires that occur between 7:00 

PM and 7:00 AM cause the greatest amount of property damage. Improving automatic detection 

systems, extinguishing equipment, and the fire resistance rating prevent further damage to be 

caused to the building (“NFPA Report”). 

Fire resistance rating (FRR) is the ability of a material to confine fire, continue to provide 

a structural function during fire, or both (International Code Council, 2021). The FRR is 

measured from the start of the fire until the material fails to function. Fire resistance of CLT 

depends upon the number of layers, thickness, adhesive, and panel assembly. Often, 

noncombustible materials are applied to mass timber to increase the FRR. Wall and floor 

assemblies that are made of CLT and exposed and covered with non-combustible material can 

provide up to a 3 hour FRR (Pogue, 2021). CLT’s fire resistance is provided through charring. 

The charring of CLT is different from other timber panels due to the number of layers, glue 

composition, and joints. Charring is when a timber panel is exposed to a fire greater than 400 

degrees C and causes the timber to ignite and burn at a steady rate. As the timber continues to 



67 

   
 

burn, the char becomes an insulating layer. This layer protects the unburnt core of the panel and 

prevents an excess rise in temperature (“GreenSpec: Cross-Laminated”).  

Fire Dynamics Simulator (FDS) and Consolidated Model of Fire and Smoke Transport 

(CFAST) are the two main fire simulation software in use today. FDS is a Computational Fluid 

Dynamics (CFD) model of fire-driven fluid flows. It is most appropriate for simulations of low-

speed, thermally-driven flow, with an emphasis on smoke and heat transfer from fires. CFAST is 

a two-zone fire model. It is best used to calculate the evolving distribution of smoke, fire gases 

and temperature throughout compartments of a building during a fire. From both softwares, a 

heat transfer model can be developed. This can be used to determine thermal gradients of the 

wood elements, and the impacts on the structural capacity. For the sake of our project, we will 

not be using fire simulation software. Instead we will borrow parametric models and equations 

from literature, such as Figure 4, 5, and 6 shown below, to analyze various fire scenarios. This 

alternative is best suited for our short time frame to complete this project (NIST, 2011). 

 

Figure 4: Effective Char Depths for CLT 
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Step Floor Design  

Lamination fall-off time 
𝑡𝑓𝑜 = (

ℎ𝑙𝑎𝑚

𝛽𝑛
)

1.23

 

Calculation of the effective char depth 𝑎𝑐ℎ𝑎𝑟 = 1.2[𝑛𝑙𝑎𝑚 ⋅ ℎ𝑙𝑎𝑚 + 𝛽𝑛(𝑡 − (𝑛𝑙𝑎𝑚 ⋅ 𝑡𝑓𝑜))0.813] 

Determination of effective residual cross-

section 

ℎ𝑓𝑖𝑟𝑒 =  ℎ − 𝑎𝑐ℎ𝑎𝑟  

Determination of location of neutral axis and 

section properties of the effective residual 

cross-section 

𝑦 =
𝛴𝑦𝑖ℎ𝑖

𝛴ℎ𝑖
            𝐼𝑒𝑓𝑓 = 𝛴

𝑏𝑖ℎ𝑖
3

12
+ 𝛴𝑏𝑖ℎ𝑖𝑑𝑖

2
 

Calculation of design resisting moment 𝑆𝑒𝑓𝑓 =  
𝐼𝑒𝑓𝑓

ℎ𝑓𝑖𝑟𝑒−𝑦
       𝑀′ = 𝐾𝐹𝑏𝑆𝑒𝑓𝑓 

Figure 5: Char Equations for Floor Design 

 

Step Wall Design  

Lamination fall-off time 
𝑡𝑓𝑜 = (

ℎ𝑙𝑎𝑚

𝛽𝑛
)

1.23

 

Calculation of the effective char depth 𝑎𝑐ℎ𝑎𝑟 = 1.2𝛽𝑛𝑡0.813 

Determination of effective residual cross-

section 

ℎ𝑓𝑖𝑟𝑒 =  ℎ − 𝑎𝑐ℎ𝑎𝑟  

Determination of location of neutral axis and 

section properties of the effective residual 

cross-section 

𝑦 =
𝛴𝑦𝑖ℎ𝑖

𝛴ℎ𝑖
             𝐼𝑒𝑓𝑓 = 𝛴

𝑏𝑖ℎ𝑖
3

12
+ 𝛴𝑏𝑖ℎ𝑖𝑑𝑖

2
    

𝐴𝑒𝑓𝑓 = 𝛴𝑏𝑖ℎ𝑖 

Calculation of resisting axial compression 

capacity 
𝑆𝑒𝑓𝑓 =  

𝐼𝑒𝑓𝑓

ℎ𝑓𝑖𝑟𝑒−𝑦
       𝑀′ = 𝐾𝐹𝑏𝑆𝑒𝑓𝑓 

Figure 5: Char Equations for Wall Design 

When CLT is damaged in a fire, there are multiple ways of fixing or replacing it. When 

charing is localized and can be removed with sanding, scraping, or abrasive blasting. This is 

done for minor fire damage and if the structural integrity can remain intact. If small areas are 

damaged they can be repaired with equivalent wood sections, such as sections around doors or 

windows (Ranger, Lindsay, et al, 2019). If the char or fire damage impacts multiple layers of the 

CLT it is best to replace all layers affected. One solution is to remove and clean the damaged 
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portions and replace it with new laminations attached with adhesive. This solution does not 

restore full structural capacity of the CLT panel, but it does restore the FRR. Another option is to 

remove the damaged portions and replace them with new laminations attached with adhered and 

screwed scarf joints or adhered only. This option reestablishes pre-fire structural capacity, 

maintains exposed CLT, and restores FRR (“Post-Fire Restoration,” 2018).  

 Our case study building will have some form of automatic sprinklers. Sprinklers are used 

as a means of active fire suppression, but can be a balance between fire damage and damage 

from excess water discharge. Accidental or excess water discharge from sprinklers can result in 

frozen pipes, mechanical damage, installation defects, or corrosion of sprinkler elements. This 

water can adversely affect the wood structure and cause moisture damage. A high moisture 

content can affect the strength and stiffness, and lead to decay or mold. CLT does not absorb 

water very quickly and would only be an issue for prolonged water exposure. This exposure can 

be limited by concrete toppings which protect the wood from direct water contact (Ranger, 

Lindsay, et al, 2019).   
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Chapter 3: Methodology  

Goal: Design a CLT office building, present the client with a fire resistance evaluation, design 

an option for advanced structural resilience, and provide a repair scope and cost-benefit analysis 

for each option.  

 

Objective 1: Design a Type IV-B CLT Office Building 

Steps Scope References 

Option A: Office 

Building Design 

(Type IV-B) 

● Design floors, walls, 

and ceilings with CLT 

based on floor plans 

provided by sponsor - 

For Class A office 

rating requirements 

○ Design for 

gravitational and 

vertical loads 

○ Design for 

lateral loads 

○ Design 

Foundations 

● Use glulam for beams 

and columns 

● Complete design 

calculations 

○ Check design 

calculations 

with Excel/Risa 

● Sponsor provided building 

floor plans 

● IBC 2021 

○ 2303.1.4 

○ 2304.11.3.1 

○ 2304.11.4.1 

○ 2305 

○ 2306 

○ 2307 

● CLT Handbook 

○ Example problems 

● ANSI/APA PRG 320 - 

manufacturing Standard for 

Performance Rated CLT 

○ Nordic website 

○ Adhesive types 

○ Variable key 

● AWC NDS Chapter 10, 

AWC Manual M10, SDPWS 

○ Equations and tables 

for CLT 

○ Wind - lateral forces 

● ASCE 7-10 

○ Minimum design 

loads (ASD vs 

LRFD), factors 

Office building 

economic cost 

● Calculate total cost of 

construction and 

materials  

● Nordic Material Costs / 

website 

● Engineering News Record 

○ Material and 

standard labor costs 

 



71 

   
 

Objective 2: Evaluate Fire Resilience and Repair Options of Building 

Steps Scope References 

Office Building fire 

damage evaluation 

● Establish time 

equivalence for the fire 

exposure and location 

● Recalculate loading  

○ Excel and 

Graphs 

● AWC NDS Specification: 

Chapter 16 

○ Connections and 

design procedures 

for timber 

● CLT Design Manual 

○ Examples 4.1.8 and 

4.1.9 

○ Flooring and wall 

assembly fire 

examples - post-fire 

loads 

Discuss on post-fire 

options 

● Assess fire damage and 

charring 

● Recalculate loading  

● Discuss repair options: 

○ Stripping the 

char 

○ Replacing layers 

with various 

methods 

○ Exposed CLT 

options for lower 

classification 

○ Connection 

options to assist 

in fire resilience 

and repairs 

● AWC Powerpoint 

● Sprinkler Damage 

 

 

Objective 3: Design a CLT Office Building for Advanced Structural Resilience 

Steps Scope References 

Design for structural 

resilience 

● Design floors, walls, and 

ceilings with CLT based 

on floor plans provided 

by sponsor - For above 

Class A office rating 

requirements 

○ Design for 

gravitational and 

● Sponsor provided building 

floor plans 

● IBC 2021 

○ Chapter 23 

● CLT Handbook 

○ Example problems 

● ANSI 

○ Nordic website 
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vertical loads 

○ Design for over 

Class A office so 

it will remain 

class A post-fire 

● Use glulam for beams 

and columns 

● Complete design 

calculations 

○ Check design 

calculations with 

Excel/Risa 

● AWC NDS 

○ Equations for CLT 

● ASCE 7-10 

○ Minimum design 

loads (ASD vs 

LRFD) 

 

 

Objective 4: Cost Analysis of Building Options 

Steps Scope References 

To code cost of repair 

to desired building 

classification (Type 

IV-B repaired to Type 

IV-B) 

● Determine repair options 

for scope of damage 

● Determine cost of repairs 

● Engineering News Record 

● AWC Powerpoint 

To code cost of repair 

to closest* building 

classification (Type 

IV-B cosmetic repair 

to lower building 

type) 

● Assess the damage and 

cosmetic repairs 

● Determine the new 

building classification 

● Engineering News Record 

● AWC Powerpoint 

Structurally resilient 

design option 

economic cost (Type 

IV-A) 

● Determine cost of 

preventative options to 

minimize damage 

● CLT Handbook 

● IBC 2021 

Conclusion ● Economic summary and 

cost breakdown of each 

option 

● CLT Handbook 

● IBC 2021 

*Closest building code relates to the amount of fire damage and the cost required for the building 

to be a lower code classification. 
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Appendix B: Mass Timber Calculations 

Calculation Results - Joist 
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Calculation Results – Girders 
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Calculation Results – Columns 
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CLT Flooring 

Roof Section 1 
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Penthouse Section 1 
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Normal Floors 

 



85 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86 

   
 

Atrium Ceiling  
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Typical Glulam Joist 

4th Floor Outer Edge 

 

 
 



89 

   
 

 

 
 

 



90 

   
 

4th Floor Inner  
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4th Floor Middle  
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Typical Glulam Joist 

3rd – 1st  Floor Outer Edge 
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3rd – 1st  Floor Inner 
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3rd – 1st  Floor Core 
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Special Glulam Joist 

4th Floor Core 
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3rd Floor Core 
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2nd Floor Outside Overhang 
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1st Floor Atrium 
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Typical Glulam Girder 

4th Floor 4-2 
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3rd – 1st  Floor 2 
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Special Glulam Girder 

4th Floor Core Member 
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