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Summary 

 
Reducing greenhouse gas emissions is crucial in the construction industry, as it is responsible 

for significant emissions. Building projects alone contribute to 33% of CO2 emissions, while 

transportation and material production account for up to 82-96% of total emissions. Timber, a 

sustainable and lightweight material, positively impacts the environment when used in 

construction. There is a growing trend towards incorporating more timber in building 

construction globally, particularly in constructing tall timber buildings to reduce emissions. 

However, concerns have been raised about the comfort of occupants in these structures due to 

the lightweight nature of timber, which causes the highest oscillation to occur at the top of the 

building. 

Different structural systems like frames, shear walls, and diagrid systems are developed and 

evaluated for their capacity to endure wind loads within all-timber systems to examine 

oscillation at the highest point of a building. The goal is to identify the most productive and 

efficient approaches to withstand wind loads by analyzing deflection, inter-story drift, and peak 

acceleration. 

Based on the ISO 10137 comfort level, numerical models were created, observed, and 

evaluated. The results indicated that the diagrid system surpassed both the frame and shear wall 

systems due to its ability to withstand lateral forces with a higher natural frequency and lower 

peak acceleration despite being lighter in weight. The diagrid system demonstrated exceptional 

performance during the analysis despite its low mass. 

When analyzing the natural frequencies and peak accelerations of all systems, it was apparent 

that the diagrid system had substantially higher natural frequencies than the frame and shear 

wall systems. Moreover, the diagrid system’s peak acceleration was lower than the frame and 

shear wall systems. These findings conclude that a diagrid system is a superior option compared 

to the current frame and shear wall systems. 

One essential aspect to consider is the deflection of each system, which is influenced by the 

structure’s stiffness. The diagrid system deflected only 13.24 mm, less than the frame and shear 

wall system. Regarding practical applications, engineers and architects now have an alternative 

option in the diagrid system for controlling overall timber building vibrational serviceability, 

especially during wind activities.  
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1 Introduction 
 

The construction industry is responsible for a significant amount of greenhouse gas emissions, 

making it necessary to find ways to reduce emissions in building projects. To address this issue, 

alternative materials and innovative construction techniques are being explored to lower the 

carbon footprint of buildings. One such material used today to target the issue is timber 

materials in construction projects. Timber is considered to be highly sustainable and has a 

positive impact on the environment when used in construction. There is a growing focus on 

incorporating more timber in building construction worldwide as tall timber buildings are now 

considered a crucial step towards reducing building-related emissions (Leskovar & Permrov, 

2021; Smith & Frangi, 2018; Zhao et al., 2021a). 

There has been a growing interest in exploring the use of timber in construction projects. This 

has led researchers and engineers to investigate innovative ways to expand the scope of timber 

used in the construction industry. However, engineers have faced significant challenges in 

ensuring rigidity, lateral stability, and wind resistance for mass timber buildings. Durability 

takes precedence when constructing a building, as it must withstand various loads, including 

extreme temperatures and vibrations, and support gravity, wind, and snow loads (Lin & Huang, 

2016; Reddy & M.Eadukondalu, 2018). 

The use of timber is limited and is not widely used as concrete and steel. Therefore, the limited 

studies on timber buildings under lateral loads need to be specified or clarified. Today, the 

highly used timber material is Cross-Laminated Timber (CLT) in the form of shear walls and 

slab systems. Timber materials are not expanded as concrete and steel. Materials such as 

concrete and steel have been used for many years. Therefore, using this kind of material is well 

known, and designers are comfortable in applying them for various projects. 

On the other hand, timber buildings have many unknown behaviors that impact the design 

method. Therefore, various studies have been conducted to better understand and improve Cross 

Laminated Timber (CLT) as a lateral load-resisting system in mid- and high-rise buildings. One 

notable research project was the SOFIE project in Italy, which focused on a 7-story multi-story 

building with CLT panels to study the building’s behavior. This project aimed to examine the 

structural performance of the building, where they determine the feasibility of using CLT as a 

viable construction material (Carrero et al., 2022). Moreover, Fragiacomo et al. (2011) have 

discussed design methods for CLT in mid-rise buildings. This study looked at the importance 

of proper detailing and connections in ensuring the structural integrity of CLT buildings. The 
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authors also examined the benefits of using CLT, such as its environmental sustainability and 

ease of construction (Fragiacomo et al., 2011; Zheng et al., 2019). 

It must be underlined that timber buildings under two stories have been designed and built as 

residential housings (Edvardsen & Ramstad, 2014) Over the years, a global race towards the 

highest timber building made various questions about the comfort of the building. Due to the 

light weight of timber, the highest oscillation is at the top of the building. Since the behavior of 

timber buildings are unknown, significant problems occur when the building rises in height. 

The dynamic loading, represented as the wind on buildings, can cause these structures to sway 

or vibrate, leading to discomfort for those inside or nearby. Tall timber buildings that range 

from 12-14 stories and above are highly affected by dynamic loadings where the acceleration 

level on the top of the building will be found to govern the design of the stabilization system 

(Abrahamsen et al., 2020). Several FE-models that are in timber elements modeled with more 

than 20 stories have been checked for the comfort level calculated by the first frequency and 

the peak acceleration on the top of the building (Abrahamsen et al., 2020; Johansson et al., 

2016; Orta et al., 2020; Zhao et al., 2021a; Zhao et al., 2021b). 

Many researchers have started to test tall mass timber buildings under wind-induced forces, 

where Bezabeh et al. (2020) have conducted a wind tunnel test on tall timber buildings ranging 

from 10 to 40 stories with a high-frequency pressure. Regarding tall timber structures, the 

primary focus is on ensuring they are safe and functional for use (Bezabeh et al., 2018a; 

Bezabeh et al., 2018b; Bezabeh et al., 2018c; Bezabeh et al., 2020). 

Different structural systems perform differently under lateral loads, where the amount of sway 

depends on the mass and stiffness of the building. In general, timber buildings are known to 

have good strength capacity due to Ultimate Limit State (ULS) but have to be controlled for 

sideway motions and vibration due to Serviceability Limit State (SLS), which is deemed the 

most critical aspect of their design (Standardization, 2002). Due to the light weight of timber, 

the dynamic excitation that occurs from wind-induced actions has started to dominate the 

decision towards size and shape for a modern timber building. Designing and evaluating tall 

mass timber buildings with good dynamic performance can be challenging. This is mainly due 

to the lack of data and information regarding tall timber buildings’ behavior under wind-induced 

force, where the main concerns are due to stiffness, connection, and damping (Abrahamsen et 

al., 2020).  
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Additionally, Chan (2018) emphasizes that it is indeed feasible to construct tall timber buildings 

by incorporating timber cores into the design. Furthermore, several tall mass buildings are built 

as all-timber. Therefore, the primary concern is the horizontal deflection and sway during a 

building’s service time for all-timber buildings. The focus on all-timber buildings is first to 

increase the use of timber buildings to improve carbon sequestration and second to assess the 

reliability of reducing overall building superstructure gravitational loads for situations where 

ground conditions may not be highly competent. For the sake of this thesis, it will be focused 

on wind load as a form of lateral load that acts horizontally on the structure or building. 

 

1.1 Research questions and objectives 

 

Structural construction timber elements and systems have been found to possess high strength 

and stiffness despite their lightweight. This reflects that timber buildings have systems that can 

overcome various deformations and forces. However, due to their lightweight, serviceability 

criteria often govern the design choices of timber structural systems. While much work on 

seismic load analyses has been conducted on timber structures, more on wind loads must be 

done. This thesis aims to investigate the functionality of different timber stabilizing systems 

and answer various research questions regarding their effectiveness. Therefore, this thesis will 

focus on studying the global serviceability performance of timber buildings that employ various 

timber lateral force resisting systems (LFRS) under wind-induced loads to enhance the 

understanding of the performance of such different timber LFRS. Therefore, the following 

research questions may be answered. 

The research questions, 

1) How do medium- and high-rise buildings develop with complete timber components 

and respond to lateral loads such as wind?  

2) How reliable are the current empirical formulas provided in various codes in predicting 

the fundamental frequencies of timber buildings? 

3) How do various lateral load-resisting systems influence the dynamic characteristics of 

medium- to high-rise timber buildings? 
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The main goal of this study is to assess the global serviceability of medium- to high-rise 

all-timber buildings under wind-induced actions. The goal is broken down as follows: 

1) Assessing the global vibration serviceability of tall all-timber buildings under wind 

loads. 

2) Evaluate the performance of medium- to high-rise all-timber buildings incorporating 

various timber LFRS. 

3) Check the accuracy of current code provisions in estimating the fundamental 

frequencies of timber buildings. 
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2 State-of-the-art 

 
In today’s world, the impact of greenhouse gas (GHG) emissions is a significant concern that 

influences decision-making across various sectors. Research conducted by Sizirici et al. (2021) 

reveals that building constructions account for a significant 33% of CO2 emissions, while 

transportation and material production contribute as much as 82-96% of the total CO2 emissions 

(Sizirici et al., 2021). For many years, reinforced concrete and steel have been the primary 

structural materials used in multi-story buildings. However, the manufacturing processes of 

these materials are significant contributors to CO2 emissions. For instance, cement production 

through calcination and coking coal use for steel production release emissions of up to 50% and 

27%, respectively (Skullestad et al., 2016).  

Numerous studies have been done to compare the sustainability of various building materials, 

and the results consistently indicate that timber is an eco-friendlier option than concrete and 

steel. One such study, carried out by Žemaitis et al. (2021), analyzed the value chains of wood-

based and concrete-based materials and found that mass timber construction has a more positive 

impact on sustainability than site-cast and precast-reinforced concrete. Abed et al. (2022) 

explain the importance of choosing sustainable materials to mitigate building-related emissions. 

Engineering sciences and advancements in timber construction technologies have emerged 

timber as a promising structural material even for heavy loads. Timber is known for its ability 

to store carbon dioxide, its low production energy requirement, and its role in reducing building-

related emissions (Abed et al., 2022; Dhiman, 2020). 

Similarly, Skullestad et al. (2016) conducted a life cycle analysis (LCA) on four buildings with 

different structural systems, ranging from 3 to 21 stories. Their findings revealed that timber 

buildings have a significantly lower climate change impact (34-84%) than reinforced concrete 

buildings while maintaining the same load capacity (Skullestad et al., 2016). 

Furthermore, an example of timber’s potential as a sustainable building material can be seen in 

Gillies Hall, which is the largest passive house building in Australia and was completed in 2018. 

This building used cross-laminated timber (CLT) as a structural material, which effectively 

reduced carbon emissions by half, according to the 2019 Global Status Report for Buildings 

and Construction Towards a zero-emissions, efficient and resilient buildings, and construction 

sector (Abergel et al., 2019). These studies demonstrate the clear benefits of incorporating 

timber into our construction practices to reduce the carbon footprint and make a more 

sustainable future (Abergel et al., 2019). 
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2.1 CTBUH’s definitions of structural system 

 

It is important to note that mass timber buildings are built with different structural materials, 

like concrete and steel. Since timber is lightweight, it depends on other robust materials to fulfill 

different design criteria. Therefore, structural systems for tall mass timber buildings are divided 

into four main categories. These categories consist of all-timber, concrete-steel-timber hybrid, 

concrete-timber hybrid, and steel-timber hybrid, as shown in Figure 2.1 provided below, 

 

Figure 2.1 The four classifications of structural systems in timber 

 

CTBUH, which stands for The Council on Tall Buildings and Urban Habitat, has classified 

timber structural systems into All-timber, concrete-steel-timber, concrete-timber, and steel-

timber hybrid buildings (Safarik et al., 2022). An all-timber structure identifies timber as the 

primary vertical and horizontal bearing element. This type of structural system can use non-

timber elements such as concrete and steel as floors and slabs, as long as those elements are not 

a part of the primary structure. For example, Mjøstårnet is considered an all-timber structural 

system, but it has concrete floors on the top apartment levels due to comfort criteria 

(Abrahamsen, 2017). 

Hybrid buildings have two or more materials in the primary structural system that takes the 

loadings. Here the core system can be designed in concrete with beams and columns in glulam. 

If the core is constructed to take lateral loads, then the core is a part of the primary structural 

system. For example, Ascent and 25 King, where Ascent has concrete cores, and 25 King have 

floors and cores in concrete. Since the cores and floors resist lateral and vertical loads, those 

will be concrete-timber hybrid buildings. 25 King has a diagonal glulam bracing system to resist 

the lateral load. Since the basement and the ground floor are in concrete, the building is 

categorized as a concrete-timber hybrid building (archello, 2018; Architizer, 2023; Safarik et 

al., 2022). 
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2.2 Timber buildings all over the world 

 

The comprehensive State of Tall Timber 2022 report presents findings on 139 mass timber 

buildings with eight or more stories. CTBUH recently updated the list, providing data on 84 

impressive structures as of February 2022 (Safarik et al., 2022). In Table A.1, which can be 

found in Appendix A, 84 buildings are collected from the CTBUH list published in February 

2022 with updated information and include 19 other timber mass buildings worldwide that also 

contain information from the CTBUH database. In total, 103 mass timber buildings were 

collected from the State of  Tall Timber 2022 report and have been used to write this chapter in 

this thesis (Safarik et al., 2022; State of tall buildings, 2022). For the 103 buildings, information 

such as the official name of the building, where its located, height and floor count, what type 

of structural system it has, the function of the building, status, and completion year is collected.  

 

Figure 2.2 The governing structural system in a) Australia, b) Europe, and c) North America. Figure inspired by 

(Safarik et al., 2022) 

 

The three diagrams represent the structural system that dominates in a) Australia, b) Europe, 

and c) North America. The governing structural system is the Concrete-timber Hybrid system 

in Australia and Europe, but it is the All-timber system in North America. 

Most of the mass timber buildings are found in Australia, Europe, and North America, as sown 

in Figure 2.2 above. The dominating structural system is in all-timber and concrete-timber 

hybrid systems. Today, the tallest mass buildings are in North America and Europe. Mjøstårnet 

in Brumunddal, placed in Norway, is currently the tallest all-timber building with timber as the 

primary lateral structural element. Ascent, located in Milwaukee, United States, is the tallest 

concrete-timber hybrid building; Sara Kulturhus, placed in Skellefteå, Sweden, is the tallest 

steel-timber hybrid building; and De Karel Doorman in Rotterdam, Netherlands, is the tallest 
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concrete-steel-timber hybrid building. Figure 2.3 shows Acsent, Mjøstårnet, Sara Kulturhus, 

and De Karel Doorman in order and placed beside each other (Safarik et al., 2022). 

Table A.1 also notes that mass timber buildings are found in Northeast and Southeast Asia, 

South America, and West Africa. Eunoia Junior College in Singapore was completed in 2019 

with a concrete and timber structural system. Abebe Court Tower in Nigeria, the AMATA 

building in Brazil, W350 Tower in Japan, and the Rainbow Tree in the Philippines are all 

design/proposed constructions that are aimed to be built in the future. If the proposed 

constructions are to be constructed soon, they will be one of the region’s tallest buildings in the 

world (State of tall buildings, 2022). 

 

Figure 2.3 a) Acsent, b)Mjøstårnet, c) Sara Kulturhus, d) De Karel Doorman. (inspired by (State of tall 

buildings, 2022)) 

 

Figure 2.3 a), b), c), and d) represent; a) Acsent, Concrete-timber building, 86,6m in height, b) 

Mjøstårnet, All-timber building, 85,4m, c) Sara Kulturhus, Steel-timber building, 72,8m,  d) De 

Karel Doorman, Concrete-steel-timber building, 70,5m (State of tall buildings, 2022).  

Figure 2.4 shows the number of building with a different structural system built as tall that is 

either constructed, under construction or designed/proposed over the years. Shows mass-timber 

buildings that are eight stories or higher from Table A.1. The diagram shows the sum of different 

mass timber building types built from 2009 to 2041 due to collecting information from Table 

A.1 (Safarik et al., 2022). The dark blue color shows the number of buildings constructed with 

structural systems in all-timber. The light blue color shows the number of buildings in a 

concrete-steel-timber hybrid system. The gray color shows the amount of concrete-timber 

hybrid buildings, and the blue one shows the number of steel-timber hybrid buildings. It noted 
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that all-timber and concrete-timber hybrid buildings are the most selected structural system 

over the years. 

 

The buildings are built for different purposes. From Table A.1, the function of the building is 

categorized as residential, office, and mixed-use. As Figure 2.5 shows from the collected data, 

62% of the mass timber buildings are residential, 18% are office buildings, and the remaining 

20%is mixed-use of residential, office, or other purposes. The buildings are again divided into 

the structural system in Figure 2.5. Most buildings have been built for residential use, with a 

dominating structural system in concrete and timber. In the second lead, the structural system 

in timber has been selected.  

 

Figure 2.5 Buildings built in steel-timber, concrete-timber, concrete-steel-timber hybrid, and all-timber systems. 

Figure inspired by (Safarik et al., 2022) 

 

Figure 2.4 The diagram shows the sum of different mass timber building types built from 2009 to 2041. Figure 

inspired by (Safarik et al., 2022) 
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The recently built and ranked holder for the tallest timber building is Ascent. Ascent is a 

concrete-timber hybrid building and has 25 floors. The first five stories, the elevator and stair 

shaft, are in concrete. In addition, the floors above are in CLT panels and glulam post and beam 

construction. Ascent’s two cores, the elevator and stair shaft, are in concrete. The two cores 

provide lateral stability (architectureanddesign, 2022; Gonchar, 2022).  

25 King can be found in Australia, Brisbane, and reach up to 46,8 meters with ten stories. This 

building was made out of good engineering choices that made this construction to be the tallest 

timber building with the largest floorplate in the world (Architizer, 2023). King was built with 

glulam timber columns and beams, where the floor and core walls are in CLT panels. Due to 

dampness and termites (natural causes), the basement and ground floor structures were in 

concrete. For the lateral resistance, diagonal glulam bracings were provided (archello, 2018).  

The wood innovation design center is an office building built with glulam columns, beams, and 

CLT panels. It is an all-timber building in North America and was completed in 2014. The wood 

innovation design center was the tallest modern timber building then. The elevator and stair 

core walls in CLT were the primer lateral load-resisting system (Wood Innovation and Design 

Centre).  

The mass-timber building Mjøstårnet in Norway, Brumunddal, is today’s tallest all-timber 

building. Mjøstårnet is built with CLT walls and glulam beams and columns. The primary load-

bearing system is the internal glulam columns and beams, along with the glulam trusses system 

that takes global forces in the horizontal and vertical directions. The CLT core for the elevator 

and staircase is the secondary load-bearing system. Those walls do not take horizontal forces 

(Abrahamsen, 2017). To give the necessary weight for the building and to ensure the comfort 

criteria for the apartments, the floors in levels 12 to 18 are made of concrete. Every floor in 

Mjøstårnet acts as a diaphragm. From the design combinations, wind load was the dominant 

load applied as statical load. Abrahamsen (2017) also points out that the 81m height building 

has a maximum horizontal deflection on the top of 140mm. This indicates that the deflection is 

within the limits of the code. The peak acceleration on the top floor was slightly above the limit 

(Abrahamsen, 2017). 

Treet is also located in Norway, in Bergen. It has been designed with prefabricated residential 

CLT modules and covered with glulam truss systems inspired by modern timber bridges. Each 

module was stacked together on-site, where every fourth module was covered in the framework. 

The truss system ashore the structural stability as the primary load-bearing system, and the CLT 
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modules are not contributing to horizontal stability. Under wind load exposure, the diagonal 

bracing and columns tend to experience tensile forces (Abrahamsen & Malo, 2014). 

With the characteristic height of the building, the maximum horizontal deflection on the top 

was calculated to be 71mm. The limitations are L/500, and the deflection is within limits. The 

wind-induced peak acceleration for the building was calculated based on CEN 1991-1-5 and 

was determined to be 0,048 m/s2 and 0,051 m/s2. The acceleration should not be higher than 

0,04m/s2, since it is not affecting the comfort that much, it was accepted (Abrahamsen & Malo, 

2014).  

 

2.3 Strategies against horizontal lateral loads  

 

Various stabilizing systems are used to resist horizontal loads. Implementing timber materials 

in every part of a structure can be difficult due to its relatively lightweight nature, which requires 

sturdier materials to withstand lateral loads. Concrete and steel have been utilized as the primary 

lateral force-resisting systems in buildings, according to a recent study by Carrero et al. (2022). 

Incorporating these materials has allowed for greater structural stability and the ability to 

construct taller and more complex timber buildings (Carrero et al., 2022). As per the research 

conducted by Zheng et al. (2019), utilizing a combination of timber and concrete in the 

construction of tall buildings has opened new possibilities regarding height and structural 

integrity. The two materials perfectly withstand the various lateral loads that tall buildings are 

subjected to. While concrete cores are responsible for handling lateral loads, timber will handle 

other types of loads like gravity and diaphragm loads (Zhang et al., 2022). Foster et al. (2016) 

have pointed out that hybrid structural elements have several benefits and make it possible to 

construct tall timber buildings. The studies suggest that incorporating steel or concrete is 

necessary to design tall timber structures. Although the use of timber as a lateral load-resisting 

system is not yet fully understood, the concrete core provides a viable solution for tall timber 

buildings where lateral loads are significant. 

As Orta et al. (2020) point out, three main strategies are used for lateral load resistance in mass 

timber buildings. This is reflected in the core, bracing, and shear wall systems. Usually, the core 

system is placed at the center of the building and helps the building stand against lateral loads. 

Most tall timber buildings have either concrete cores or cores in cross-laminated timber (CLT). 

This provides overall lateral stiffness for the building (Angelucci et al., 2022). 
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In Eurocode 1-4, only damping values regarded as timber bridges are found. However, there is 

currently no regulated value that can be used as damping when calculating peak acceleration. 

This makes the damping value a “guessing value” used as the modal damping for tall timber 

buildings (Abrahamsen et al., 2020).  

However, the process of doing the on-site measurement on timber buildings and in the 

laboratory has started, but it is time-consuming and costly (Feldmann et al., 2016; Vilguts et al., 

2020). There are different test methods to measure the dynamic properties of timber buildings. 

One of the testing methods can measure the dynamic response without knowing the acting load. 

This type of testing is called Operational Modal Analysis (OMA), also known as Ambient 

Vibration Testing (AVT). This method gives a reliable value in natural frequencies and mode 

shapes but a less reliable value due to damping. In the study by Feldmann et al. (2016), dynamic 

properties, such as natural frequency, mode shape, and damping, were measured by time and 

frequency domain method that, in this case, was with ambient vibrational testing. Here timber 

buildings and towers with heights ranging from 20 to 100 meters had a frequency ranging from 

0,3 Hz to 3 Hz and a damping ratio of 0,5% to 3% (Feldmann et al., 2016). 

On the other hand, Forced Vibration Testing (FVT), measuring over the range of frequencies, 

makes it possible to control the load level and determine the frequency response function. The 

frequency response function given by the FVT makes it possible to calibrate FE-models. 

However, it must be noted that a Full-scale FE-model of tall timber buildings has significant 

doubts regarding stiffness and damping values (Abrahamsen et al., 2020; Feldmann et al., 

2016).  
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3 Theory  
 

3.1 Load-bearing system 

 

In earlier days of construction, the primary focus was on gravity loads rather than lateral loads. 

As buildings became taller and incorporated lighter materials, concerns for the stability and 

rigidity of the structure increased. Back in 1969, researcher Fazlur Khan made a 

groundbreaking discovery concerning the structural systems of tall buildings. He was the first 

to realize that a building’s height significantly impacts its structural design. Khan explained that 

lateral loads cause the structure to sway, a critical issue requiring progressively larger column 

sizes downwards as gravity and lateral loads are transmitted from the upper floors to the ground. 

However, this increase in material size can significantly increase the building budget, which is 

a concern for any construction project. Therefore, Khan highlighted that a structure must be 

solid and stiff enough to resist side-to-side motions without incurring additional expenses. He 

also categorized different structural systems based on these principles, which have since 

become widely used in architecture (Ali, 2007; Ali & Al-Kodmany, 2022). 

 

Figure 3.1 The categorized structural system based on how well the system resists lateral load for steel and 

concrete buildings up to 20-30 stories (Ali, 2007) 

 

Figure 3.1 illustrates how the structural system is categorized, making it easier for architects 

and engineers to understand and select the most appropriate system for their project (Ali, 2007). 

When it comes to designing a structure, several factors need to be taken into consideration. 

These include the load case, the shape of the structure, where it will be located geographically, 

and the type of material used. Figure 3.1 can be used to determine the most suitable structural 

system for a particular project. Khan’s reasoning behind the characterized system can also be 

helpful (Ali & Al-Kodmany, 2022). 
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Eurocode considers two types of limits state; Ultimate Limit State (ULS) and Serviceability 

Limit State (SLS) (Standardization, 2002). Ultimate Limit State is associated with the 

structures’ loss of stability, structural collapse, and other structural failures. Serviceability 

Limited State considers the user’s comfort and the ability to withstand plastic deformation under 

(extreme) external loads. The external loads can be dead, live, snow, wind, or earthquake. The 

Eurocode must satisfy maximum along-wind horizontal displacements and acceleration at the 

top of the building (Edskär, 2018; Lin & Huang, 2016). 

How wind acts on structures or buildings is influenced by the structural shape. The frequency 

and the magnitude of the wind impact the structure. The environment of the building, such as 

the terrain and other buildings around it, also affects the wind performance. The cause of the 

load leads to the overall structural design and decisions (Edskär, 2018). 

Method to find the equivalent static wind force and the standard deviation of the characteristic 

along-wind acceleration of the structure are defined in the European standard Eurocode 1: 

Actions on structures Part 1-4: General actions Wind load (Standardization, 2009). This thesis’s 

equations, formulas, and methods are from Eurocode 1-4 and IOS 10137 (Standardization, 

2007; Standardization, 2009). From the Eurocode and the Norwegian National Annex, two 

methods for determining the wind forces, where various equations are used to determine the 

external wind pressure, the overall wind forces, and the standard deviation, are specified. 

 

3.2 Wind load  

 

There are two main types of loads impacting a building. These are gravity loads and lateral 

loads. Gravity loads are vertically directed and perpendicular to the roof and floor systems. 

These types of loads can either be classified as dead or live loads. Permanent building materials, 

including walls, floors, and roofs, contribute to dead loads (Larsen, 2008). 

In contrast, live loads are contributed by people, furniture, and other temporary items. Snow 

loads do belong in the live load category. However, this will vary depending on the geographical 

location of the building and the weight of accumulated snow on the roof (Larsen, 2008).  

Lateral loads, which are horizontal forces acting on a structure, can be caused by various factors 

such as seismic activity, water pressure, and wind load. These mentioned loads are repeated live 

loads that perform in a direction parallel to the x-axis. Buildings can be affected by horizontal 
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or lateral loads, especially from seismic activity or wind. Seismic activity (horizontal loads) can 

challenge the structure and vary depending on the location and frequency of earthquakes. Wind 

loads become the primary concern in areas without seismic activity, especially during extreme 

weather conditions such as hurricane-force winds. Therefore, it is crucial to fully understand 

the different types of loads that can affect a building and ensure that the structure is designed to 

withstand them (Lin & Huang, 2016). 

The force of the wind is an unpredictable and ever-changing natural occurrence that has the 

potential to wreak facades on structures and buildings. Researchers in the 19th century 

recognized this and have studied how wind interacts with surfaces and structures to create 

various flow situations, resulting in unique wind loads with differing sizes and characteristics. 

Due to its unpredictable nature, it is difficult to determine how the wind load will impact a 

structure, making the design process more complex (Mendis et al., 2007). It is why traditional 

design methods consider the potential for repeated exposure to wind loading, which can cause 

damage to steel structures, foundation settlement, deflections, and motion in tall buildings. The 

design approach ensures that the structure can withstand repeated wind loads without significant 

damage (Davenport, 1967).  

The study conducted by Abu-Zidan et al. (2022) reveals the significant impact that wind 

pressures can have on a building’s façade, resulting in substantial aerodynamic loads. While 

previous research has explored the performance of timber buildings under dynamic responses, 

the focus has been on seismic performance in tall timber structures.  

 

3.3 Calculation on wind load 

 

The focus will be on the serviceability assessment on the top of the building. Section 6.3.2 of 

Eurocode 1-4 will use the wind pressure on the external surfaces to assess the building’s 

serviceability by multiplying the peak velocity pressure by the pressure coefficient for external 

pressure. The standard deviation calculation is at the top of the building, specifically at the 

height of z (Standardization, 2009).  

Basic wind velocity, 𝑣𝑏, is defined as a function of wind direction and time of the year. The 

value is calculated by multiplying the fundamental value of the basic wind velocity, 𝑣𝑏,0, along 

with the factors provided in Eurocode 1-4 (Standardization,2009). Where the characteristic 10-

minute mean wind velocity is above 10 meters over the ground level. The value of 𝑣𝑏,0 is found 
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in the Norwegian National Annexes and is a statical analysis of measurements at meteorological 

stations (Standardization, 2009). Expression (3.1) expresses the basic wind velocity,  

 

𝑣𝑏 = 𝐶𝑑𝑖𝑟 ∙ 𝐶𝑠𝑒𝑎𝑠𝑜𝑛 ∙ 𝑣𝑏,0 (3.1) 

 

where, 

𝑣𝑏  Basic wind velocity 

𝑣𝑏,0  The fundamental value of the basic wind velocity 

𝐶𝑑𝑖𝑟  Directional factor 

𝐶𝑠𝑒𝑎𝑠𝑜𝑛 Season factor 

 

As the standards and Eurocode points out, Expression (3.1) is for a 50 years return period 

(Johansson et al., 2016). Johansson et al. (2016) present an expression used to calculate wind 

velocity for shorter times, 𝑣𝑏𝑇. In this case, 𝑇 stands for the specified year. The Expression (3.2) 

gives the wind velocity for a shorter time as, 

 

𝑣𝑏𝑇 = 𝑣𝑏 ∙  0,75 ∙ √1 − 0,2 ∙ ln (− ln (1 −
1

𝑇
))  

(3.2) 

 

Basic wind velocity is needed to calculate the mean wind velocity. Mean wind velocity, 𝑣𝑚(𝑧),  

estimates the wind flow speed from high to low pressure on a structure. The basic wind velocity, 

𝑣𝑏 , used to calculate the mean wind velocity depends on the return period, T. Either 𝑣𝑏 or 𝑣𝑏𝑇 

is used to calculate the mean wind velocity. In Expression (3.3), the wind velocity for a shorter 

time , 𝑣𝑏𝑇 , is used. 

𝑣𝑚(𝑧) = 𝐶𝑟(𝑧) ∙ 𝐶𝑜(𝑧) ∗ 𝑣𝑏𝑇 (3.3) 

 

where, 
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𝑣𝑚(𝑧)   Mean wind velocity 

𝐶𝑟(𝑧)  The roughness factor, taken as 1,0 

𝐶𝑜(𝑧)  The orography factor 

 

The terrain roughness depends on the terrain category and the terrain parameters and is 

calculated as shown in Expression (3.4),  

𝐶𝑟(𝑧) = {
𝑘𝑟 ∙ ln (

𝑧

𝑧0
) , 𝑧𝑚𝑖𝑛 ≤ 𝑧 ≤ 𝑧𝑚𝑎𝑥

𝐶𝑟(𝑧𝑚𝑖𝑛),            𝑧 ≤ 𝑧𝑚𝑖𝑛

 

(3.4) 

 

𝑘𝑟  Terrain factor depending on the roughness length z0 (Expression 3.5) 

𝑘𝑟 = 0,19 ∙ (
𝑧0

z0,Ⅱ
)

0,07

 
(3.5) 

where, 

𝑧  Height of the building  

𝑧0  Roughness length  

z0,Ⅱ  Terrain category 2 = 0,05 meters 

𝑧𝑚𝑎𝑥  Taken as 200 meters 

𝑧𝑚𝑖𝑛  Minimum height defined in Eurocode 1-4 table 

 

The peak velocity pressure is calculated to specify the wind activities on the structure. The peak 

velocity pressure, 𝑞𝑝(𝑧), can be found with the effect of the mean wind velocity, 𝑣𝑚(𝑧), and 

turbulence intensity, 𝐼𝑣(𝑧), as shown in Expression (3.6) (Standardization, 2009). 

 

𝑞𝑝(𝑧) = [1 + 7 ∙ 𝐼𝑣(𝑧)] ∙
1

2
∙ 𝜌 ∙ 𝑣2

𝑚(𝑧) 
(3.6) 
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where, 

 𝑞𝑝(𝑧)  Basic velocity pressure 

𝜌  Air density = 1,25 kg/m3  

𝐼𝑣(𝑧)  Turbulence intensity 

𝑣𝑚(𝑧)  Mean wind velocity 

 

Calculations for wind load dynamics involve determining the peak velocity pressure, which 

takes into account the turbulence intensity, 𝐼𝑣(𝑧). To calculate intensity, the standard deviation, 

𝜎𝑣, is divided by the basic mean wind velocity, 𝑣𝑚(𝑧). The expression (3.7) is simplified with 

the terrain and turbulence factors, 𝑘𝑟 and 𝑘𝑙. The turbulence intensity is found as Expression 

(3.7), as specified in (Standardization, 2009). 

 

𝐼𝑣(𝑧) = {

𝜎𝑣

𝑣𝑚(𝑧)
=

𝑘𝑙

𝐶0(𝑧) ∙ ln (
𝑧
𝑧0

)
, 𝑧𝑚𝑖𝑛 ≤ 𝑧 ≤ 𝑧𝑚𝑎𝑥

𝐼𝑣(𝑧𝑚𝑖𝑛),            𝑧 ≤ 𝑧𝑚𝑖𝑛

 

 

(3.7) 

 

where, 

 𝑘𝑙   The turbulence factor, given as 1,0 in the National annex, Eurocode 1-4 

 𝐶0(𝑧)  The orography factor 

 

3.4 Peak acceleration  

 

The acceleration limits depend on the frequency of the vibration. How people respond to 

different vibration levels depends on the comfort of each one of them. Table 3.1, made by 

Mendis et al. (2007); Vilguts et al. (2020), points out a table describing the human perception 

level for different peak accelerations. Table 3.1 contains different human responses due to 

different peak accelerations ranging from 0,05 m/s2 to 0,85 m/s2. Table 3.1 below is from 

(Mendis et al., 2007; Vilguts et al., 2020) 
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Table 3.1 Human perception levels (Mendis et al., 2007) 

Level Acceleration [m/s2] Effect 

1 < 0,05 Humans cannot perceive motion 

2 0,05 - 0.1 
a) Sensitive people can perceive motion 

b) Hanging objects may move slightly 

3 0,1 - 0,25 

a) Majority of people will perceive motion 

b) Level of motion may affect desk work 

c) Long-term exposure may produce motion 

sickness 

4 0,25 - 0,4 

a) Desk work becomes difficult or almost 

impossible 

b) Ambulation is still possible 

5 0,4 - 0,5 

a) People strongly perceive motion 

b) Difficult to walk naturally 

c) Standing people may lose balance 

6 0,5 - 0,6 
Most people cannot tolerate motion and are 

unable to walk naturally 

7 0,6 - 0,7 People cannot walk or tolerate motion  

8 >0,85 
Objects begin to fall, and people may be 

injured  

 

3.4.1 Calculation of peak acceleration 
 

To calculate the horizontal peak acceleration, 𝑎(𝑧), at the top of the building, the standard 

deviation of the characteristic along-wind acceleration, 𝑎,𝑥(𝑧), will be multiplied by the peak 

factor, Kp, as shown in Expression (3.8) (Standardization, 2009). 

𝑎(𝑧) =  𝑎,𝑥(𝑧) ∙ 𝐾𝑝  (3.8) 

 

where, 

 𝑎,𝑥(𝑧)  Standard deviation 

𝐾𝑝   Peak factor  

 

From the Eurocode 1991-1-4, two methods exist to find the standard deviation  𝑎,𝑥(𝑧).  The 

acceleration for serviceability assessments can be found in Expression (3.9) from the National 

Annex B and Expression (3.10) from the National Annex C Eurocode 1991-1-4 

(Standardization, 2009). 
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𝑎,𝑥(𝑧) =  
c𝑓 ∙   ∙ b ∙ 𝐼𝑣(𝑧) ∙ 𝑣2

𝑚(𝑧)

𝑚1, 𝑥
∙ 𝑅 ∙ 𝐾𝑥 ∙ 1,𝑥(𝑧) 

 (3.9) 

 

𝑎,𝑥(𝑦,𝑧) = c𝑓 ∙   ∙ 𝐼𝑣(𝑧) ∙ 𝑣2
𝑚(𝑧) ∙ 𝑅 ∙  

𝐾𝑦 ∙ 𝐾𝑧 ∙ (𝑦,𝑧) 

𝜇𝑟𝑒𝑓 ∙  𝑚𝑎𝑥
 

 

(3.10) 

where, 

c𝑓  Force coefficient 

  air density  

b  Width of the structure 

𝐼𝑣(𝑧)   Turbulence intensity at the height z=zs above the ground  

𝑣𝑚(𝑧)   the mean wind velocity for z = zs 

𝑧  the reference height 

𝑅   the square root of resonant response 

𝐾𝑥  The non-dimensional coefficient 

𝐾𝑦 𝑎𝑛𝑑 𝐾𝑧 Constants 

𝑚1, 𝑥  the along wind fundamental equivalent mass 

1,𝑥(𝑧) fundamental along wind modal shape 

(𝑦,𝑧)   mode shape  

𝑚𝑎𝑥  mode shape value at the point with maximum amplitude 

𝜇𝑟𝑒𝑓  the reference mass per unit area 

The two expressions are used to calculate a structure's standard deviation, each referencing 

different points. Expression (3.9) calculates the standard deviation at the top of the building, 

while Expression (3.10) calculates for structural points with x and y coordinates (x,y). National 

Annex B's Expression (3.9) determines the maximum along-wind displacement to calculate the 

acceleration on the top of the building at a given height z (Standardization, 2009). 
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Wind-induced motion with a frequency less than 1 Hz can lead to discomfort for the people that 

live in the building. The first mode shape of the building is represented in bending and rotating 

motion, where the bending happens in the x- or y-axis.  

 

3.5 Dynamic structural properties  

 

The dynamic structural properties are provided in National Annex F in Eurocode 1-4  by natural 

frequencies, modal shapes, equivalent masses, and logarithmic decrements of damping 

(Standardization, 2009).  

The fundamental dynamic properties may be estimated and evaluated from the structural 

systems’ behavior or properties using simplified equations based on the analytical or a 

combination of the theory and observations (Standardization, 2009).  

 

3.5.1 Fundamental frequency 

 

The lowest natural frequency from the swaying motion, dependent on the mass and stiffness of 

the building, in tall timber buildings aligns with the same frequency range as the wind spectra 

(Abrahamsen et al., 2020). From NS-EN 1991-1-4 Expression (F.2) is shown as Expression 

(3.11) below, natural frequency gives the fundamental frequency of multi-story buildings with 

heights higher than 50 meters (Standardization, 2009).  

 

The equation states that the natural frequency depends on the height of the building, where h is 

the total height of the building. This expression is based on experience from steel and concrete 

buildings and, therefore, is inappropriate for wooden constructions (Johansson et al., 2016). A 

study from testing several buildings and towers in timber ranging from 20 to 45 meters in height 

found the natural frequency to be between 1-3 Hz. Plotting all the frequencies found under the 

test resulted in a curve defined by 𝑛1 = 55/ ℎ, which indicates that timber buildings are designed 

for higher frequency levels than the codes (Feldmann et al., 2016). 

Eurocode provides the fundamental flexural building mode by the Expression (3.12). 

𝑛1 =
46

ℎ
 [𝐻𝑧] 

 (3.11) 
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Φ1(𝑧) = (
𝑧

ℎ
)

𝜁

  
 (3.12) 

where, 

𝑧  is the reference height 

 ℎ   is the height of the building 

 𝜁   is a parameter decided due to the structural system 

 

In the Eurocode, the parameters (𝜁) are defined to different structural systems. Parameter 0,6 is 

for slender frame structures with no load-shearing walling or cladding, 1,0 is for buildings with 

s central core including outlying or large columns with or without shear bracings, 1,5 is for 

slender cantilever buildings supported by central reinforced concrete cores. The parameter 2,0 

and 0,5 is for towers and chimneys and lattice steel towers (Standardization, 2009). 

 

3.5.2 Equivalent masses 

 

The equivalent mass per unit length, 𝑚𝑒, of the fundamental mode is given in Expression 

(F.14) in Eurocode 1-4 and shown as Expression (3.13) below (Standardization, 2009). 

 

𝑚𝑒 =
∫ 𝑚(𝑠) ∗ 1

2(𝑠)𝑑𝑠
𝑙

0

∫ 1
2(𝑠)𝑑𝑠

𝑙

0

 

 (3.13) 

 

where, 

𝑚𝑒  is the mass per unit length  

𝑙   is the height or span of the structure 
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The Eurocode also mentions that the equivalent mass per unit length for cantilever structures 

and structures supported at both ends of the span, with varying mass distribution, may be 

approximated by the average value of m. The average mass over 1/3 of the height of the 

structure is used to calculate 𝑚𝑒 for cantilevered structures. For structures supported at both 

ends, the average mass is considered over a length of l/3 centered at the point in the structure 

in which the modal shape is maximum (Standardization, 2009). 

 

3.5.3 Logarithmic decrements of damping 

 

Material and structural damping are the two main properties considered in building design. The 

difference between material and structural damping is that material damping considers the 

internal friction within the material, while structural damping is friction and energy dissipation 

in the select connections (Abrahamsen et al., 2020) 

The logarithmic decrement of damping is only considered for the fundamental bending mode 

and is given by Expression (F.15) in Eurocode 1-4, shown as Expression (3.14) below.  

where,  

 𝑠   The logarithmic decrement of structural damping 

 𝑎   the logarithmic decrement of aerodynamic damping for the fundamental mode 

 𝑑   The logarithmic decrement of damping due to special devices 

 

The logarithmic decrement of damping due to special devices is only considered when special 

dissipative devices are added to the structure. Table F.2 in Eurocode 1-4 shows the logarithmic 

decrement of structural damping. The table in Eurocode contains values for reinforced concrete 

buildings, steel buildings, hybrid structures of concrete and steel, and other structures. However, 

values for timber buildings are not provided in the table. The table also contains bridge values 

and timber bridge is among them. For timber bridges, the logarithmic decrement of structural 

damping is between 0,06 and 0,12. Therefore, this value for the logarithmic decrement of 

structural damping in timber bridge structures often is used in timber buildings (Zhao et al., 

 =  𝑠 +  𝑎 +  𝑑  (3.14) 
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2021b). In Edskär (2018), an expression shows how to calculate the logarithmic decrement of 

structural damping. It is also defined by Expression (3.15), 

where, 

     damping ratio 

For cross-laminated timber as the main load-bearing structures, the damping ratio is between 

1,3 – 9,1 % for post and beam systems and 1,4-2,4% for hybrid buildings (Edskär, 2018) 

The estimation of logarithmic decrement of aerodynamic damping for bending mode along 

wind vibrations is expressed in Expression (F.16) National Annex in Eurocode 1-4 

(Standardization, 2009). For most cases, where the modal deflections are constant for each 

height, the determination of logarithmic decrement of aerodynamic damping for along wind 

vibrations are expressed in a different equation, as represented by Expression (F.18) in the 

Eurocode is shown as Expression (3.16) below, 

 

 

 

3.6 Wind turbulence and Structural factor 

 

The resonance response factor 𝑅2 allowing for turbulence in resonance with the considered 

vibration mode of the structure, is determined by using the expression from NS-EN 1991-1-4 

(B.6) and is shown as Expression (3.17). 

𝑅2 =
2

2 ∙ 
∙ 𝑆𝐿(𝑧𝑠, 𝑛1,𝑥) ∙ 𝑅ℎ(𝜂ℎ) ∙ 𝑅𝑏(𝜂𝑏) 

 (3.17) 

 

where, 

    Is the total logarithmic decrement of damping  

𝑠 =
2

√1 − 2

 
 (3.15) 

𝑎 =  
𝑐𝑓 ∗  𝜌 ∗  𝑏 ∗ 𝑣𝑚(𝑧)

2 ∗ 𝑛1 ∗ 𝑚𝑒
 

 (3.16) 
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 𝑆𝐿(𝑧𝑠, 𝑛1,𝑥)  Is the non-dimensional power spectral density  

 𝑅ℎ(𝜂ℎ) , 𝑅𝑏(𝜂𝑏) Is the aerodynamic admittance functions  

 

3.7 Lateral displacement/ horizontal displacement 

  

For this thesis, the external load will only be considered wind load for the structure. Large wind 

load exposed on buildings makes the building displace horizontally.  

The horizontal displacement and acceleration limits are in the national annexes and ISO 

standards, ISO 68977 and 101378 (Standardization, 2007). Each standard contains limitations 

for a specific range of frequencies. ISO 10137 is used for a frequency range of 0,063 to 5 Hz 

with a one-year return period (Howarth, 2015). To provide comfort, the international standard 

ISO 10137 gives an evaluation curve for acceptable horizontal motions with a one-year return 

period, see Figure 4.7.  IOS 10137 gives limitations for frequencies ranging from 0,063 to 5 

Hz. The value of the first natural frequency of the building, together with the calculated peak 

acceleration, it is possible to evaluate human comfort (Edskär, 2018; Howarth, 2015). 

To maintain comfort and to avoid non-structural elements being damaged, lateral wind induces 

deformations are limited within acceptable limits. The acceptable limits of global horizontal 

displacements of a building are not presented in Eurocodes, but limits for beam deflection are 

provided. Eurocode 0 and 5, EN 1990 and EN 1995, shows the provided maximum 

recommended deflection of a beam. For beams subjected to load combinations under the 

serviceability limited state, have 
𝐻

300
 to 

𝐻

500
 for simply-supported beams and 

𝐻

1500
to 

𝐻

250
for 

cantilever beams, where H is the height of the building. According to Edskär (2018); Malo og 

Stamatopoulos (2016); Vilguts et al. (2020), the maximum displacement for a building was 

suggested to be limited to the value 
𝐻

300
. However, other limits are also used, as 

𝐻

500
  (Zhao et 

al., 2021b). 

 

3.7.1 Inter-story drift 

 

Inter-story drift is defined as the measured story displacement about the story below. The 

cladding and non-structural walls and partitions are highly dependent on the story drift caused 
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by wind loads, as this effect can cause damage to those structural and non-structural elements. 

The deflection in different stories must be found and controlled to minimize the damage. 

Therefore, the inter-story drift in the stories is calculated and compared with the limits provided 

by the Eurocode. In other words, the limits are not a measurement for comfort but to estimate 

the displacement of a story in relation to the story below to predict the damages lateral loads 

can cause under their actions (Arum & Akinkunmi, 2011; Edskär, 2018). 

The typical drift limits used under wind loads are between 
𝐻

400
to 

𝐻

500
. Vilguts et. Al. (2020) points 

out that for characteristic load combination according to Eurocode 0, the inter-story drift should 

not exceed 0,33% of the story height, represented by Expression (3.18), 

𝛿 ≤
ℎ

300
 

(3.18) 

 

Other researchers have used the 𝛿 ≤
ℎ

500
,  where h equals story height (Zhao et al., 2021b). 

Here the δ is defined as the relative displacement for the story in relation to the story below. h 

is the height of the story that is analyzed.  

The Expression (3.19) below is used to calculate the δ, 

δ =  
δ𝑡𝑜𝑡𝑎𝑙 − δ(𝑛−1)

ℎ𝑖
 

(3.19) 

 

Table 3.2 shows the limiting values for deflections of the beams. The deflection limiting 

values are discussed in the National Annex to NS-EN 1991. Some indicative values for 

useable deflections are given in the table below (Standardization, 2009).  

 

Table 3.2 - Limiting values for deflections of beams. Table made inspired by Eurocode 1-4. 

 Winst Wnet, fin Wfin 

Beam on two supports 𝑙

300
 to 

𝑙

500
 

𝑙

250
 to 

𝑙

350
 

𝑙

150
 to 

𝑙

300
 

Cantilevering beams 𝑙

150
 to 

𝑙

250
 

𝑙

125
 to 

𝑙

175
 

𝑙

75
 to 

𝑙

150
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3.8 Finite Element Method and SAP2000 
 

The Finite Element Method has become widely used for addressing various engineering 

problems. This numerical analysis approach offers a highly effective way of approximating 

solutions for various issues encountered in the field. Nevertheless, it is important to note that 

the method can be challenging in cases where the problem’s geometry or other features are 

irregular or arbitrary. Despite this limitation, the Finite Element Method remains an exceedingly 

valuable tool for solving complex problems in engineering (Huebner et al., 2001). 

When faced with irregular problems, it can be helpful to make some simple assumptions. 

However, it is important to be cautious when making assumptions, as they can lead to 

inaccuracies and incorrect values or answers. While assumptions can sometimes be effective in 

reducing the complexity of a problem, they should be made carefully and with due 

consideration (Huebner et al., 2001). Approximating complex systems’ behavior with the finite 

element method provides many steps. The bullet points below showed in a short form how the 

finite element method works (Huebner et al., 2001). 

- Discretization: The analyzed system will be divided into smaller elements, where all 

the elements will be connected through nodes. When the elements and nodes are 

collected to be analyzed, the process is called mesh.  

- The interpolation function: The interpolation functions are selected to define the 

unknown field variables. This is a default function. 

- Boundary conditions: Boundary conditions are selected to constrain the system for 

analysis.  

- Appropriate geometry: Finite element simulation involves appropriate geometry, 

assigning material cross-section and properties in addition to boundary conditions.  

- The accuracy of FE models: depends on mesh size, the choice of interpolation function 

and boundary conditions, and the representation of the actual structure.   

- Solving the equation:  Each node contains degrees of freedom. The system will end up 

with a large equation. By solving the equation, it will obtain the nodal solutions. 

There are many software programs available, each with its unique features. One such program 

is SAP2000, a Structural Analysis Program specifically designed for modeling, designing, and 

analyzing structures. Its library of elements, including beams, columns, and shells, allows for 

analyzing structures such as buildings, bridges, and even individual components within a larger 



                                                                                                              

28 

 

structure. This program enables users to create, modify, analyze, and design structural systems 

in both 2D and 3D views (Computers & structures, 2013).  

It also offers the ability to create various load case scenarios, which can be analyzed through 

linear static and dynamic or non-linear static and dynamic methods. The dynamic analyzing 

techniques include modal, response spectrum, and time history analysis, providing parameters 

and diagrams for each response. The design process is more efficient and streamlined, with 

built-in features conforming to standards and codes. This program makes comparing and 

verifying design process results easier, ensuring that the final product meets the necessary 

standards and is of the highest quality possible (Computers & structures, 2013). 

 

3.8.1 Modeling timber structures in SAP2000 

 

In SAP2000, all the timber materials are assigned as orthotropic materials. Timber materials 

behave like orthotropic materials, where the behavior will differ in the three local coordinates 

of the material. The suitable material properties are assigned from the given Tables 4.1 and 4.1. 

The stress-strain relationship calculates the strain to stress for the orthotropic mechanical and 

thermal properties (Computers & structures, 2013). 

With SAP2000 modal analysis, it is possible to determine the vibrational modes for the 

structure, where the structure’s behavior in terms of fundamental mode can be understood and 

will always be a linear analysis. Different load scenarios can be made and assigned. Two types 

of modal analysis are done in SAP2000 from the assigned modal load case. 1) Eigenvector 

analysis and 2) Ritz-vector analysis. The Eigenvector analysis is done to determine the systems’ 

undamped free-vibration mode shapes and frequencies. The connection between eigenvalue and 

frequency is that the eigenvalue is the square root of the circular frequency, as shown in the 

relationship below (Computers & structures, 2013). Expression (3.20) shows the relationship 

between period and frequency.  

 

𝑇𝑛 =  
2𝜋

𝜔𝑛
                   𝑓𝑛 =  

1

𝑇𝑛
 

 

 

(3.20) 
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For the dynamic analysis, the mass is found by the element density and the volume. In 

SAP2000, it is always used lumped mass, where the mass is not coupling between degrees of 

freedom at a joint or between different joints (Computers & structures, 2013).   
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4 Methodology 

Several systems have been developed to ensure structural safety and withstand lateral loads for 

timber mid- and high-rise buildings. Three models with different structural systems will be 

developed and analyzed for the global serviceability limit state. It is important to note that the 

ultimate limit state is not studied and investigated as much as the serviceability limit state and 

will not be prioritized. To ensure structural stability, critical beams, and columns are checked 

for flexure, compression, and buckling. Additionally, the models are analyzed for the structural 

behavior under lateral loads, explicitly focusing on static wind load.  

 

This thesis focuses on modeling the frame, shear wall, and diagrid systems as an all-timber 

system to evaluate their potential under wind load conditions. The goal is to evaluate the 

effectiveness and efficiency of different systems in resisting lateral loads, such as wind loads, 

where the main concern is the deflection, inter-story drift, and peak acceleration on the top of 

the building. The methodology used in this study is illustrated in Figure 4.1.  

 

Figure 4.1 Workflow 
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Several frame, shear wall, and diagrid system models were developed to assess the 

serviceability limit state. These models underwent numerical analyses using SAP2000 to 

determine the natural frequency of the building and displacement caused by the applied wind 

loads. It is crucial to note that the choice of structural material significantly influences how a 

building responds to wind forces based on its mass, stiffness, and damping. Thus, the use of 

materials must be thoroughly considered to ensure the safety of tall structures. All models had 

identical lateral and gravity load applications. The gravity load was added to the slabs, and the 

lateral load was applied in both directions of the building at 0 and 90 degrees. The choice and 

calculations were made using Eurocodes, mainly Eurocode 1-4, to calculate the peak 

acceleration, where the Norwegian National Annex was used. Before comparing the models, 

ISO 10137 Annex D for comfort and Eurocode 1-4 limitations for building displacement were 

used. If the models failed to meet these requirements, adjustments were made to the size of the 

glulam beams, columns in the frame and diagrid system, and the CLT walls in the shear wall 

system, as shown in Figure 4.1. 

 

4.1 Reference building  

 

To investigate the behavior of a tall timber mass building, a CLT paneled timber building 

located in Ås, Norway, was used as a reference building for this thesis. The building has a 

rectangular shape with a length of 22,8 meters and a width of 14,74 meters. It is a student 

residential building that consists of eight stories, with each floor having 16 rooms and a height 

of approximately 3 meters. Thus, the building has a total height of 24 meters. 

The structure is made of CLT panels for the walls, slabs, and roof, with the horizontal slabs and 

roof acting as a diaphragm. The roof is 200mm thick, considering the snow load, while the 

remaining slabs are 180mm thick, considering only the live load. The eight-story building was 

divided into three, 1-3 stories, 4-6 stories, and lastly, 7-8 stories, as shown in Figure 4.2 (Ussher 

et al., 2022). The walls inside and outside the building vary in thickness from top to bottom, as 

shown in Figure 4.2. 
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Figure 4.2 Floor plan for the reference building. Figure inspired by (Ussher et al., 2022) 

 

The natural frequency of this building has been studied both experimentally and numerically 

by Aloisio et al. (2020) and Ussher et al. (2022). The experimental study by Aloisio et al. (2020) 

revealed the natural frequency for the first mode at 1,913 Hz, the second at 2,414 Hz, and the 

third at 2,693 Hz. Similarly, the numerical study by Ussher et al. (2022) showed the natural 

frequency for the first mode at 1,917 Hz, the second at 2,455 Hz, and the third at 2,697 Hz. 

The verified FE numerical model of the reference building by Ussher et al. (2022) is the 

foundation for this study. Even if the reference building is in eight stories, the models herein 

presented are developed with added ten stories, equal to 18 stories. All models share the same 

height, width, and depth, with variations only in the structural system and mass participation. 

The primary objective of this thesis is to analyze and evaluate different structural systems and 

ensure their safety and comfort. 

 

4.2 Load combination 

The load combination was based on the roof’s dead, live, wind, and snow load. The permanent 

load on a building is represented as a dead load, including the self-weight of the structure and 

the weight of non-structural building materials. The dead load is calculated with the thickness 

and density of a slab. The self-weight for a beam is calculated by the density multiplied by the 
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cross-section (Dominik, 2023). The variable load on the building is identified as a live load. 

When the live load is calculated, its needs to find the area load first, and then the area load will 

be multiplied by the spacing for each beam. For slabs, Eurocodes already have some general 

values in EN 1991-1-1. 

The characteristic dead load was calculated to be 5,150 kN/m2, and the live load was assumed 

to be 1,8 kN/m2 from tables EN 1990 (for residential occupancy). Both loads were assigned to 

every slab as in one-way or two-way load distribution, see Figure 4.4. The self-weight for the 

elements was automatically calculated from SAP2000. The assigned material properties for the 

floor, wall, beams, and columns for the different structural systems can be found in Tables 4.1 

and 4.2. Snow and wind loads were calculated according to EN 1991-1-3 and EN 1991-1-4. 

The loads were calculated with values assigned for the location in Norway, Ås. The calculations 

for wind and snow loads are found in Appendix B. 

The wind is assumed to be applied horizontally on the diaphragms, as shown in Figure 4.3. The 

loads will flow through and transmit between different parts of a structure. The distribution of 

the force will vary due to the assumption of the function of a diaphragm for each model. Factors 

such as stiffness, deformation, and behavior under loads classify and differentiate the 

diaphragms.  Figure 4.4 shows the idealized diaphragms as rigid diaphragms.  

 

Figure 4.3 Rigid Diaphragm 

The slabs had to be identified if it is a one-way or two-way slabs. This is important to assign in 

SAP2000 to enable load flows through the beams. The slab type was identified by dividing the 

longest side of the beam by the shortest side of the slab.  𝑙𝑦 𝑙𝑥⁄  where 𝑙𝑦 the longer length and 

𝑙𝑥 is the shorter length of the slab. For one-way slabs, the ratio 𝑙𝑦 𝑙𝑥⁄ > 2, and for two-way 

slabs 𝑙𝑦 𝑙𝑥⁄ ≤ 2. The floorplan with one-way and two-way slabs for the building is displayed in 



                                                                                                              

34 

 

Figure 4.4. Two-way slabs are represented by squares with trapezoids, while the squares with 

two rectangles represent one-way slabs. It should be noted that this arrangement of the slabs in 

the floor types is consistent throughout all 18 floors, as the floorplan remains the same. 

 

Figure 4.4 One-way and two-way slab of the floor plan 

 

 

4.3 Verification of the models  

 

Before using a model for calculations, it is crucial to verify its accuracy. It was necessary to 

conduct a test to confirm that the load flow of the building is equivalent to the base reaction to 

ensure the functionality of the SAP2000 model. The base columns and walls were fixed at the 

ground, and the test only focused on the dead load. The total joint reactions should add to the 

base reaction, as Appendix C shows. The model was suitable for determining the other 

parameters when the load flow matched the base reaction. Considering the ULS in this study 

was unnecessary, only the critical column and beam were checked. The columns and beams 

were evaluated for bending, compression, and buckling. Further details on the calculations can 

be found in Appendix D (Porteous & Kermani, 2013). 
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4.4 The finite element model 

 

The three systems, frame, shear wall, and diagrid system, have been modeled in SAP2000. The 

dimensions of the structure are 22,8 meters in length and 14,74 meters in width. It has been 

determined that the story height of the building is 3 meters, resulting in an overall building 

height of 54 meters. It was found that using Glulam and CLT materials with a grade of c24 

would be the best option for this particular structure. These materials are known for their 

durability and strength, making them ideal for construction projects such as this (Angelucci et 

al., 2022; Zhao et al., 2021a; Zhao et al., 2021b). The element properties used were taken from 

Tables 4.1 and 4.2 to ensure consistency and accuracy across all the models. All models were 

designed with identical floor plans to ensure consistency and structural simplicity throughout 

the structure. The floors in the reference building have a thickness of 180mm, while the roof 

has a thickness of 200mm. Thus, the same thickness was implemented for the floors and roof 

in all the models that are studied in this thesis. 

Table 4.1 Glulam timber properties, (Crocetti, 2015). 

 Glulam Strength class 

Propertya Symbol 
GL 

20c 

GL 

22c 

GL 

24c 

GL 

26c 

GL 

28c 

GL 

30c 

GL 

32c 

Bending strength fm,g,k 20 22 24 26 28 30 32 

Tensile strength 
ft,0,g,k 15 16 17 19 19,5 19,5 19,5 

ft,90,g,k 0,5 

Compression strength 
fc,0,g,k 18,5 20 21,5 23,5 24 24,5 24,5 

fc,90,g,k 2,5 

Shear strength (shear 

and torsion) 
fv,g,k 3,5 

Rolling shear strength fr,g,k 1,2 

Modulus of elasticity 

E0,g, mean 
10 

400 

10 

400 

11 

000 
12 000 

12 

500 

13 

000 

13 

500 

E0,g,05 8 600 8 600 9 100 10 000 
10 

400 

10 

800 

11 

200 

E90,g, 

mean 
300 

E90,g,05 250 

Shear-modulus 
Gg, mean 650 

Gg,05 540 

Rolling shear modulus 
Gr,g, mean 65 

Gr,g,05 54 

Density 
Pg,k 355 355 365 385 390 390 400 

Pg, mean 390 390 400 420 420 430 440 



                                                                                                              

36 

 

 Table 4.2 Cross-Laminated timber properties(Crocetti, 2015) 

 

 

 

 

 

 

 

  

 
Class C14 C16 C18 C20 C22 C24 C27 C30 C35 C40 C45 C50 

Strength 

properties in 

N/mm2 

 

Bending fm,k 14 16 18 20 22 24 27 30 35 40 45 50 

Tension 

parallel 
ft,0,k 7,2 8,5 10 11,5 13 14,5 16,5 19 22,5 26 30 33,5 

Tension 

Perpendicular 
ft,90,k 0,4 0,4 0,4 0,4 0,4 0,4 0,4 0,4 0,4 0,4 0,4 0,4 

Compression 

parallel 
fc,0,k 16 17 18 19 20 21 22 24 25 27 29 30 

Compression 

perpendicular 
fc,90,k 2,0 2,2 2,2 2,3 2,4 2,5 2,5 2,7 2,7 2,8 2,9 3,0 

Shear fv,k 3,0 3,2 3,4 3,6 3,8 4,0 4,0 4,0 4,0 4,0 4,0 4,0 

Stiffness 

properties in 

kN/mm2 

 

Mean modulus 

of elasticity 

parallel 

bending 

Em,0, 

mean 
7,0 8,0 9,0 9,5 10,0 11,0 11,5 12,0 13,0 14,0 15,0 16,0 

5 percentile 

modulus of 

elasticity 

parallel 

bending 

Em,0,k 4,7 5,4 6,0 6,4 6,7 7,4 7,7 8,0 8,7 9,4 10,1 10,7 

Mean modulus 

of elasticity 

perpendicular 

Em,90,

mean 
0,23 0,27 0,30 0,32 0,33 0,37 0,38 0,40 

0,43 

 
0,47 0,50 0,53 

Mean shear 

modulus 
Gmean 0,44 0,50 0,56 0,59 0,63 0,69 0,72 0,75 0,81 0,88 0,94 1,00 

Density in 

kg/m3 
 

5 percentile 

density 
pk 290 310 320 330 340 350 360 380 390 400 410 430 

Mean density pmean 350 370 380 400 410 420 430 460 470 480 490 520 
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4.4.1 Frame system  
 

The frame system has a central core that has been modeled to ensure structural integrity. 

Throughout the entire building, the core system maintains a consistent thickness of 200mm in 

CLT material grade c24. Glulam columns of varying sizes are used every third story, as shown 

in Table 4.3. The frame system is modeled with six different sizes of glulam material. The beams 

spanning over the columns are the same throughout the building at 525mm x 675mm. Table 4.3 

shows the column and beam size used to model the frame system. All the connections between 

the beams, columns, slabs, and walls are assigned to be rigid connections. This assumption was 

made to make the analysis easier. 

Table 4.3 Frame material size 

 

 

 

 

 

 

 

4.4.2 Shear wall system 
 

The shear wall and frame system were modeled with a core of 200 mm thick CLT walls in c24 

material. Additionally, the outer tube of the shear wall system was modeled with the same 

CLT material, but a different thickness was used than the core. The outer shear walls had 

varying widths on the long and short sides of the building. Three walls with different widths 

were used on the longer side of the building. Two of these walls had widths of 3855mm and 

2745mm and were placed on the sides of the long side, while the middle wall had a width of 

5400mm and was placed between them, as shown in Figure 4.5. On the shorter side of the 

Frame    

Glulam member for the building Story Size [mm] 

Column 1  1-3 850 x 850 

Column 2  4-6 775x775 

Column 3  7-9 700x700 

Column 4  10-12 575x575 

Column 5 13-15 550x550 

Column 6   16-18 475x475 

Beam All  550 x 675 

   

Core – CLT wall – c24 All 200 mm thick 
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building, two corner walls with an exact width of 4177mm were installed, as shown in Figure 

4.6.  

 

 

Figure 4.5 Long side of the shear wall system 

 

Figure 4.6 Short side of the shear wall system 

The structure of the building was designed using three different thicknesses of CLT walls, which 

varied every sixth story. The walls were 350mm thick for the first six stories at the bottom, 

300mm for the next six, and 275mm for the top six. Additionally, the building has inner glulam 
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columns with dimensions of 650x650mm for the first six stories, 550x550mm for the following 

six stories, and 450x450mm for the top six. Same-sized beams in glulam with 675x700mm 

were used throughout the building. Tables 4.4 and 4.5 show the element size and thickness for 

the CLT element and glulam for the building. 

Table 4.4 CLT element size for shear wall system 

Shear wall    

CLT member for the building Story Size of element 

[mm] 

Thickness 

[mm] 

    

CLT wall 1 – Long side (corner wall) 1-6 3855x3000 

2745x3000 

350 

CLT wall 1 – middle  1-6 5400x3000 350 

CLT wall 1 – Short side (corner wall) 1-6 4177x3000 350 

    

CLT wall 2 – Long side (corner wall) 7-12 3855x3000 

2745x3000 

300 

CLT wall 2 – middle  7-12 5400x3000 300 

CLT wall 2 – Short side (corner wall) 7-12 4177x3000 300 

    

CLT wall 3 – Long side (corner wall) 13-18 3855x3000 

2745x3000 

275 

CLT wall 3 – middle  13-18 5400x3000 275 

CLT wall 3 – Short side (corner wall) 13-18 4177x3000 275 

    

CLT Core wall c24 All  200 

 

Table 4.5 Glulam element size for shear wall system 

Glulam member for the building Story Size [mm] Material 

    

Beam All  675x700 GL 20c 

    

Column 1 – inside  1-6 650x650 GL 20c 

Column 2 – inside  7-12 550x550 GL 20c 

Column 3 – inside  13-18 450x450 GL 20c 

 

4.4.3 Diagrid system 

The diagrid system is a unique structural framework that is made up of crosswise diagonal 

elements that intersect with horizontal and vertical members to create a grid-like pattern. This 

innovative design has been used in many modern steel buildings. The diagrid system is an 

efficient and innovative way to construct modern buildings, and the use of CLT walls and 
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glulam elements ensures that they are both strong and sustainable (Angelucci et al., 2022). The 

diagrid system was made in glulam with a core of CLT walls that are 300mm thick. Additionally, 

the material grade used for the core in the diagrid system is of higher quality than that used in 

the frame and shear wall system, with a CLT c30 grade being used. 

The building was divided into nine sections, each consisting of two stories to model the 

diagrid system. The diagonal columns on the long side of the building were set at an angle of 

66 degrees, while those on the short side were set at 67 degrees. This resulted in a diagonal 

glulam element spanning over every two stories, with a length of 6642,5mm and 6685,1mm 

on the long and short sides, respectively.  

It is important to note that the material sizes employed across the entire building varied, and all 

columns (whether straight or diagonal) using dimensions of the size given in Table 4.6. 

Additionally, the beams used in the entire building were of the same size, 225x225mm.  

Table 4.6 Element size for diagrid system 

Diagrid    

Glulam member for the building Story Length 

[mm] 

Size  

[mm] 

Column 1 – Outer tube long side 1-2 6642,5 575x575 

Column 1 – Outer tube short side 1-2 6685,1 575x575 

Column 1 – straight  1-2 3000,0 575x575 

Column – inside 1-2 3000,0 575x575 

    

Column 2 – Outer tube long side 3-4 6642,5 525x525 

Column 2 – Outer tube short side 3-4 6685,1 525x525 

Column 2 – straight  3-4 3000,0 525x525 

Column – inside 3-4 3000,0 525x525 

    

Column 3 – Outer tube long side 5-6 6642,5 475x475 

Column 3 – Outer tube short side 5-6 6685,1 475x475 

Column 3 – straight  5-6 3000,0 475x475 

Column – inside 5-6 3000,0 475x475 

    

Column 4 – Outer tube long side 7-8 6642,5 425x425 

Column 4 – Outer tube short side 7-8 6685,1 425x425 

Column 4 – straight  7-8 3000,0 425x425 

Column – inside 7-8 3000,0 425x425 

    

Column 5 – Outer tube long side 9-10 6642,5 325x325 

Column 5 – Outer tube short side 9-10 6685,1 325x325 

Column 5 – straight  9-10 3000,0 325x325 

Column – inside 9-10 3000,0 325x325 
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Column 6 – Outer tube long side 11-12 6642,5 275x275 

Column 6 – Outer tube short side 11-12 6685,1 275x275 

Column 6 – straight  11-12 3000,0 275x275 

Column – inside 11-12 3000,0 275x275 

    

Column 7 – Outer tube long side 13-14 6642,5 250x250 

Column 7 – Outer tube short side 13-14 6685,1 250x250 

Column 7 – straight  13-14 3000,0 250x250 

Column – inside 13-14 3000,0 250x250 

    

Column 8 – Outer tube long side 15-16 6642,5 225x225 

Column 8 – Outer tube short side 15-16 6685,1 225x225 

Column 8 – straight  15-16 3000,0 225x225 

Column – inside 15-16 3000,0 225x225 

    

Column 9 – Outer tube long side 17-18 6642,5 200x200 

Column 9 – Outer tube short side 17-18 6685,1 200x200 

Column 9 – straight  17-18 3000,0 200x200 

Column – inside 17-18 3000,0 200x200 

    

Beam All  225x225 

Core – CLT wall c30 All  300 

 

4.5 Peak acceleration  

 

The Eurocode does not offer guidance on analyzing the effects of wind-induced vibrations on 

different mass timber structural systems. Nevertheless, ISO 10137 Annex D can be utilized to 

assess the living conditions concerning how people respond to average building movements 

and horizontal acceleration with a one-year return period. Annex D evaluation curve consists 

of two lines indicating the acceptable horizontal movement for both office and residential 

buildings. The residential curve lies two-thirds of the way along the office curve, as 

demonstrated in Figure 4.7. In this figure, the x-axis represents the first natural frequency in a 

structural direction of a building, while the y-axis represents the peak acceleration. Based on 

the first natural frequency and peak acceleration with a one-year return period, the calculated 

point should not exceed the evaluation curve to achieve comfort. 
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Figure 4.7 Evaluation curve from (Standardization, 2007) 

 

4.5.1 Calculation Peak Acceleration. 

 

It is recommended in Standardization (2007); Standardization (2009) to determine the 

horizontal peak acceleration, 𝑎(𝑧), at the top point of a structure, z, it must multiply the peak 

factor, 𝐾𝑝, by the standard deviation of the characteristic along-wind acceleration, 𝑎, 𝑥(𝑧). By 

observing the plotted peak acceleration and the first natural frequency of the structure in Figure 

4.7, where it is possible to gain an understanding of the impact of the acceleration (or vibration) 

at the building’s highest point. This calculation will be performed on all models with varying 

material grades on the outer tube, as shown in Expression (3.8). 

The first step is to calculate the standard deviation of the characteristic along-wind acceleration, 

followed by calculating the peak factor.  Eurocode 1991-1-4 provides two methods for 

determining the standard deviation, each referring to a different reference point on the building. 

Expression (3.9) computes the standard deviation at the building’s height, while Expression 

(3.10) determines it for the structural point at coordinates (x,y). Eurocode 1-4 National Annex 

B’s Expression (3.9) is mainly designed to calculate the maximum along-wind displacement at 

the top of the building height, which helps determine the acceleration at the top of the building, 
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z. Therefore, for this thesis, it will use Expression (3.9) to find the standard deviation at the top 

floor. 

During the computation of standard deviation for various wind directions, certain coefficients 

and parameters remain constant because the location and building geometry remains unchanged 

in all models. These values, including the force coefficient (cf), air density (p), the width of the 

structure along the wind (b), turbulence intensity at the height (Iv(z)), mean wind velocity at 

the height (𝑣m(zs)), and non-dimensional coefficient shear remains consistent across all 

analyzed models. Refer to Table 4.7 for a comprehensive list of these values. 

 

Table 4.7 The parameters that remain the same when calculating the standard deviation 

 cf p [kg/m3] b [m] Iv(z) v2m(z) [m/s] Φ1(𝑧) kx 

Value 1,2 1,25  22,8 

 

0,144 266,56 

 

1 1,35 

 

As per the guidelines provided in Eurocode 1-4, the force coefficient is assumed to be identical 

to the net pressure coefficient, and therefore 1,2 is used (Zhao et al., 2021b). It is of note that in 

Norway, the air density is measured to be approximately 1,25 kg/m3. At the top of the structure, 

the turbulence intensity stands at 0,144 from using Expression (3.7) from the theory section. 

While the mean wind velocity is determined utilizing equations from the theory section. The 

mean wind velocity is influenced by a one-year return period. Calculating the mean wind 

velocity with a one-year return period gives a peak acceleration value that allows the 

representation of the comfort in Figure 4.7. The Expression (3.2) from the theory section was 

used to calculate the wind velocity for a one-year period.  

Following, Expression (3.9) needs to specify which mode shape that is taken into consideration. 

The fundamental mode shape, Φ1(𝑧), was found with Φ1(𝑧) = (
𝑧

ℎ
)


 , where the reference point 

at the building (𝑧) and height (ℎ) are the same as the building. The ratio of 
𝑧

ℎ
, where v 𝑧 is the 

reference point, and ℎ is the height, which is equal to 1 because the horizontal peak acceleration 

is concentrated at the top of the building, which has a z and h value of 54. The parameter “” 

from NS-EN 1991-1-4 varies based on the shape and structure of the building and must be 

selected accordingly for each model. The table below displays the chosen parameters for each 

structural system. 
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Table 4.8 Parameters 

𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚  Value 

Frame structure with core  1,0 

Shear wall with a core  1,0 

Diagrid structure with core  1,0 

 

When the fundamental mode shape is calculated to be 1, 𝑥(𝑧) = (
𝑧

ℎ
) = 1, the non-

dimensional coefficient can be calculated as shown below in Expression (4.1):  

 

𝐾𝑥 =
(2 ∗  + 1) ∗ {( + 1) ∗ [ln (

𝑧𝑠
𝑧0) + 0,5] − 1}

( + 1)2 ∗ 𝑙𝑛 (
𝑧𝑠
𝑧0)

 

 

 
 

 

 

 

 

 

(4.1) 

Where 𝑧 is the reference height of the building at 54 meters, and z0 is the roughness length of 

the building at 0,05 meters (Standardization, 2009). Therefore,  𝐾𝑥 is equal to 1,35. 

The equivalent mass and the square root of the resonant will vary due to the different material 

sizes and frequencies of the models. The method for calculating the equivalent mass can be 

found in the National Annex F of Eurocode 1. To determine the average mass of the building, 

the masses of all elements in each story were added and divided by three, as different element 

sizes were used in different stories. This method has been used to calculate the equivalent 

masses of all models. The equivalent mass was obtained by averaging the mass over 1/3 of the 

building’s height to simplify the process (Standardization, 2009). An Excel file in Appendix E 

was used to calculate the equivalent mass for each model. Table 4.9 shows the corresponding 

mass of each model under various conditions, but only for material grade c24 for glulam and 

c24 for CLT. 

Table 4.9 Equivalent mass for the systems 

 Frame system  Shear wall system  Diagrid system  

Mass [kg/m] 450745,59 503620,37 291112,76 

 

To calculate the turbulence in resonance with a structure’s vibration mode, the resonance 

response factor R2 is determined using the expression from NS-EN 1991-1-4 (B.6). The 

standard deviation is then calculated using the square root of the resonant response factor, R. 

The theory section presents the Expression (3.17) for the resonance response factor, which 
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depends on the natural frequency of the structure and varies between models and material 

grades. Appendix F provides all the calculations for the different models. 

Table 4.10 The resonance response factor 

 

It is necessary to consider all the previously mentioned expressions to determine the standard 

deviation. To assist with this calculation, the table below, Table 4.11, displays the corresponding 

values for the standard deviation. 

Table 4.11 Standard deviation 

 

The peak factor (Expression (4.2)) is calculated by, 

𝑘𝑝 =  √2 ∗ ln (𝑣 ∗ 𝑇) +  
0,6

√2 ∗ ln (𝑣 ∗ 𝑇)
 

(4.2) 

 

The second step in this process involves determining the peak factor, which considers the 

background factor (B2) and the resonance response factor (R2). These two factors are utilized 

to calculate the up-crossing frequency (v), which is a critical component in determining peak 

acceleration. It is important to note that the natural frequency of the system must also be taken 

into consideration when calculating the up-crossing frequency. This value can vary depending 

on the model and material grade being analyzed. The natural frequency and the up-crossing 

frequency are assumed to be the same. 

Table 4.12 Natural frequency 

Natural frequency Frame system [Hz] Shear wall system [Hz] Diagrid system [Hz] 

Mode 1 1,045 1,017 1,680 

 

Structural 

system 

Frame system Shear wall system Diagrid system 

R 0,1425 0,1393 0,0731 

Structural 

system 

Same frequency Same stiffness High frequency  

a, x(z) 0,0101 0,0089 0,0080 
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According to Eurocode 1-4, the averaging time for the mean wind velocity is equal to 600 

seconds, denoted as (T). The peak factor is calculated and presented in Table 4.13. 

Table 4.13 Peak factor 

 

The calculation of the peak acceleration has been successfully completed, and the numerical 

result has been presented in a clear and organized manner in Table 4.14. This information is 

now readily available for further analysis and interpretation. 

Table 4.14 Peak acceleration 

 

 

4.6 Top deflection and inter-story drift 

 

The deflection at the top of the building was determined through analysis using the SAP2000 

models. The models utilized material grade c24 for glulam and c24 in CLT to calculate the 

deflections. Two load combinations were analyzed for the building, both related to wind loads 

but in different directions, such as 0 degrees (across-wind direction) and 90 degrees (along-

wind direction). The inter-story drift was calculated from the deflections using the Expression 

(3.19) from the theory section. This drift ratio was then determined based on the values of inter-

story drift. The thorough analysis allowed for a better understanding of the building’s stability. 

 

 

 

  

Structural 

system 

Frame system  Shear wall system Diagrid system 

Peak factor 3,743 3,749 3,880 

Structural 

system 

Frame system Shear wall system Diagrid system 

Peak acc. 0,0506 0,103 0,0381 
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5 Results 
 

5.1 Natural frequency and mode 

 

The analysis was conducted on SAP 2000 to determine the fundamental frequency of each 

building. The three lowest natural frequencies of swaying motion, which depend on the 

building’s mass and stiffness, were observed to align with the wind spectra frequency range in 

tall timber buildings (Abrahamsen et al., 2020). The first frequency occurs along the shortest 

side of the building for all models. The second frequency occurs at the longest bending side of 

the building for shear wall and diagrid systems and as a rotational mode about the vertical axis 

in the frame system. The last frequency is generated from the rotational mode about the vertical 

axis for shear wall and diagrid systems and at the longest bending side for the frame system. 

Table 5.1 presents the frequency data for all models with a material grade of c24 for glulam and 

CLT, while Figures 5.1 – 5.9 show the mode shapes on the top of the building. 

Table 5.1 The natural frequency for the first three modes  

Natural frequency Frame system [Hz] Shear wall system [Hz] Diagrid system [Hz] 

Mode 1 1,0448 1,0169 1,6802 

Mode 2 1,2304 1,3147 2,3414 

Mode 3 1,3409 1,5322 3,9544 

 

The figures below show the movement of the building in 2D and 3D of the buildings for the 

first three natural frequencies. The 2D figures show the pressure on the roof/top floor. Figure 

5.1, 5.2, and 5.3 refers to the frame system. Figure 5.4, 5.5, and 5.5 refers to the shear wall 

system. Figure 5.7, 5.8, and 5.9 refers to the diagrid system. 
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Figure 5.1 Frame system, mode 1 natural frequency 1,0448 Hz 

 

Figure 5.2 Frame system, mode 2 natural frequency 1,2304 Hz 

 

Figure 5.3 Frame system, mode 3 natural frequency 1,341 Hz 
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Figure 5.4 Shear wall system, mode 1 natural frequency 1,0619 Hz 

 

Figure 5.5 Shear wall system, mode 2 natural frequency 1,3147 Hz 

 

Figure 5.6 Shear wall system, mode 3 natural frequency 1,5322 Hz 
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Figure 5.7 Diagrid system, mode 1 natural frequency 1,6802 Hz 

 

Figure 5.8 Diagrid system, mode 2 natural frequency 2,3414 Hz 

 

Figure 5.9 Diagrid system, mode 3 natural frequency 3,9544 Hz 
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5.2 Peak acceleration  
 

ISO 10137 recommends and points out that a building should be evaluated for comfort level 

and have an evaluation curve, represented in Figure 4.7.  Timber buildings are lightweight and 

are easily affected by horizontal loads. In this thesis, the focus has been on the models that 

satisfy the recommended limit from ISO 10137 and discusses the effectiveness of the system 

compared to each other. Several models have been made, but the models that had a peak 

acceleration level under 0,04 m/s2 are used and presented. The other models can be found in 

Appendix F. Table 5.2, 5.3, and 5.4 shows the effectiveness of different material grade that vary 

from c20 to c32 for glulam and c20 to c40 for CLT elements for the frame, shear wall, and 

diagrid system.  

 

Table 5.2 Frame system, the effectiveness of different material grade 

 

 

Table 5.3 Shear wall system, the effectiveness of different material grade 

 

 

Model Glulam 

grade  

Average mass Mode 

stiffness  

Natural 

frequency 

Peak 

acceleration  

A-Ⅰ C20 442642,0 72,00 0,97946 0,0390 

A-Ⅱ C22 442642,0 72,00 0,97946 0,0390 

A-Ⅲ C24 450745,59 71,99 0,992147 0,0379 

A-Ⅳ C26 465384,44 72,00 1,010297 0,0360 

A-Ⅴ C28 465384,44 72,00 1,02225 0,0355 

A-Ⅵ C30 472703,86 71,99 1,02993 0,0347 

A-Ⅶ C32 480023,29 72,00 1,03707 0,0340 

Model CLT 

grade 

Average mass Mode 

stiffness  

Natural 

frequency 

Peak 

acceleration  

B-Ⅰ C20 499101,78 73,00 0,97614 0,0351 

B-Ⅱ C22 501361,08 73,00 0,99804 0,0341 

B-Ⅲ C24 503620,37 72,99 1,01816 0,0332 

B-Ⅳ C27 505879,66 72,99 1,02426 0,0328 

B-Ⅴ C30 512657,55 73,01 1,02845 0,0323 

B-Ⅵ C35 514916,84 73,00 1,04458 0,0316 

B-Ⅶ C40 517176,13 71,99 1,06038 0,0309 
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Table 5.4 Diagrid system, the effectiveness of different material grade 

 

 

 

Figure 5.10 Frame (blue), Shear wall (orange), and diagrid (green) system under peak acceleration limit 0,04 

m/s2 

 

Figure 5.10 presents the evaluation cure for the frame, shear wall, and diagrid that have material 

size presented in Tables 4.3 – 4.6 in the method section. To evaluate the different systems’ 

comfort, the natural frequency and the calculated peak acceleration that is presented in Tables 

5.2, 5.3, and 5.4 are used. The blue symbol represents the frame system that lays right under 

the line that represents the limited peak acceleration values for residential buildings. The orange 

symbol represents the shear wall system, and the green symbol represents the diagrid system. 

Model Glulam 

grad  

Average mass Mode 

stiffness  

Natural 

frequency 

Peak 

acceleration  

C-Ⅰ C20 289873,87 62 1,63737 0,0322 

C-Ⅱ C22 289873,87 62 1,63737 0,0322 

C-Ⅲ C24 291112,76 62 1,68028 0,0312 

C-Ⅳ C26 293590,54 62 1,74935 0,0295 

C-Ⅴ C28 293590,54 61,99 1,78283 0,0289 

C-Ⅵ C30 294829,43 62 1,81567 0,0281 

C-Ⅶ C32 296068,32 62 1,84121 0,0276 
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The frame system had a peak acceleration range of 0,0390 m/s2 to 0,0340 m/s2. Depending on 

the material grade of the glulam elements used, the average mass of the system varied from 

442 642,0 kg/m to 480 023,29 kg/m. The shear wall system, on the other hand, had a peak 

acceleration range of 0,0351 m/s2 to 0,0309 m/s2 and an average mass ranging from 499 101,78 

kg/m to 517 176,13 kg/m, depending on the material grade used on CLT elements. Finally, the 

diagrid had a peak acceleration ranging from 0,0322 m/s2 to 0,0276 m/s2 and an average weight 

ranging from 289 873,87 kg/m to 296 068,32 kg/m. 

 

5.3 Displacement 

 

All the floors were assigned to be rigid diaphragms. Therefore, the displacement for all the 

models has been found from each story, represented in Table 5.5. Figure 5.11 was made by 

values found in Table 5.5. The blue graph shows the horizontal displacement for the frame 

system made with material size in Table 4.3 from the method section. The orange graph shows 

the displacement for the shear wall system made with material size from Tables 4.4 and 4.5 

from the method section, and the green graph shows the horizontal displacement made from the 

material size from Table 4.6 from the method section for the diagrid system. Figure 5.11 

represents the displacement in millimeters [mm], and the horizontal axes represent every 

eighteen stories. The displacement at the top of the frame system is 29,29 mm, the shear wall 

has a displacement of 21,53 mm, and the diagrid system has a 13,24 mm displacement. 
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Table 5.5 Displacement for models within acceptable peak acceleration 

Load comb. Comb2_wind 90deg – weak axis (y) 

Story Frame Shear wall Diagrid 

 Y [mm] Y [mm] Y [mm] 

1 0,96 0,75 0,26 

2 2,60 1,83 0,68 

3 4,44 3,07 1,12 

4 6,39 4,41 1,59 

5 8,34 5,82 2,19 

6 10,23 7,24 2,81 

7 12,20 8,76 3,49 

8 14,07 10,25 4,18 

9 15,85 11,70 5,11 

10 17,91 13,10 6,02 

11 19,83 14,42 7,03 

12 21,59 15,66 7,95 

13 23,33 16,88 9,00 

14 24,89 18,00 9,95 

15 26,25 19,02 10,91 

16 27,47 19,95 11,70 

17 28,48 20,78 12,54 

18 29,29 21,53 13,24 

 

 

Figure 5.11 Displacement in [mm] for each story 
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5.4 Inter-story drift 
 

The analysis of the drift between the floors has been conducted for the frame, shear wall, and 

diagrid systems. The story drift for all the stories is presented in Table 5.6 and has also been 

calculated and presented in Table 5.7 as the story drift ratio. The most critical value will be the 

maximum story drift for the systems, which can be found in Table 5.6 and in Figure 5.12. For 

the frame system, the maximum story drift is at the 9th floor, with a drift of 1,91 mm. The shear 

wall system occurs on the 7th floor, measuring 1,52 mm. Finally, for the diagrid system, the 

maximum drift is at the 13th floor, with a drift of 1,05 mm. 

 

Table 5.6 Inter-story drift for models within acceptable peak acceleration 

Load comb. Comb2_wind 90deg – weak axis (y) 

Story Frame Shear wall Diagrid 

 Y [mm] Y [mm] Y [mm] 

1 0,95 0,75 0,26 

2 1,57 1,08 0,42 

3 1,62 1,24 0,44 

4 1,71 1,34 0,47 

5 1,84 1,41 0,6 

6 1,84 1,42 0,62 

7 1,86 1,52 0,68 

8 1,79 1,49 0,69 

9 1,91 1,45 0,93 

10 1,8 1,4 0,91 

11 1,77 1,32 1,01 

12 1,63 1,24 0,92 

13 1,69 1,22 1,05 

14 1,52 1,12 0,95 

15 1,48 1,02 0,96 

16 1,29 0,93 0,79 

17 1,33 0,83 0,84 

18 1,15 0,75 0,7 
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Table 5.7 Inter-story drift for models within acceptable peak acceleration 

Load comb. Comb2_wind 90deg – weak axis (y) 

Story Frame Shear wall Diagrid 

 Y [mm] Y [mm] Y [mm] 

1 0,032 0,025 0,009 

2 0,052 0,036 0,014 

3 0,054 0,041 0,015 

4 0,057 0,045 0,016 

5 0,061 0,047 0,020 

6 0,061 0,047 0,021 

7 0,062 0,051 0,023 

8 0,060 0,050 0,023 

9 0,064 0,048 0,031 

10 0,060 0,047 0,030 

11 0,059 0,044 0,034 

12 0,054 0,041 0,031 

13 0,056 0,041 0,035 

14 0,051 0,037 0,032 

15 0,049 0,034 0,032 

16 0,043 0,031 0,026 

17 0,044 0,028 0,028 

18 0,038 0,025 0,023 

 

 

Figure 5.12 Story drift ratio in [%] for all the stories 
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6 Discussion 
 

6.1 Natural frequency  
 

The focus has been on the global serviceability behavior of different mass timber buildings. All 

the models have been modeled and analyzed by the finite element program SAP2000. Here, 

only the lowest natural frequency in the first mode is used to evaluate the comfort of the 

building. The numerically estimated frequency for the frame system was 0,992 Hz, the shear 

wall system had a frequency of 1,018 Hz, and the diagrid system had a frequency of 1,680 Hz. 

All the first frequencies occur along the shortest side of the building, which is the weakest 

bending direction. This natural frequency is based on the model size presented in Table 4.3 -4.6 

in the methodology section for material grade glulam c24 and CLT c24. 

Eurocode 1-4 presents an empirical formula on the fundamental frequency for tall buildings 

over 50 meters. The formula is represented as Expression (3.11) in the theory section. This 

expression is based on experimental results on tall concrete and steel buildings. With Expression 

(3.11), the frequency for a 54-meter-tall building should be estimated as n1 = 0,852 Hz. This 

indicates that the numerically modeled frame, shear wall, and diagrid system are 16,4%, 19,5%, 

and 97,2%, respectively, greater than the empirical formula recommended in Eurocode 1-4. 

Edskär (2018) presented a recommended expression for the fundamental frequency that is 

expressed as n1 = 55/h. In this case n1 = 55/54 = 1,019 Hz. This gives the modeled system a 

2,7% smaller frequency for the frame system, 0,098% smaller frequency for the shear wall 

system, and 64,9% bigger frequency for the diagrid system. This shows that the frame and shear 

wall systems are 2,7% and 0,098%, respectively, less in stiffness than expected due to the 

Edskär (2018) recommended expression and 64,9% greater stiffness than expected for the 

diagrid system.  

Based on the previous studies done on the reference building, both experimentally and 

numerically Ussher et al. (2022) and Aloisio et al. (2020) and the model from this thesis, it may 

be seen that the empirical formula provided in Eurocode for the prediction of the fundamental 

frequency of buildings may not be accurate enough for a timber building.  This suggests that 

material influences like the orthotropic of CLT and the connection between various components 

in timber buildings all influence the prediction of the fundamental frequency. 

The frequency is depended on the mass and stiffness of the building. It is getting a higher natural 

frequency results in high stiffness and reduced acceleration than expected from the codes 
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(Edskär, 2018; Zhao et al., 2021b). It is impotent to note that all the models have cores that do 

not have any openings. This means that the building has a “box-like’’ core that follows all the 

way from the ground to the top of the building. In real life, the core and each floor in the core 

will have openings in the form of door openings and stair openings that may reduce the overall 

stiffness of the building.  

Even though the estimated numerical frequency is higher than the empirical formula expressed 

in Eurocode 1-4 and different from the recommended expression from Edskär (2018), the 

numerical frequency for the models that have been found from this study is an acceptable value. 

This is caused by no restrictions in Eurocode that make the numerical frequency acceptable. 

Moreso, the fundamental frequencies obtained in this work may be deemed acceptable due to 

the capabilities of the numerical models accurately simulate construction features of real-life 

timber buildings (Ussher et al., 2022). 

 

6.2 Displacement and inter-story drift 

 

The displacements for the models have also been numerically determined. It is important to 

note that the contribution of connections and shear deformations were not considered. All the 

connections for the building have been assumed to be rigid. The displacement for the system at 

the top of the building is 29,29 mm for the frame system, 21,53 mm for the shear wall system, 

and 13,24 mm for the diagrid system. In Europe, the serviceability criteria for horizontal 

displacement are not defined for wind-induced motions with a specific limit. Different 

expressions are used to check for horizontal displacement. Zhao et al. (2021b) have used an 

expression on 
𝐻

500
, where the H represents the height of the building. This expression is used as 

a limit for the overall global displacement and for the deflection on each story, represented as 

inter-story drift. When the inter-story drift is considered, the expression uses the story height as 

H in the expression mentioned above. From analyzing a frame structure in 10 stories, Vilguts 

et al. (2020) used a different expression as the limit of deflection. Vilguts et al. (2020) use a 

displacement limit of 
𝐻

300
 for global displacement and for inter-story drift, where H will 

represent the overall height of the building when global displacement is considered, and H will 

represent the story height when inter-story drift is considered. Treet, which was built in Bergen, 

Norway, was limited to 
𝐻

500
 (Abrahamsen & Malo, 2014). Therefore, the numerical models will 

also be limited by this expression.  
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According to the limit presented by Zhao et al. (2021b) and used by Abrahamsen et al. (2020), 

the global displacement for the models with 54 meters in height should be under 
𝐻

500
 =108mm. 

The frame system is 72,9% lower than the limit, the shear wall system is 80,1% lower than the 

limit, and the diagrid system is 87,7% lower than the limit.  

The maximum story drift occurs on the 9th floor for the frame system, on the 7th floor for the 

shear wall system, and on the 13th floor for the diagrid system. The story displacement for the 

frame is 1,91mm, for the shear wall system, it is 1,52 mm, and for the diagrid system is 1,05 

mm. This gives an inter-story drift ratio of 0,064% for the frame system, 0,051% for the shear 

wall system, and 0,035% for the diagrid system. Every story in the models has a height of 3 

meters. Therefore, the drift limit expressed with 
𝐻

500
 is at 6mm, which is 68,2% lower than the 

limit for the frame system, 74,7% lower than the limit for the shear wall system, and 82,5% 

lower than the limit for the diagrid system. All displacements are within the limits. Therefore, 

the horizontal displacement and inter-story drift for the models are accepted. 

 

6.3 Peak acceleration 

 

Eurocode 1-4 and the Norwegian National Annex were used to determine the calculation of 

peak acceleration for all the models. Then, ISO 10137 Annex D was used to evaluate the 

comfort.  

All three models have been satisfied under the evaluation cure requirements. With a natural 

frequency ranging from 1 Hz to 2 Hz, the peak acceleration was limited by 0,04 m/s2. From 

Table 3.1, it may be noted that the acceleration under 0,05 m/s2 results in situations where 

humans can not perceive motion. Since all the models are within 0,04 m/s2, the motion will not 

be as notable. From Figure 5.10, it is noted that all the systems are within the limit, where the 

shear wall and diagrid system have lower peak acceleration than the frame system. The frame 

system in material grade c24 for the glulam has a peak acceleration of 0,0379 m/s2, which is 

5,3% lower than the limit. The shear wall with material grade in CLT c24 had a peak 

acceleration of 0,0332 m/s2, which is 17% lower than the limit. Moreover, the diagrid system 

had peak acceleration at 0,0312 m/s2, which is 22% lower than the limit for the system with 

glulam c24. 
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The evaluation curve presented in ISO10137 is for horizontal wind-induced vibrations for a 

one-year return period. The characteristics values that are used to calculate the wind actions 

from Eurocode 1-4 present an expression that is equivalent to a mean return period of 50 years. 

It is important to note that before the human response to wind-induced motions in buildings is 

evaluated with an evaluation curve from ISO 10137, the characteristics values from Eurocode 

are calculated with a one-year return period. Therefore, the expression for mean wind velocity 

presented by Johansson et al. (2016) was used to find the mean wind velocity with a one-year 

return period. 

Using different material grades ranging from c20 to c32 for glulam and c20 to c40 for CLT 

walls, the mass for each system was increased. The mass was increased by 8,1% for the frame 

system, 4,4% for shear walls, and 2,3% for the diagrid system. The stiffness for the models was 

the same, but the frequency increased by 5,6% for the frame system, 7,91% for the shear wall 

system, and 11,5% for the diagrid system. The peak acceleration, on the other hand, was reduced 

by 15,5% for the frame system, 14,4% for the shear wall system, and 17,8% for the diagrid 

system.  

 

6.4 Comparing the system 

 

All the models had to be adjusted and modeled to achieve a comfort level related to the 

evaluation curve from ISO 10137. Figure 5.10 illustrates that all the models fall within the 

comfort level. However, the structural system chosen can significantly impact the outcome of 

the project. As mentioned previously, the choice that is taken regarded to building projects is 

highly influenced by the sustainability remark. It is important to note that the decision-making 

process for building projects is highly influenced by sustainability considerations. As a result, 

there has been an increase in the number of timber projects in recent times. However, the 

choices made should not only prioritize sustainability but also guarantee the safety and stability 

of the building. It is well-known that tall timber buildings are more susceptible to wind forces 

due to the light weight of the timber, resulting in a swaying motion for the building. This study 

and the analyses conducted on the numerical model demonstrate that tall timber buildings with 

a diagrid system are a sustainable and practical choice for lateral load resistance. 

Table 6.1 shows the summary of the findings in percentage. The plus and minus symbols 

indicate whether the value exceeds (+) or falls below (-), the previously discussed limit. The 
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table also includes the mass of the system. This table will help to understand that the different 

systems respond under limits represented in Eurocodes and ISO10137. 

Table 6.1 Summary of the Result 

 Frame system Shear wall system Diagrid system 

Mass [kg/m] 450 745,59  503 610,37  291 112,76  

Natural frequency + 16,4% + 19,5% + 97,2% 

Displacement  -72,9% -80,1% -87,7% 

Story drift -68,2% -74,7% -82,5% 

Peak acceleration -5,3% -17% -22% 

 

Based on its performance, the diagrid system occurs as the most superior among the different 

models. This is due to its high natural frequency, which indicates that the building has a sturdy 

system that responds minimally to wind forces. Additionally, the low peak acceleration 

indicates a minimal response to external forces acting on the building. However, all systems 

had reasonable natural frequencies and peak accelerations, whereas the diagrid system had a 

39,1% and 37,5% higher natural frequency than the frame and shear wall systems, respectively. 

Moreover, its peak acceleration was 17,7% and 6,02% lower than the frame and shear wall 

systems, respectively. As such, the diagrid system is considered a better option than the existing 

frame and shear wall systems. 

The deflection of each system is a global concern and is affected by the stiffness of the structure. 

A stiffer system will have lower deflection or displacement. For instance, a 54-meter-tall 

building using the diagrid system showed a deflection of only 13,24 mm, which is 2,2 times 

lower than the frame system and 1,62 times lower than the shear wall system, as depicted in 

Figure 5.11. The different models had different structural systems, which gave a mass 

dependent on the system and material size that was chosen. Table 6.1 illustrates that the shear 

wall system has the largest mass, followed by the frame and diagrid system. Compared to the 

other models, the diagrid system had the lowest average mass, which is 1,55 times lower mass 

than the frame system and 1,73 times lower mass than the shear wall system. With the lowest 

mass, the diagrid performed well under the analysis. 

The amount of inter-story drift in a structure is influenced by its displacement. It was observed 

that the diagrid system on the 8th floor and above showed larger drift in the stories compared to 

the frame and shear wall system. This could be recognized as the tapering of the material size, 
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as there was a reduction of 50mm from the system's base up to the 8th floor, followed by a 

100mm reduction on the 9th floor. This highlights the importance of carefully considering the 

choice of material and its size when constructing a building. 

The diagrid system outperformed the frame and shear wall system in terms of overall 

performance and comfort in the building. However, there were difficulties in comparing and 

modeling the timber system due to undefined expressions and limited knowledge of dynamic 

timber properties. Numerous experimental and numerical studies have been conducted, and it 

is expected that a better understanding of timber building performance will be achieved in the 

future. 
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7 Conclusion 

 
This thesis evaluates all-timber systems against wind loads by modeling different structural 

systems, such as frame, shear wall, and diagrid systems. The goal is to determine the efficiency 

and effectiveness of other methods in resisting wind loads, focusing on deflection, inter-story 

drift, and peak acceleration. 

The numerical analysis made it possible to evaluate an 18-story timber building, where the 

behavior of the building could easily be understood. With simple adjustments, the building 

could be analyzed for different materials and element sizes. This made it possible to vary and 

even compare different structural systems in timber buildings. One disadvantage is that with 

wrong adjustments, a numerical analysis can lead to wrong values. However, this is an easier 

way to understand and learn how structures behave and are a less expensive way to improve 

the knowledge of structures' behavior under different loads. Therefore, it is important also to 

develop numerical analysis along with tests on structures. 

Based on the numerical analyses, it was found that the diagrid system performed relatively 

better than the frame and shear wall systems. This system had a lower mass but could respond 

well to lateral forces, with a higher natural frequency and lower peak acceleration. As a result, 

it was a stiffer system. The stiffness in the system is due to a rigid connection that has been 

applied to the models. However, in actual construction, the connection is flexible but somehow 

semi-rigid. It is essential to mention that using a diagrid system in timber building construction 

is a relatively new field of study. The use of diagonal columns has yet to be fully understood, 

and the connection system for diagonal timber columns is critical, significantly when the load 

exceeds a certain limit that may lead to buckling for members in compression.   

In the analysis of horizontal displacement, the contributions of connections and shear 

deformation were not considered. The findings were based on peak acceleration with a mean 

wind velocity for a one-year return period and were not evaluated for other return periods. The 

limitations were determined using Eurocode and ISO 10137, specifically the Norwegian annex. 

Eurocode's current formals do not explicitly predict the fundamental frequency for timber 

buildings. Those formulas were developed and calibrated using conventional steel and 

reinforced concrete structural systems. It may be necessary that ongoing studies address the 

need to improve the formulas In Eurocode for adaptation to timber buildings. 
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After adjusting and modeling, all the models were evaluated based on the ISO 10137 comfort 

level. Analysis showed that the diagrid system outperformed the frame and shear wall systems, 

as it had a lower mass yet could respond well to lateral forces with a higher natural frequency 

and lower peak acceleration. The diagrid system had the lowest average mass among all the 

models and was 1,55 times lighter than the frame system and 1,73 times lighter than the shear 

wall system. Despite its low mass, the diagrid system performed impressively during the 

analysis. 

After analyzing the natural frequencies and peak accelerations of all systems, it was observed 

that the diagrid system had significantly higher natural frequencies than the frame and shear 

wall systems, with a 39,1% and 37,5% difference, respectively. Additionally, the peak 

acceleration of the diagrid system was lower by 17,7% and 6,02% compared to the frame and 

shear wall systems, respectively. Based on these findings, the diagrid system is superior to the 

current frame and shear wall systems. 

One major factor to consider is the deflection of each system, which is influenced by the 

stiffness of the structure. The diagrid system showed a deflection of only 13,24 mm, which is 

2,2 times lower than the frame system and 1,62 times lower than the shear wall system. 

Based on the studies, it is feasible to use timber in the construction of tall buildings to meet 

modern-day housing challenges. This is because the timber is light and susceptible to 

amplification of responses under dynamic loads. Systems such as diagrid may reduce motion 

responses, such as peak acceleration and lateral drift.  

Further work: 

- Analyzing the timber systems under seismic load/scenarios 

- The connection between diagrids  

- Analyze the contribution of connections and shear deformations   
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Appendix A – Mass timber buildings 
 

The table below provides the different timber buildings all over the world. The table provides 

the buildings name, where its located, the height of the building in meters, the floor/story 

count, what type of structural system is used, the functionality of the building, if the building 

is under construction or completed, and which year the building was completed. Chapter 2 is 

based on this table, where figures 2.2, 2.4, and 2.5 represent different cases. This table is 

entirely found from CTBUH.  

Table A.1 Mass timber buildings 
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Appendix B – Snow and wind load 
 

Snow load 

The reference building is located in Ås. Therefore, the chosen values have been based on 

adaptation for Ås. 
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Wind load 
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Appendix C – Verification of SAP2000 Models  
To verify if the models were working the right way in SAP2000, the joint force was checked 

to see if it matched the base reactions at the bottom. This method was done to all the models. 

Only the dead load was considered. Therefore, the base reaction, under GlobalFZ, from the 

tables was used as the base reaction. The tables presented below are from sap2000. All the 

joint reactions that occur under dead load were summed and checked if the base reaction and 

the sum of joint reactions for dead loads were the same.  
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Base reaction  
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Joint reaction 
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When all the joint reaction under F3 was summed, the total dead load was 12 258,8 kN. The 

base reaction for the frame model was 12 258,76 kN. Therefore, this model is good to use for 

further analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                              

XVII 

 

Shear wall  

base reaction 
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Diagrid  

Base reaction
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Appendix D – ULS check 
Beam 
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Appendix E – Equivalent Mass 
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Appendix F – Peak acceleration  

 

1.1.1 Same frequency 

8.1.1.1 Frame  

 

 

 C20 C22 C24 C26 C28 C30 C32 

 Value Value Value Value Value Value Value 

m 396878,4 396878,4 411905,25 424730,83 424730,83 431143,621 437556,411 

me 22048,8 22048,8 22883,63 23596,16 23596,16 23952,42 24308,69 

n1,x 0,847 0,847 0,857 0,872 0,882 0,888 0,894 

a 0,0149 0,0149 0,0142 0,0136 0,0134 0,0131 0,0128 

 0,0749 0,0749 0,0742 0,0736 0,0734 0,0731 0,0728 

fL 7,8759 7,8759 7,9689 8,1084 8,2014 8,2572 8,3130 

SL(zs) 0,0351 0,0351 0,0348 0,0344 0,0342 0,0340 0,0339 

h 12,8866 12,8866 13,0387 13,2669 13,4191 13,5104 13,6017 

b 5,4410 5,4410 5,5052 5,6016 5,6658 5,7044 5,7429 

Rh 0,0746 0,0746 0,0738 0,0725 0,0717 0,0713 0,0708 

Rb 0,1669 0,1669 0,1651 0,1626 0,1609 0,1599 0,1590 

R2 0,0288 0,0288 0,0282 0,0272 0,0265 0,0262 0,0258 

R 0,1696 0,1696 0,1679 0,1650 0,1628 0,1618 0,1607 

v 0,8470 0,8470 0,8570 0,8720 0,8820 0,8880 0,8940 

kp(zs) 3,7001 3,7001 3,7032 3,7079 3,7110 3,7128 3,7146 

a(z) 0,0137 0,0137 0,0130 0,0124 0,0123 0,0120 0,0117 

a1,x(z) 0,0506 0,0506 0,0483 0,0461 0,0455 0,0446 0,0436 

 

Frame    

Glulam member for the building Story Size [mm] 

Column 1  1-3 825 x 825 

Column 2  4-6 775 x 775 

Column 3  7-9 675 x 675 

Column 4  10-12 500 x 500 

Column 5 13-15 450 x 450 

Column 6   16-18 425 x 425 

Beam All  425 x 675 
   
Core – CLT Wall c30 All 300 x 300 

Model Grade – 
glulam  

Average mass Mode stiffness  Frequency Peak acceleration  

 C20 396878,4 70,00 0,847 0,0506 

 C22 396878,4 70,00 0,847 0,0506 

 C24 411905,25 69,99 0,857 0,0483 

 C26 431143,621 70,00 0,872 0,0461 
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8.1.1.2 Shear wall  

 

Shear wall    

CLT member for the building Story Size of element 
[mm] 

Thickness 
[mm] 

    
CLT wall 1 – Long side (corner wall) 1-6 3855x3000 

2745x3000 
300 

CLT wall 1 – middle  1-6 5400x3000 300 
CLT wall 1 – Short side (corner wall) 1-6 4177x3000 300 
    
CLT wall 2 – Long side (corner wall) 7-12 3855x3000 

2745x3000 
225 

CLT wall 2 – middle  7-12 5400x3000 225 
CLT wall 2 – Short side (corner wall) 7-12 4177x3000 225 

    
CLT wall 3 – Long side (corner wall) 13-18 3855x3000 

2745x3000 
175 

CLT wall 3 – middle  13-18 5400x3000 175 
CLT wall 3 – Short side (corner wall) 13-18 4177x3000 175 
    
Core – CLT Wall c30 All 2746x3000 

7224x3000 
300 

    
 

Glulam member for the building Story Size [mm] Material 

    
Beam All  260x400 GL 20c 
    
Column 1 – inside  1-6 600x600 GL 20c 
Column 2 – inside 7-12 500x500 GL 20c 
Column 2 – inside 13-18 400x400 GL 20c 
    

 

 

 C20 C22 C24 C27 C30 C35 C40 

 Value Value Value Value Value Value Value 

m 292395,
3 

293548,
4 

294701,51 295854,63 299313,98 300467,09 301620,21 

me 16244,1
8 

16308,2
4 

16372,31 16436,37 16628,55 16692,62 16756,68 

n1,x 0,662 0,679 0,694 0,699 0,705 0,717 0,730 

 C28 437556,411 71,00 0,882 0,0455 

 C30 424730,83 71,00 0,888 0,0446 

 C32 424730,83 71,00 0,894 0,0436 
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a 0,0260 0,0252 0,0246 0,0243 0,0238 0,0233 0,0228 

 0,0860 0,0852 0,0846 0,0843 0,0838 0,0833 0,0828 

fL 6,1557 6,3138 6,4533 6,4997 6,5555 6,6671 6,7880 

SL(zs) 0,0411 0,0404 0,0399 0,0397 0,0395 0,0391 0,0386 

h 10,0719 10,3306 10,5588 10,6349 10,7261 10,9087 11,1065 

b 4,2526 4,3618 4,4582 4,4903 4,5288 4,6059 4,6894 

Rh 0,0944 0,0921 0,0902 0,0896 0,0889 0,0875 0,0860 

Rb 0,2075 0,2030 0,1992 0,1979 0,1964 0,1935 0,1905 

R2 0,0462 0,0438 0,0418 0,0412 0,0406 0,0392 0,0377 

R 0,2149 0,2093 0,2045 0,2030 0,2015 0,1979 0,1941 

v 0,6620 0,6790 0,6940 0,6990 0,7050 0,7170 0,7300 

kp(zs) 3,6330 3,6400 3,6460 3,6479 3,6503 3,6549 3,6598 

a(z) 0,0235 0,0228 0,0222 0,0219 0,0215 0,0211 0,0206 

a1,x(z) 0,0854 0,0830 0,0809 0,0801 0,0786 0,0770 0,0753 

 

 

 

8.1.1.3 Diagrids  

 

Diagrid    

Glulam member for the building Story Length 
[mm] 

Size  
[mm] 

Column 1 – Outer tube long side 1-6 6642,5 100x100 
Column 1 – Outer tube short side 1-6 6685,1 200x200 

Column 1 – straight  1-6 3000 100x100 
Column – inside 1-6 3000 200x200 
    

Column 2 – Outer tube long side 7-12 6642,5 100x100 
Column 2 – Outer tube short side 7-12 6685,1 150x150 
Column 2 – straight  7-12 3000 100x100 
Column – inside 7-12 3000 150x150 

    
Column 3 – Outer tube long side 13-18 6642,5 100x100 
Column 3 – Outer tube short side 13-18 6685,1 100x100 

Column 3 – straight  13-18 3000 100x100 

Model Grade – 
glulam  

Average mass Mode stiffness  Frequency Peak acceleration  

 C20 258633,8 67,01 0,835 0,0756 

 C22 260343,6 66,99 0,845 0,0744 

 C24 262053,29 65,99 0,863 0,0733 

 C27 263763,02 65,99 0,868 0,0729 

 C30 268892,23 65,99 0,869 0,0728 

 C35 270601,97 65,99 0,882 0,0718 

 C40 272311,7 66,01 0,894 0,0708 
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Column – inside 13-18 3000 100x100 

    
Beam All   100x100 
CLT Core – c20 All   150x150 

 

 

 

 

 

 

 

 C20 C22 C24 C26 C28 C30 C32 

 Value Value Value Value Value Value Value 

m 125223,5 125223,5 125474,47 125976,5 125976,5 126227,52 126478,53 

me 6956,86 6956,86 6970,80 6998,69 6998,69 7012,64 7026,59 

n1,x 0,854 0,854 0,872 0,901 0,915 0,929 0,943 

a 0,0470 0,0470 0,0459 0,0443 0,0436 0,0429 0,0421 

 0,1070 0,1070 0,1059 0,1043 0,1036 0,1029 0,1021 

fL 7,9410 7,9410 8,1084 8,3781 8,5083 8,6384 8,7686 

SL(zs) 0,0349 0,0349 0,0344 0,0337 0,0334 0,0330 0,0327 

h 12,9931 12,9931 13,2669 13,7082 13,9212 14,1342 14,3472 

b 5,4860 5,4860 5,6016 5,7879 5,8778 5,9678 6,0577 

Rh 0,0740 0,0740 0,0725 0,0703 0,0693 0,0682 0,0673 

Rb 0,1657 0,1657 0,1626 0,1578 0,1557 0,1535 0,1515 

R2 0,0197 0,0197 0,0189 0,0177 0,0171 0,0166 0,0161 

R 0,1405 0,1405 0,1375 0,1330 0,1309 0,1289 0,1269 

v 0,8540 0,8540 0,8720 0,9010 0,9150 0,9290 0,9430 

kp(zs) 3,7023 3,7023 3,7079 3,7167 3,7209 3,7249 3,7289 

a(z) 0,0359 0,0359 0,0351 0,0338 0,0332 0,0327 0,0321 

a1,x(z) 0,1328 0,1328 0,1300 0,1255 0,1237 0,1217 0,1197 

Model Grade – 
glulam  

Average mass Mode stiffness  Frequency Peak acceleration  

 C20 125223,5 64,99 0,854 0,1328 

 C22 125223,5 64,99 0,854 0,1328 

 C24 125474,47 65,01 0,872 0,1300 

 C26 125976,5 64,99 0,901 0,1255 

 C28 125976,5 65,01 0,915 0,1237 

 C30 126227,52 64,99 0,929 0,1217 

 C32 126478,53 65,01 0,943 0,1197 
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1.1.2 Low frequency 

8.1.1.4 Frame 

 

 

 

 

 

 

 

 

 

 

 C20 C22 C24 C26 C28 C30 C32 

Frame    

Glulam member for the building Story Size [mm] 

Column 1  1-6 600 x 600 

Column 2  7-12 500 x 500 

Column 3  13-18 400 x 400 

Beam All  300 x 400 
Core – CLT C18 All 200 mm thick 
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 Value Value Value Value Value Value Value 

m 260865,3 260865,3 264140,28 270690,3 270690,3 273965,26 277240,25 

me 14492,52 14492,52 14674,46 15038,348 15038,348 15220,292 15402,236 

n1,x 0,620 0,620 0,629 0,642 0,649 0,656 0,661 

a 0,0311 0,0311 0,0302 0,0289 0,0286 0,0280 0,0274 

 0,0911 0,0911 0,0902 0,0889 0,0886 0,0880 0,0874 

fL 5,7652 5,7652 5,8488 5,9697 6,0348 6,0999 6,1464 

SL(zs) 0,0429 0,0429 0,0425 0,0419 0,0416 0,0413 0,0411 

h 9,4329 9,4329 9,5698 9,7676 9,8741 9,9806 10,0567 

b 3,9828 3,9828 4,0406 4,1241 4,1691 4,2140 4,2462 

Rh 0,1004 0,1004 0,0990 0,0971 0,0961 0,0952 0,0945 

Rb 0,2196 0,2196 0,2169 0,2131 0,2111 0,2092 0,2078 

R2 0,0512 0,0512 0,0499 0,0482 0,0471 0,0462 0,0456 

R 0,2263 0,2263 0,2233 0,2194 0,2169 0,2149 0,2135 

v 0,6200 0,6200 0,6290 0,6420 0,6490 0,6560 0,6610 

kp(zs) 3,6150 3,6150 3,6190 3,6246 3,6276 3,6305 3,6326 

a(z) 0,0277 0,0277 0,0270 0,0259 0,0256 0,0251 0,0246 

a1,x(z) 0,1003 0,1003 0,0979 0,0940 0,0930 0,0911 0,0895 

 

 

8.1.1.5 Shear wall  

 

Shear wall    

CLT member for the building Story Size of element 
[mm] 

Thickness 
[mm] 

    
CLT wall 1 – Long side (corner wall) 1-3 3855x3000 

2745x3000 
225 

CLT wall 1 – middle  1-3 5400x3000 225 
CLT wall 1 – Long side (corner wall) 4-6 3855x3000 

2745x3000 
200 

CLT wall 1 – middle  4-6 5400x3000 200 
CLT wall 1 – Short side (corner wall) 1-6 4177x3000 200 
    
CLT wall 2 – Long side (corner wall) 7-9 3855x3000 175 

Model Grade – 
glulam  

Average mass Mode stiffness  Frequency Peak acceleration  

 C20 260865,3 72,99 0,620 0,1003 

 C22 260865,3 72,99 0,620 0,1003 

 C24 264140,28 73,01 0,629 0,0979 

 C26 270690,3 72,99 0,642 0,0940 

 C28 270690,3 72,99 0,649 0,0930 

 C30 273965,26 73,02 0,656 0,0911 

 C32 277240,25 72,99 0,661 0,0895 



                                                                                                              

XLV 

 

2745x3000 

CLT wall 2 – middle  7-9 5400x3000 175 
CLT wall 2 – Long side (corner wall) 10-12 3855x3000 

2745x3000 
150 

CLT wall 2 – middle  10-12 5400x3000 150 
CLT wall 2 – Short side (corner wall) 7-12 4177x3000 150 

    
CLT wall 3 – Long side (corner wall) 13-15 3855x3000 

2745x3000 
125 

CLT wall 3 – middle  13-15 5400x3000 125 
CLT wall 3 – Long side (corner wall) 16-18 3855x3000 

2745x3000 
100 

CLT wall 3 – middle  16-18 5400x3000 100 
CLT wall 3 – Short side (corner wall) 13-18 4177x3000 100 
    
Core – CLT c20 All   200 

 

Glulam member for the building Story Size [mm] Material 

    
Beam c22 All  450 x 550 GL 20c 
    
Column 1 – inside c22 All 300 x 300 GL 20c 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 C20 C22 C24 C27 C30 C35 C40 

 Value Value Value Value Value Value Value 

m 292395,3 293548,4 294701,51 295854,63 299313,98 300467,09 301620,21 

me 16244,18 16308,24 16372,31 16436,37 16628,55 16692,62 16756,68 

n1,x 0,662 0,679 0,694 0,699 0,705 0,717 0,730 
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a 0,0260 0,0252 0,0246 0,0243 0,0238 0,0233 0,0228 

 0,0860 0,0852 0,0846 0,0843 0,0838 0,0833 0,0828 

fL 6,1557 6,3138 6,4533 6,4997 6,5555 6,6671 6,7880 

SL(zs) 0,0411 0,0404 0,0399 0,0397 0,0395 0,0391 0,0386 

h 10,0719 10,3306 10,5588 10,6349 10,7261 10,9087 11,1065 

b 4,2526 4,3618 4,4582 4,4903 4,5288 4,6059 4,6894 

Rh 0,0944 0,0921 0,0902 0,0896 0,0889 0,0875 0,0860 

Rb 0,2075 0,2030 0,1992 0,1979 0,1964 0,1935 0,1905 

R2 0,0462 0,0438 0,0418 0,0412 0,0406 0,0392 0,0377 

R 0,2149 0,2093 0,2045 0,2030 0,2015 0,1979 0,1941 

v 0,6620 0,6790 0,6940 0,6990 0,7050 0,7170 0,7300 

kp(zs) 3,6330 3,6400 3,6460 3,6479 3,6503 3,6549 3,6598 

a(z) 0,0235 0,0228 0,0222 0,0219 0,0215 0,0211 0,0206 

a1,x(z) 0,0854 0,0830 0,0809 0,0801 0,0786 0,0770 0,0753 

 

 

8.1.1.6 Diagrids  

Diagrid    

Glulam member for the building Story Length 
[mm] 

Size  
[mm] 

Column 1 – Outer tube long side All 6642,5 150x150 
Column 1 – Outer tube short side All 6685,1 200x200 
Column 1 – straight  All 3000 150x150 
Column – inside All 3000 200x200 
    
Beam All   200x300 
CLT core – c18   200 

 

 

 C20 C22 C24 C26 C28 C30 C32 

 Value Value Value Value Value Value Value 

m 153551,1 153551,1 154540,67 156519,94 156519,94 157509,57 158499,21 

Model Grade – 
glulam  

Average mass Mode stiffness  Frequency Peak acceleration  

 C20 292395,3 72,02 0,662 0,0854 

 C22 293548,4 71,99 0,679 0,0830 

 C24 294701,51 72,02 0,694 0,0809 

 C27 295854,63 71,98 0,699 0,0801 

 C30 299313,98 70,98 0,705 0,0786 

 C35 300467,09 70,99 0,717 0,0770 

 C40 301620,21 70,98 0,730 0,0753 



                                                                                                              

XLVII 

 

me 8530,613

26 

8530,613
26 

8585,59292 8695,5522
3 

8695,5522
3 

8750,53189 8805,51155 

n1,x 0,774 0,774 0,779 0,819 0,833 0,846 0,859 

a 0,0423 0,0423 0,0420 0,0392 0,0385 0,0377 0,0369 

 0,1023 0,1023 0,1020 0,0992 0,0985 0,0977 0,0969 

fL 7,1971 7,1971 7,1971 7,6156 7,7458 7,8666 7,9875 

SL(zs) 0,0372 0,0372 0,0372 0,0358 0,0355 0,0351 0,0348 

h 11,7759 11,7759 11,7759 12,4606 12,6736 12,8714 13,0692 

b 4,9721 4,9721 4,9721 5,2611 5,3511 5,4346 5,5181 

Rh 0,0813 0,0813 0,0813 0,0770 0,0758 0,0747 0,0736 

Rb 0,1809 0,1809 0,1809 0,1720 0,1694 0,1671 0,1648 

R2 0,0264 0,0264 0,0265 0,0236 0,0228 0,0221 0,0215 

R 0,1624 0,1624 0,1626 0,1537 0,1510 0,1487 0,1465 

v 0,7740 0,7740 0,7740 0,8190 0,8330 0,8460 0,8590 

kp(zs) 3,6757 3,6757 3,6757 3,6910 3,6956 3,6998 3,7039 

a(z) 0,0338 0,0338 0,0337 0,0314 0,0309 0,0302 0,0296 

a1,x(z) 0,1244 0,1244 0,1237 0,1159 0,1140 0,1117 0,1095 

 

 

 

 

Model Grade – 
glulam  

Average mass Mode stiffness  Frequency Peak acceleration  

 C20 153551,1 69,00 0,774 0,1244 

 C22 153551,1 69,00 0,774 0,1244 

 C24 154540,67 69,00 0,779 0,1237 

 C26 156519,94 69,00 0,819 0,1159 

 C28 156519,94 69,00 0,833 0,1140 

 C30 157509,57 71,23 0,846 0,1117 

 C32 158499,21 68,99 0,859 0,1095 
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1.1.3 High frequency 

8.1.1.7 Frame 

 

 

 C20 C22 C24 C26 C28 C30 C32 

 Value Value Value Value Value Value Value 

m 435612,9 435612,9 443295,02 458659,17 458659,17 466341,25 474023,32 

me 24200,72 24200,72 24627,501 25481,065 25481,065 25907,8471 26334,6291 

n1,x 1,015 1,015 1,029 1,047 1,06 1,068 1,075 

a 0,0114 0,0114 0,0110 0,0105 0,0103 0,0101 0,0099 

 0,0714 0,0714 0,0710 0,0705 0,0703 0,0701 0,0699 

fL 9,4381 9,4381 9,5683 9,7357 9,8566 9,9309 9,9960 

SL(zs) 0,0312 0,0312 0,0309 0,0306 0,0303 0,0302 0,0301 

h 15,4426 15,4426 15,6556 15,9295 16,1272 16,2490 16,3555 

Frame    

Glulam member for the building Story Size [mm] 

Column 1  1-3 825 x 825 

Column 2  4-6 775x775 

Column 3  7-9 675x675 

Column 4  10-12 500 x 500 

Column 5 13-15 450x450 

Column 6   16-18 425x425 

Beam All  525 x 675 
   
   
Core – CLT wall – c24 All 200 mm thick 
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b 6,5202 6,5202 6,6101 6,7258 6,8093 6,8607 6,9056 

Rh 0,0627 0,0627 0,0618 0,0608 0,0601 0,0596 0,0593 

Rb 0,1416 0,1416 0,1398 0,1376 0,1361 0,1351 0,1343 

R2 0,0191 0,0191 0,0186 0,0179 0,0174 0,0171 0,0169 

R 0,1384 0,1384 0,1363 0,1339 0,1319 0,1309 0,1300 

v 1,0150 1,0150 1,0290 1,0470 1,0600 1,0680 1,0750 

kp(zs) 3,7486 3,7486 3,7522 3,7568 3,7601 3,7621 3,7638 

a(z) 0,0102 0,0102 0,0098 0,0093 0,0092 0,0090 0,0088 

a1,x(z) 0,0381 0,0381 0,0369 0,0351 0,0346 0,0338 0,0330 

 

 

 

 

8.1.1.8 Shear wall 

 

Model Grade – 
glulam  

Average mass Mode stiffness  Frequency Peak acceleration  

 C20 435612,9 72,00 1,015 0,0381 

 C22 435612,9 72,00 1,015 0,0381 

 C24 443295,02 71,99 1,029 0,0369 

 C26 458659,17 72,00 1,047 0,0351 

 C28 458659,17 72,00 1,06 0,0346 

 C30 466341,25 71,99 1,068 0,0338 

 C32 474023,32 72,00 1,075 0,0330 
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Shear wall    

CLT member for the building Story Size of element 
[mm] 

Thickness 
[mm] 

    
CLT wall 1 – Long side (corner wall) 1-6 3855x3000 

2745x3000 
350 

CLT wall 1 – middle  1-6 5400x3000 350 
CLT wall 1 – Short side (corner wall) 1-6 4177x3000 350 
    
CLT wall 2 – Long side (corner wall) 7-12 3855x3000 

2745x3000 
300 

CLT wall 2 – middle  7-12 5400x3000 300 
CLT wall 2 – Short side (corner wall) 7-12 4177x3000 300 

    
CLT wall 3 – Long side (corner wall) 13-18 3855x3000 

2745x3000 
275 

CLT wall 3 – middle  13-18 5400x3000 275 
CLT wall 3 – Short side (corner wall) 13-18 4177x3000 275 
    
    

 

Glulam member for the building Story Size [mm] Material 

    
Beam All  675x700 GL 20c 
    
Column 1 – inside  1-6 650x650 GL 20c 
Column 2 – inside  7-12 550x550 GL 20c 
Column 3 – inside  13-18 450x450 GL 20c 
    
Core – CLT wall c24 All 200 CLT C24 

 

 C20 C22 C24 C27 C30 C35 C40 

 Value Value Value Value Value Value Value 

m 505268,6 508199,6 511130,53 514061,51 522854,43 525785,41 528716,39 

me 28070,48 28233,31 28396,14 28558,97 29047,47 29210,30 29373,13 

n1,x 0,989 1,011 1,03 1,037 1,041 1,058 1,074 

a 0,0101 0,0098 0,0095 0,0094 0,0092 0,0090 0,0088 

 0,0701 0,0698 0,0695 0,0694 0,0692 0,0690 0,0688 

fL 9,1964 9,4009 9,5776 9,6427 9,6799 9,8380 9,9867 

SL(zs) 0,0317 0,0313 0,0309 0,0308 0,0307 0,0304 0,0301 

h 15,0470 15,3817 15,6708 15,7773 15,8382 16,0968 16,3402 

b 6,3532 6,4945 6,6166 6,6615 6,6872 6,7964 6,8992 

Rh 0,0642 0,0629 0,0618 0,0614 0,0611 0,0602 0,0593 

Rb 0,1450 0,1421 0,1397 0,1388 0,1384 0,1363 0,1344 

R2 0,0208 0,0198 0,0189 0,0186 0,0185 0,0178 0,0172 

R 0,1443 0,1406 0,1376 0,1365 0,1360 0,1335 0,1311 

v 0,9890 1,0110 1,0300 1,0370 1,0410 1,0580 1,0740 
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kp(zs) 3,7416 3,7475 3,7525 3,7543 3,7553 3,7596 3,7636 

a(z) 0,0091 0,0089 0,0086 0,0085 0,0083 0,0081 0,0079 

a1,x(z) 0,0342 0,0332 0,0323 0,0319 0,0313 0,0305 0,0299 

 

 

 

8.1.1.9 Diagrid – 1,015 Hz 

 

Diagrid    

Glulam member for the building Story Length 
[mm] 

Size  
[mm] 

Column 1 – Outer tube long side 1-2 6642,5 325x325 
Column 1 – Outer tube short side 1-2 6685,1 200x200 
Column 1 – straight  1-2 3000 325x325 
Column – inside 1-2 3000 575x575 

    
Column 2 – Outer tube long side 3-4 6642,5 325x325 
Column 2 – Outer tube short side 3-4 6685,1 200x200 

Column 2 – straight  3-4 3000 325x325 
Column – inside 3-4 3000 525x525 
    
Column 3 – Outer tube long side 5-6 6642,5 325x325 
Column 3 – Outer tube short side 5-6 6685,1 200x200 

Column 3 – straight  5-6 3000 325x325 
Column – inside 5-6 3000 475x475 
    
Column 1 – Outer tube long side 7-8 6642,5 250x250 
Column 1 – Outer tube short side 7-8 6685,1 200x200 
Column 1 – straight  7-8 3000 250x250 

Column – inside 7-8 3000 425x425 
    
Column 1 – Outer tube long side 9-10 6642,5 250x250 

Column 1 – Outer tube short side 9-10 6685,1 200x200 
Column 1 – straight  9-10 3000 250x250 
Column – inside 9-10 3000 325x325 
    
Column 1 – Outer tube long side 11-12 6642,5 250x250 

Model Grade – 
glulam  

Average mass Mode stiffness  Frequency Peak acceleration  

 C20 505268,6 73,00 0,989 0,0342 

 C22 508199,6 73,00 1,011 0,0332 

 C24 511130,53 72,99 1,03 0,0323 

 C26 514061,51 72,99 1,037 0,0319 

 C28 522854,43 73,01 1,041 0,0313 

 C30 525785,41 73,00 1,058 0,0305 

 C32 528716,39 71,99 1,074 0,0299 
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Column 1 – Outer tube short side 11-12 6685,1 200x200 

Column 1 – straight  11-12 3000 250x250 
Column – inside 11-12 3000 275x275 
    
Column 2 – Outer tube long side 13-14 6642,5 200x200 
Column 2 – Outer tube short side 13-14 6685,1 200x200 
Column 2 – straight  13-14 3000 200x200 
Column – inside 13-14 3000 250x250 
    
Column 1 – Outer tube long side 15-16 6642,5 200x200 
Column 1 – Outer tube short side 15-16 6685,1 200x200 

Column 1 – straight  15-16 3000 200x200 
Column – inside 15-16 3000 225x225 
    
Column 1 – Outer tube long side 17-18 6642,5 200x200 
Column 1 – Outer tube short side 17-18 6685,1 200x200 
Column 1 – straight  17-18 3000 200x200 
Column – inside 17-18 3000 200x200 
    
Beam All  225x225 
Core – CLT wall c24 All  200 

 

 C20 C22 C24 C26 C28 C30 C32 

 Value Value Value Value Value Value Value 

m 202601,2 202601,2 204308,64 207723,47 207723,47 209430,89 211138,31 

me 11255,62 11255,62 11350,48 11540,19 11540,19 11635,05 11729,91 

n1,x 1,015 1,015 1,039 1,077 1,0957 1,114 1,132 

a 0,0244 0,0244 0,0237 0,0225 0,0221 0,0215 0,0210 

 0,0844 0,0844 0,0837 0,0825 0,0821 0,0815 0,0810 

fL 9,4381 9,4381 9,6613 10,0146 10,1885 10,3587 10,5261 

SL(zs) 0,0312 0,0312 0,0307 0,0300 0,0297 0,0294 0,0291 

h 15,4426 15,4426 15,8077 16,3859 16,6704 16,9488 17,2227 

b 6,5202 6,5202 6,6744 6,9185 7,0386 7,1562 7,2718 

Rh 0,0627 0,0627 0,0613 0,0592 0,0582 0,0573 0,0564 

Rb 0,1416 0,1416 0,1386 0,1341 0,1320 0,1300 0,1281 

R2 0,0162 0,0162 0,0154 0,0143 0,0137 0,0132 0,0128 

R 0,1272 0,1272 0,1240 0,1194 0,1171 0,1150 0,1130 

v 1,0150 1,0150 1,0390 1,0770 1,0957 1,1140 1,1320 

kp(zs) 3,7486 3,7486 3,7548 3,7643 3,7689 3,7733 3,7775 

a(z) 0,0201 0,0201 0,0194 0,0184 0,0180 0,0176 0,0171 

a1,x(z) 0,0753 0,0753 0,0729 0,0692 0,0679 0,0663 0,0647 

 

Model Grade – 
glulam  

Average mass Mode stiffness  Frequency Peak acceleration  
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8.1.1.10 Diagrid – 1,62 Hz 

 

Diagrid    

Glulam member for the building Story Length 
[mm] 

Size  
[mm] 

Column 1 – Outer tube long side 1-2 6642,5 575x575 

Column 1 – Outer tube short side 1-2 6685,1 575x575 
Column 1 – straight  1-2 3000 575x575 
Column – inside 1-2 3000 575x575 

    

 C20 202601,2 72,00 1,015 0,0753 

 C22 202601,2 72,00 1,015 0,0753 

 C24 204308,64 71,99 1,039 0,0729 

 C26 207723,47 71,99 1,077 0,0692 

 C28 207723,47 72,01 1,0957 0,0679 

 C30 209430,89 72,00 1,114 0,0663 

 C32 211138,31 71,99 1,132 0,0647 
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Column 2 – Outer tube long side 3-4 6642,5 525x525 

Column 2 – Outer tube short side 3-4 6685,1 525x525 
Column 2 – straight  3-4 3000 525x525 
Column – inside 3-4 3000 525x525 
    
Column 3 – Outer tube long side 5-6 6642,5 475x475 
Column 3 – Outer tube short side 5-6 6685,1 475x475 
Column 3 – straight  5-6 3000 475x475 
Column – inside 5-6 3000 475x475 
    
Column 1 – Outer tube long side 7-8 6642,5 425x425 

Column 1 – Outer tube short side 7-8 6685,1 425x425 
Column 1 – straight  7-8 3000 425x425 
Column – inside 7-8 3000 425x425 
    
Column 1 – Outer tube long side 9-10 6642,5 325x325 
Column 1 – Outer tube short side 9-10 6685,1 325x325 
Column 1 – straight  9-10 3000 325x325 
Column – inside 9-10 3000 325x325 
    
Column 1 – Outer tube long side 11-12 6642,5 275x275 

Column 1 – Outer tube short side 11-12 6685,1 275x275 
Column 1 – straight  11-12 3000 275x275 
Column – inside 11-12 3000 275x275 
    

Column 2 – Outer tube long side 13-14 6642,5 250x250 
Column 2 – Outer tube short side 13-14 6685,1 250x250 
Column 2 – straight  13-14 3000 250x250 

Column – inside 13-14 3000 250x250 
    
Column 1 – Outer tube long side 15-16 6642,5 225x225 
Column 1 – Outer tube short side 15-16 6685,1 225x225 
Column 1 – straight  15-16 3000 225x225 

Column – inside 15-16 3000 225x225 
    

Column 1 – Outer tube long side 17-18 6642,5 200x200 
Column 1 – Outer tube short side 17-18 6685,1 200x200 
Column 1 – straight  17-18 3000 200x200 
Column – inside 17-18 3000 200x200 
    

Beam All  225x225 
Core – CLT wall c30 All  300 

 

 

 C20 C22 C24 C26 C28 C30 C32 

 Value Value Value Value Value Value Value 

m 267917,2 267917,2 269156,06 271633,84 271633,84 272872,73 274111,62 

me 14884,29 14884,29 14953,11 15090,77 15090,77 15159,60 15228,42 



                                                                                                              

LV 

 

n1,x 1,62 1,62 1,663 1,732 1,766 1,798 1,831 

a 0,0116 0,0116 0,0112 0,0107 0,0105 0,0102 0,0100 

 0,0716 0,0716 0,0712 0,0707 0,0705 0,0702 0,0700 

fL 15,0638 15,0638 15,4636 16,1052 16,4214 16,7190 17,0258 

SL(zs) 0,0230 0,0230 0,0226 0,0220 0,0217 0,0215 0,0212 

h 24,6473 24,6473 25,3015 26,3513 26,8686 27,3555 27,8575 

b 10,4066 10,4066 10,6829 11,1261 11,3445 11,5501 11,7621 

Rh 0,0397 0,0397 0,0387 0,0372 0,0365 0,0359 0,0353 

Rb 0,0915 0,0915 0,0892 0,0858 0,0843 0,0828 0,0814 

R2 0,0058 0,0058 0,0054 0,0049 0,0047 0,0045 0,0043 

R 0,0759 0,0759 0,0736 0,0701 0,0684 0,0670 0,0655 

v 1,6200 1,6200 1,6630 1,7320 1,7660 1,7980 1,8310 

kp(zs) 3,8710 3,8710 3,8778 3,8882 3,8932 3,8978 3,9025 

a(z) 0,0091 0,0091 0,0087 0,0083 0,0081 0,0078 0,0076 

a1,x(z) 0,0351 0,0351 0,0339 0,0321 0,0314 0,0306 0,0298 

 

 

 

 

 

Model Grade – 
glulam  

Average mass Mode stiffness  Frequency Peak acceleration  

 C20 267917,2 62 1,62 0,0351 

 C22 267917,2 62 1,62 0,0351 

 C24 269156,06 62 1,663 0,0339 

 C26 271633,84 62 1,732 0,0321 

 C28 271633,84 61,99 1,766 0,0314 

 C30 272872,73 62 1,798 0,0306 

 C32 274111,62 62 1,831 0,0298 



                                                                                                              

LVI 

 

 

 

 

 

 

 



 

 

 


