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Abstract

Vertical Vibration of Mass Timber Floors Subjected to Seismic and Footfall Loading

Davis Wright

Chair of the Supervisory Committee:
Jeffrey W. Berman

Civil and Environmental Engineering

With the continued development of mass timber products, use of the these products in tall

buildings has become more feasible. Previous research has shown that mass timber floors

perform well under footfall loading, but no research has been conducted on the response of

mass timber floors when subjected to vertical seismic ground motions.

This study aimed to compare the results of numerical models of mass timber floors

with the results of the NHERI Tallwood Project’s 10-story test, as well as analyze the

performance of the mass timber floors when subjected to vertical ground motions during

the NHERI Tallwood Project’s 10-story test. The numerical models were developed using

methods for modeling the vibration in floors due to human-induced footfall loading. The

developed numerical models did not prove to produce accurate results due to various factors

including, but not limited to, influence from horizontal seismic motions, unknown damping

coefficients of the mass timber floors, and high-frequency noise within the data collection.



TABLE OF CONTENTS

Page

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Chapter 1: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 NHERI TallWood Project . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.3 Objectives of Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.4 Organization of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Chapter 2: Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Mass Timber as a Building Material . . . . . . . . . . . . . . . . . . . . . . . 4

2.3 Previous Research on Vertical Vibration of Mass Timber Floors . . . . . . . 10

2.4 Vertical Vibration Design Guides . . . . . . . . . . . . . . . . . . . . . . . . 23

2.5 Conclusions and Research Needs . . . . . . . . . . . . . . . . . . . . . . . . . 26

Chapter 3: Specimen Design and Construction . . . . . . . . . . . . . . . . . . . . 27

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 Beam and Gravity Column Design . . . . . . . . . . . . . . . . . . . . . . . 27

3.3 Floor Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.4 Diaphragm Construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.5 Design of Other Building Elements . . . . . . . . . . . . . . . . . . . . . . . 45

Chapter 4: Instrumentation and Experiment Protocol . . . . . . . . . . . . . . . . 47

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

i



4.3 Heel Drop Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.4 Ground Motions for Seismic Testing . . . . . . . . . . . . . . . . . . . . . . . 50

Chapter 5: Numerical Model Development . . . . . . . . . . . . . . . . . . . . . . 53

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.2 U.S. Mass Timber Floor Vibration Design Guide Recommendations . . . . . 53

5.3 Isotropic Shell Element Model Development . . . . . . . . . . . . . . . . . . 54

5.4 Layered Shell Element Model Development . . . . . . . . . . . . . . . . . . . 65

5.5 10-Story Model Development . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.6 Preliminary Analysis Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Chapter 6: Numerical Model Frequency Calibration . . . . . . . . . . . . . . . . . 84

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.2 Comparison of Footfall and Numerical Model Natural Frequencies . . . . . . 84

6.3 Redistributing Wing Plate Mass . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.4 Length Variation Adjustment . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6.5 Stiffness Adjustments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.6 Exterior Wall Springs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.7 Updated Frequencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Chapter 7: Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

7.2 Data Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

7.3 SAP Model and Data Comparisons . . . . . . . . . . . . . . . . . . . . . . . 91

7.4 Vertical Response Spectra for Horizontal Ground Motions . . . . . . . . . . . 101

7.5 Vertical Response Spectra Ratios . . . . . . . . . . . . . . . . . . . . . . . . 114

7.6 Fragility Curve Development . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

Chapter 8: Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 122

8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

8.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

8.3 Recommendations for Future Work . . . . . . . . . . . . . . . . . . . . . . . 124

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

ii



Appendix A: 10-Story Test Detailed Drawings . . . . . . . . . . . . . . . . . . . . . 130

Appendix B: Nonstructural Wall Location Drawings . . . . . . . . . . . . . . . . . . 169

Appendix C: 45◦ Plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

iii



LIST OF FIGURES

Figure Number Page

2.1 CLT Panel Configuration [Karacabeyli and Douglas, 2013] . . . . . . . . . . 5

2.2 Straight Glulam Beam [How et al., 2016] . . . . . . . . . . . . . . . . . . . . 6

2.3 GLT Floor Panel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4 Nailing Pattern of NLT [Werner, 1997] . . . . . . . . . . . . . . . . . . . . . 8

2.5 Configuration of DLT [StructureCraft, 2021] . . . . . . . . . . . . . . . . . . 8

2.6 Details of MPP [Soti et al., 2021]. Each panel has 7 layers (5 layers in the
long-ply and 2 in the cross-ply direction). . . . . . . . . . . . . . . . . . . . . 10
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Chapter 1

INTRODUCTION

1.1 Overview

Mass timber floors are currently used as floor systems in many buildings. There is an

increasing demand for long span, sustainable floor systems such as mass timber in retail and

commercial buildings. Industry professionals have developed methods to numerically model

human-induced footfall vertical vibrations in mass timber floor systems, but there is a lack

of methods to model the vertical vibration response of mass timber floors to vertical seismic

motion.

Damage to nonstructural elements have made up the majority of damage in recent earth-

quakes in the United States [ATC, 2012]. Limiting accelerations in the floor systems can

help prevent nonstructural element and acceleration-sensitive equipment failure during an

earthquake.

The research presented in this thesis aims to apply the methods for modeling human-

induced footfall vibrations to model the vibrations induced by vertical seismic ground mo-

tions. The modeling techniques used for footfall vibrations are summarized in Section 2.4.1.

The research also analyzes vertical vibration acceleration data from the NHERI TallWood

Project 10-Story test to review the performance of mass timber floor systems subjected to

vertical seismic ground motions.

1.2 NHERI TallWood Project

The research in this thesis compares numerical models to the 10-story building from the

NHERI TallWood Project. The 10-story building was a mass timber building featuring

mass timber rocking walls, nonstructural walls, steel stairs, and mass timber floors. The
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NHERI TallWood project is a collaboration between multiple universities and firms from the

industry. The main collaborators included: University of Washington, Colorado School of

Mines, Colorado State University, University of California San Diego, University of Nevada

Reno, and KPFF Consulting Engineers from Portland, Oregon.

1.3 Objectives of Research

The objectives of this research are outlined here:

• Develop numerical models of the 10-story building to capture the acceleration response

of the mass timber floors due to vertical ground motion loading scenarios.

• Measure the frequencies of the 10-story building floor plans using heel drop tests.

• Calibrate the numerical models to best match the measured, human-induced frequen-

cies.

• Analyze data from the dynamic testing of the 10-story building to check the overall

performance of the mass timber floors.

• Compare the results from the 10-story test to the numerical models to check the validity

of the modeling process.

• Develop fragility curves for mass timber floors subjected to vertical dynamic loading.

1.4 Organization of Thesis

The remaining chapters of this thesis are organized as follows:

• Chapter 2 contains an overview of previous related research pertaining to the vertical

vibration of mass timber floors.
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• Chapter 3 contains a summary of the design and construction of the different elements

in the 10-story building. This chapter mainly focuses on the design and construction

of the mass timber floors but contains a brief summary of the other building elements.

• Chapter 4 summarizes the instrumentation employed to record the vertical data during

the 10-story dynamic tests. This chapter also contains information on the experimental

tests performed on the 10-story building.

• Chapter 5 summarizes the process of developing the numerical models. This chapter

also presents the intial results of the numerical models.

• Chapter 6 summarizes the process of calibrating the numerical models to the frequen-

cies identified by the heel drop tests.

• Chapter 7 details the analysis of the data from the 10-story dynamic tests, compares

the results to the numerical models, and provides an overview of the development of

the mass timber floor fragility curves.

• Chapter 8 provides a summary of the research and recommends future work.
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Chapter 2

LITERATURE REVIEW

2.1 Introduction

Using mass timber for floors in construction is not a new concept. However, as people search

for ways to reduce global emissions from the construction industry, mass timber products

have gained interest and popularity. One impediment to broader use of mass timber floor

systems is a lack of modeling methods for vertical vibration. In high seismic zones this

includes the need to model floors under vertical ground motion. This chapter will first

review use of several different mass timber products as building materials. Then, research

projects that studied vertical vibration in mass timber floors will be summarized. Finally,

research need will be identified that will define the scope of the research in this thesis.

2.2 Mass Timber as a Building Material

2.2.1 Cross Laminated Timber

The development of Cross Laminated Timber (CLT) stems from the construction of glue

laminated beams which was first patented in 1901. CLT was not developed until the 1990s

when sawmills wanted to find higher value use for their side boards. CLT has since become

a product of global interest and has been a subject of research, development, production,

and standardization across Europe, Canada, United States, Japan, China, and New Zealand

[Brandner et al., 2016]. Multiple layers of lumber boards are stacked crosswise to make up a

CLT panel. There are typically an odd number of layers (three, five, or seven) and they are

attached together most commonly by gluing, but nails or wooden dowels can be used instead.

The thickness of each layer varies from 5/8 in to 2 in while the width of the panels vary from

2 ft to 10 ft. The length of a panel can extend up to 60 ft [Karacabeyli and Douglas, 2013].
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Figure 2.1 illustrates the configuration a CLT panel.

Figure 2.1: CLT Panel Configuration [Karacabeyli and Douglas, 2013]

One of the key advantages of CLT is it has relatively high strength and stiffness in both

in-plane directions resulting in the potential use as a two-way floor system. The layering

effect also increases the splitting resistance of CLT. These reasons make CLT useful for long,

wide floor slabs and long single-story walls [Karacabeyli and Douglas, 2013]. Any softwood

lumber species or combination can be used to manufacture a CLT panel as long as the lumber

has a minimum specific gravity of 0.35 and is published in the National Design Specification

for Wood Construction [AWC, 2018] in the United States or the CSA O86 [CSA O86:19,

2019] in Canada. The lumber must be kiln dried to a moisture content of approximately

12%. The longitudinal planks of lumber must be 1200f-1.2E MSR or visual grade No. 2

minimum. The transverse planks of lumber must be visual grade No. 3 minimum [APA,

2020].

The current CLT product standard was developed by the American National Standards

Institute and The Engineered Wood Association and published in 2020 [APA, 2020]. FPIn-

novations released the CLT Handbook for the United States and Canada in 2013. The CLT
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Handbook aims to provide guidance for design and construction of CLT [Karacabeyli and

Douglas, 2013].

2.2.2 Glue-Laminated Timber

Glued-laminated timber (GLT) is an engineered timber product stacked with layers of lumber

(spanning in the same direction) laminated together. GLT is common in beams due to

capability for long spans – up to approximately 50 meters [How et al., 2016]. Typically,

there is a four-phase process to manufacture GLT: drying and grading lumber, end jointing

lumber, face gluing the laminations, and finishing and fabrication. Compared to sawn lumber

and other building materials, GLT offers aesthetic, economic, structural, and sustainability

advantages [Smulski, 1997]. GLT can be used for beams, vertical columns, and structural

panels. Figure 2.2 illustrates the configuration of a GLT beam.

Figure 2.2: Straight Glulam Beam [How et al., 2016]

Originally patented in 1901, GLT became a mainstream building material during World

War II. With the increasing popularity, the first manufacturing standard for GLT was created

in 1963. The current manufacturing standard is ANSI A190.1-2022 Product Standard for

Structural Glued Laminated Timber [Smulski, 1997]. This standard lays out the permitted
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lumber, moisture content, tolerances, and laminations [APA, 2022].

When used as a floor system, GLT is comprised of nominal lumber that is glued-laminated

together into panels. The floor systems typically have plywood spanning across the boards.

Figure 2.3 illustrates the orientation of a GLT floor.

Figure 2.3: GLT Floor Panel

2.2.3 Nail-Laminated and Dowel-Laminated Timber

Nail-laminated timber (NLT) and dowel-laminated timber (DLT) are structural panels con-

sisting of dimensional lumber planks placed on edge and connected together on the wide

face using either nails or dowels. NLT panels typical consist of two rows of nails spaced less

than 300 mm apart [Hong, 2014]. DLT consists of one row of hardwood dowels. Each panel

can be prefabricated up to 12 ft wide and 60 ft long. The thickness of the floor is typically

between 4 in and 12 in depending on the size of lumber used [Epp, 2018]. Figures 2.4 and

2.5 illustrate the configuration of NLT and DLT panels, respectively.
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Figure 2.4: Nailing Pattern of NLT [Werner, 1997]

Figure 2.5: Configuration of DLT [StructureCraft, 2021]

NLT is the oldest mass timber product and dates back to the 19th century. NLT became

less popular with the rise of steel and concrete, but was still commonly used in bridge decks

until the 1960s. The concept was re-introduced in the building world by Julius Natterer is
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the 1970s. DLT was developed in Switzerland in the late 1990s. The first DLT production

plant in North America was installed in 2017 and has started to gain popularity in the area

as a result. [Epp, 2018].

There currently is no standard specifically regulating the manufacturing NLT and DLT.

The National Design Specification for Wood Construction (NDS) regulates the dimensional

lumber used in NLT and DLT Panels [AWC, 2018]. Several manufacturers of these panels

have released design guides to assist users with design of their products [StructureCraft,

2021].

2.2.4 Mass Plywood Panels

Mass Plywood Panels (MPP) are an engineered mass timber product manufactured by gluing

layered veneers together to create a larger panel. The veneers are typically composed of nine

layers (seven in the long-ply direction and two in the cross-ply direction). These veneers are

then laminated together in the same direction. Figure 2.6 illustrates the configuration of the

veneer and MPP. MPP can be manufactured in widths of up to 12 ft, lengths of up to 48 ft,

and thicknesses of up to 2 ft [Soti et al., 2021].
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Figure 2.6: Details of MPP [Soti et al., 2021]. Each panel has 7 layers (5 layers in the

long-ply and 2 in the cross-ply direction).

MPP is a new material and has only been used in a few mass timber construction projects

up to this point [Soti et al., 2021]. Since the building material is new, there is no official

standard governing the manufacturing of MPP. The APA, however, has certified MPP from

different manufacturers as Cross-laminated Timber Panel [Boise Cascade, 2022].

2.3 Previous Research on Vertical Vibration of Mass Timber Floors

The following section summarizes the methods and results of the research that is most

relevant to vibrations in mass timber floors.

2.3.1 Jarnerö et al. [2015]

Jarnerö et al. [2015] studied the vibration properties of prefabricated timber floor elements.

Since timber floors are lightweight, they are more prone to vibration due to human activity

than heavier floors – like concrete floors. The vibration performance of timber floors is
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dictated by the floor mass, stiffness, and damping. For mass and stiffness there are existing

methods of calculation for several floor types, but only rough estimates are available for

damping. Jarnerö et al. [2015] performed laboratory tests of CLT specimens with different

boundary conditions to monitor the damping in the presence of different boundary conditions.

The specimens Jarnerö et al. [2015] tested were three-layer CLT panels approximately

2400 mm wide. The CLT panels were glued and screwed to glulam beams with 460 mm

spacing. The mass of the tested CLT panels was 511 kg yielding a static load of 41.7 kPa.

Figure 2.7 below shows an image of the laboratory setup.

Figure 2.7: CLT Laboratory Setup [Jarnerö et al., 2015]

Jarnerö et al. [2015] performed in situ tests during different points of construction. There

were seven stages of construction in which the in situ tests were run, including uncoupled,

coupled, and tests in stages after adding stories above. The in situ tests were performed

on the CLT floor of a bedroom 5.1 m long and 3.1 m wide. The floor was excited using an

electromagnetic shaker. The shaker locations can be seen in Figure 2.8 and coincide with

the excitation locations of the laboratory tests. The laboratory test performed by Jarnerö

et al. [2015] analyzed the CLT panels under both free-free and simply-supported boundary
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conditions.

Figure 2.8: In Situ Floor Dimensions and Shaker Location [Jarnerö et al., 2015]

For the first five modes of the Jarnerö et al. [2015] free-free laboratory test, the damping

ratios ranged from 1.2%–1.7%. The first six modes of the simply-supported laboratory test

resulted in damping ratios ranging from 1.4%–2.6%. However, the lower damping ratios

correlated to the higher frequency modes in the simply-supported test. The laboratory tests

showed that changing the boundary conditions changes the damping in the vibration response

of the CLT panels. Jarnerö et al. [2015] observed that there were only small changes in the

fundamental mode frequency with different boundary conditions, but there were frequency

changes in the higher modes. The damping ratio of the first five modes were significantly

higher for the in situ tests [Figure 2.9]. The damping ratios ranged from 3.5%–8.0%. The

damping ratios of the CLT panels implemented into a building are approximately 4 times

larger than the laboratory tests. Jarnerö et al. [2015] concludes that the current design

guideline value of 1%–2% damping for timber floors could be increased to recognize the

increase of damping ratios of the panels in a building, but further research needs to be

performed on the in situ damping ratios to provide a new design value.
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Figure 2.9: In Situ Modes, Frequencies, and Damping Ratios [Jarnerö et al., 2015]

2.3.2 Huang et al. [2020]

Huang et al. [2020] performed a numerical study in OPENSEES with the intent of investigat-

ing whether boundary conditions affect the performance of a CLT floor. Previous research

had indicated that boundary conditions influence the vibration response of timber floors.

Eurocode 5 specifies an 8 Hz frequency minimum in installed floors, but alternative stan-

dards propose the consideration of human activity and the resulting vibration response as

a method of designing for serviceability. The overall objective of Huang et al. [2020] was to

investigate the effect of boundary conditions and reduce vibration of CLT floor systems.

The numerical study modeled three-layer CLT panels (120 mm thick) that were 9.0 m

long and 6.6 m wide. The CLT was modeled as three-layer orthogonal beams, and each layer

was connected using springs with a large stiffness value. Springs with large stiffness values

connected the CLT to steel beams for the boundary conditions.

Huang et al. [2020] considered running footfalls as the excitation. Each step was modelled
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as a force-time history as with two peaks. The first peak corresponded to a heel strike and

the second to the toe pushing off the ground. The second peak had a larger amplitude with

a force of about 2.1 kN. The loading locations and profile are shown below in Figure 2.10.

(a) Running Footfall Load Positions

(b) Running Footfall Load Protocol

Figure 2.10: Running Footfall Loads [Huang et al., 2020]

At the University Centre Farnborough in the UK, a laboratory test was performed to

validate the Huang et al. [2020] model. The laboratory test resulted in a fundumental

natural frequency of 7.5 Hz in the CLT floor. The OPENSEES model analysis resulted in

a fundamental natural frequency of 7.6 Hz. The acceleration over time was similar in the
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testing and model [Figure 2.11], but the peak accelerations differed. Huang et al. [2020]

theorized that the differences may have resulted from either high-frequency noise during

laboratory tests or randomness in real human excitation.

Figure 2.11: Comparison of Numerically Modelled and Measured Vertical Acceleration

[Huang et al., 2020]

After validating the model, Huang et al. [2020] performed a parametric study to test the

effects of different boundary conditions on the system. The setup of the first test matched

the first model, and the rest of the setup is described below in Table 2.1.
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Table 2.1: Testing Setup [Huang et al., 2020]

The first three natural frequencies of each test case are shown below in Table 2.2. For

the tests with large beams (Tests 4-7) the fundamental natural frequency increased to ap-

proximately 9.7 Hz. The tests with smaller beams (Tests 1-2 and 8-11) resulted in a lower

fundamental natural frequency of approximately 7.2 Hz. Increasing the beam size improved

the performance of the CLT floor; once a certain size is reached, the performance of the floors

were not improved. With larger beams, there was a smaller difference in natural frequency

between one-way and two-way floor systems. Test 3 removed the center beam of the test,

doubling the span of the floor. This test resulted in large decrease in the fundamental natural

frequency (2.0 Hz).
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Table 2.2: First Three Natural Frequencies of the Floor System Under Different Testing

Conditions, as Analysed Using OPENSEES Simulated Time-History Data [Huang et al.,

2020]

The study concluded that first fundamental modal frequency of the OPENSEES model

matched well with the lab results. The study also concluded that beam spacing and boundary

conditions significantly impact the frequency response of the mass timber floors.

2.3.3 Milojević et al. [2023]

Many CLT floors are constructed with a layer of concrete topping. The concrete spans

across the joints of the CLT panels, providing stiffness across the entire floor. Milojević

et al. [2023] modelled different of inter-panel connections of bare CLT panels to study how

each joint affects the mode shapes and frequencies of the system. The types of connections

studied were monolithic slabs, no connection, single surface spline, and half-lapped joint.

The monolothic slabs were a slab with no joints. The no connection slabs were 2 slabs with

no connection at the joint. The single surface spline was 2 slabs with a plywood spline at the

joint. The half-lapped joint was 2 slabs with a half-lapped joint with a nail connecting the

joint. An equivalent modulus of elasticity and shear modulus were calculated to accurately

model the stiffness of the connections. Figure 2.12 below displays how to calculate the

applicable moments of inertia of a single surface spline. Equation 2.1 shows how to calculate
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the effective modulus of elasticity.

Eeq = Econ
leqIcon
lconIeq

(2.1)

Figure 2.12: Single Surface Spline Connection: a) Actual, b) Equivalent Elastic Strip. [Huang

et al., 2020]

Milojević et al. [2023] modeled a low-frequency floor (LFF) and a high-frequency floor

(HFF). The LFF model contained two 5-layer CLT panels 6 m long by 3 m wide and totaled

20 cm thick. The CLT was C24 with a modulus of elasticity of 11,000 N/mm2 and 370

N/mm2 in the major a minor directions, respectively. The density of the CLT was 420

kg/mm3. The HFF model used the same 5-layer CLT, but the panels were 4 m long by 2 m

wide. For both cases, the study included one-way and two-way boundary conditions.

The modes were analyzed using Abaqus CAE. For the one-way LFF condition, all four

connection types were analyzed. The case with no connection between the two panels was the

most different when compared to the other cases. The frequencies of the modes in the strong

direction were identical for the monolith and no connection cases, but the weak direction

modes differed by approximately 2 Hz – 26% in the first weak direction mode. The single

surface spline and half-lapped joint connections were almost identical except for a 3.25%

difference in the 6th mode. The two connection types and the monolithic slab were similar

except for the mode where there is bending along the connection line. Figure 2.13 shows the

result summary for the one-way LFF modal analysis. For the two-way boundary condition,
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Milojević et al. [2023] only analyzed the monolithic slab, single surface spline connection,

and half-lapped joint connection. The single surface spline and half-lapped joint connections

were similar again. The monolith slab produced similar results to the connections except

for the 1st and 5th modes since there was bending at or along the connection. Figure 2.14

shows the result summary for the two-way LFF modal analysis.

Figure 2.13: Mode Shapes and Associated Natural Frequencies of 6 m × 6 m Square CLT

Floor (One-Way Boundary), Considering Different Inter-Panel Connection Types [Milojević

et al., 2023]
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Figure 2.14: Mode Shapes and Associated Natural Frequencies of 6 m × 6 m Square CLT

Floor (Two-Way Boundary), Considering Different Inter-Panel Connection Types [Milojević

et al., 2023]

For both the one-way and two-way HFF analyses only the monolithic, single surface

spline, and half-lapped joint connections were considered. For the one way analysis, the first

two modes were similar for all three cases. The monolithic slab frequency, however, differed

from the inter-panel connections by about 26% in the 3rd mode. This difference again comes

from bending along the connection. The two-way analysis produced similar results; the 2nd

mode was similar for all three cases, but the frequency of the first mode differed by over 2Hz.

The result summary of the one-way and two-way boundary conditions can be seen in Figure

2.15 and Figure 2.16 below.
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Figure 2.15: Mode Shapes and Associated Natural Frequencies of 6 m × 6 m Square CLT

Floor (One-Way Boundary), Considering Different Inter-Panel Connection Types [Milojević

et al., 2023]

Figure 2.16: Mode Shapes and Associated Natural Frequencies of 6 m × 6 m Square CLT

Floor (Two-Way Boundary), Considering Different Inter-Panel Connection Types [Milojević

et al., 2023]

Milojević et al. [2023] found that the connections made an impact on mode shape and
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frequencies of CLT floors; the connections made higher impact on high-frequency floors than

low-frequency floors. The biggest differences came in modes where there was bending at the

connection line (ie shorter vs longer spans). Using this information, Milojević et al. [2023]

concluded that connection lines should be kept away from critical walking paths. Also,

Milojević et al. [2023] suggests that future studies should include experimental results, since

this study was based solely on numerical simulation.

2.3.4 Dolan et al. [1999]

Architectural trends required longer floor spans to accommodate larger open spaces in both

residential and commercial construction. The longer wood floor spans were more likely to

produce perceptible vibration under footfall loading. Dolan et al. [1999] presented a design

criterion for wood floors based on previous research.

Dolan et al. [1999] discussed previous research on wood floor design criterion. They

concluded these design criteria were difficult to implement by designers due to various rea-

sons: required knowledge of the in-situ floor system damping, no damping was considered,

or ignoring composite action between joists and sheathing.

The proposed design criterion was that the fundamental frequency of the floor system

exceed 15 Hz. This criteria also ignores damping but was investigated experimentally to

ensure the assumption was alright. Dolan et al. [1999] looked and previous research on wood

floor systems. The research showed that all wood floors over 15 Hz were considered acceptable

when subjected to a heel-drop test, but not all floors under 15 HZ were acceptable. The

results of each tested floor were based on whether an evaluator thought the floor vibrations

induced by the heel drop tests were annoying or acceptable.

The study concluded that the proposed design criteria was acceptable. The criteria

requires the fundamental frequency of a wood floor system be over 15 Hz. Effects of damping

were assumed to be negligible since any damping effect would decrease the vibrations of the

floor system [Dolan et al., 1999].
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2.4 Vertical Vibration Design Guides

2.4.1 U.S. Mass Timber Floor Vibration Design Guide Overview

The U.S. Mass Timber Floor Vibration Design Guide was developed for the WoodWorks –

Wood Product Council [Breneman et al., 2021]. The design guide aimed to guide designers

to limit the human-induced vibration of mass timber floor systems. There is currently no

vibration requirements in the United States, but vibration may control serviceability design.

Breneman et al. [2021] briefly discussed the dynamics of floor vibration, design consider-

ations, and design methods before providing recommendations for modeling the mass timber

floor systems for vibrations. The post-processing steps for human-induced vibrations were

also discussed. The post-processing steps were followed by 3 examples exploring different

software and boundary conditions.

Breneman et al. [2021] provided recommendations to designers modeling mass timber

floor vibrations. The element recommendations were to use shell elements to model the floors

instead of plates or membranes, frame elements to model the beam and column system, and

joint elements to define connectivity between elements as well as provide restraints to the

model. Solid elements were rarely used for models. It was recommended to model only one-

story in each model, not the entire building. The entire floor should be modeled to accurately

capture continuity between spans in the same story. The beam system of each story should

be modeled accurately, but only half the length of each column should be used. The bottom

of each column should be pin-restrained and the top should horizontally-restrained. The

horizontal restraints prevent lateral and torsional modes.

Mass timber floors have anisotropic properties which could be modeled using isotropic

material with section property modification factors, orthotropic materials, or layered shell

elements. The recommended approach was to apply generic isotropic material properties to

a shell section, since this was the most simple approach. The section properties of the model

can be adjusted to the appropriate stiffness in accordance with Figure 2.3 where effective

properties refer to the designed floor and the reference and gross properties refer to the generic
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sections defined in the modeling software. Composite sections could be modeled using the

same isotropic models if the composite section properties were calculated [Breneman et al.,

2021].

Table 2.3: SAP Modifier Equations [Breneman et al., 2021]

A modal analysis was recommended to be performed to provide the frequencies used in
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post-processing. The number of modes varied depending on the size and geometry of the

model. The mesh of the shell elements was recommended to be fine enough that adjacent

joints were no more than 3 ft apart. Manual meshing was recommended to ensure a consistent

mesh. Joints were recommended to be created along the beams so the software could mesh

the floor elements to the beam elements.

Nonstructural walls were recommended to be modeled using spring elements. The rec-

ommended stiffness of each spring was 1 kip/ft of wall length. Variable damping coefficients

were recommended to vary based on the floor type, but bare mass timber floors were recom-

mended to be damped between 1% and 2% Breneman et al. [2021].

2.4.2 Design Guide for Timber-Concrete Composite Floors in Canada

The Design Guide for Timber-Concrete Composite Floors in Canada focused on the design of

timber-concrete composite (TCC) floors in building construction emphasising floor systems

[Cuerrier-Auclair, 2020]. The design guide provided background on TC systems, discussed

bending equations for composite action, shear connection mechanical properties, deflection,

vibration performance, ultimate limit state design, fire resistance, and finally provided design

examples. Following the scope of this thesis, the chapter on vibration performance will be

discussed.

Cuerrier-Auclair [2020] noted that the vibrational behavior of a floor system due to hu-

man walking-induced vibration could be the most critical aspect of vertical floor design.

Vibration could be correlated to the frequency and deflection of the floor system. Typ-

ically, the fundamental natural frequency of the floor was not significantly influenced by

orthotropic behavior of floor systems and could be approximated using the Euler-Bernoulli

beam equation.

By evaluating the vibration response of an NLT-concrete composite floor, a CLT-concrete

composite floor, and a concrete slab - glulam beam composite floor Cuerrier-Auclair [2020]

developed a design criterion equation to limit the length of a floor slab based on its stiffness

and mass [Equation 2.2]. In the equation, (EI)1meff refers to the effective bending stiffness
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of a 1 m wide strip in N-m2 and mL refers to the mass per unit length of the same strip in

kg/m.

L ≤ 0.329
((EI)1meff )

0.264

m0.207
L

(2.2)

Cuerrier-Auclair [2020] provided a few limitations and recommendations: the floor span

length should be reduced by 20% if the supplementary dead load is lower higher than the

structural dead load, the effective stiffness of a TCC floor cannot be increased to account for

additional stiffness provided by partitions, do not increase the span for a multi-span floor,

and the design criteria might not address all occupant performance expectations.

2.5 Conclusions and Research Needs

The research discussed in this chapter indicates that:

• Mass timber is a strong building material that is currently used in floors, beams, and

other structural components.

• Boundary conditions largely influence the vibration response of mass timber floors.

• Using software to model mass timber floors can accurately predict the mode shapes

and frequencies of the in situ floor.

The research in this section shows that CLT can adequately resist live loads and footfall

excitation, and that CLT can be accurately modeled using software. The same tests have

not been run on other types of mass timber floors. There has also been a lack of research

on mass timber floor response to vertical seismic ground motions. The modeling techniques

discussed in Section 2.4.1 will be adapted to model mass timber floors under seismic vertical

vibration. The research presented in this thesis aims to validate that different types of mass

timber floors can adequately perform under footfall and seismic vertical excitation.
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Chapter 3

SPECIMEN DESIGN AND CONSTRUCTION

3.1 Introduction

The work in this thesis involves the modeling of mass timber floor systems used in the

NHERI TallWood Project 10-story test and comparing the results of the model and dynamic

testing. The NHERI Tallwood Project 10-story building is a full scale 10-story mass timber

building that was tested at the NHERI@UCSD shake table in San Diego, California. This

chapter focuses on describing the design and construction of the gravity system and floor

diaphragms as that is most pertinent to the current scope. Then, the design of the other

building elements, including the lateral force resisting system and the nonstructural building

elements, are briefly discussed.

3.2 Beam and Gravity Column Design

The beam and gravity column layout was influenced by the footprint of the building and

by limiting the maximum span lengths. The footprint was construed to fit on the platform

of the shake table. The beams system generally spanned in the east-west direction. The

columns were typically spaced at 10.5 ft on center. There were a few beams that span in the

north-south direction which created both one-way and two-way floor sections. Figure 3.1

below illustrates the typical beam and column plan view. The plan contains the shake table

coordinate axes, a north arrow, and grid lines which correspond to the grid lines in the full

detailed drawing set in Appendix A.

The gravity members were designed using ASD to satisfy a 2-hour fire rating. The dead

and live load combinations from ASCE 7-16 were used for design as well [ASCE, 2016]. The

live load and dead loads used were 65 and 64.4 psf, respectively, and reflected the apartment
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apartment occupancy from ASCE [2016]. The gravity members were 1.8E 2650 Grade LVL

members. The beams and gravity columns were 12.25 in by 11.875 in. The buckling demand

vs capacity ratio for the gravity columns was 0.34, and the bending demand vs capacity

ratio for the beams was 0.44 considering factored gravity loads. Busch [2023] provides more

details on the design of the gravity system.

Figure 3.1: Typical Beam and Column Plan View
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3.3 Floor Design

There were five different types of floors used in the 10-story building. Table 3.1 summarizes

the floor type for each level. This section describes the typical floor layout, then discusses

the material properties and section properties of the different floor types.

Table 3.1: Floor Type at Each Level

Floor Type Levels

CLT 2-3

GLT 4-5

NLT 6

DLT 7

VLT 8-11

3.3.1 Floor Layout

The floors were approximately 34 ft by 34 ft in plan view. The strong axis of the diaphragm

spanned in the north–south direction, while the weak axis spanned in the east-west. The

center of the diaphragm contained a 14.5 ft by 7.5 ft rectangular cut out for the stairs as well

as a landing platform on the east side of the stairwell. There were a few key spans which

were used for data analysis throughout the paper: northeast cantilever, central span, west

span, and the northeast cantilever. Figure 3.2 labels the key spans.
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Figure 3.2: Labeled Floor Spans

The weak axis direction had small cantilevers approximately 1.5 ft long in each span

without a rocking wall. Floors 4–11 contained Simpson Strong Tie angles supporting the

weak axis cantilevers at the columns. Figure 3.3 shows the one of the angles installed.
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There were several straps (manufactured by Simpson Strong Tie) spanning in the east–

west direction on each floor which assisted in transmitting the lateral loads through the

diaphragm. The angle and strap location varied from floor to floor. Appendix A illustrates

the floor dimensions and locations of the straps and angles.

Figure 3.3: Weak Axis Support Angle

3.3.2 Cross Laminated Timber

The CLT panels were supplied by Mass Timber Services. Each panel measured up to 7.5 ft in

width and spanned up to the full 34 ft. The panels were 5-ply and measured approximately

7 in thick. The lumber used in the CLT was visually graded European Spruce. CLT panels

comprised the floor diaphragm for Floors 2 and 3. The panels were connected together by

a Simpson Strong Tie diaphragm spline strap which was screwed to each panel. Figure 3.4

illustrates the typical CLT layout. Appendix A contains the full detailed drawings.



32

Figure 3.4: Typical CLT Layout

The CLT was Grade C24 [OIB, 2020]. The following material properties of lumber are

summarized below in Table 3.2: strong axis modulus of elasticity (E0), weak axis modulus
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of elasticity (E90), strong axis shear modulus (G0), and weak axis shear modulus (G90).

Table 3.2: CLT Material Properties

Material Property Value

E0 (ksi) 1,682.44

E90 (ksi) 53.66

G0 (ksi) 94.27

G90 (ksi) 7.25

Using the material properties from above, the sections properties of the CLT were de-

termined. The key section properties for the CLT were the effective axial stiffness (EAeff ),

bending stiffness (EIeff ), and shear stiffness (GAeff ) for both the strong and weak axes. The

equations used to calculate each section property come from the CLT Handbook [Karacabeyli

and Douglas, 2013] and were applied to the 5-ply CLT floor system; Equations 3.1–3.3 were

for the strong axis, and Equations 3.4–3.6 were for the weak axis. The parameters t (lumber

thickness) and b (width) were 1-3/8 in and 12 in, respectively. Table 3.3 below summarizes

the section properties per ft of CLT.

EAeff = (3E0 + 2E90)bt (3.1)

EIeff = (3E0(
1

12
bt3)) + (2E90(

1

12
bt3)) + (2E0(bt)(2t)

2) + (2E90(bt)(t)
2) (3.2)

GAeff =
(4t)2

[2( t
G0b

) + 2( t
G90b

)]
(3.3)

EAeff = (2E0 + 3E90)bt (3.4)

EIeff = (2E0(
1

12
bt3)) + (3E90(

1

12
bt3)) + (2E0(bt)(t)

2) + (2E90(bt)(2t)
2) (3.5)

GAeff =
(4t)2

[2( t
G0b

) + 2( t
G90b

)]
(3.6)
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Table 3.3: CLT Section Properties

Section Property Strong Axis Weak Axis

EAeff (106lbf/ft) 85.94 58.18

EIeff (106lbf − in2/ft) 436.62 127.53

GAeff (106lbf/ft) 0.89 0.89

3.3.3 Glued Laminated Timber

The GLT panels were supplied by Mass Timber Services. Each panel measured up to ap-

proximately 3 ft in width and spanned up to the full 34 ft. The panels were approximately 6

in thick including the European Spruce lumber and used OSB Plywood topping. GLT panels

comprised the floor diaphragm for Floors 3 and 4. The panels were connected together by a

5/8 in sheet of OSB plywood. Figure 3.5 below illustrates the typical GLT layout.
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Figure 3.5: Typical GLT Layout

The GLT was Grade GL24h [OIB, 2020]. The following material properties of lumber are

summarized below in Table 3.4: strong axis modulus of elasticity (E0), weak axis modulus
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of elasticity (E90), strong axis shear modulus (G0), and weak axis shear modulus (G90).The

weak axis properties were assumed to be 0 since GLT was considered a one-way diaphragm.

The shear modulus was calculated using a G/E ratio of 0.078 pulled from Table 5-1 of the

FPL Handbook [Forest Products Laboratory, 2010].

Table 3.4: GLT Material Properties

Material Property Value

E0 (ksi) 1,667.93

E90 (ksi) 0

G0 (ksi) 130.1

G90 (ksi) 0

Using the material properties from above, the sections properties of the GLT were de-

termined. The key section properties for the GLT were the effective axial stiffness (EAeff ),

bending stiffness (EIeff ), and shear stiffness (GAeff ) for both the strong and weak axes.

Basic stiffness equations were used to determine the section properties of the GLT (Equa-

tions 3.7–3.9). The section properties in the weak axis were assumed to be 0 since GLT was

considered a one-way diaphragm. Table 3.5 below summarizes the section properties per ft

of GLT.

EAeff = E0(bt) (3.7)

EIeff = E0(
1

12
bt3) (3.8)

GAeff = G0(bt) (3.9)



37

Table 3.5: GLT Section Properties

Section Property Strong Axis Weak Axis

EAeff (106lbf/ft) 110.28 0

EIeff (106lbf − in2/ft) 279.02 0

GAeff (106lbf/ft) 8.6 0

3.3.4 Nail and Dowel Laminated Timber

The NLT and DLT panels were supplied by StructureCraft. Each panel measured up to

approximately 6 ft wide and spanned up to the full 34 ft. The panels were approximately

6 in thick including the plywood topping. NLT panels comprised the floor diaphragm for

Floor 6, and DLT panels comprised the floor for Floor 7. The panels were connected by an

8 in wide and 5/8 in thick OSB plywood splice strap. Figure 3.6 illustrates the typical NLT

or DLT layout.
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Figure 3.6: Typical NLT/DLT Layout

StructureCraft [2021] provided the material properties for the NLT and DLT panels.

The material properties of the SPF #2&btr are summarized below in Table 3.6: strong axis

modulus of elasticity (E0), weak axis modulus of elasticity (E90), strong axis shear modulus
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(G0), and weak axis shear modulus (G90).The weak axis properties were assumed to be 0

since NLT and DLT were considered one-way diaphragms. The shear modulus was calculated

using a G/E ratio of 0.078 pulled from Table 5-1 of the FPL Handbook [Forest Products

Laboratory, 2010].

Table 3.6: NLT and DLT Material Properties

Material Property Value

E0 (ksi) 1,400

E90 (ksi) 0

G0 (ksi) 109.2

G90 (ksi) 0

Using the material properties from above, the sections properties of the NLT and DLT

were determined. The key section properties for the NLT and DLT were the effective axial

stiffness (EAeff ), bending stiffness (EIeff ), and shear stiffness (GAeff ) for both the strong

and weak axes. The same basic stiffness equations used for the GLT (Equations 3.7–3.9) were

used to determine the section properties of the NLT and DLT. Table 3.7 below summarizes

the section properties per ft of NLT and DLT.

Table 3.7: NLT and DLT Section Properties

Section Property Strong Axis Weak Axis

EAeff (106lbf/ft) 89.88 0

EIeff (106lbf − in2/ft) 214.38 0

GAeff (106lbf/ft) 7.01 0
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3.3.5 Veneer Laminated Timber

The VLT panels were supplied by Boise Cascade and are a type of mass plywood panel.

Each panel measured up to 4 ft wide and spanned up to the full 34 ft. The panels were

6-ply VLT and measured approximately 6.375 in thick. Each ply is a LVL lamination. VLT

floors comprised the floor diaphragm for Floors 8–11. The panels were connected together

by a Simpson Strong Tie diaphragm spline strap which was screwed to each panel. Figure

3.7 illustrates the typical VLT layout.
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Figure 3.7: Typical VLT Layout

Boise Cascade [2022] provided the section properties for the VLT. No material proper-

ties were needed for the VLT since the section properties were provided. The key section
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properties for the VLT were the effective axial stiffness (EAeff ), bending stiffness (EIeff ),

and shear stiffness (GAeff ) for both the strong and weak axes. Boise Cascade [2022] did not

test the weak axis for 6-ply VLT panels. The effective stiffness of the 1, 2, and 3-ply panels

divided by the moment of inertia of each section size to calculate the modulus of elasticity

for test. These values were averaged to find the effective modulus of elasticity for the weak

axis: 63.53 ksi. Using the effective modulus of elasticity, the weak axis section properties

were determined using the basic stiffness equations. Table 3.8 below summarizes the section

properties per ft of VLT.

Table 3.8: VLT Section Properties

Section Property Strong Axis Weak Axis

EAeff (106lbf/ft) 114.75 4.83

EIeff (106lbf − in2/ft) 380 16.36

GAeff (106lbf/ft) 2.6 0.42

3.4 Diaphragm Construction

Each floor panel was constructed by the manufacturer before being transported to site for

installation. The floor diaphragms were installed one panel at a time for each floor. The

panels were lifted into place using a crane. The panels were then connected by the spline

straps or plywood onsite after installation. Figures 3.8 and 3.9 below show the installation

of the floor panels.



43

Figure 3.8: Crane Lifting Panel
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Figure 3.9: Workers Guiding Panel Into Place
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3.5 Design of Other Building Elements

The NHERI TallWood 10-Story Test focuses on more than floor diaphragms. The design

of the other building elements (structural rocking walls, nonstructural walls, and stairs) are

briefly described in the following sections.

3.5.1 Structural Rocking Walls

The rocking walls materials were CLT in the East and West directions and MPP in the

North and South directions. The walls were post-tensioned the full height with threaded

rod. Columns bound both sides of the rocking walls. UFPs were designed at each floor

connecting the rocking walls to the boundary columns, allowing the walls to dissipate energy.

The rocking walls were designed using performance based seismic design methodologies with

nonlinear numerical modeling completed in OpenSees [Wichman, 2023].

3.5.2 Nonstructural Walls

Three types of nonstructural walls were used in the 10-story building: a curtain wall, steel

exterior walls, and steel interior walls. The walls were designed for wind, seismic, and gravity

loads using LRFD load cases found in ASCE 7-16 [ASCE, 2016]. Although the load case

design was performed, drift compatibility design was the main focus. The nonstructural

walls were detailed with a slip compatible connections to prevent drift in the walls during

lateral drift of the structural system. The curtain wall was glass with steel framing and was

connected to the northwest section of the building from the ground up to Floor 3 [Wyyn

et al., 2022]. The other exterior walls were cold-formed steel framed and were connected to

the rest of the exterior from the ground up to Floor 4 [Roser et al., 2022]. Each section of

exterior wall contained different details. The interior walls were cold-formed steel framed

and were located at various location on the floor diaphragm on Floors 4-6 [Ji et al., 2022].



46

3.5.3 Stairs

The stairs used in the 10-story test were prefabricated steel stairs. The stairs were located

in the center of the floor diaphragm to provide access to each floor. The stairs were self-

supporting for eight stories, but the top two stories transferred gravity loads to the floor

columns [Sorosh et al., 2022a]. The stairs were analyzed using a finite element numerical

model and were designed for drift compatibility under the ground motions [Sorosh et al.,

2022b].
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Chapter 4

INSTRUMENTATION AND EXPERIMENT PROTOCOL

4.1 Introduction

This chapter discusses the instrumentation used during the testing of the 10-story building.

The discussion of instrumentation is limited to the sensors used to measure the vertical re-

sponse of the floors. For a complete description of the instrumentation measuring the lateral

response see Wichman [2023] and Busch [2023]. Then, the two types of vertical excitation

experiments were performed on the floors of the NHERI TallWood Project’s 10-Story build-

ing are discussed. The first test was a heel drop test to identify the floor frequencies and

the second test was a series of vertical seismic ground motions. This chapter outlines the

methods used for each test.

4.2 Instrumentation

To record accelerations in the vertical directions, accelerometers were used during the tests.

The accelerometers were placed at various locations on the floors that correspond to high

movement locations in the mode shapes of the floors which are discussed in Chapter 5. The

northeast cantilever (NEC) and southwest cantilever (SWC) were placed at the end of each

cantilever. The central span (CS) and west span (WS) accelerometers were placed at the

middle of each span. These locations correspond to heel drop testing locations discussed in

Section 4.3. Accelerometers were also placed at the end of a beam near the center of mass

(COM) to capture the input vertical floor at each level. There was also an accelerometer

located at the center of the shake table which was used to capture the input ground motion.

The possible locations for the accelerometers on each floor are illustrated below in Figure

4.1, and Table 4.1 summarizes which accelerometer locations were used at each level. The
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acceleration data collected by the vertical accelerometers were used for the data analysis

discussed in Chapter 7.

Figure 4.1: Possible Vertical Accelerometer Locations
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Table 4.1: Accelerometer Locations by Level

Level COM NEC SWC WS CS

2 X X X X

3 X X X X

4 X X X X

5 X X X X

6 X X X X

7 X X

8 X X X X

9 X X X

10 X X X

11 X X X X

4.3 Heel Drop Testing

To identify the frequencies of the different floor types and spans, heel drop tests were per-

formed at each level at the NEC, CS, WS, and SWC locations in Figure 4.1. The heel drop

tests were performed by KPFF using methods and instrumentation that they commonly

employ to investigate the vertical vibration response f existing floor systems to human in-

duced vibrations. To record data, KPFF provided a single accelerometer which wired into

a portable data acquisition system. The acceleration data was processed on proprietary

software by KPFF identifying the natural frequencies present at each location which are

presumed to be the natural frequencies for the span sections. The natural frequencies are

summarized below in Table 4.2.

The floor frequencies are not consistent within each span or floor type. The identified

frequencies were used to calibrate the SAP models which will be discussed later in Chapter

6.
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Table 4.2: Heel Drop Test Floor Frequencies (Hz)

Level NE Cantilever West Span SW Cantilever Central Bay

2 14.1 32.8 18.7 35.2

3 14.1 32.3 18.7 35.0

4 14.1 32.7 18.9 38.3

5 16.9 25.4 18.0 35.2

6 14.5 24.5 14.2 30.3

7 17.6 26.0 16.8 39.4

8 13.1 31.1 18.3 30.3

9 12.4 31.6 17.8 28.6

10 11.2 16.7 17.5 32.5

11 11.4 26.9 17.7 32.1

4.4 Ground Motions for Seismic Testing

A design suite of ground motions was developed for use at the NHERI TallWood Project

Shake Table site. The ground motions were designed for a site in the Capital Hill neigh-

borhood in Seattle, Washington. The design suite included 11 ground motions scaled to

multiple hazard levels (43, 275, 475, 975, and MCE) in accordance with ASCE 7-16 [ASCE,

2016]. The ground motions used for testing were selected from the design suite [Wichman,

2023].

The MCE hazard level vertical ground motions were scaled to match the target response

spectra which was calculated for the MCE hazard level following methods from ASCE [2016].

The vertical ground motions of the remaining hazard levels were scaled down proportionately

to the horizontal ground motions. Wichman [2023] provides more details on the methods

used for scaling the ground motions. The target response spectra and the response spectra of

the input ground motions are illustrated below in Figure 4.2. Table 4.3 summarizes the scale
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factor used for vertical ground motion as well as the record ID’s from the ground motion

databases, the ground motion hazard level, and the earthquake name.

Figure 4.2: Vertical Ground Motion Response Spectra
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Table 4.3: Vertical Ground Motion Scale Factors

Hazard Level Record ID Earthquake Name Scale Factor

43 subRSN2000905 Ferndale 0.213

225 4213 Niigata 1

475 3471 Chi Chi 1

475 subRSN2000905 Ferndale 1

975 subRSN2000890 Ferndale 0.277

975 964 Northridge 0.716

975 268 Victoria 1

MCE subRSN2000890 Ferndale 0.496

MCE 761 Loma Prieta 1
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Chapter 5

NUMERICAL MODEL DEVELOPMENT

5.1 Introduction

The numerical models were developed using SAP2000 structural analysis software. Each floor

was initially modeled as a single-story model starting with the CLT floor. Recommendations

from Breneman et al. [2021] were used for model development. Isotropic shell elements

were used to model the CLT and VLT; layered shell elements were used to model the DLT,

NLT, and GLT. The isotropic shells were used since this is most-commonly used for floor

models in industry. Layered shells were used for floor types that could not be accurately

represented by isotropic shells [Section 5.4.3]. The single-story models were then combined

into a full-building gravity-system model. This chapter discusses the development of the

different models then summarizes the preliminary results of the different models.

5.2 U.S. Mass Timber Floor Vibration Design Guide Recommendations

The U.S. Mass Timber Floor Vibration Design Guide was summarized in Chapter 2. The

following recommendations were in the development of the floor numerical models:

• Modeling each level individually.

• Modeling the beams and columns as frame elements and the floors as shell elements

(either isotropic or layered shell elements).

• Meshing with spacing of no larger than 36 in.

• Using a damping ratio of 2% for the bare mass timber floors.
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Breneman et al. [2021] also recommends using springs to model exterior nonstructural

walls. Initially, springs were not incorporated in the models, but were added and will be

discussed in Chapter 6.

5.3 Isotropic Shell Element Model Development

Starting with the recommendations from Breneman et al. [2021], the models of the floor

systems were developed using SAP2000. This section discusses the development of the sim-

plified, isotropic material approach for each material type.

5.3.1 Beam and Column Development and Boundary Conditions

The beams and columns were modeled using line elements. The locations of each beam

align with Figure 3.1. The columns span 10’ and were connected to the beams at the

center. The beam and column connection does not restrain rotation, so a moment release

was added to each beam end. An elastic glulam beam material was created for the beams and

columns. The beams and columns were each assigned a line element section that contained

the appropriate dimensions and material properties from Chapter 3. The columns were

pinned at the top and bottom for the model restraints.

5.3.2 Mass Distribution

For the floor models, the mass of the floor and the wing plates were the only masses consid-

ered. The mass of the straps, stair landing, and other steel connections were ignored. The

mass of the floor and wing plates were summed at each level and distributed across each

floor area. The simplification of mass assumptions may have impacted the model results

since mass directly affects the frequencies of the floor spans.

The mass of each floor type and the wing plate were provided by the the manufacturers

of each product. The total weight of each floor (including the floor and wing plates) is

summarized in Table 5.1 below.
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Table 5.1: Floor Weights

CLT GLT NLT/DLT VLT

Weight (kips) 20.2 17.7 17.5 20.6

The mass of the interior nonstructural walls were considered on the applicable levels, but

will be discussed in more detail later in this chapter.

5.3.3 Isotropic Floor Properties

The floor was modeled using isotropic shell elements. A generic isotropic floor material was

defined for the shells with material properties close to the CLT. The material properties of

the Generic Floor material are displayed below in Table 5.2. Although the rocking walls were

not modeled, a lateral restraint was placed at the center joint of each wall location. These

restraints removed the torsion and lateral modes from the models.

Table 5.2: Generic Floor Material Properties

Property Value

Weight (k/in3) 1.505 10−5

E (ksi) 1400

G (ksi) 700

The section properties were modified by dividing the properties in Tables 3.3 and 3.8 by

the section properties of the generic floor in SAP2000. The mass of each floor was divided

the mass of the generic floor to obtain the mass modifier. Table 5.3 below summarizes the

section property modifiers that were calculated for each floor type. Figure 5.1 illustrates the

direction of the stiffness property modifier.
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Table 5.3: Isotropic Shell Element Stiffness Modifiers

Stiffness Modifier CLT VLT

Membrane f11 Modifier 0.488 0.045

Membrane f22 Modifier 0.721 1.0714

Membrane f12 Modifier 0.015 0.042

Bending m11 Modifier 0.256 0.045

Bending m22 Modifier 0.875 1.048

Bending m12 Modifier 0.015 0.069

Shear v13 Modifier 0.015 0.069

Shear v23 Modifier 0.015 0.422

Weight Modifier 1.198 1.643

Figure 5.1: Sitffness Modifier Directions
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5.3.4 Model Validation

The isotropic models were validated by comparing the deflection and fundamental modal

frequency of the CLT northeast cantilever to a simple cantilever.

For the deflection validation, the cantilever beam had the same length of the north

cantilever at 6.5 ft. The stiffness coefficient from Chapter 3 was adjusted for the 110 in

width of the north CLT cantilever. The mass of the north CLT cantilever was applied as

a distributed dead load on the cantilever beam. Equation 5.1 is the equation for cantilever

deflection due to a distributed load.

∆ =
wl4

8EI
(5.1)

The deflections due to the dead load are summarized in Table 5.4. The deflections were

the same magnitude which validated that the model was working. Many variables could

have contributed to the minor difference in values such as shell behavior, shear deformation,

or the approximate variables in the deflection equation. However, the main reason for the

difference likely stemmed from the fact that the CLT model was not really a fixed cantilever

but a continuous shell element; a fixed cantilever would be expected to be stiffer than a

continuous system which is reflected by the lower deflection in the representative cantilever

beam.

Table 5.4: Model Validation Deflections (in)

Isotropic CLT North Cantilever Representative Cantilever Beam

0.05 0.028

The modal properties of the isotropic CLT model were validated by comparing the first

modal frequency of the north CLT cantilever to the first modal frequency of a representative
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uniform cantilever beam. Equation 5.2 is the equation for the first modal frequency of a

uniform cantilever beam from Chopra [2014].

ω =
3.516

L2

√
EI

m
(5.2)

The modal frequencies are summarized below in Table 5.5. The frequencies were the

same magnitude which validated that the model was working. The minor difference in value

could have been attributed to same variables discussed with the deflection validation.

Table 5.5: Modal Frequency Validation

Isotropic CLT North Cantilever (Hz) Representative Cantilever Beam (Hz)

15.257 19.299

5.3.5 Ground Motion Implementation

The ground motions discussed in Chapter 4 were implemented in SAP2000 using time history

functions. Each ground motion was uploaded as a .csv file and assigned the corresponding

dt in seconds. Figure 5.2 below shows an implemented ground motion.
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Figure 5.2: Time History Function in SAP2000

Each function was assigned a load case, so that SAP could run the analysis. The scale

factor converted the ground motion from units of g to whichever desired acceleration units.

In this case, 386.4 was used to achieve units of kip/s2. The load case is also where the modal

damping ratio is set. Equivalent viscous damping of 0.02 was selected based on Breneman

et al. [2021].

5.3.6 Area Meshing

Early in the model development, automatic area meshing was used to mesh the large area

sections of the isotropic CLT model. Automatic meshing produced accurate results if the

areas were drawn along beam lines; if the areas were not drawn along beam lines, then the

shell could not mesh to the beam for support. Figures 5.3 and 5.4 illustrate the CLT model

before and after automatic meshing.
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Figure 5.3: CLT Model Before Meshing



61

Figure 5.4: CLT Model After Automatic Meshing
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After the model was validated, the CLT model was manually meshed to provide consistent

results and ensure that each node was properly connected to the surrounding nodes. Bren-

eman et al. [2021] recommended meshing with nodal spacing of 24 in or less. For the CLT

model, the target nodal spacing was approximately 12 in for the manual mesh. SAP2000 had

several tools for manually dividing the areas. The ”Divide Area Into Objects of This Maxi-

mum Size” tool was convenient for rectangular areas, but could not divide non-quadrilateral

areas. This tool also did not ensure that the nodes of multiple areas would align. The

most convenient tools were the ”Divide Area Based on Points on Area Edges” tools. The

”Intersections of Visible Straight Grid Lines was mostly used for the CLT model since the

grid visually represented the mesh before dividing the areas. Figure 5.5 displays the manual

mesh used in the CLT model.
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Figure 5.5: CLT Model After Manual Meshing
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5.3.7 Beam to Floor Connection

When SAP2000 meshed the shell areas to the beam element, the 6 degrees of freedom were

constrained (deflections and rotations). The detailed connection between each floor and the

beams – see Figure 5.6 – calls for one row of screws. The single row of screws may not have

fully constrained the rotation between the floor and beams.

Figure 5.6: Beam to CLT Connection Detail

A second model was developed in SAP2000 to release the rotations between the floor and

beams, so both could be used in model calibration. First, the beams were offset below the

shell areas by 0.19 in – larger than the SAP2000 meshing tolerance – to prevent the shell

and from being constrained together. Joints were added to the beam in line with the nodes

of the meshed floor. A weld joint constraint was then defined to constrain the displacements

of nodes. A weld constraint is a specific joint constraint that constrains the selected degrees

of freedom of each node within a specified tolerance. The chosen tolerance was 0.2 in which

allowed for displacement constraints between the floor and beams, but not between two floor

nodes.
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5.3.8 Weak Axis Angle Support

The VLT floors has the weak axis angles discussed in Chapter 3 to support the weak axis

cantilevers. The angle was modeled using a stiff, massless line element. The line elements

were inserted 0.19 in below the shell, similar to the beams, so that the rotations could be

released using the previously defined weld constraint. The angles were inserted in all the

locations with an angle present in the drawings [Appendix A].

5.3.9 One-way Floor System Isotropic Shells

The one-way floor systems (GLT, NLT, and DLT) were initially modeled using the same

isotropic shell element method. The zero stiffness in the weak axis was modeled using

small stiffness values in that direction. Due to the small weak axis modifiers, the weak axis

cantilevers had a large deflection from the dead load. The max dead load deflection was 1.22

in. Visual inspection of the in situ floor system determined that the deflection was not that

large. The isotropic method would not work for the one-way systems due to the weak axis

cantilevers, so layered shell models were developed, as described in the next section.

5.4 Layered Shell Element Model Development

The goal of using layered shell elements was to develop a model that would reflect the weak

axis bending behavior of the NLT, DLT, and GLT floors. These floor types have more

resistance to negative bending than positive bending in the weak axis direction. Figure 5.7

illustrates the one-way mass timber when bending is applied in the weak axis. The weak

axis cross-section contains a mass timber layer and a strap layer. When a bending moment

is applied, the compression and tension forces form a couple which keeps the cross section in

equilibrium. For the one-way mass timber, when the cross-section is in positive bending, the

strap layer would be in compression and the mass timber layer would be in tension causing

the timber to separate – resulting in no tension resistance in the moment couple. When the

cross-section is in negative bending, the mass timber layer would be in compression (pushing
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the timber together) and the strap layer would be in tension resolving the moment couple.

Figure 5.7: Weak Axis Cross Section in Bending

5.4.1 Square Floor Model Development

To check if a layered shell element would work for representing this behavior, a simple 10

ft by 10 ft square model was developed, pin-supported on two sides. Nonlinear properties

were needed to model the compression only behavior of the NLT in the weak axis. The

NLT material was assigned the given modulus of elasticity of 1400 ksi, and the nonlinear

stress-strain curve was adjusted to be a compression only elastic material. Figure 5.8 below

illustrates the stress-strain curve used for the simple model.
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Figure 5.8: NLT Stress-Strain Curve

Figure 5.9 illustrates the cross section used for the simple model. The strap layer was a

steel layer representing the diaphragm straps on the different floors. The steel had a modulus

of elasticity of 29,000 ksi. The mass timber layer was assigned the NLT material from Figure

5.8. The thickness of both layers are labeled on the figure. Layered shell elements allowed for

the individual layers to be linear, nonlinear, or inactive in each stress component direction.

Table 5.6 summarizes the behavior of each layer in the different component axes.
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Figure 5.9: Simple Model Shell Element Layers

Table 5.6: Simple Model Shell Element Layer Behaviors

Layer Strong Axis Direction Weak Axis Direction

Strap Inactive Linear

Mass Timber Linear Nonlinear

A dead load was applied to the simple model in the positive vertical direction, to test the

negative bending resistance of the cross section. The resultant peak deflection was 1.978 in.

To validate the results, a second deflection was calculated using Equation 5.3, the deflection

equation for a simply supported beam. The effective stiffness of the cross section (EI ) was

calculated using a cross section analysis similar to a reinforced concrete beam – the method

is described below.

∆ =
5wl4

384EI
(5.3)

The cross section analysis started by defining parameters of the cross section and mate-

rials: the thickness of the wood (tw) was 5.35 in, the thickness of the steel (ts) was 0.183
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in, the width (b) was 120 in, the modulus of elasticity of the wood (Ew) was 1,400 ksi, and

the modulus of elasticity of the steel (Es) was 29,000 ksi. A generic neutral axis (x) and

curvature (Φ) were assumed. The strain was calculated at the bottom fiber of the wood

and at the center of the steel using Equations 5.4 and 5.5. The stresses were calculated by

multiplying the strains by the respective modulus of elasticity [Equation 5.6]. The wood

above the neutral axis was in tension, and the tensile stress was considered to be zero. The

compression (C) and tension (T ) forces in the wood and steel were calculated using Equa-

tions 5.7 and 5.8,respectively. The tension and compression forces were not initially equal

which meant the cross section was not in equilibrium. A new neutral axis was selected until

the compression and tension were equal. The moment (M) in the cross section was calcu-

lated by multiplying the forces by the distance to the neutral axis [Equation 5.9]. Finally,

the effective stiffness was calculated using Equation 5.10, and could be used to calculate the

beam deflection. Figure 5.10 illustrates the above process of cross section analysis.

Figure 5.10: Cross Section Analysis Illustration
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ϵw = x ∗ Φ (5.4)

ϵs = (tw +
ts

2
− x) ∗ Φ (5.5)

σ = ϵ ∗ E (5.6)

C = σw ∗ b ∗ x

2
(5.7)

T = σs ∗ b ∗ tw (5.8)

M = (C ∗ 2x

3
) + (T ∗ (tw +

ts

2
− x)) (5.9)

EI =
M

Φ
(5.10)

The deflection of the simple-support beam was 1.996 in. Table 5.7 summarizes the results.

The results validated the layered shell worked in negative bending. A dead load was applied

in the negative direction to check if the simple model worked for positive bending. An

error occurred while analyzing the model since the deflection was too large. This result was

expected since the only resistance to positive bending was the thin steel strap.

Table 5.7: Simple Layered Shell Model Deflection Validation (in)

Simple Model Simply Supported Beam

1.978 1.996

5.4.2 Square Model Development with an Orthotropic Material

The simple floor model in Section 5.4.1 worked in one direction in bending, but needed to be

updated to reflect the modulus of elasticity in the strong and weak axes. The simple model

was updated to include an orthotropic NLT material in place of the isotropic material used

before. The NLT had a modulus of elasticity of 1400 ksi in the stong axis direction but a

modulus of elasticity of 95.2 ksi in the weak axis direction to reflect the perpendicular to
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grain compression strength. Using the dead load applied in the positive vertical direction,

the peak deflection was found for the strong and weak axis by alternating which sides the

pin-supports were on. These deflections were compared to simply supported beam deflections

calculated using the cross section analysis as before. Table 5.8 compares the results from the

two methods.

Table 5.8: Orthotropic Material Model Deflection Validation

Model Strong Axis Deflection (in) Weak Axis Deflection (in)

SAP 1.037 2.297

Representative Beam 1.049 16.624

The values for the strong axis were close, but the values for the weak axis were significantly

different. Investigation into the SAP Manual revealed that layered shells only use the strong

axis modulus of elasticity of the orthotropic material when computing the section properties

in both the strong and weak axes. Therefore, the 95.2 ksi modulus of elasticity in the weak

axis was ignored when computing section properties.

5.4.3 Strong and Weak Axis Layered Shell Development

To solve the issue with the orthotropic material, the simple model was updated to include

two NLT layers – one layer for the strong axis and one for the weak axis. The strong axis

layer used the NLT material with a modulus of elasticity 1400 ksi. The weak axis layer used

a new NLT weak axis material with a modulus of elasticity of 95.7 ksi and zero mass. The

compression-only stress-strain diagram was applied to the weak axis material. Figure 5.11

illustrates the layers of the cross-section in each direction.
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Figure 5.11: Multiple Layer Model Cross Section

Table 5.9 compares the deflection results of the multiple layered SAP model with the

simple-support beam deflections. The difference in values for both the strong and weak axis

were minor. Therefore, the multiple layer approach was validated as working.

Table 5.9: Multiple Layer Model Deflection Validation

Model Strong Axis Deflection (in) Weak Axis Deflection (in)

SAP 1.037 16.405

Representative Beam 1.049 16.624

5.4.4 Layered Shell Development Application to 10-Story Building Floor Systems

The layered shell method described in Section 5.4.3 was validated and needed to be applied

to the one-way floor systems of the NHERI TallWood Project 10-story building. Three layers

were used for the cross-section of the mass timber floors, similar to Figure 5.11. Since the

manufacturer provided the same material properties for the NLT and DLT floor systems,

they were combined into the same model. A separate model was developed for the GLT.
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The floors were divided into four sections, so that the diaphragm straps could be dis-

tributed into appropriate sections. The four sections were divided by the beams: north

cantilever, north span, south span, and south cantilever. Figure 5.12 overlays the section

names onto the floor drawing. Instead of a diaphragm strap, the cantilevers had a strongback

which was two 3x pieces of lumber nailed across the cantilever to support the weak axis. The

strongbacks and straps were distributed across the cross section by distributing the areas

across the width. Table 5.10 summarizes the properties of each layer for the different floor

sections.
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Figure 5.12: Strap Distribution Floor Section Labels
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Table 5.10: One-Way Mass Timber Layer Definitions

Section Layer t (in) E (ksi)

NLT/DLT North Cantilever

Strap 0.005 29,000

SA Mass Timber 5.35 1,400

WA Mass Timber 5.35 95.7

NLT/DLT North Span

Strap 0.002 29,000

SA Mass Timber 5.35 1,400

WA Mass Timber 5.35 95.7

NLT/DLT South Span

Strap 0.005 29,000

SA Mass Timber 5.35 1,400

WA Mass Timber 5.35 95.7

NLT/DLT South Cantilever

Strongback 0.465 1,400

SA Mass Timber 5.35 1,400

WA Mass Timber 5.35 95.7

GLT North Cantilever

Strap 0.022 29,000

SA Mass Timber 5.51 1,668

WA Mass Timber 5.51 114

NLT/DLT North Span

Strap 0.005 29,000

SA Mass Timber 5.51 1,668

WA Mass Timber 5.51 114

NLT/DLT South Span

Strap 0.019 29,000

SA Mass Timber 5.51 1,668

WA Mass Timber 5.51 114

NLT/DLT South Cantilever

Strap 0.017 29,000

SA Mass Timber 5.51 1,668

WA Mass Timber 5.51 114
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5.4.5 Nonstructural Walls

As noted in Chapter 3, there were interior nonstructural walls on Levels 4-6. The interior

walls weighed approximately 0.09 kip per ft of wall length. Due to the drift compatible

connections, the nonstructural walls were assumed to add no additional stiffness to the

floors. To incorporate the walls, a frame element was modeled along the center-line locations

of the walls. Appendix B contains drawings of the nonstructural wall locations. The frame

elements were assigned no mass or weight and small stiffness values. A line mass of 1.91E-05

kip− s2/in2 was added to each nonstructural wall element.

5.5 10-Story Model Development

The floors were combined into a full 10-story model to compare to the single-floor models and

the 10-story test. The floor floor to floor heights were 11 ft typical, but was 13 ft between the

ground and second floor. The base of each column was pinned, but the top of the columns

were free to rotate. Each floor was modeled with the same properties and restraints as the

corresponding single-story floor. Figure 5.13 displays the 10-story model in SAP.
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Figure 5.13: 10-Story Model

5.6 Preliminary Analysis Results

The preliminary frequency results of the single-story models are summarized in Tables 5.11

and 5.12 below. The table includes the frequency of the north cantilever, longer mid span,
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short central span, and the south cantilever, as well as an image of each mode shape. The

preliminary results for the 10-story model are summarized in Table 5.13. There is overlap

in the 10-story model results since many of the modes lie between the fundamental mode

of each span. The frequencies from the 10-story model were also lower than the single-floor

models which means that modeling the full building introduces more flexibility into system.
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Table 5.11: Preliminary Cantilever Results

Material Stories
North Cantilever South Cantilever

Frequency (Hz) Mode Shape Frequency (Hz) Mode Shape

CLT 2-3 10.076 12.66

GLT 4 14.065 18.826

GLT 5 13.981 17.665

NLT 6 12.264 16.902

DLT 7 12.409 16.908

VLT 8-11 13.224 16.495
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Table 5.12: Preliminary Span Results

Material Stories
Long Span Central Span

Frequency (Hz) Mode Shape Frequency (Hz) Mode Shape

CLT 2-3 18.971 27.232

GLT 4 23.804 31.293

GLT 5 22.47 29.497

NLT 6 22.956 27.955

DLT 7 23.025 28.702

VLT 8-11 23.029 26.509
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Table 5.13: 10-Story Model Preliminary Results

Material Level NE Cantilever SW Cantilever West Span Central Span

CLT 2 9.78 12.51 17.67 24.1

CLT 3 9.78 12.51 17.67 24.1

GLT 4 11.17 16.96 21.37 27.27

GLT 5 11.17 16.96 21.37 27.27

NLT 6 11.03 12.66 21.37 27.27

DLT 7 11.03 12.66 21.37 27.27

VLT 8 9.12 10.88 12.66 24.1

VLT 9 9.12 10.88 12.66 24.1

VLT 10 9.12 10.88 12.66 24.1

VLT 11 9.12 10.88 12.66 24.1

The a plot of the cumulative mass participation ratio vs the frequency for the 10-story

model is shown in Figure 5.14. The largest jump in the mass participation ratio occurred

at 12.66 Hz. The mode shape at this frequency is displayed in Figure 5.15. All of the north

cantilevers, some of the south cantilevers, and the weak axis of some of the west spans are

displacing in the mode shape.
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Figure 5.14: Cumulative Mass Participation Ratio
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Figure 5.15: Mode Shape at 12.66 Hz
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Chapter 6

NUMERICAL MODEL FREQUENCY CALIBRATION

6.1 Introduction

The single-floor SAP models were adjusted to approximately match the natural frequencies

from footfall loading as shown in Table 4.2. The recorded natural frequencies were compared

to the preliminary results from the single-floor models [Tables 5.11 and 5.12]. A few methods

were used to adjust SAP model frequencies: redistributing the wing plate masses, accounting

for length variation, stiffness adjustments, and including exterior wall springs. The methods

are discussed in more detail throughout this chapter, then the adjusted SAP frequencies are

compared to the heel drop test frequencies.

6.2 Comparison of Footfall and Numerical Model Natural Frequencies

Table 6.1 compares the numerical model frequencies from Tables 5.11 and 5.12 to the recorded

footfall frequencies from Table 4.2. The percent difference ranged from 1% to 46%.

The central span (CS) and the west span (WS) tended to differ the most, and the nu-

merical model natural frequencies were always lower than the footfall natural frequencies.

This led to the frequency adjustment for length discussed in Section 6.4. The numerical

model natural frequencies were consistently lower than footfall natural frequencies due to

neglecting the exterior walls. Section 6.6 discusses the implementation of the exterior wall

springs. Throughout the other floor types and spans, the results were inconsistent. This led

to the stiffness adjustments discussed in Section 6.5.
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Table 6.1: Numerical Model Natural Frequency Comparison to Footfall Natural Frequencies

Material NEC WS SWC CS

CLT

Original SAP Frequency (Hz) 10.08 18.97 12.66 27.32

Measured Frequency (Hz) 14.1 35.52 18.7 35.1

Percent Difference 29% 46% 32% 22%

GLT

Original SAP Frequency (Hz) 13.98 22.47 17.67 29.5

Measured Frequency (Hz) 15.5 31.7 18.45 36.75

Percent Difference 10% 29% 4% 20%

NLT/DLT

Original SAP Frequency (Hz) 12.41 23.03 16.91 28.7

Measured Frequency (Hz) 14.5 28.37 16.8 34.85

Percent Difference 14% 19% 1% 18%

VLT

Original SAP Frequency (Hz) 13.22 23.03 16.5 26.51

Measured Frequency (Hz) 12.03 34.21 17.83 30.88

Percent Difference 10% 33% 8% 14%

6.3 Redistributing Wing Plate Mass

There are four wing plates at each level which help the shear key transfer lateral forces to

the diaphragm. There were two types of wing plates on the project, and each wing plate

weighed several hundred pounds. In the SAP model, the weights of the four wing plates

were summed and distributed across the entire floor area. The first adjustment made to the

SAP models was to redistribute the mass of each wing plate by distributing each wing plate

over the area of the span in which it is located. Figure 6.1 illustrates the areas each wing

plate were redistributed.
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Figure 6.1: Area Distribution of Wing Plate Masses
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6.4 Length Variation Adjustment

The SAP models used frame elements to model the beams which creates a center-line model.

In the 10-story building, the floor spans are likely supported at the edge of the beams and not

the center. The difference in length between the center-line spans and the edge support spans

is large enough to cause the SAP models to underestimate the span frequency. Equations

6.1 and 6.2 [Irvine, 2010] below can be used to approximate the floor frequency of a one-way

and two-way rectangular plate, respectively. For the equation , ω is the frequency, D is the

stiffness coefficient, ρ is the density, h is the thickness, a is the span length, and b is the span

width.

ω =

√
D

ρ
(
3.55

a2
) (6.1)

ω =

√
D

ρh
((
π

a

2

) + (
π

b

2

)) (6.2)

Since the density, thickness, and stiffness coefficients are constant for the same floor cross-

section, only the length and width change when accounting for beam edge versus center-line

dimensions. Using a ratio of the edge support and center-line spans, factors were determined

to increase the frequencies of the west and central spans. Equations 6.3 and 6.4 were used

to calculate the factor for the west and central spans, respectively, which are summarized in

Table 6.2.

ω1

ω2

=
a22
a21

(6.3)

ω1

ω2

=

π2

a21
+ π2

b21
π2

a22
+ π2

b22

(6.4)
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Table 6.2: Frequency Increases Factors

Span Frequency Increase Factor

West Span 1.19

Central Span 1.25

6.5 Stiffness Adjustments

The next adjustment was to change the stiffness of each floor type to match the heel drop fre-

quencies more closely. For the isotropic shell elements, the property modifiers were adjusted;

for the layered shell elements the moduli of elasticity were adjusted in each direction using

trial and error. The strong axis stiffness properties heavily influenced the cantilevers while

the weak axis properties were used to fine tune the west span and central span. Using the

new stiffness property modifier, updated moduli of elasticity for the isotropic shell elements

were back-calculated. Table 6.3 summarizes the original and adjusted moduli of elasticity

for each floor type.

Table 6.3: Material Stiffness Adjustments

Material Eeff0 (ksi) Eeff0’ (ksi) Eeff90 (ksi) Eeff90’ (ksi)

CLT 1648.4 2200.3 53.7 71.7

GLT 1668 1200 114 86.5

NLT/DLT 1400 1200 95.7 95.7

VLT 1466.7 1025.4 63.1 63.1
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6.6 Exterior Wall Springs

For levels two through four, spring links were added to the nodes along the outside of the

floor geometry to represent the exterior walls. The WoodWorks Design Guide recommends a

spring stiffness of 1.0 kip per foot of wall length [Breneman et al., 2021]. The recommended

value was too stiff for these floor systems, possibly due to the slide tracks discussed in Chapter

3. The exterior wall spring stiffnesses were split into two sections: north cantilevers and south

of the central span. The stiffness values for each section are summarized in Table 6.4 below.

These values were reached through trial and error by starting at the recommended 1.0 kip/ft

then decreasing until the numerical model natural frequency of the cantilevers matched the

footfall natural frequency.

Table 6.4: Exterior Wall Spring Stiffness

Location Spring Stiffness (kip/ft)

North Cantilever 0.137

South Section 0.327

6.7 Updated Frequencies

The updated frequencies for the single-floor models are compared to the initial frequencies

and heel drop frequencies in Table 6.5. The frequencies were closer to the measured fre-

quencies after the adjustments, but still varied between 0%-19%. These inaccuracies could

have been caused by several uncertainties. First, the mass could have better discretized.

The stiffness also could have been variable by span. Finally, there were other elements in

the 10-story building that may have affected the floors; for example, the stairs may have

influenced the stiffness in the central and west spans.
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Table 6.5: Adjusted Numerical Model Natural Frequencies Comparison to Footfall Natural

Frequencies

Material NEC WS SWC CS

CLT

SAP Adjusted Frequency (Hz) 14.1 28.8 18.7 35.49

Measured Frequency (Hz) 14.1 35.52 18.7 35.1

Percent Difference 0% 19% 0% 1%

GLT

SAP Adjusted Frequency (Hz) 13.57 28.71 18.19 34.02

Measured Frequency (Hz) 15.5 31.7 18.45 36.75

Percent Difference 12% 9% 1% 7%

NLT/DLT

SAP Adjusted Frequency (Hz) 12.86 32.22 18.23 33.79

Measured Frequency (Hz) 14.5 28.37 16.8 34.85

Percent Difference 11% 14% 9% 3%

VLT

SAP Adjusted Frequency (Hz) 12.75 30.83 17.09 29.95

Measured Frequency (Hz) 12.03 34.21 17.83 30.88

Percent Difference 6% 10% 4% 4%
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Chapter 7

DATA ANALYSIS

7.1 Introduction

The data collected in the NHERI TallWood Project 10-Story Test was processed and used

for comparison to the numerical models and to inestigate overall floor performance The

accelerations were then used to calculate vertical floor response spectra for various locations

and ground motions. Finally, the data was used to develop fragility curves which relate the

vertical floor response to the input ground motions. This chapter presents the data and

comparisons broken up into sections.

7.2 Data Processing

The accelerometer data from the 10-story test was processed in MATLAB. The data was

filtered before the analysis using Butterworth filters. The frequency range for the filter was

0.1 Hz to 50 Hz and the order of filters was high frequency then low frequency.

7.3 SAP Model and Data Comparisons

The measured data and the predicted response from various SAP models were compared

at the different instrumentation locations. The single-story and 10-story SAP models were

analyzed using 2% and 7% damping. The peak accelerations were compared at every location,

and the vertical response spectra were compared at levels four, eight, and eleven.

7.3.1 Peak Acceleration Comparison

The peak accelerations of the Ferndale MCE ground motion in the XYZ directions between

the SAP models and measured data were compared using a 45◦ plot. The time history of
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the vertical acceleration recorded on the table was used as the input time history in the

SAP models. Any point above the line represents when the measured data was larger than

the SAP model. Figures 7.1 and 7.2 display the 45◦ plot for measured data compared to

the 10-story SAP model and single-floor SAP models, respectively. Appendix C contains

additional 45◦ plots for other ground motions.

Figure 7.1: Peak Acceleration Comparison for Ferndale MCE: 10-Story SAP Model vs Mea-

sured Data
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Figure 7.2: Peak Acceleration Comparison for Ferndale MCE: Single-Story SAP Model vs

Measured Data

Based on the plots, modeling the full building provided a better prediction of peak vertical

accelerationat the instrument locations then the single-story floor models. For the majority

of the data points, using 7% damping in the 10-story SAP model was more consistently

accurate than 2% damping. The single-story models were much more likely to underestimate

the accelerations at the various acccelerometer locations.
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7.3.2 Response Spectra Comparison

For the response spectra, the measured data and SAP results were from the Loma Prieta

MCE ground motion in the XYZ directions. The response spectra were again analyzed using

2% 7% damping in the SAP models. Figures 7.3-7.8 compare the response spectra at the

different span locations on the fourth, eighth, and eleventh levels. The black vertical line

on each plot represents the period (0.079 s) at the jump in modal mass participation ratio

discussed in Chapter 5. The brown vertical line on each plot represents the average heel

drop period for each span location: northeast cantilever, southwest cantilever, west span,

and central span. The periods are 0.072, 0.057, 0.034, and 0.030 seconds, respectively.
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Figure 7.3: Level 4 Measured Data vs 2% Damped SAP Models Response Spectra
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Figure 7.4: Level 4 Measured Data vs 7% Damped SAP Models Response Spectra
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Figure 7.5: Level 8 Measured Data vs 2% Damped SAP Models Response Spectra
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Figure 7.6: Level 8 Measured Data vs 7% Damped SAP Models Response Spectra
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Figure 7.7: Level 11 Measured Data vs 2% Damped SAP Models Response Spectra
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Figure 7.8: Level 11 Measured Data vs 7% Damped SAP Models Response Spectra

As with the peak accelerations, the 7% damped models were more consistently accurate

than the 2% damped models. For the 7% damped models, the northeast cantilever matched

more consistently than the other models. Due to this, it is possible that there was variable

damping at the different span locations. The measured data response spectra have vertical

response in the high frequency, low period range that the SAP models did not reflect.
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7.3.3 Modeling Uncertainties

Based on the results discussed throughout this discussion, the SAP model results did not

prove to consistently predict the accelerations that were measured in the 10-story test. There

were a number of uncertainties that could have contributed to the discrepancy between the

model results and the recorded data. The first uncertainty was the high frequency content

that SAP was unable to predict. The damping also may have been variable for the different

span locations. Finally, the floors and shake table had a vertical response to the horizontal

ground motions which was not reflected in the SAP models since this was vertical time

history was input to the SAP model. The following section discusses the horizontal ground

motion results further.

7.4 Vertical Response Spectra for Horizontal Ground Motions

There was a quantifiable vertical response to the horizontal (X and Y) only motions. The

following subsections discuss vertical response spectra for a few scenarios: X and Y motions

compared to a Z motion, comparisons of horizontal motions at different hazard levels, and

the comparison of an XYZ motion to the X and Y motion of the same hazard level. The

viscous damping used to calculate al lthe response spectra in this section was 2%.

7.4.1 Vertical Response Spectra for Horizontal Motions and Low Amplitude Vertical Motion

Figures 7.9-7.12 compare the vertical response spectra of various horizontal-only ground

motions with a vertical-only white-noise (WN) motion. The white-noise was a random,

low-amplitude excitation run through the shake table between ground motions to calibrate

the shake table. Figure 7.9 illustrates the vertical response spectra of the table and shows

vertical response due to horizontal-only motion; however, the amplitude for the white-noise

vertical motion is larger than the horizontal motions. The vertical response spectra at the

various floor levels showed an increase in the vertical response due to horizontal-only motions

relative to the vertical-only motion. The horizontal-only motions had more vertical response



102

in the high-frequency range than the low-frequency range.

Figure 7.9: Shake Table Vertical Response Spectra for Horizontal-Only and Low-Amplitude

Vertical-Only Motions
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Figure 7.10: Level 4 Vertical Response Spectra for Horizontal-Only and Low-Amplitude

Vertical-Only Motions
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Figure 7.11: Level 8 Vertical Response Spectra for Horizontal-Only and Low-Amplitude

Vertical-Only Motions
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Figure 7.12: Level 11 Vertical Response Spectra for Horizontal-Only and Low-Amplitude

Vertical-Only Motions

7.4.2 Vertical Response Spectra from Horizontal-Only Motions of Various Hazard Levels

To confirm that there was vertical response to horizontal-only input motions with varying

amplitudes, response spectra were plotted together for varying hazard levels [Figures 7.13-
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7.16]. For the smaller hazard levels, the vertical response had a lower amplitude than the

larger hazard levels. The vertical response, however, was still significant at the table and

floor locations for the smaller hazard levels.

Figure 7.13: Shake Table Vertical Response Spectra for Horizontal-Only Motions of Varying

Hazard Levels
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Figure 7.14: Level 4 Vertical Response Spectra for Horizontal-Only Motions of Varying

Hazard Levels
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Figure 7.15: Level 8 Vertical Response Spectra for Horizontal-Only Motions of Varying

Hazard Levels
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Figure 7.16: Level 11 Vertical Response Spectra for Horizontal-Only Motions of Varying

Hazard Levels
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7.4.3 Vertical Response Spectra for Horizontal and Vertical Motion of the Same Hazard

Level

The vertical response spectra for Ferndale ground motions in the X, Y, and XYZ directions

at the 975 hazard level are illustrated in Figures 7.17-7.20. The vertical response of the XYZ

motion had a higher amplitude at the table and the floor locations than the X and Y motions

since there was intentional vertical motion. However, the Ferndale XYZ motion also had a

higher amplitude vertical response than the target Z input; the increase in amplitude could

be due to either the presence of input in the X and Y directions or difficulty controlling the

vertical input of the table. The X and Y motions may have influenced the vertical response

in the XYZ motion, particularly in the high frequency, low period domain.
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Figure 7.17: Shake Table Vertical Response Spectra for Ferndale 975
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Figure 7.18: Level 4 Vertical Response Spectra for Ferndale 975
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Figure 7.19: Level 8 Vertical Response Spectra for Ferndale 975

Figure 7.17 displays both the target vertical motion and the recorded vertical motion

at the table. The recorded motion had a higher amplitude than the target motion. This

was due to issues with input controls of the shake table in the vertical direction, as well as

contributions from the horizontal motions – particularly in the high frequency domain.



114

Figure 7.20: Level 11 Vertical Response Spectra for Ferndale 975

7.5 Vertical Response Spectra Ratios

To identify the behavior of the floors as the acceleration travels up the building, ratios of the

spectral accelerations between the COM locations and the shake table input were computed.

The ratios were computed for the MCE and 975 hazard levels by averaging the vertical
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response spectra for the motions at each hazard level. Figures 7.21 and 7.22 illustrate the

ratio for the MCE and 975 hazard levels, respectively.

Figure 7.21: Spectral Acceleration Ratios of the COM to the Table Input for MCE Motions
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Figure 7.22: Spectral Acceleration Ratios of the COM to the Table Input for 975 Motions

For both the MCE and 975 hazard levels, the accelerations increased at each level, so the

accelerations got larger as they traveled up the building. There was also vertical response

at two period ranges, both a low and high-period range. The low-period, high frequency

response may be linked to vertical period of the shake table. The high-period, low-frequency
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response may be linked to the period of the input ground motion and vertical resonance of

the structure.

Figure 7.23 contains a plot of the ratios of the response spectra of the floor span locations

vs the COM of their respective floor. The initial point at T equals 0 compares the peak

accelerations of the floor span location to that levels input motion. Table 7.1 summarizes the

average peak acceleration ratio and max peak acceleration ratio for each floor span. Outside

of the central spans, the peak accelerations on average hardly increased or decreased when

compared that floor’s input motion. However, the max peak acceleration increase was 1.51

times higher than that floor’s input motion.
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Figure 7.23: Spectral Acceleration Ratios of the Floor Spectra to the COM Spectra for MCE

Table 7.1: Sapn to COM Peak Acceleration Ratios

Floor Span Location Average Peak Acceleration Ratio Max Peak Acceleration Ratio

NE Cantilever 1.06 1.51

SW Cantilever 0.91 1.15

West Span 0.9 1.5

Central Span 1.33 1.48
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7.6 Fragility Curve Development

Before this project, no fragility curves had been developed for the vertical response of mass

timber floors. Using fragility curves, industry professionals can help protect acceleration

sensitive equipment and perform loss estimation and performance based design for mass

timber floors.

To develop the fragility curves, Method B from Porter et al. [2006] was used. The process

included binning the data by the spectral accelerations of the input motions, tracking which

floor spans exceeded the damage states, calculating the logarithmic mean and deviation for

the data set, and plotting the log normal distribution for the calculated mean and deviation.

The logarithmic mean (µ) and the logarithmic deviation (Θ) for each curve are summarized

in Table 7.2. Figure 7.24 illustrates the developed fragility curves for input motion periods

of 0.05 and 0.1 seconds.

Table 7.2: Logarithmic Mean and Deviation for Fragility Curves

Input Motion Period (s) Damage State µ Θ

0.05

0.5g -1.36 0.51

0.75g -0.81 0.72

1g -0.33 0.60

0.1

0.5g -1.04 0.62

0.75g -0.43 0.72

1g 0.05 0.51
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Figure 7.24: Fragility Curves for Mass Timber Floors
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The x-axes of the fragility curves plot the spectral acceleration for the given period,

and the y-axes plot the probability of the acceleration of a mass timber floor exceeding the

damage state. The damage states used were 0.5 g, 0.75 g, and 1 g. The plots include data

points of the raw probabilities as well as the fitted fragility curves.
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Chapter 8

SUMMARY AND CONCLUSIONS

8.1 Summary

The purpose of this research was to investigate the vertical response of mass timber floors

subjected to dynamic vertical ground motions using numerical models and large-scale exper-

iments. There were five different types of mass timber floors that were tested and modeled.

The models were developed in SAP2000 with recommendations from the WoodWorks Floor

Vibration Design Guide [Breneman et al., 2021]. The physical testing was conducted using

the NHERI TallWood Project’s 10-Story mass timber building that was constructed on the

Shake Table at the University of California, San Diego [Chapter 3. Heel Drop tests were

performed on span locations throughout the building to identify the floor frequencies. The

building was subjected to a series of vertical ground motions causing vertical acceleration in

the floor spans. This section summarizes the topics discussed in this thesis.

8.1.1 Numerical Model Development

Numerical models were developed in SAP2000 following recommendations from the Wood-

Works Floor Vibration Design Guide [Breneman et al., 2021] with modifications. Both

isotropic and layered shell elements were used to model the mass timber floors. A model was

developed for each floor individually, as well as a model that contained the entire structural

vertical system for the test building. A time history of the shake table motion was used as

the dynamic load case for the models.
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8.1.2 Numerical Model Calibration

Heel drop tests were performed by KPFF on the mass timber floors in the NHERI TallWood

Project 10-story building. The heel drop tests identified the floor frequencies of the differ-

ent floor types and spans. The numerical models were calibrated to these frequencies by

discretizing masses, adjusting the stiffness, and modeling the exterior walls using springs.

8.1.3 Dynamic Testing

Nine different vertical ground motions at varying hazard levels were used for the dynamic

vertical testing of the 10-story building. Accelerometers were placed at different locations

on the floors to record the vertical accelerations during testing.

8.1.4 Analysis of Dynamic Test Data

The mass timber floors were subjected to large vertical ground motions (up to the maximum

considered earthquake) without damage. However, the mass timber floors experienced large

vertical accelerations during the dynamic tests. There was little differentiation between each

floor type.

The peak vertical accelerations were compared to the numerical models as well as vertical

response spectra of different spans. The numerical models did not consistently produce

accurate results, but the models were significantly more accurate when 7% damping was

used rather than 2% damping.

8.2 Conclusions

Mass timber floors were undamaged when subjected to large vertical ground motions and thus

can certainly provide high levels of seismic performance when subjected to vertical ground

motions. The numerical models were inconsistent at predicting the acceleration response of

the mass timber floors, but adjusting a few parameters could make the numerical models

viable for predicting seismic vertical response in mass timber floor.
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Numerous conclusions can be drawn from the numerical modeling process, the numerical

model calibration, and the analysis of the vertical accelerometer testing:

• The damping ratios used in modeling should be higher than the recommended 2% for

bare mass timber floors when modeling floors constructed in a building.

• Exterior walls provided less vertical stiffness to floor systems than guidelines suggest.

• The amplitude of the vertical response had a significant peak in both the high and

low-frequency range. The vertical floor response spectra increased substantially with

increasing elevation.

• Horizontal-only ground motions induced a vertical response in both the table and the

mass timber floors.

• The peak vertical floor accelerations were up to 1.5 times larger than the floor’s input

motion.

8.3 Recommendations for Future Work

Further work is recommended to learn more about mass timber floors subjected to vertical

dynamic loads. The following section recommends future research needs for mass timber

floors and the numerical modeling process.

8.3.1 10-Story Test Data Analysis

The following research could be performed on the data from the 10-story test:

• Calculating the damping ratios for the different floor types and spans.

• Recalculating the response spectra for each floor span based on a calculated damping

ratio.
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• Applying different filtering methods to the data.

• Using frequency analyses to identify the frequencies of the floor spans.

8.3.2 Numerical Modeling

The following adjustments to the numerical models could be researched to see if more con-

sistent results could be produced:

• Performing a convergence study on the meshing when applying vertical ground motions.

• Discretizing the masses on the mass timber floors.

• Applying variable damping for each mode.

• A parametric study to assess which parameters most strongly affect the results.

8.3.3 Different Mass Timber Floors

Similar research from this thesis could be applied to the following types of mass timber floors

and spans:

• Longer mass timber floor spans that resemble the industry span lengths.

• Mass timber floors with toppings (i.e. composite and non-composite concrete topping).
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Appendix A

10-STORY TEST DETAILED DRAWINGS

The drawings for the 10-Story test were developed for Busch [2023] and are discussed in

more detail throughout that dissertation.
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D
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H
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R
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Appendix B

NONSTRUCTURAL WALL LOCATION DRAWINGS
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Appendix C

45◦ PLOTS

Figure C.1: Peak Acceleration Comparison for Loma Prieta MCE: 10-Story SAP Model vs

Measured Data



177

Figure C.2: Peak Acceleration Comparison for Loma Prieta MCE: Single-Story SAP Model

vs Measured Data
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