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Project Overview

NEESWood: Development of a Performance-Based Seismic Design 
Philosophy for Mid-Rise Woodframe Construction

While woodframe structures have historically performed well with regard to life safety in regions 
of moderate to high seismicity, these types of low-rise structures have sustained signifi cant struc-
tural and nonstructural damage in recent earthquakes. To date, the height of woodframe con-
struction has been limited to approximately four stories, mainly due to a lack of understanding of 
the dynamic response of taller (mid-rise) woodframe construction, nonstructural limitations such 
as material fi re requirements, and potential damage considerations for nonstructural fi nishes. 
Current building code requirements for engineered wood construction around the world are not 
based on a global seismic design philosophy. Rather, wood elements are designed independently 
of each other without considering the infl uence of their stiffness and strength on the other struc-
tural components of the structural system. Furthermore, load paths in woodframe construction 
arising during earthquake shaking are not well understood. These factors, rather than economic 
considerations, have limited the use of wood to low-rise construction and, thereby, have reduced 
the economical competitiveness of the wood industry in the U.S. and abroad relative to the steel 
and concrete industry. This project sought to take on the challenge of developing a direct displace-
ment based seismic design philosophy that provides the necessary mechanisms to safely increase 
the height of woodframe structures in active seismic zones of the U.S. as well as mitigating dam-
age to low-rise woodframe structures. This was accomplished through the development of a new 
seismic design philosophy that will make mid-rise woodframe construction a competitive option 
in regions of moderate to high seismicity. Such a design philosophy falls under the umbrella of 
the performance-based design paradigm.

In Year 1 of the NEESWood Project, a full-scale seismic benchmark test of a two-story woodframe 
townhouse unit that required the simultaneous use of the two three-dimensional shake tables at 
the University of Buffalo’s NEES node was performed. As the largest full-scale three-dimensional 
shake table test ever performed in the U.S., the results of this series of shake table tests on the 
townhouse serve as a benchmark for both woodframe performance and nonlinear models for 
seismic analysis of woodframe structures. These effi cient analysis tools provide a platform upon 
which to build the direct displacement based design (DDBD) philosophy. The DDBD method-
ology relies on the development of key performance requirements such as limiting inter-story 
deformations. The method incorporates the use of economical seismic protection systems such as 
supplemental dampers and base isolation systems in order to further increase energy dissipation 
capacity and/or increase the natural period of the woodframe buildings. 

The societal impacts of this new DDBD procedure, aimed at increasing the height of woodframe 
structures equipped with economical seismic protection systems, is also investigated within 
the scope of this NEESWood project. Following the development of the DDBD philosophy for 
mid-rise (and all) woodframe structures, it was applied to the seismic design of a mid-rise (six-
story) multi-family residential woodframe condominium/apartment building. This mid-rise 
woodframe structure was constructed and tested at full-scale in a series of shake table tests on 
the E-Defense (Miki) shake table in Japan. The use of the E-Defense shake table, the largest 3-D 
shake table in the world, was necessary to accommodate the height and payload of the mid-rise 
building. 
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This report describes the seismic testing of a full-scale seven-story mid-rise wood frame building. The build-
ing was designed using a new performance-based seismic design (PBSD) philosophy developed within the 
NEESWood project. It was constructed at the E-Defense facility in Miki, Japan over a four-month period 
with construction materials shipped from the U.S. and Canada.  A series of shake table tests were carried 
out, fi rst on a seven-story hybrid structure with a steel moment frame at the fi rst story. In the second phase, 
the steel moment frame story was “locked down” with cross bracing members and the six-story wood-only 
structure was subjected to three seismic tests, with maximum ground motion intensity approximately 
corresponding to a 2,475 year return period. The building performed very well with maximum averaged 
inter-story drifts of about 2% and suffered only minor nonstructural damage. The testing program, called 
the Capstone test program, was the largest wood frame building shake table test to date and provided a 
landmark data set for the performance of mid-rise woodframe buildings during earthquakes, and validated 
the effectiveness of the PBSD procedure developed in the NEESWood project.
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Abstract 
 

This report presents the results of a shake table testing program of a full-scale mid-rise 

light-frame wood apartment building tested at the world’s largest shake table in Miki, 

Japan as part of the NEESWood project funded by U.S. National Science Foundation. 

The objectives of the test program were to (1) demonstrate that the performance-based 

seismic design procedure developed as part of the NEESWood project worked on the full 

scale building, i.e., validate the design philosophy to the extent one test can; and (2) gain 

a better understanding of how mid-rise light-frame wood buildings respond, in general, to 

a major earthquake while providing a landmark data set to the seismic engineering 

research community.  The six-story building (with an additional steel moment frame 

story at bottom) consisted of 1350 square meters of living space and had twenty-three 

apartment units; approximately half one-bedroom units and half two-bedroom units.  The 

building was constructed over a 14 week period and lifted to the shake table where it was 

subjected to three earthquakes ranging from seismic intensities corresponding to the 72 

year event to the 2500 year event for Los Angeles, CA.  The building was instrumented 

with just over 300 sensors and 50 LED optical tracking points to measure the component 

and global responses, respectively.  The building was found to perform excellently with 

little damage even following the 2500 year earthquake.  The inter-story drift was well 

controlled thus validating the effectiveness of the performance-based seismic design 

philosophy developed in the NEESWood project. 
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Chapter 1 Introduction 
 
 
 
Light-frame wood buildings represent the vast majority of the building stock in North 

America.  Most of these buildings are single- and multi-family dwellings with a moderate 

percentage being light commercial construction. Historically, light-frame wood buildings 

have performed relatively well during earthquakes from a life-safety standpoint but not 

necessarily from a damage and property loss standpoint. Much of the damage following 

the 1994 Northridge earthquake was felt to be the result of excessive inter-story drifts.   

Since that time significant progress in better understanding and modeling the seismic 

response of light-frame wood buildings has been made by researchers essentially laying 

the foundation to move to performance-based seismic design (PBSD) of wood frame 

buildings. The performance of mid-rise wood frame buildings during earthquakes had not 

been adequately examined. As a result, the NEESWood project was funded through the 

George E. Brown Jr. Network for Earthquake Engineering Simulation (NEES) program 

of the National Science Foundation to address the challenge specifically better 

understanding the behavior of mid-rise woodframe construction within the framework of 

performance-based seismic design. The contents of this report summarize the preparation, 

shake table testing and results of the NEESWood Capstone test building, a seven-story 

condominium building designed using the performance-based seismic design procedures 
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developed within the NEESWood project.  Testing took place in the summer of 2009 at 

the world’s largest shake table, known as E-Defense, in Miki, Japan. 

 

Full-scale seismic testing, i.e. shake table testing, is one of the most reliable investigation 

methods used by researchers to study the seismic performance of building structures. For 

woodframe buildings, full-scale seismic testing has only been performed a handful of 

times worldwide.  During the CUREE Caltech Woodframe project, Filiatrault et al (2001) 

tested a rectangular two-story house with an integrated one car garage.  The building was 

limited by the size of the available shake table, but provided state of the art testing results 

nonetheless.  The building was subjected to two 1994 Northridge recordings, i.e. the 

Canoga Park and Rinaldi stations.  It was concluded that overall the performance was 

adequate and that non-structural finishes such as gypsum wall board (GWB) and stucco 

significantly contributed  in increasing both the strength and stiffness of the system 

(Filiatrault et al, 2004). Another shake table test during the CUREE Caltech Woodframe 

project was of a three-story apartment building with a tuck under garage (Mosalam, 

2003).  The results of that series of tests confirmed that these types of structures were 

prone to torsional response and soft story collapse mechanisms. In the first year of the 

NEESWood project (van de Lindt et al, 2006), Filiatrault et al (2010) conducted full-

scale tri-axial tests of a two-story three-bedroom 160m2 (1800 sq ft) townhouse with an 

integrated two-car garage utilizing the twin shake tables at the State University of New 

York at Buffalo’s SEESL laboratory.  That report is also available as part of the 

NEESWood report series (NW-01, 2007). This building, called the Benchmark structure, 

was designed to the 1988 Uniform Building Code (UBC, 1988) and was intended to 

benchmark the seismic performance of existing buildings in California and other high 

seismic regions.  The benchmark structure performed relatively well by seemingly 

protecting life safety of would-be occupants, but suffered substantially costly damage.  

Filiatrault et al (2010) was also able to validate the earlier conclusion that non-structural 

elements such as GWB and exterior stucco significantly increase the strength and 

stiffness thereby contributing to the seismic performance of wood frame buildings.  The 

NEESWood Capstone test summarized in this report is the first time a full scale light-

frame wood building exceeding three stories has ever been tested on a shake table. 
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1.1 Description of the NEESWood Project 
 
The NEESWood project seeks to take on the challenge of developing a performance 

based seismic design philosophy and providing the necessary design procedures to safely 

increase the height of woodframe structures in active seismic zones of the U.S. as well as 

providing a mechanism to mitigate damage to low-rise woodframe buildings. This will be 

accomplished through a variety of research and development tasks including numerical 

investigation, shake table testing, wood frame building performance evaluation, and 

development of a performance based seismic design procedure. 

 

In Year 1 of the NEESWood Project, a full-scale seismic benchmark tests of a two-story 

woodframe townhouse that requiring simultaneous use of the two three-dimensional 

shake tables at the SUNY-Buffalo NEES node was performed. As the largest full-scale 

three-dimensional shake table test ever performed in the U.S., the results of this series of 

shake table tests on the townhouse served as a benchmark for both woodframe 

performance and nonlinear models for seismic analysis of woodframe structures. 

Innovative seismic protection systems, i.e. supplemental dampers, were also incorporated 

into one of the test phases of the Benchmark test. A full study on dampers in woodframe 

building is also available on a separate NEESWood report (Shinde and Symans, 2010). 

 

Numerical models and tools were developed and calibrated with the Benchmark test 

results. These efficient analysis tools provided a platform upon which to build the 

performance-based seismic design (PBSD) philosophy. The PBSD methodology 

developed in NEESWood project focuses on limiting damage and relies on the design 

constraints related to key performance requirements such as limiting inter-story drifts. 

The methodology also provides for the incorporation of economical seismic protection 

systems such as supplemental dampers and base isolation systems as options.  These 

types of seismic protective systems further increase energy dissipation capacity and/or 

increase the natural period of woodframe buildings. 
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The societal impacts of this new PBSD procedure, aimed at limiting earthquake induced 

damage to woodframe structures was also investigated within the scope of the 

NEESWood project.  

 

As a verification for the PBSD procedure for mid-rise (and all) woodframe structures 

developed in the NEESWood project, the procedure was applied to the seismic design of 

a mid-rise (six-story) multi-family residential woodframe apartment building. The PBSD 

procedure known as “direct displacement design” is detailed in another NEESWood 

report (Pang and Rosowsky, 2009). This mid-rise woodframe structure, with an optional 

steel moment frame first story, was constructed and tested at full-scale in a series of 

shake table tests on the E-Defense (Miki) shake table in Japan as detailed herein. The use 

of the E-Defense shake table, the largest 3-D shake table in the world, was necessary to 

accommodate the height and payload of the mid-rise building. The testing program, 

called the Capstone test program, represented the largest wood frame building shake table 

test to date and provides a landmark data set for the performance of mid-rise woodframe 

buildings during earthquakes and validates the effectiveness of the performance-based 

seismic design procedure developed in the NEESWood project. 

 
1.2 Description of NEESWood Capstone Testing 
Program 
 
The Capstone test buildings’ architecture was based on a realistic multi-family apartment 

building or condominium that might be typical of an urban infill building in Northern or 

Southern California. The building has seven stories total: six-stories of light-frame wood 

containing twenty-three living units and a bottom story Steel Special Moment Frame 

(SMF) at level 1. The architectural concept of the Capstone test building is shown in 

Figure 1.1, with relative size of the building to the shake table also illustrated.  The 

building was tested in two different configurations during two phases of the test program: 
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Phase I: The seven-story mixed-use building, investigating the viability of incorporating 

a steel moment frame bottom story for multi-story wood frame construction. 

Phase II: The SMF was locked down with tightened cross bracing to become an 

extension of the shake table and the six-story light-frame wood building was tested. 

 

 
Figure 1.1: NEESWood Capstone test building 

 
The height of the Capstone test building from the ground level to the roof (including the 

height of the SMF) was 66.3 ft and its total weight was 797.4 kips. The foot print of the 

floor plan was approximately 40x60 ft. Shear walls within the building were sheathed 

with 15/32” thick OSB panels. Half inch thick gypsum wallboard was installed on the 

inside of the building and the ceiling. The exterior walls of the building were not finished, 

i.e. no stucco or siding.  

 

Multiple seismic tests were conducted for the two configurations of the Capstone test 

building described earlier. The first configuration included the interaction of the SMF and 

wood superstructure. The second configuration included only the wood frame structure 

since the SMF were adequately locked down by diagonal bracing members to behave as a 

fixed base. A total of five seismic tests were included in the test program. Low amplitude 

uni-axial white noise tests were also conducted between the seismic tests to identify any 

change in the dynamic characteristics of the test building in each direction. The test 

building was inspected for damage after each test. No repairs were conducted in between 

the tests since the structure was designed to survive most of the tests with only minor 
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damage. Additional seismic weight was placed in the test building at all levels to bring 

the weight to the design weight which remained the same for all tests (see Appendix F for 

details). 

 

One set of tri-axial historical ground motions were used for all seismic tests: an ordinary 

ground motion recorded during the Northridge earthquake at the Canoga Park recording 

station was used. The ground motion was scaled to represent a somewhat frequent 

earthquake having a probability of exceedance of 50% in 50 years, a Design Basis 

Earthquake (DBE) having a probability of exceedence of 10% in 50 years (10%/50 years), 

and a Maximum Credible Earthquake (MCE) having a probability of exceedence of 2% 

in 50 years (2%/ 50 years), or a return period of 2475 years. There was also a test 

conducted in Phase I with an intensity level between DBE and MCE event, corresponding 

to a 665 year return period (7%/50 years). 

 

The Capstone test building was instrumented with over 300 channels of displacement, 

acceleration, and strain measurements during the various tests. A separate optical 

tracking system was employed to measure the absolute displacement of 50 points on the 

exterior of the building during the tests.  Due to the limitation on the number of high 

speed cameras available for the optical tracking system, only three sides of the structure 

could be optically tracked for absolute deformation during the test. 
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Chapter 2 Capstone Test Building and 
Testing Objectives 
 
 
This chapter provides a description of the Capstone test building, and information on the 

experimental set-up that was used to conduct the series of shake table tests. A brief 

summary of the testing objectives of each test phase is included in the last section. 

 
2.1 Description of Capstone Test building 
 

The test building was a six-story wood frame apartment building with one additional 

(optional) steel moment frame (SMF) story at the bottom, with a floor plan representative 

of a typical residential multi-story condominium in California. It was constructed at full 

scale with twenty-three living units for the wood portion providing approximately 

14,400ft2 of residential living space.  The optional bottom steel story had 2,400ft2 of 

retail commercial space. The dead load of the building was estimated based on a force-

based design of the same architectural plan per IBC (2006), including finishing materials 

such as floor tile, insulation, air conditioning units, wiring, and plumbing. Although the 

building was actually designed using PBSD, this dead load was used. During the test, 

supplemental seismic weights in the form of steel plates were attached to the structure at 

each floor to bring the actual seismic weight for each story to the design weight. The 



8 

height of the wood six-story structure was 55.7 ft. The SMF story was 10.5 ft in height. 

With all the supplement weight included, the total weight of the wood only six-story 

building was 628 kips (285 metric tons). The total weight of the seven-story wood-steel 

hybrid building was 797 kips (361 metric tons) 

 

There was no exterior finishing material installed on the exterior of the building.  For all 

interior walls, 1/2 in. thick gypsum wallboard was installed with #6 x 1.625" bugle head 

screws at 16” spacing everywhere on both sides (i.e. not a “float” drywall installation) 

except for walls in the stair well (only had drywall on one side) and the double mid-ply 

walls which will be described later (do not have drywall installed). The drywall panels 

were purchased in Japan, with a unit weight of approximately 2lb/ft2 and was “normal” 

strength Japanese drywall (Note: Drywall in Japan is available in three different 

strengths).  The drywall was installed with tape and putty on all joints except the wall-to-

ceiling joints and corners. Finishing as many joints as possible was desirable in order to 

provide realistic damage inspection results. The first wood story (hereafter referred to as 

Story 2 in this report) floor plan of the test building is shown in Figure 2.1, with the 

boundary of the E-defense shake table also shown. Similarly, Figures 2.2 shows the floor 

plan for Story 3 to 6. The floor plan of the top story, Story 7, is shown in Figure 2.3. The 

steel moment frame grid at the top of Story 1 is shown in Figure 2.4. Figure 2.5 shows 

elevation views of the test building. The detailed architectural and structural plans for the 

test building can be found in Appendix A. The structural details of all shear walls in the 

buildings are included in Appendix B of this report. 
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Figure 2.1: Floor plan for Story 2 of the Capstone test building 

 
Figure 2.2: Floor plan for Story 3~6 of the Capstone test building 
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Figure 2.3: Floor plan for Story 7 of the Capstone test building 

 
Figure 2.4: Plan view of the SMF grid of the Capstone test building 
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Figure 2.5: Elevation view of the Capstone test building (Steel cross bracings not shown) 

 

Most of framing materials for the shear walls of the Capstone test building were 2x6 

dimensional lumber. The sill plates were 3x6 dimensional lumbers (please refer to 

Appendix B for detailed designation of sill plate type, wood species, sheathing nail 

pattern, and framing layout). Some 2x8 dimensional lumber was used to construct the 

end-studs for double Midply shear walls at each story.  The single Midply shear wall is a 

concept that originated in Canada and was expanded to a double Midply shear wall 

during the design of the test building.  Wall B1 in Appendix B show the design 

configuration details for these walls. Additional information on Midply walls can be 

found in Pei et al. (2010). The top plates for regular shear walls consisted of double 2x6 

members, while the sill plate and the interior studs are single members. Regular studs 

were spaced at 16 in. on center wherever possible. There were also compression stud 

packs installed for each shear wall that consisted of 8 to 12 2x6 studs depending on the 

amount of compression force imposed on shear wall ends in the design. Two different 

wood species were used in construction. Douglas Fir-Larch North (DFL-N) was used for 

the bottom 3 wood stories and all sill plates. Machine rated (MR) SPF 1650 was used for 

top 3 wood stories. 
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The floor system for the Capstone test building consisted of 9-1/2” LP Joists installed 

between 5-1/8” x 9” glulam shear collectors with top-mount joist hangers. A slice of half 

inch (15/32”) thick OSB was attached to the bottom of the 5x9” glulam so that the glulam 

had the same height as the joist. The roof was constructed with 14” LP Joist and LVL 

rim-board of the same height. Standard 18mm (23/32 inch) T&G Oriented Strand Board 

(OSB) was used for floor and roof sheathing. Air driven 10d common nail was used for 

floor and roof nailing. A nail pattern of 4”/12” was used for the floor sheathing for first 3 

floors, and the rest of the floors and the roof had a 6”/12” nail pattern. There were 

framing straps used at certain locations on the floor in order to provide load transferring 

continuity. Details for all straps can be found in the framing tie drawings in Appendix A. 

 

Continuous Anchor Tie-down Systems (ATS) from Simpson Strong-Tie Company were 

installed at both ends of every shear wall in the building, together with shrinkage 

compensation devices also from Simpson. The system served as the hold-down 

mechanism for stacked shear walls to limit the uplift and rocking of these walls. The 

sheathing-to-framing connectors were gun driven 10d common Stanley Bostitch nails. 

 

The steel moment frame story was designed by Simpson Strong-Tie company in 

collaboration with Colorado State University. The frame was manufactured in California 

by Strocal Inc of Stockton and assembled in Japan by Simpson Strong-Tie. The SMF also 

served as the lifting frame for the entire structure after it was constructed. Detailed 

construction drawings for the SMF can also be found in Appendix A. 

 

Figure 2.6 shows a photo of the completed Capstone test building at the building site in 

the E-defense laboratory prior to being lifted on to the shake table. A more detailed 

description of the materials used in construction of the Capstone test building and the 

details involved in the construction process can be found in Chapter 5 of this report. 



13 

 
Figure 2.6: Completed Capstone test building at the construction site inside the E-

Defense laboratory 

 
 
 
2.2 Experimental Set-up 
 

Shake table testing of a building the size of the Capstone test specimen necessitated the 

use of the E-Defense shake table in Miki City, Japan.  This shake table is the largest (tri-

axial) shake table in the world with a payload capacity of 2.5 million pounds and the 

ability to reproduce the largest recorded records from many of the world’s large 

earthquakes.  The facility was built following the 1995 Kobe earthquake and opened in 

2004.  The NEESWood Capstone test was the first U.S. led test conducted at E-Defense 

and represents the largest building structure ever tested at full scale on a shake table.  

Figure 2.7 shows a picture of the E-defense facility shortly after it opened in 2004.    
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Figure 2.7: Aerial image of the E-Defense facility in 2004. 

 
The shake table is shown in Figure 2.8 from the first floor balcony inside the E-defense 

laboratory.  It is approximately 50ft x 65ft and has the ability to operate in either 

acceleration or displacement control.  For safety it was necessary to have approximately 

one meter clear space around the perimeter of the shake table. For the installation of the 

test specimen on the table, it was critical to align the walls (and steel frame under the 

walls) with the shake table bolt pattern.  Based on these constraints the floor plan layout 

superimposed on the E-Defense shake table pattern is shown in Figure 2.9 (with the floor 

plan of Story 2 shown in the figure).   
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Figure 2.8: E-Defense shake table with actuator CV joints shown exposed on left side 

 

 
Figure 2.9: Layout of building walls with shake table bolt pattern superimposed 

 

The Capstone test building was attached to the shake table with special anchor rods 

connecting the existing hole pattern on the shake table and steel moment frame pedestals 
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at the base of each column. Figure 2.10 shows a detail for the seating of the building by 

the overhead cranes on to the shake table.  

 
Figure 2.10: Seating of the specimen on the E-defense table 

 
 
2.3 Test Objectives 
 
The NEESWood Capstone tests at E-Defense had three (3) major objectives: 

 

Objective 1: To confirm that a representative mid-rise woodframe structure designed 

using the NEESWood PBSD philosophy satisfies the performance objectives, as pre-

defined during the design process.  These performance objectives were developed as part 

of the project and seek to limit damage and losses while protecting life safety.  

 

Objective 2: Provide a general understanding of the behavior of a mid-rise woodframe 

structure similar to those currently in place in the Western U.S. and provide a full-scale 

data set for verification and calibration of nonlinear dynamic models. 

 

Objective 3: Confirm that a representative mixed-use seven-story steel-woodframe 

mixed-use building designed using the NEESWood design philosophy satisfies the 
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performance objectives, as pre-defined during the design process. Obtain a better 

understanding of how to combine wood and steel to provide more building options in 

areas of high seismicity.  

 

Recall that there were two test phases in the Capstone test program; each with a different 

building configuration. The first configuration involved loosening all cross bracings for 

the SMF, allowing the SMF to act as the first story of the 7-story wood-steel hybrid 

building structure. This configuration focused on Objective 3 listed above. Then the cross 

bracings were tightened to make the SMF essentially an extension of the shake table, 

allowing the testing of a six-story wood frame building in Phase II. The Phase II testing 

focused on objective 1 and 2 above.  A detailed description of the instrumentation set up 

for the Capstone test building is summarized in Chapter 4 of this report. The data 

obtained from these tests is the first database for a mid-rise woodframe test at full scale, 

thus providing the first database for mid-rise Woodframe building numerical model 

development and calibration. In addition to the instrumentation, detailed damage 

inspections were performed following each seismic test.  These damage inspections 

provided key information which was used to verify damage control as the result of PBSD 

and also to establish the correlation between building performance and seismic intensity 

levels. 

 
The shear wall configuration for Capstone test building was designed using the Direct 

Displacement Design (DDD) approach (Pang and Rosowsky, 2009) which had certain 

prescribed performance expectations at different seismic intensity levels. The 

NEESWood project team, with input from the project advisory committee, defined the 

four seismic intensity levels as: 

 

 Level 1: Earthquake intensity having a 50% chance of being exceeded in 50 years.  This 

corresponds to a 72 year return period. 

Level 2: Earthquake intensity having a 10% chance of being exceeded in 50 years.  This 

corresponds to a 475-year return period.  Corresponds approximately to the Design-Basis 

Earthquake (DBE). 



18 

Level 3: Earthquake intensity having a 2% chance of being exceeded in 50 years.  This 

corresponds to a 2500-year return period.  Corresponds to the Maximum Credible 

Earthquake (MCE). 

Level 4: Optional Near Fault: Un-scaled near-fault ground motions.  This is an optional 

seismic hazard for use depending on the location of a building with respect to the fault 

and/or the owner’s desired performance expectation.  

 

Each of the seismic intensity levels described above was combined with a particular 

performance expectation.  Table 2.1 presents the performance expectations from 

Christovasillis et al. (2007) which were developed based on the Benchmark tests at the 

University at Buffalo.  The Benchmark test report is available in NEESWood Project 

report NW-01.  

 

Table 2.1. Performance Expectations (Derived from Christovasilis et al, 2007) 
    

Performance 
Expectations 

Corresponding 
Peak Inter-

story Drift (%) 

Wood Framing and 
OSB/Plywood Sheathing 

 

Gypsum Wall Board (GWB) 

 
Level A 

 
0.1 – 1.0% 

Minor Splitting and cracking of 
sill plates (some propagation) 
Slight sheathing nail withdraw 

Slight cracking of GWB 
Diagonal propagation from 
door/window openings 
Partial screw withdraw 
Cracking at ceiling-to-wall interface 
 

Level B 1.0 -  2.0% Permanent differential movement 
of adjacent panels 
Corner sheathing nail pullout 
Cracking/splitting of sill/top 
plates 
 

Crushing at corners of GWB 
Cracking of GWB taped/mud joints 

Level C 2.0 - 4.0% Splitting of sill plates equal to 
anchor bolt diameter 
Cracking of studs above anchor 
bolts 
Possible failure of anchor bolts 
 

Separation of GWB corners in ceiling 
Buckling of GWB at openings 

Level D 4.0 - 7.0% Severe damage across edge nail 
lines, separation of sheathing 
Vertical posts uplifted 
Failure of anchor bolts 

Large pieces separated from framing 
Entire joints separated and dislodged 
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Each performance level is specified by a probability of non-exceedance (NE) of an inter-

story drift limit at a specified level of seismic hazard as shown in Table 2.2.  For 

example, at seismic intensity level 1 the building should not exceed a median inter-story 

drift of 1%.  At a level 3 seismic intensity the non-exceedance percentile was moved 

from the 50th percentile, i.e. median, to the 80th percentile because the 4% drift limit was 

close to what was felt to be the threshold between repairable damage and collapse. Thus 

it was assumed to be more critical during the design. 

 

Table 2.2. Capstone test building design expectations 

 Seismic hazard (Intensity) Level 
Performance 
Expectations 

Level 1 Level 2 Level 3 Level 4 

Level A (1%) 50% NE    
Level B (2%)  50% NE   
Level C (4%)   80% NE  
Level D (7%)    50% NE 
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Chapter 3 Description of Shake Table Tests 
 
 
This chapter describes the two types of shake table tests that were performed on the 

Capstone test building; specifically the white noise excitation tests and the seismic tests. 

The characteristics of the input motions that were used for each type of tests are reported, 

along with information on the synchronizing of the displacement (optical tracking) data 

with the other instrumentation. In addition, the seismic weight added to the  Capstone test 

building is also introduced. 

 
3.1 Test Protocols 
 

3.1.1 White Noise Excitation Tests 
 

The main objective of the white noise excitation tests was to identify the natural period of 

the building and monitor for possible degradation of the building stiffness indicative of 

damage during the seismic tests. Additional analysis on the white noise excitation test 

results can be performed to obtain other characteristics of the structure including mode 

shapes and modal damping ratios. But these analyses are not included in the scope of this 

report.  All seismic and white noise result data is available to the public at NEES website.  
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The input excitation was an acceleration-controlled random noise with a frequency band 

between 0.1-10 Hz provided by the E-defense. The acceleration record was scaled to 

have a maximum value of 0.05g and was applied to the X, Y, and Z direction of the 

building separately (uni-axial) during a period of about 2 minutes. The sampling rate of 

the recorded data was 200 Hz (this is the sampling rate for all measurements except for 

the optical tracking measurements, which has a sampling rate of 100 Hz). No additional 

filtering was applied to the raw data. The time history of input acceleration is shown in 

Figure 3.1.  

 
Figure 3.1: Input white noise record used in the test 

 
White noise tests described above were conducted at the beginning of the test program, in 

between seismic tests, and at the end of the test program. There were a total of 9 white 

noise tests conducted for the Capstone test building, as listed in Table G.1 in Appendix G. 

Also listed in the table are the resulting fundamental periods of the building obtained 

from the spectral analysis of the averaged acceleration measurement at the roof level.  

WN3 test was performed after WN2 due to the tightening of the ATS anchor nuts at the 

steel moment frame level which were found to be loose after the WN2 test. WN8 was 

conducted after WN7 because Test 5 was conducted on a different day than Test 4 and 

WN7. 
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3.1.2 Seismic Tests 
 

The main objective of the seismic tests was to determine the performance of the Capstone 

test building under several levels of seismic intensity. The input motions used for the 

seismic tests were selected from the recorded 1994 Northridge Earthquake ground 

motions in California. Canoga Park ground motion, recorded at Topanga Canyon (USC 

Station 90053) which was located at a distance of 15.8 km from the fault rupture. This 

record was used as the input motion for all seismic tests in the Capstone test program. 

The acceleration time-histories of the three components of the Canoga Park record are 

shown in Figure 3.2. The acceleration response spectra of the three un-scaled components 

of the Canoga Park record for 5% damping are presented in Figure 3.3. Through 

application of different scaling factors, the ground motion represents different seismic 

hazard levels used in the NEESWood project. A scaling factor of 0.53 was used to 

represent a seismic event with 50% probability of exceedance in 50 years (72 year return 

period). The ground motion with an amplitude-scaling factor of 1.20 was considered to 

represent a Design Basis Earthquake (DBE) event with a 10% probability of exceedance 

in 50 years or a return period of 475 years. A scaling factor of 1.80 was used in this study 

to represent a Maximum Credible Earthquake (MCE) with a 2% probability of 

exceedance in 50 years or a return period of 2475 years. In addition to these three hazard 

levels, the Canoga Park ground motions were scaled to produce an additional level of 

7%/50 years (665 year return period) in order to adequately engage the steel moment 

frame participation during the end of Phase I testing and at the same time limit damage to 

the wood frame structure above.  
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Figure 3.2: Three components of the unscaled Northridge Canoga Park ground motion 

record 
 
The horizontal component oriented 106 degree from North (CP 106 and RN 318) was 

applied in the short (X) direction of the Capstone test building, while the horizontal 

component oriented 196 degree from North (CP 196 and RN 228) was applied in the long 

(Y) direction. The vertical component was applied in the vertical direction of the 

Capstone test building.  The amplitude scaling factors and the resulting peak ground 

accelerations for each component are listed in Table 3.1 for all levels of seismic intensity. 
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Figure 3.3: Acceleration response spectra of unscaled Canoga Park record for 5% 

damping 
 

Table 3.1: Ground motions for seismic tests 
Seismic test Test date Structure Hazard 

level 
Scaling 
factor 

PGA (g) 
X Y Z 

1 6/30/2009 Wood-Steel 50%/50 yr 0.53 0.19 0.22 0.26 
2 7%/50 yr 1.40 0.50 0.58 0.69 
3 7/6/2009 Wood-only 

50%/50 yr 0.53 0.19 0.22 0.26 
4 10%/50 yr 1.20 0.43 0.50 0.59 
5 7/14/2009 2%/50 yr 1.80 0.65 0.75 0.88 

 
In summary, there were five seismic tests performed on three separate days. The input 

ground motions were four scaled versions of the Canoga Park record from the 1994 

Northridge Earthquake. All of the five tests were tri-axial tests that simulate all of the 

ground motion components. It should be noted that there was no repair or modifications 

of the structure during the entire testing program.  

 
3.2 Structural Configurations for Shake Table Tests 
 

The two seismic tests conducted for the seven-story mixed-use building configuration in 

Phase I were both on June 30th, 2009, as shown in Table 3.1. The second configuration in 

Phase II was the six-story wood-only configuration, in which the cross bracing members 

for the steel moment frame were tightened so that the steel moment frame served as an 
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extension of the shake table and the six story wood frame building above. There were 

three seismic tests conducted for this configuration on July 6th, 2009 and July 14th, 2009, 

as shown in Table 3.1. 

 
3.3 Data Acquisition and Synchronization  
 

Except for the optical tracking displacement data, all of the data from white noise and 

seismic tests were collected through the high speed data acquisition system at the E-

Defense laboratory. The sampling rate for all data was 200 Hz and there was no 

additional filter applied to these data. The optical tracking displacement data was 

captured with a 100 Hz sampling rate, and there was no additional filter applied to these 

data.  

 

The synchronization of the optical tracking data and the E-Defense system data was done 

using a synchronization signal at the beginning of each test. The E-Defense data 

acquisition system recorded data before the optical track system data acquisition was 

started. As the E-Defense data acquisition system became active, a sustained 5 volt signal 

was fed to the computer controlling the optical tracking system. Then before the ground 

motion started, this signal will drop from 5 to 0 volt, which triggered the beginning of the 

optical tracking data acquisition. The first record in the optical tracking data should be 

synchronized with the E-Defense data point 1/100 second after the voltage signal went 

from 5 to 0 volts. The synchronizing signal can be found in the 05.csv file for every 

seismic and white noise test data files under the column entitled “PARUSU”. 

 
3.4 Description of Shake Table Tests 
 

The Capstone test program consisted of a total of five (5) shake table tests conducted on 

three separate test days. After the test specimen was successfully moved to the table on 

the June 22nd,2009, it took about a week to connect all instrumentation, rearrange and 

attach seismic weights, loosen all steel moment bracing members, and testing all the data 

acquisition systems.  
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The first two seismic tests (test ID 1 and 2) and 4 white noise tests were conducted on 

June 30th, 2009 with the hybrid seven story building configuration. After the first seismic 

test, there was a 90 minute window for damage inspection teams to record the damage 

with sketches and photos.  The damage teams were made up of volunteer researchers and 

students. It was discovered that there were some loose anchor nuts on the steel moment 

frame that held the ATS rods (they were designed to be snug-tight nuts without 

pretension). These nuts were re-tightened to their design condition. An additional white 

noise test (WN3) was conducted after this change in the structure. The second seismic 

test was conducted in the afternoon on the same day, but the damage inspection for 

seismic test 2 was performed the next day.  

 
Following the June 30th tests, the diagonal truss members on the SMF were tightened 

sufficiently in order to remove the participation of the steel moment frame for Phase II of 

the program. The procedure for test 3 and 4 for the July 6th tests followed the same 

sequence as the June 30th tests, with the exception that there was no additional white 

noise test conducted on that day.  

 

The last seismic test (Test 5) was conducted on July 14th. In order to observe the effect of 

earthquake acceleration in the building, one of the rooms in the seventh story was 

furnished with simple furniture (see Figure 3.4). Damage inspection following this last 

test was conducted in two subsequent days following the test. 
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Figure 3.4: A furnished room on the 7th story of Capstone test building for test 5 
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3.5 Design Weight Distribution and Total Weight of 
Capstone Test Building 
 

Additional weights were installed in the Capstone test building to bring the weight of the 

test building up to the design weight.  This included approximately 25psf floor dead load 

and 16psf roof dead load. The as-built structural dead weights were calculated for each 

story and compared with the force-based design seismic weight in order to find the 

amount of supplemental weight for each story. Extra gypsum wall panels and building 

materials (studs, OSB) left in each story after completion of the building were all re-

arranged and fixed to the floor based on the amount of weight needed at each story. The 

total building weights are provided in Table F.1 in Appendix F. The total weight reading 

of the cranes from the lifting of the building onto the shake table confirmed the accuracy 

of the as-built building weight estimation. 

 

Appendix F contains all the information related to the supplemental weights for the 

Capstone test building for all test levels. All of these weights were effectively anchored 

on the floor using customized wood frames, SDS screws (a special type of self-tapping 

wood screw from Simpson Strong-Tie Company), and nails. There were six types of 

supplemental weight used in the test. Each of the weight types are listed in Appendix F 

with detailed information on their weight and shape. Figures F.1 to F.7 shows the 

location and quantity of each weight type throughout the Capstone test building. 
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Chapter 4 Shake Table Tests and 
Instrumentation 
 
 
The Capstone test building was instrumented with approximately 240 sensors (over 300 

data acquisition channels) during the shake table tests. Various types of sensors were 

selected to measure acceleration, displacement, and strain in the structure during white 

noise and seismic testing. Appendix D contains detailed information related to various 

sensor types. It also provides a list of the data acquisition channels in the test data file and 

their corresponding physical measurements (Tables D.2). The instrumentation plans of 

the locations of each specific instrument are also included in Appendix D with a photo of 

each type of mounting scheme. This Chapter provides an overall description and general 

location of each type of instrument. 

 
4.1 Types of Instrumentation for Shake Table Tests 
 

4.1.1 Acceleration Measurements 
 

There were a total of 33 tri-axial accelerometers installed in the Capstone test building to 

measure absolute accelerations during the shake table tests. Each accelerometer had three 

(3) output channels corresponding to the X, Y, and Z direction. There were five (5) 
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accelerometers for each floor and the roof level, all directly attached to the wood floor at 

each of the four corners and the center of the floor plan. There was one accelerometer 

mounted on the center of the shake table to record the shake table motion. One 

accelerometer was attached to the center location of the steel special moment frame in 

order to quantify any differences between the steel moment frame acceleration and the 

acceleration of the shake table. Another accelerometer was attached to a seismic mass 

steel plate on the roof as a safety precaution.  

 

The shake table acceleration record was obtained directly from the E-defense shake table 

control system and included in the output data file. 

 

4.1.2 Displacement Measurements 
 

Displacement measurements were obtained using Linear Variable Differential 

Transformer (LVDT) sensors and string potentiometers. There were three types of 

displacement measurements taken during the tests.  

 

The first type displacement sensor was for the purpose of measuring the diagonal 

displacements between two points at the beginning and at the end of selected shear walls, 

recording diagonally from one bottom corner to the opposite top corner of the wall. There 

were a total of 33 walls in the building instrumented with diagonal gages, 17 in the 2nd 

story, and 3 walls for the 3rd to 6th story, and 4 walls on the 7th story. The locations of 

these walls in the floor plan were illustrated in Appendix D. The 3 walls instrumented 

from the 3rd to 6th story are all parts of three shear wall stacks running from the 2nd story 

to the 6th story. This instrumentation arrangements ware intended to capture most of the 

wall deformation in the 2nd story and also monitor the behavior of 3 five-story high shear 

wall stacks in the test building. The diagonal measurements were obtained by building a 

wooden support which keeps a LVDT or string-pot sensor at the correct angle close to the 

lower corner of the target shear wall. Then for the string-pot, the end of the string was 

attached to an SDS screw attached to the upper corner of the wall. For the LVDTs were 

not spring loaded, it was necessary to attach the upper end of the moving core of the 
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LVDT to the upper corner of the wall (also using an SDS screw) with a string, and then 

attach the lower end of LVDT core to another SDS screw at the lower corner of the wall 

with a spring that provided pretension force for the set-up. In order to prevent disturbance 

of the measurement from the movement of the sheathing panels, a hole of about 1” 

diameter was cut through the OSB and drywall panels at the location of SDS screws. 

Thus the measured diagonal deformation is directly from the framing members behind 

the sheathing. Figure 4.1 shows an example of the diagonal gage set-up for the test 

building. 

 

 
Figure 4.1: Diagonal deformation measurements using string-pod or LVDT 

 

The second type of displacement sensor was used to measure the uplift of the end studs 

for selected walls in the 2nd and 7th story. There were a total of 4 walls gauged with the 

end stud uplift measurement. Two of them in story 2 and two on story 7. The locations of 

these walls in the floor plan are presented in Appendix D. The LVDT sensors were 

attached upside-down to a wooden frame fixed on the floor near the end-stud. The spring 

loaded LVDT core was pressed against an extended surface from the end stud. A smooth 

plastic surface layer served as the contact surface as shown in the photograph of Figure 

4.2. 
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Figure 4.2: End stud uplift measurements 

The third type of displacement measurement was the relative vertical deformation 

between the 2nd and the 3rd floor diaphragms. The measurement was conducted by 

building wood extension frames from both the ceiling and the floor. A spring loaded 

LVDT sensor was installed to the top of the extension frame on the floor, with its 

measuring end pressed against a smooth surface attached to the bottom of the extension 

frame on the ceiling.  This instrumentation setup is shown in the photograph of Figure 4.3. 

There were a total of 13 vertical deformation measurements at different locations in the 

floor plan. These locations and other details associated with these gages can be found in 

Appendix D. 
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Figure 4.3: Relative vertical deformation between story diaphragm measurement 

 

The shake table motion feedback including acceleration, velocity, and displacement was 

obtained directly from the E-defense shake table control system and included in the 

output data file. 

 

4.1.3 Strain Measurements 
 

All strain measurements for the Capstone test were simple one channel output quarter or 

half bridge measurements. The unit for strain measurements in all output channels was μ 

(10-6). There are two types of strain measurement. The first type was the strain 

measurement for the ATS rods at both ends of selected shear walls. Every shear wall that 

had diagonal deformation measurement also had ATS strains recorded. Locations of all 

the 78 ATS rod strain measurements are shown in the floor plan in Appendix D. The 

second type was the strain measurement for the steel moment frame moment connections. 

The strain gages were attached to the moment connection plates designed to yield during 

a strong earthquake before the yielding of the beam thus forcing the plastic hinge to form 
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at this point in the connection. There are two reduced section plates for every beam to 

column connection, one on the top flange and one on the bottom flange of the beam. Each 

plate had two strain gage attached to it, one on each side. So there were 4 strain 

measurements for one moment connection. Figure 4.4 shows one of the moment 

connections with strain measurements attached. Only 17 moment connections were 

monitored during the test, slightly more than half of the total moment connections. The 

location of these connections can also be found in Appendix D. 

 
Figure 4.4: Strain gage attached to moment connection (actual gages are covered) 

 

All the strain gages were installed as the construction progressed. The connection of the 

gages to the data acquisition system was conducted after the building was moved on to 

the table. The initial strain information was not available due to an accidental 

initialization operation for all data channels to an arbitrary zero value by data acquisition 

system at E-defense (which was repeated after the seismic test 1 before caught to the 

attention of the researchers). 
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4.1.4 Optical Tracking Measurements 
 

Because of the size of the Capstone test building, it would be quite difficult to find a 

physical fixed reference target to instrument the absolute motion of the structure with 

traditional displacement gages. An optical tracking measurement system was employed 

in the test program to capture the absolute building displacements. Seven high speed 

cameras were located in the laboratory capturing the motion of the building from 

different angles. Then the recorded motion was analyzed with proprietary software to 

produce three dimensional displacement time histories of the points of interest on the 

exterior of the building. A total of 50 LED light markers were attached to the exterior of 

the building. Seven markers were installed for each diaphragm level and one marker was 

installed at the mid-point on one of the steel moment frame columns at a corner. Only 

three sides of the building were monitored because of availability of cameras in 

combination with the test building size.  The location of these markers is shown in the 

schematic of Figure 4.5. A more detailed list and locations for each of these markers can 

be found in Appendix D. 

 

 
Figure 4.5: LED sensors for optical tracking of absolute displacements on the exterior of 

the specimen 



38 

The accuracy of the optical tracking measurement can be quite high for locations with 

good visibility and without disturbance from other light sources. The measurements for 

some of the points were relatively noisy.  

 
 
4.2 Sign Convention and Instrumentation Summary 
 
The sign convention discussed in this section applies to only the original raw output data, 

which is available from The NEES website under the NEESWood Capstone Test 

Program folder. For most of the measurements, the data was collected to conform to the 

coordinate system shown in Figure 4.6, including the accelerations, displacements 

measured with  

 
Figure 4.6: Sign convention for displacement and acceleration measurements 
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optical tracking, and diaphragm out-of-plane deformation measurements. The end-stud 

uplift measurement is negative when the stud uplifts due to the positioning of the 

LVDT’s. As for the diagonal measurements of shear wall deformation, the sign 

convention depends on the orientation of the gage. The uniform orientation of all gages is 

not possible due to some space restrictions on site. Thus a detailed sign convention for 

each shear wall diagonal measurement is listed in Chapter 7.  

 

Table 4.1 provides a summary of the type and total number of sensors that were recording 

data during all shake table tests. In total 288 sensors were used to effectively capture the 

detailed seismic response of the test building. 

 

Table 4.1 Summary of all instrumentations for Capstone test 
Measurement Location Type Number 
Absolute acceleration Each Floor 3D-acceleration 38
Diagonal shear wall drift Selected shear walls LVDT 33
Out of plane diaphragm deformation Third floor diaphragm LVDT 13
Shear wall end stud uplift Selected shear walls LVDT 8
ATS hold-down strain Selected shear walls Strain gage 78
SMF connection strain Moment connections Strain gage 68
Absolute displacement Building exterior 3D Optical tracking 50

 



 



41 

 
 
 
 
 
 
 
 
 
 
Chapter 5 Materials and Construction of 
Capstone Test Building 
 
 
 
This chapter explains the materials and construction process for the Capstone test 

building. The specimen was constructed following North American light frame 

construction practice with additional details associated with the increased capacity as a 

result of the PBSD.  Two Japanese carpenter crews were hired for the construction: One 

team from Osaka and one team from Kobe, Japan. Almost all construction materials were 

shipped from the U.S. and Canada as detailed below. 

 
5.1 Construction Materials 
 

The Capstone test building was constructed mostly with construction materials readily 

available in North America. These materials were either donated or purchased in the U.S. 

and Canada and shipped to the E-defense laboratory via 18 40-foot long shipping 

containers.  Table 5.1 shows a brief summary of the major materials used in the 

construction and their approximate quantities. Detailed quantities for each type of 

material can be obtained from the structural drawings provided in Appendix A. 
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Table 5.1 Summary of Capstone construction materials 

Component Product Description Quantity 

Floor 
system 

Glulam 5-1/8”x9” DFL glulams as shear 
collectors under wall lines 3100 ft 

Joist LP joists, 9-1/2” for floor 
systems and 14” for roof 9900 ft 

LVL For patio and roof framing 1900 ft 
OSB 23/32” thick for floor sheathing 16800 ft2 

Drywall  ½” GWB for ceiling 14400 ft2 

Wall 
system 

Dimension lumber Mostly 2x6 47000 ft 
Structural sheathing 15/32” thick for wall panels 28000 ft2 

Drywall   ½” GWB for drywall 24000 ft2 

Other 
ATS system Steel tie-down rods running 

through multiple stories 

Installed in 30 5~6 
story shear wall 

stacks 

Structural Steel Special moment frame served 
as the optional first story 140 kips 

 

The following is a detailed description for the property and usage of each construction 

materials: 

 

Dimension lumber: 

Most of the dimension lumber used for the project was 2x6 lumber with exact dimensions 

of 1.5” x 5.5”. This lumber was primarily provided by FP Innovations – Forintek 

Division through a grant from the B.C. Forestry Innovation Initiative (FII) and shipped to 

Japan by the end of 2008. The lumber was kiln-dryed but was kept wrapped outside the 

laboratory during the construction process due to space limitations in the laboratory. The 

moisture content of the lumber was not monitored during the construction process. The 

wood was Douglas Fir Larch - North (No.2 or higher) for the first three wood stories 

(story 2~4) and SPF 1650 MR (No.2 or higher) for the upper stories (story 5~7).  Finally, 

all sill plates that were 3x6 were DFL-N and were purchased in Japan.  Their moisture 

content was high upon delivery but they were allowed to dry as the project progressed 

bring them into a reasonable range. 

 

Wall and floor sheathing: 

One type of shear wall sheathing material was used throughout the project. It was 12mm 

(15/32 inch) OSB purchased at a reduced rate from Ainsworth. The span rating of the 
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sheathing panel was 16”/32”. The floor and roof sheathing was standard 18mm (23/32 

inch) T&G Oriented Strand Board (OSB) also from Ainsworth. 

 

Floor and roof Joists: 

All floor and roof joists were purchased from LP. The 9-1/2” joists were used for floor 

framing and the 14” joists were used for the roof. LVL rim-boards of the same height 

from LP were also used in places within the building such as patio cantilever framing, 

roof rim board, and some of the drag members within the floor framing plan. 

 

Gypsum drywall board 

All gypsum drywall board was purchased in Japan. The board thickness was ½” and the 

same material was used for both the walls and ceiling.  The grade of the board was GB-R: 

Gypsum-Board Regular-type (Japanese industrial standard, JIS A6901) with fire-proof 

condition designation as NM-8612. This “standard” strength drywall was approximately 

equal to U.S. drywall but slightly lighter at 64 lbs/sheet. 

 

Glulam member: 

In order to adequately handle the high shear demand and stability under extreme seismic 

loading, most of the collectors (headers) in the Capstone test building framing plan were 

glulam members (DFL-North, grade 2400F-V4, no camber). The material was purchased 

at a reduced cost from Calvert Glulam. The glulams were also stored wrapped outside the 

laboratory during the construction. 

 

Nails and drywall screws: 

All of the sheathing nails used in the project were 10d common (0.131 inch diameter, 2-

5/8 inch long) donated by Stanley Bostich. The framing was constructed using 16d 

common (0.162 inch diameter, 3-1/2 inch long) nails. In several places where 2x6’s were 

toe nailed to form stud packs for compression at the ends of shear walls three 16d sinker 

nails were used in place of two 16d common nails.  The nail guns used in construction 

were either brought from U.S. or adjusted to comply with the U.S. construction practice. 
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The drywall screws used in the project were #6 x 1.625" bugle head screws donated by 

Simpson Strong-Tie Company along with several QuickDrive guns for driving the screws. 

 

Connector Hardware: 

A self-tapping high strength screw known as an SDS screw was used throughout the 

construction for shear critical connections. The screw was a standard product for the 

Simpson Strong-Tie Company and thousands were donated for the project. Both the 4 

inch and 6 inch long SDS screws have a nominal diameter of 1/4 inch and an ultimate 

shear capacity of about 1kip/screw given that the connector was adequately engaged. One 

of the major usages of the screw was to transfer shear force from the shear wall sill plate 

to the glulams. Joist hangers, floor system drag straps, hold downs for tension transfer, 

shear clips, and other hardware was all donated by Simpson Strong-Tie Company.  In 

addition, a special type of “channel” connection for extreme shear load transfer was 

custom made for shear transfer from the wall top plate to floor system.  It was essentially 

an extruded post tie down but extruded to 60 inches in length. 

 

Anchor Tiedown System (ATS): 

Simpson Strong-Tie Company donated all of the ATS hardware for the building, together 

with the shrinkage compensation devices. The ATS was installed by the Japanese 

carpenter teams under the supervision of Simpson Strong-Tie representatives on site. 

Most of the ATS donated were standard off-the-shelf products with the exception of one 

wall with 2” diameter tie-down rods in the lower stories, which were custom made for the 

project. Properties of the ATS rods can be found in Simpson Strong-Tie product Catalog 

and related specifications. 

 

Steel Special Moment Frame (SMF) 

The entire steel special moment frame and the bracing members were donated by 

Simpson Strong-Tie. The frame was first manufactured in California by Strocal, then 

shipped to Japan for assemble in E-defense laboratory.  Strocal donated the fabrication of 

the frame.  
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Miscellaneous items 

There were miscellaneous items that were purchased in Japan such as the steel 

connection plate and 16mm bolts used for connection between SMF and wood story, tape 

and mud for the gypsum wall board, and materials used to furnish a room on top floor 

before Seismic Test 5. These materials are consistent with materials that can easily be 

found and manufactured in the U.S.  

 

In summary, the materials used for the construction of the Capstone test building were 

selected so that they are readily available by U.S. construction suppliers and comply with 

wood frame building practices in the U.S.  

 

5.2 Construction of Structural Assemblies 
 

Preparation for construction began in early 2008 with a joint meeting including the CSU 

research team, the contractor Maui Homes USA, and representatives from Simpson 

Strong-Tie Company. The construction materials were shipped from the U.S. and Canada 

to Japan in 18 containers at the end of 2008 and beginning of 2009. From the first piece 

of steel lifting frame being laid on the ground to the move of the specimen onto the shake 

table, the construction of the test specimen last exactly four months, from February 23rd 

2009 to June 22nd 2009.  

 

5.2.1 Preparation and shipment of construction materials 
 

Following the planning of the construction and determination of the testing schedule, 

construction materials purchased or donated in the U.S. and Canada were shipped to the 

shake table site in Miki, Japan (see map in Figure 5.1), in shipping containers from the 

ports of Seattle, Vancouver B.C., and Los Angeles.  
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Figure 5.1 Location of Miki City and E-defense 

The first shipment left the U.S. in October, 2008. By the start of construction in February 

2009, the majority of the materials had been delivered to the E-defense site. The majority 

of the lumber was wrapped and stored outside the shake table laboratory but the structural 

panels were stored indoors because of rain. Figure 5.2 shows the arrival of the first few 

shipments by truck from the Port of Osaka and the lumber being stacked for subsequent 

cutting. In order to avoid excessive dust and debris inside the E-defense laboratory, most 

of the precutting was carried out outside the lab based on detailed stick drawings for each 

shear wall prepared by researchers at Colorado State University.  

 
Figure 5.2: Arrival of the construction materials 
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5.2.2 Steel Moment Frame Erection 
 

Recall that the SMF served as the first story of the structure during the first two seismic 

tests as well as the lifting frame.  As such, the steel special moment frame designed by 

Simpson Strong-Tie Company was the first part of the structure to be erected. Initially the 

column pedestals that facilitate the connection of the test specimen to the shake table 

were laid out on the designated construction space. Specifically, these pedestals were 

carefully leveled in order to provide a flat foundation surface for the entire building. The 

erection of the frame was completed in 10 working days. Figure 5.3 shows several photos 

from the steel moment frame erection. 

 
Figure 5.3: Erection of steel moment frame base 

The steel moment frame was characterized by special proprietary moment connections 

that were designed to yield and provide ductility at design drift levels without introducing 

plastic hinge formation on the beam members. The concept of this special connection is 

shown in Figure 5.4. The flange of the beam section was connected to the column 

through dog-bone shaped steel plates on each side whose dimensions are determined 

based on the ductility demand desired at the connection. The shear tab connection on the 

beam web was designed to allow sufficient rotation by using slotted bolt holes at all but 

the center location thus transferring shear only. For some locations, additional bolts were 

installed on the beams in order to transfer the axial load when the frame was used to lift 

the building, but was taken out after the specimen was installed on the table.  
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Figure 5.4: Ductile moment connection configuration 

 

On the upper flange of the steel beams, staggered bolt holes were drilled for the 

installation of wood nailer as the wood-steel connection interface. The steel “cages” that 

receive the ATS tie-down steel rods had been welded to the upper flange during initial 

fabrication of the frame members.  Stiffeners were welded under the ATS locations to 

avoid local yielding at the flange due to the large anticipated uplift forces. The wood 

nailers discontinue at these cage locations. The size of the wood nailer was 6”x6” 

nominal, Another layer of 2x6 dimension lumber was placed on top of the nailer 

(connected to the nailer with 16d common nails in order to provide a uniform wood 

material surface over the top of the steel moment frame). The finished steel SMF story is 

shown in Figure 5.5.  



49 

 
Figure 5.5: Steel special moment frame with nailer installed on top 

 

5.2.3 Construction of the Woodframe Building 
 

The Capstone test building differs from traditional low-rise light frame wood buildings in 

a number of details that allow the structure to perform well at high seismic intensity 

levels.  This increased seismic demand is due to the increase in the height of the structure 

as well as the increased earthquake return period it was designed for, i.e. the Maximum 

Credible Earthquake having a 2500 year return period. These design details can be 

summarized into three categories, namely floor system details, shear wall details, and 

anchor tie-down system details. 

 

The most significant difference between the Capstone test buildings’ floor system and a 

traditional floor system was the use of glulam members as shear collectors due to the 

amount of shear force that needed to be transferred from the shear walls to the floor 

system at each story. As shown in the detailing plans in Appendix A, 5-1/8”x9” glulam 

members were used under every wall line to form the main diaphragm framing. Because 

the height of floor joist was 9-1/2”, a layer of half inch OSB strip was attached to every 
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glulam to match this height. Glulam hangers from the Simpson Strong-Tie catalog were 

used to connect them at the point of intersection. A photo of the floor system is shown in 

Figure 5.6. At particular splice locations along the glulam framing, steel straps and hold-

down hardware were used to ensure the continuity of the collector force transfer, as 

shown in Figure 5.7 and 5.8 and also in framing tie plans in Appendix A. The steel straps 

and glulam splices were designed using the design shear wall forces transferred to the 

collectors. 

 
Figure 5.6: Construction of the floor system 
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Figure 5.7: Steel strap installed at glulam splice 

 

 
Figure 5.8: Tension transfer connector for glulam collectors 
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At the location of the double midply shear wall (wall B1 and B2), two glulam members 

were placed side-by-side due to the thickness of the double midply wall. The floor joists 

were attached to the main framing by top joist hangers, as shown earlier in Figure 5.5.  

 

For the roof level, since the shear force demand for the framing collector decreases, 2x14 

LVL rim boards were used as the main framing member. The height of the roof joist was 

14” because of the increased span of the joist from the change in floor plan for the top 

story, story 7. The original architectural floor plan for the top story had a patio on the 

short side of the building. This patio was built but found to interfere with the lifting 

cables and was therefore removed prior to lifting the test building onto the shake table. 

 

Wood shear walls were all framed with 2x6 members. The framing and sheathing details 

for all wall segments in Capstone test building are detailed in Appendix B. There were a 

significant number of members in the stud packs at the lower stories.  These were 

installed at each end of the wall in order to resist the design compression force during 

dynamic loading, i.e. wall racking. The number of compression studs in the stud packs 

was calculated based on force demand. The studs were nailed together at 12” with one 

another to avoid buckling of individual member. Most stud packs were installed after the 

sill and top plates of the wall were connected adequately to the floor and ceiling collector 

members. The stud packs were only toe-nailed to the sill and top plates because they were 

designed to resist compression force only. 

 

Many shear walls in the Capstone test building were double sided shear walls with 

relatively close nail spacing. In order to avoid over damage to the framing member 

because of the amount of nailing needed from both sides, sill plates in lower stories for 

double sided walls were 3x6 members instead of 2x6. This was not a problem for top 

plates and the end studs since there were at least double 2x6 plates at these locations.  

 

Nailing for the 2/12 pattern was specified to be staggered, while other nailing schedules 

were nailed in a single line. All the wall segments with no nailing specification were 

nailed with a 6/12 pattern, single sided.  
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A special type of shear wall system, called a Double Midply wall, was incorporated into 

the Capstone test building design and construction. The concept of a single Midply wall 

is to place the sheathing panel in between two layers of framing members constructed 

with framing members oriented with their long edge against the sheathing. Then the nails 

can be driven through both framing members and through the sheathing, engaging each 

shear connector in double shear as the panel racks. The Midply wall was intended to 

provide approximately double the amount of shear capacity compared to a regular shear 

wall with the same nailing pattern. The Double Midply wall essentially places two 

standard Midply walls side-by-side. The detailed configuration of double Midply wall 

can be found in Appendix B. The installation of a double Midply shear wall in the 

Capstone test building was more challenging than traditional shear walls or a standard 

Midply wall. Special details such as staggered bolts through the end posts had to be used 

in order to prevent buckling of the end studs under a high level of compression. Figure 

5.9 shows a photo of a completed Double Midply wall in the building. 

 

 
Figure 5.9: Completed Double Midply wall in the Capstone test building 
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With maximum design ultimate wall shear exceeding 4 kips/ft for most walls in lower 

story, special shear transfer detailing was employed for the sill and top plate connections.  

Two special shear connection details were used in Capstone test building: one uses a 1/4 

inch diameter self-tapping wood screw that has about 1 kip ultimate shear capacity (SDS 

screw, Simpson Strong-Tie Company), drilled upward through the top plates into Glulam 

collector; the other is a specially designed channel that is capable of providing 5 kip/ft 

shear between shear wall top plates and glulam floor framing collectors. The concept of 

this channel connection detail is shown in Figure 5.10. The shear wall drawings in 

Appendix A provide the shear transfer detail for each of the walls in the building by 

specifying either SDS screws at certain spacing or a channel section with the length equal 

to the length of shear wall segment. 

 
Figure 5.10: Concept of channel connection for shear wall top plates 

 

In order to install the compression stud packs after fastening the sill and top plates to the 

floor system, the SDS screws were all counter-sunk about half an inch into the plates. 

Figure 5.11 illustrated the counter-sinking of the screws before the installation of the stud 

packs. 
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Figure 5.11: Shear transfer detail: Counter-sunk SDS screws on a 3x6 sill plate 

 

Shear transfer between the steel moment frame and the wood first story was achieved 

through specially designed shear transferring plates. Recall that a 6x6 nailer was 

connected to the top flange of steel beam by anchor bolts with the capacity exceeding the 

design ultimate shear demand. Thus as long as the wood first story was adequately 

connected to the nailer, a continuous shear transfer load path was established. The shear 

plate detail included 1/4 inch steel plates on each side with eight 16mm diameter bolts, 

providing more than 16 kips shear transfer capacity for each connection based on a 

nonlinear finite element analysis of the connection. These plates were installed at 

approximately 4 ft spacing along every glulam framing collector at the bottom story, with 

spacing irregular when a steel cage or other detail interfered with the placement. The 

dimensions for this connection detail are shown in Figure 5.12. A photo of a plate 

installed at the base of the building is shown in Figure 5.13. 
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Figure 5.12: Shear transfer plate for steel-wood interface 

 
Figure 5.13: Installed shear plate on Capstone test building 
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At roof level, LVL rim boards were used as the shear collectors instead of glulam 

members. Another shear detail was assigned based on the design roof diaphragm shear. 

HGA10 angle connectors from the Simspon Strong-Tie Company were installed at 2 ft 

along the LVL board, as shown in Figure 5.14. 

 

 
Figure 5.14: Shear transfer detail for the roof level. 

 
Another important feature for multi-story wood frame buildings is the use of continuous 

hold down systems, in the present case the anchor tie-down system (ATS). Unlike 

traditional hold-down devices installed at the corners of wood shear walls, the anchor tie-

down system (ATS) utilizes a continuous run of steel rods that runs through the entire 

height of shear wall stacks and is anchored at each story with an intermediate anchor 

plate for bearing.  This allows the difference in tension force between two adjacent 

stories in the wall stack to be used in the calculation of the bearing plate size.   The steel 

rod sizes were selected based on desired anchor force and stiffness and included a design 

stipulation that the rods elongate no more than ¼ inch for any single story for MCE level 
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earthquake. The rod size typically decreased going up the building, with reduced uplift 

demand. This configuration has been used in current multi-story wood frame building 

construction in California, but the elongation limit is typically not as stringent. Thus the 

ATS system used in the Capstone test building is a readily available product, with the 

exception of some oversized tie-down rods (2” diameter rods) specified for the bottom 

story. A detailed description of the location and size of the ATS rods is provided in the 

structural drawings in Appendix A. 

 

As shown in Figure 5.15 and 5.16, all ATS rods in the Capstone test building were 

anchored to the top of the steel moment frame through welded “cages”. The nuts were 

only snug-tightened to avoid pre-stressing the rods, because snug tight is the intent of the 

design. Stiffeners for steel beam flange were added at the anchor locations to avoid local 

rupture or yielding. 

 
Figure 5.15: ATS connecting to the top of steel moment frame 
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Figure 5.16: Steel anchor detail for ATS rods on SMF 
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Figure 5.17 shows the intermediate anchor plate installed at each story sill plate. One can 

also see in the photo there is a special hex nut that joins ATS rods with different 

diameters together. In between the small steel plates shown in the photo was a special 

shrinkage compensation device, which can automatically keep the rod in snug-tightened 

condition to eliminate most of the slag in the system caused by shrinkage, settling, and 

creep deformation of the wood members over time. 

 
Figure 5.17: Intermediate anchor plate for the ATS system 

 

 

 

 

 

 

 

 

 

 



61 

Figure 5.18 shows the ATS rod running across multiple stories at a wall stack near the 

stairwell. Figure 5.19 shows a typical shear wall with several ATS rods. Not all ATS rods 

ran through the entire height of the building. Some ATS runs  stopped at the top of the 

sixth story, in this case, the wall in the seventh story was not a shear wall. 

 
Figure 5.18: ATS continues over the entire height of stacked wall system 

 
Figure 5.19: Shear wall installed with ATS 
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In order to achieve a realistic representation of typical multi-story wood frame 

construction, non-structural material that contributes to the building strength and stiffness 

was also included in the test building. For all interior walls, drywall boards were attached 

with drywall screws at 16” spacing (including top and bottom, i.e. not a floating 

construction style). The gypsum wall board ceiling was also installed since the drywall 

panels contribute to diaphragm stiffness and mass. Finally drywall boards installed were 

tape-and-mudded. Figure 5.20 shows some photos during the installation of gypsum wall 

board panels. 

 

 
Figure 5.20: Installation of drywall panels for walls and ceiling 

 

Different stages of construction are shown in Figure 5.21. After the construction was 

completed, the scaffold was removed, the steel frame was braced and the building was 

lifted on to the shake table. Most of the instrumentation has been installed in the building 

before the move.  
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Figure 5.21: Construction of the Capstone test building 

There was no construction activity conducted on Capstone test building after it was 

moved and fixed to the table except fastening of some seismic weights and installation of 

the GWB. 

 

The building was moved to the table on June 22, 2009 using the steel moment frame at 

story 1 as a space truss for lifting. Cross bracing members designed for the lift (see 

Figure 5.22) were tightened for the lift. The original design for lift did not include the 

spreader bar which became available between the time the design was performed and the 

day of the lift. A six-point lift was conducted using twin 400 metric ton cranes and is 

depicted in Figure 5.23.  The crane reading after the building was lifted was 

approximately 161 metric tons for both cranes, indicating a total lifting weight of 322 

tons, which confirmed the dead weight of the structure at that stage (the roof 

supplemental mass was not added until the specimen is on the table).  
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Figure 5.22: Cross bracing member added for SMF 

. 

Figure 5.23: Lifting of the Capstone test building on to the shake table 
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After the building was installed on the shake table, the braces were loosened for the first 

phase of the test with 7-story mixed use structure. Then for Phase 2, the braces for the 

steel moment frame were tightened enabling the lifting frame to behave as an extension 

of the shake table.  In other words the SMF did not participate in the subsequent wood 

frame building tests within Phase 2. 

 
5.3 Quality Control 
 
The construction quality of the shearwalls in the building was closely monitored during 

the construction process. Since the shear walls are the major lateral force resisting 

components in the building, it was very important to make sure the nailing pattern, studs 

lay out, anchor tie-down system, and the shear transfer details at the top and sill plates 

were correctly installed. As each wall was erected, the stud layout and shear connection 

for the top and sill plates were first checked. Then the ATS rods were installed and 

checked. Finally the sheathing panels were applied and the nail pattern was inspected. 

This process was performed for every structural wall in the building. Any error in 

construction was documented and corrected.  In some cases shear walls were sheathed on 

one side while ATS hardware was shipped from the U.S., then the other side was 

sheathed after the ATS system was installed and inspected. 

 

In the early stages of construction, NEESWood project PI Dr. John W. van de Lindt 

travelled to Japan eight times and conducted the most critical part of the quality 

inspection during the construction phases including the construction and correction of the 

first Midply wall system. During the construction, graduate student researchers from 

Japanese universities oversaw and checked the details for all of the shear wall 

construction with the detailed wall configuration check sheets developed by the CSU 

design team (an example of a wall check sheet is shown in Figure 5.24). For the final two 

months of the construction, the CSU design team (including Dr. John W. van de Lindt 

and Dr. Shiling Pei) and collaborator from Simpson Strong-Tie Company (Steven E. 

Pryor, SE) stayed on site and supervised the completion of the construction and lifting of 

the specimen on to the shake table.  
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Figure 5.24: Onsite check sheet for shear wall construction 
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Chapter 6 Results of White Noise Excitation 
Tests 
 
 
This chapter presents the results from the white noise excitation tests. White noise tests in 

the Capstone program were employed to identify possible damage between different 

seismic tests. Because the repair of the specimen was not feasible between the tests, it 

was desirable that the building did not experience much damage during earlier tests. 

Comparison of the building period measured from uniaxial excitation in three orthogonal 

directions confirmed the integrity of the specimen. 

 
6.1 Data Analysis 
 

For all white noise excitation tests, the absolute acceleration data from five 

accelerometers attached at the roof level were averaged first to provide the average 

acceleration at the roof. Then power spectral density (PSD) function for the average 

acceleration time history for each direction was generated. The natural frequency of the 

building was determined as the frequency value corresponding to the maximum value of 

the power spectral density function. 
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The software program Matlab was used to produce the power spectral density function. 

The PSD estimation was conducted using Welch's method through function “pwelch”. 

The window size was 500 data points with 2/3 window overlap. The NFFT value used in 

the analysis was 20000.  

  
6.2 Natural frequencies 
 

Following the analysis procedure described in section 6.1, the power spectral density plot 

for each white noise test is shown in Figure 6.1 to 6.9 with the frequency value 

corresponding to the first peak of the PSD curve for each direction marked out. The 

corresponding natural periods were listed in Table 6.1. 

 

 

 

Table 6.1 Natural periods of the test building at different configurations 

Test ID 
Natural Period (sec) 

X Y Z 
WN1 0.42 0.41 0.13 

1 Test Level 1-Seismic (SMF) 
WN2 0.48 0.48 0.13 
WN3 0.48 0.48 0.13 

2 Test Level 2 plus-Seismic (SMF) 
WN4 0.48 0.49 0.14 

SMF Tie down 
WN5 0.41 0.42 0.13 
ST3 Test Level 1-Seismic 
WN6 0.41 0.42 0.13 
ST4 Test Level 2-Seismic 
WN7 0.41 0.42 0.13 
WN8 0.41 0.42 0.13 
ST5 Test Level 3-Seismic 
WN9 0.47 0.49 0.14 
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Figure 6.1: Roof acceleration power spectral density for WN1 

 
Figure 6.2: Roof acceleration power spectral density for WN2 
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Figure 6.3: Roof acceleration power spectral density for WN3 

 
Figure 6.4: Roof acceleration power spectral density for WN4 
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Figure 6.5: Roof acceleration power spectral density for WN5 

 

 
Figure 6.6: Roof acceleration power spectral density for WN6 
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Figure 6.7: Roof acceleration power spectral density for WN7 

 

 
Figure 6.8: Roof acceleration power spectral density for WN8 
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Figure 6.9: Roof acceleration power spectral density for WN9 
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Chapter 7 Results of the Seismic Tests 
 
 
This chapter presents a summary of the results from the seismic tests with all results 

available in the Appendices. As discussed earlier, the main objectives of the seismic tests 

was to examine the performance of the Capstone test building under several levels of 

seismic intensity as well as quantify the agreement between measured seismic 

performance and the PBSD expectations. Recall the test program consisted of two major 

phases, therefore the experimental results of both the mixed-use 7-story building (Test 1 

and 2) and wood-only 6-story building (Test 3, 4, and 5) are presented in this Chapter. In 

order to avoid confusion on the story numbering, all test results are presented using the 

numbering convention of the 7-story building, i.e. story 1 through story 7. 

 

First, the shake table fidelity is discussed based on the correlation between the desired 

and the recorded shake table motions. Different measurements that reflect the 

performance of the Capstone test building are then presented in terms of various recorded 

intensity measures, which have been incorporated in the appendices of this report.  
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7.1 Shake Table Fidelity 
 

One important aspect of shake table testing is the ability to accurately reproduce the 

simulated ground motions. It is significant to acquire a good match between the recorded 

and the desired shake table motions in the frequency range of interest, especially when 

input motions of different levels of shaking intensities are part of the testing program.  

 

The recorded acceleration time histories of the shake table during the test in the three 

orthogonal directions were used to calculate the acceleration response spectra for each 

direction and they were compared with the target acceleration response spectra of each 

specific seismic test. Appendix H contains plots of the 5% damped response spectra that 

were generated from the recorded motions along with the desired response spectra of the 

given seismic test. In general, the shake table fidelity was felt to be reasonable over 

different intensities used in the NEESWood Project Capstone testing. One general 

observation is that in most of the cases the ground motion in Y direction from the table 

exceeded the desired spectral acceleration value near the building fundamental frequency 

while the motion in X direction had slightly smaller spectral values. The table fidelity 

was better for the vertical components than for horizontal components. The desired PGA 

for each test level and the table feedback PGA values were listed in Table 7.1. Figure 7.1 

illustrated the comparison of the measured ground motion response spectra with 5% 

damping and the input ground motion response spectra. One can see some difference in 

the Y direction component. 

Table 7.1: PGA for the input ground motion and shake table feedback 
Seismic 

Test 
X Y Z 

Target Feedback Target Feedback Target Feedback 
1 0.19 0.20 0.22 0.32 0.26 0.17 
2 0.5 0.56 0.58 1.00 0.69 0.63 
3 0.19 0.19 0.22 0.31 0.26 0.22 
4 0.43 0.47 0.5 0.85 0.59 0.61 
5 0.65 0.72 0.75 1.43 0.88 0.88 

 
The measured maximum table rotation for all seismic tests in all directions did not exceed 

0.02 degree, which can be neglected in the data analysis. 
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Period (sec) 

 
Figure 7.1: Response spectra of ground motion input and table feedback for  

Seismic Test 5 
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7.2 Damage Observations 
 

Visual damage inspections were performed after each seismic test. Appendix I contains 

selected photos that represent the major types of damage observed in the building interior, 

which was identified in each test phase. The full portfolio with several thousands of 

photos is available on the NEES website.  Table 7.2 summarizes the types of damage 

observed in each seismic test.  

Table 7.2: Visual damage check description after each seismic test 

Seismic Test Damage observation 
1 Minor cracking on drywall near corner of openings; no detectable 

damage to structural members or panels. 
2 Propagation of existing cracks, some cracks extended to the edge of the 

drywall panel; damage to ceiling GWB panel near elevator walls; no 
detectable damage to structural members 

3 Very limited propagation of existing cracks; most cracks remained 
unchanged; cracking on exposed compression studs of Midply wall 
was observed but there is no sign of propagation; no detectable damage 
to structural members 

4 Limited propagation of existing cracks; most cracks remained 
unchanged; minor cracking on ceiling GWB panel at very limited 
locations; no detectable damage to structural members 

5 Propagation of existing cracks; local buckling of GWB panel near wall 
openings; new cracks observed on exposed compression studs of 
Midply wall; several nails showed sign of pulling out on Midply wall 
studs; the exterior shear wall panels were examined after the test, no 
structural damage was observed based on the inspection.  
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In general, the damage to the test specimen from all seismic tests was not felt to be 

significant. There was no visible significant damage to any structural components or 

assemblies of the building, with damage limited to the gypsum wall board (GWB).  The 

GWB damage was observed primarily around the corners of openings as shown in the 

photographs in Figure 7.2.    

 

 
Figure 7.2: Typical visual damage inspection photo 

 

Although the inter-story drift was small for most of the seismic tests, correlation was still 

observed between the damage and story drift. The cracking of gypsum wall board was 

more severe for stories with larger inter-story drift as would be expected. For example, 

the overall damage observed on the upper floors with greater average inter-story drifts 

(e.g., 5th and 6th) was more severe than the damage observed on the 2nd floor. 

 
7.3 Optical Tracking Measurements 
 

There were 50 points on the exterior of the Capstone test building that were monitored 

during the seismic tests using an optical tracking displacement measurement system. This 

optical tracking data was used to compute the global displacement response and inter-

story displacement of the Capstone test building. For each point, the raw data from the 

optical tracking system was tri-axial absolute displacement. The accuracy of the 

measurement in ideal conditions could be controlled within a few millimeters, although 

the exact accuracy is not constant for all points on the building since it is a function of 
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camera distance and often visibility. The measurement can also be affected by lighting 

conditions, thus there are several points that exhibited more noise than others. 

 
The optical tracking measurements were synchronized with the shake table displacement 

measurements. By subtracting the table motion from the optical tracking time history, the 

displacement of each point relative to the shake table was obtained and is presented in its 

entirety in Appendix E. These relative displacements are the basis for computing the 

building responses including roof displacement, inter-story drifts, torsional response, and 

overall building deformation profile. 

 

Sign convention for the optical tracking measurements is shown in Chapter 4 (Figure 4.6). 

The point on the Capstone test building that experienced the maximum amount of 

movement relative to the shake table was located at corner D on the roof level (see Figure 

7.3).  

 
Figure 7.3: Location of the corners and centroid for each story diaphragm (roof) 
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By averaging measurements from all seven optical tracking points (see Appendix E for 

tracking points locations), the average floor displacement response was obtained and is 

termed “averaged displacement”. The roof level experienced the maximum averaged 

displacement relative to shake table. The time history for the roof averaged responses is 

illustrated in Figure 7.4. Figure 7.5 shows the average lateral response of the roof 

displacement during seismic test 5 (MCE) together with the response of the two opposite 

corners at the roof. It is apparent that torsion was present in the Capstone test building’s 

lateral response since there was a significant difference in the responses at opposite 

corners. Table 7.3 lists the maximum displacement values (relative to the building 

foundation) for the centroid and four corners of each floor level for all seismic tests. 
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Table 7.3: Maximum displacements on the roof level 
Test Date 30-Jun 6-Jul 14-Jul 

Centroid 
Max Displacement 

(inch) Test 1 Test 2 Test 3 Test 4 Test 5 

Direction X Y X Y X Y X Y X Y 
SMF 0.21 0.35 0.37 0.56 0.13 0.11 0.18 0.31 0.34 0.37 

Story 2 0.46 0.71 0.93 1.52 0.28 0.50 0.61 1.12 0.92 1.52 
Story 3 0.63 1.23 1.59 2.54 0.54 0.88 1.14 2.10 1.74 2.88 
Story 4 0.86 1.59 2.20 3.69 0.72 1.38 1.61 3.06 2.50 4.46 
Story 5 1.17 2.00 3.03 4.90 0.94 1.78 2.36 4.20 3.55 5.88 
Story 6 1.41 2.31 3.66 5.97 1.26 2.23 2.93 5.23 4.51 7.70 

Story 7 (roof) 1.67 2.57 4.38 6.52 1.55 2.37 3.65 5.76 5.58 8.62 
Corner A 

SMF 0.45 0.56 0.83 0.87 0.52 0.20 0.58 0.36 0.94 0.58 
Story 2 0.75 1.01 1.18 1.95 0.54 0.65 0.69 1.33 1.28 1.84 
Story 3 0.69 1.35 1.22 3.19 0.49 1.14 0.97 2.42 1.54 3.54 
Story 4 0.87 1.88 1.74 4.58 0.55 1.78 1.12 3.86 1.99 5.38 
Story 5 0.92 2.41 2.17 5.51 0.69 2.45 1.64 4.83 3.05 6.63 
Story 6 1.32 2.69 2.31 7.02 0.67 2.83 1.72 6.24 3.30 9.15 

Story 7 (roof) 1.13 3.06 2.54 7.68 0.73 2.98 1.75 6.90 3.25 10.15
Corner B 

SMF 0.19 0.27 0.39 0.46 0.18 0.12 0.24 0.24 0.22 0.39 
Story 2 0.27 0.56 0.80 1.44 0.24 0.51 0.50 1.07 0.68 1.51 
Story 3 0.45 1.08 1.03 2.30 0.39 0.72 0.71 1.95 1.26 2.68 
Story 4 0.57 1.38 1.32 3.38 0.45 1.16 1.07 2.68 1.65 4.04 
Story 5 0.73 1.74 1.69 4.25 0.58 1.55 1.18 3.69 2.28 5.38 
Story 6 0.87 1.94 1.95 5.20 0.68 1.78 1.46 4.63 2.85 6.92 

Story 7 (roof) 0.99 2.40 2.37 5.74 0.70 2.01 1.74 5.15 3.01 7.83 
Corner C 

SMF 0.36 0.28 0.63 0.54 0.17 0.31 0.33 0.39 0.40 0.38 
Story 2 0.63 0.69 1.44 1.34 0.52 0.46 1.02 0.94 1.38 1.39 
Story 3 1.03 1.11 2.44 2.36 0.94 0.83 1.84 1.85 2.57 2.67 
Story 4 1.40 1.38 3.34 3.22 1.28 1.22 2.66 2.65 3.94 3.78 
Story 5 1.81 1.77 4.40 4.32 1.65 1.52 3.64 3.62 5.26 5.24 
Story 6 2.10 2.08 5.31 5.13 2.06 1.84 4.46 4.36 6.35 6.23 

Story 7 (roof) 2.47 2.28 6.07 5.84 2.39 2.12 5.34 5.08 7.96 7.58 
Corner D 

SMF 0.47 0.49 0.76 0.70 0.61 0.41 0.64 0.44 1.06 0.57 
Story 2 1.71 1.53 1.60 1.71 0.99 0.58 1.10 1.33 1.41 1.80 
Story 3 1.15 1.27 2.62 3.13 1.02 1.23 2.05 2.59 3.03 3.67 
Story 4 1.53 1.85 3.47 4.38 1.34 1.75 2.75 3.66 4.36 5.50 
Story 5 1.98 2.32 4.58 5.89 1.63 2.14 4.11 5.07 5.62 6.27 
Story 6 2.16 2.73 5.78 7.31 2.30 2.87 4.97 6.67 7.22 9.19 

Story 7 (roof) 2.59 2.79 6.98 7.72 2.68 2.93 5.95 6.73 8.28 9.89 
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Figure 7.4: Roof displacement relative to ground during seismic tests 
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Figure 7.5: Displacement time history of roof centroid and corners 

 
The inter-story time-history displacement responses of the Capstone test building, 

generated from the averaged floor displacements, are presented in Appendix J, for each 

seismic test conducted. These time histories were computed by subtracting the lower 

floor averaged displacement from current floor averaged displacement. Dividing the 

resulted average inter-story displacement by the story height then results in the averaged 

inter-story drift. The maximum averaged inter-story drifts for each story for each of the 

seismic tests are listed in Table 7.4, together with the story height used for the drift 

calculation. The height of the story was taken as the height of the shear walls for that 

story. It can be noted that the maximum inter-story drift did not occur at the bottom story. 

 
Table 7.4: Maximum inter-story drift for each story 

Test Date 30-Jun 6-Jul 14-Jul 
Inter-story Drift (%) Test 1 Test 2 Test 3 Test 4 Test 5 
 Story Height (ft) X Y X Y X Y X Y X Y 
SMF 9.1 0.19 0.32 0.34 0.51 0.12 0.10 0.16 0.28 0.31 0.34

Story 2 9 0.35 0.38 0.60 0.91 0.26 0.44 0.49 0.77 0.84 1.12
Story 3 8 0.41 0.58 0.77 1.14 0.35 0.42 0.63 1.05 0.97 1.46
Story 4 8 0.35 0.41 0.75 1.20 0.29 0.54 0.64 1.02 0.89 1.64
Story 5 8 0.36 0.45 0.92 1.31 0.30 0.44 0.77 1.22 1.10 1.48
Story 6 8 0.33 0.35 0.83 1.15 0.36 0.46 0.64 1.14 1.00 1.88
Story 7 8 0.38 0.29 0.96 0.65 0.40 0.21 0.88 0.58 1.35 1.11
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The inter-story drift for each individual wall line can be estimated using the optical 

tracking point data directly located at that wall line. The torsional response means that the 

inter-story drift at a wall line can be quite different than the averaged floor inter-story 

drift. Table 7.5 lists the maximum inter-story drifts calculated using the Corner D 

displacements, which was the maximum observed inter-story drift (with the X direction 

corresponding to wall line 11, and the Y direction corresponding to wall line E). The 

story heights used for the drift calculation were the same as that used in average inter-

story drift. The difference between the inter-story drifts for the entire story and individual 

wall line confirmed the presence of torsion. 

 
Table 7.5: Maximum inter-story drift derived from Corner D displacements 

Test Date 30-Jun 6-Jul 14-Jul 
 Test 1 Test 2 Test 3 Test 4 Test 5 
 X Y X Y X Y X Y X Y 

SMF 0.19 0.32 0.34 0.51 0.12 0.10 0.16 0.28 1.09 0.59
Story 2 1.70 1.37 1.48 1.11 0.91 0.64 1.09 1.02 1.40 1.50
Story 3 1.88 2.04 1.87 1.50 1.25 0.82 1.20 1.41 1.90 2.10
Story 4 0.66 0.78 1.28 1.43 0.69 0.75 1.21 1.18 1.57 2.00
Story 5 0.73 0.75 1.40 1.64 0.60 0.62 1.69 1.69 1.62 2.35
Story 6 0.54 0.63 1.28 1.63 0.74 0.80 1.29 1.90 1.82 3.08
Story 7 0.70 0.53 1.40 0.63 0.69 0.63 1.18 0.71 1.63 0.83

 
Average story torsion was calculated based on the optical tracking measurements at four 

corners of the story diaphragm. The formula used to calculate torsion angle is shown in 

Figure 7.6. Maximum torsion amount (R, in rad) at each story for different seismic tests 

are listed in Table 7.6. 

 
Figure 7.6: Torsional response calculation 
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Table 7.6: Maximum torsional response (R) for each story (x10-3 rad) 

Date 30-Jun 6-Jul 14-Jul 
Test Test 1 Test 2 Test 3 Test 4 Test 5 
SMF 0.75 0.98 0.80 0.69 1.01 

Story 2 1.25 1.70 0.87 1.46 1.65 
Story 3 1.24 2.80 1.31 2.46 3.05 
Story 4 1.67 4.04 1.84 3.64 4.67 
Story 5 2.15 4.99 2.25 4.87 6.12 
Story 6 2.31 5.84 2.78 5.63 7.77 
Roof 2.35 6.13 2.82 6.15 8.11 

 
Using the optical tracking displacement data from the exterior of the building, it was 

possible to plot the deformed shape of the building at any point in time for the seismic 

test. Figure 7.7 illustrates the deformed shape of Capstone test building during seismic 

test 5, the MCE level test. Note that it is significantly amplified to be able to see the 

shape.  It can also be seen that lateral and torsional deformation was distributed 

approximately uniformly along the height of the structure, indicating a first-mode 

dominant response and lack of a soft story. Note that there was recording noise in some 

of the optical tracking points, resulting in a distorted shape of the building grid at certain 

locations. 

 

 
Figure 7.7: Building deformation profile during MCE level test 

 
7.4 Absolute Acceleration Measurements 
 

The absolute acceleration time-histories, recorded at 5 points (see Appendix K) on each 

floor of the Capstone test building are presented in Appendix K, for each seismic test 

conducted. Based on these measurements, the average floor acceleration was calculated 
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using weighted average among five accelerometers on the floor, with the accelerometer at 

the center carrying twice the weight of the accelerometers at the corners. The maximum 

value for the averaged floor acceleration is summarized in Table 7.7, together with the 

recorded ground acceleration produced by the shake table. 

 
Table 7.7: Averaged peak acceleration measured at each floor and the ground (g) 

Date Test Direction Ground SMF Story 
2 

Story 
3 

Story 
4 

Story 
5 

Story 
6 Roof 

30-Jun 

Test1 
X 0.20 0.20 0.20 0.21 0.26 0.32 0.41 0.53 
Y 0.32 0.27 0.26 0.31 0.38 0.49 0.62 0.66 
Z 0.17 0.19 0.24 0.25 0.26 0.29 0.29 0.34 

Test2 
X 0.56 0.64 0.59 0.56 0.57 0.65 0.89 1.24 
Y 1.00 0.91 0.86 0.89 0.87 0.93 1.28 1.43 
Z 0.63 0.69 0.78 0.84 0.88 1.02 1.03 1.12 

6-Jul 

Test3 
X 0.19 0.19 0.18 0.20 0.21 0.26 0.35 0.45 
Y 0.31 0.27 0.23 0.22 0.28 0.34 0.51 0.60 
Z 0.22 0.22 0.25 0.27 0.27 0.29 0.31 0.37 

Test4 
X 0.47 0.52 0.46 0.52 0.52 0.59 0.91 1.24 
Y 0.85 0.79 0.71 0.77 0.77 0.87 1.27 1.61 
Z 0.61 0.64 0.75 0.80 0.86 0.96 1.03 1.18 

14-Jul Test5 
X 0.72 0.77 0.69 0.84 0.87 0.81 1.26 1.52 
Y 1.43 1.27 1.18 1.35 1.33 1.40 1.55 2.06 
Z 0.88 1.02 1.07 1.17 1.33 1.52 1.44 1.76 

 
As one might expect, it can be seen that the floor acceleration increases as story gets 

higher. The maximum acceleration reached just over 1.5 g for top floor. Excessive 

acceleration on higher floors of a multi-story building sometimes will results in contents 

damage and injury to occupants. The level of acceleration measured in the Capstone test 

building indicated that special fixture details might be needed in preventing damage to 

contents at higher story levels in multi-story wood frame buildings. Note that the values 

in the table were the average acceleration for the entire floor. The acceleration at certain 

locations on the floor (presented in Appendix L) can be higher due to torsion. 

 
7.5 Wall Deformation Measurements 
 

Appendix M presents the displacement time-histories derived from the diagonal string 

potentiometers that were installed across selected wood shear walls in the Capstone test 

building, for all seismic tests conducted. The recorded data were modified to transform 

the diagonal deformations of each instrumented wall, measured by the diagonally 
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oriented string potentiometers, to the equivalent horizontal inter-story displacement. 

Table 7.8 contains the angle of inclination, φ , for each diagonal potentiometer with 

respect to the horizontal direction, as well as the final scale factor (SF) that was applied 

to the test data to yield the correct horizontal displacement. The wall numbering for shear 

walls with diagonal measurements is presented in Figure 7.8. Equation (7.1) shows how φ 

and the SF were computed based on the horizontal and vertical distances L and H, 

respectively, between the two ends of each string potentiometer. The potentiometers that 

measured the wall deformations were attached to the center of the top and bottom plates 

of the walls. 

 
))/(cos(tan/1)cos(/1 1 LHSF −== φ                                         (7.1) 

 

 
Figure 7.8: Typical configuration of a string potentiometer and numbering of shear walls 

with diagonal string gage measurements 
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Table 7.8: Angle of inclination and scale factor for each diagonal string potentiometer 
Story Wall H (inch) L (inch) φ (degree) Sign 

convention* SF 

2 

1 108.75 75.50 55.2 + 1.75 
2 108.75 91.30 50.0 - 1.56 
3 108.75 75.50 55.2 + 1.75 
4 108.75 157.50 34.6 + 1.22 
5 108.75 250.00 23.5 - 1.09 
6 108.75 191.00 29.7 - 1.15 
7 108.75 64.50 59.3 + 1.96 
8 108.75 67.50 58.2 + 1.90 
9 108.75 231.00 25.2 - 1.11 
10 108.75 64.00 59.5 - 1.97 
11 108.75 95.00 48.9 - 1.52 
12 108.75 78.60 54.1 + 1.71 
13 108.75 132.00 39.5 - 1.30 
14 108.75 68.50 57.8 - 1.88 
15 108.75 66.50 58.6 + 1.92 
16 108.75 121.50 41.8 + 1.34 
17 108.75 55.00 63.2 - 2.22 

3 
4 96.75 157.50 31.6 - 1.17 
9 96.75 231.00 22.7 - 1.08 
17 96.75 55.00 60.4 - 2.02 

4 
4 96.75 157.50 31.6 - 1.17 
9 96.75 231.00 22.7 + 1.08 
17 96.75 55.00 60.4 + 2.02 

5 
4 96.75 157.50 31.6 - 1.17 
9 96.75 231.00 22.7 + 1.08 
17 96.75 55.00 60.4 + 2.02 

6 
4 96.75 157.50 31.6 - 1.17 
9 96.75 231.00 22.7 + 1.08 
17 96.75 55.00 60.4 + 2.02 

7 

5 96.75 250.00 21.2 + 1.07 
6 96.75 191.00 26.9 + 1.12 
12 96.75 78.60 50.9 - 1.59 
18 96.75 191.00 26.9 + 1.12 

* Note: Sign convention indicates the direction of positive reading on diagonal measurements with 
respect to global coordinate system showing in Figure 4.6. 
 
Table 7.9 lists the maximum wall deformation measured during all seismic tests. One can 

see from the maximum values that the shear wall deformation was not significant even 

for the MCE level test, i.e. seismic test 5. This result is consistent with visual damage 

inspection results indicating that only limited damage to non-structural components 

occurred. 
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Table 7.9: Maximum wall shear deformation for all seismic tests 

Story Wall Shear deformation (inch) 
Test 1 Test 2 Test 3 Test 4 Test 5 

2 

1 0.08 0.25 0.10 0.27 0.43 
2 0.19 0.58 0.20 0.51 0.78 
3 0.17 0.52 0.19 0.50 0.75 
4 0.15 0.36 0.12 0.28 0.49 
5 0.24 0.65 0.27 0.62 0.80 
6 0.16 0.55 0.20 0.49 0.72 
7 0.29 0.63 0.28 0.68 0.90 
8 0.52 0.92 0.40 0.88 1.17 
9 0.10 0.32 0.11 0.29 0.52 
10 0.06 0.29 0.05 0.26 0.48 
11 0.11 0.36 0.09 0.34 0.53 
12 0.13 0.35 0.12 0.29 0.47 
13 0.12 0.32 0.14 0.36 0.58 
14 0.21 0.43 0.16 0.40 0.63 
15 0.18 0.45 0.22 0.51 0.79 
16 0.17 0.51 0.22 0.49 0.79 
17 0.17 0.56 0.21 0.55 0.87 

3 
4 0.13 0.46 0.16 0.38 0.66 
9 0.08 0.24 0.08 0.22 0.39 
17 0.16 0.65 0.22 0.58 0.82 

4 
4 0.09 0.33 0.14 0.31 0.54 
9 0.07 0.33 0.10 0.29 0.50 
17 0.14 0.53 0.21 0.54 0.90 

5 
4 0.06 0.31 0.12 0.33 0.65 
9 0.05 0.26 0.07 0.24 0.42 
17 0.12 0.46 0.19 0.50 0.90 

6 
4 0.15 0.21 0.07 0.27 0.60 
9 0.03 0.19 0.05 0.18 0.31 
17 0.05 0.27 0.11 0.32 0.62 

7 

5 0.06 0.28 0.10 0.30 0.51 
6 0.02 0.08 0.02 0.09 0.19 
12 0.04 0.35 0.09 0.35 0.73 
18 0.03 0.07 0.02 0.10 0.22 

 
The shear wall displacement measured by the diagonal potentiometers is associated 

primarily with the shear (racking) deformation of the wall, composed of shear in the 

sheathing panels, slipping of the nails, and (usually moderate) bending deformations of 

the framing, which can be observed in walls with relatively high aspect (height over 

length) ratios. Components of the total inter-story displacements that are not measured by 

the diagonal potentiometers are any slippage of the bottom sill plate and the top plate 



91 

(which were not believed to have occurred in the Capstone test building due to the shear 

connection type) and the rotation of the shear wall as a whole due to shear wall stack 

bending. The comparison of shear wall deformation with the averaged inter-story 

deformation obtained from optical tracking measurements indicated that the wall 

deformation measured using diagonal potentiometers is always smaller than the total 

inter-story deformation, as it should be. Table 7.10 lists the maximum inter-story drift for 

the three shear wall stacks obtained from diagonal measurement compared with the inter-

story drifts for these wall lines estimated using optical tracking measurements. From the 

deformation of the shear wall stacks, one can also see that the shear deformation of these 

walls was distributed quite uniformly along the height of the building. 

 
Table 7.10: Maximum shear and total deformation for shear wall stacks (inch) 

Story Test 1 Test 2 Test 3 Test 4 Test 5 
Diagonal Total Diagonal Total Diagonal Total Diagonal Total Diagonal Total 

  Wall stack 4 
2 0.15 0.48 0.36 0.92 0.12 0.44 0.28 0.81 0.49 1.30
3 0.13 0.47 0.46 1.04 0.16 0.46 0.38 0.98 0.66 1.30
4 0.09 0.44 0.33 1.04 0.14 0.52 0.31 0.97 0.54 1.39
5 0.06 0.43 0.31 1.38 0.12 0.41 0.33 1.02 0.65 1.59
6 0.15 0.45 0.21 0.97 0.07 0.53 0.27 1.09 0.60 1.54
  Wall stack 9 
2 0.10 1.03 0.32 0.92 0.11 0.50 0.29 0.70 0.52 1.22
3 0.08 1.01 0.24 1.01 0.08 0.62 0.22 0.66 0.39 1.16
4 0.07 0.59 0.33 0.86 0.10 0.47 0.29 0.63 0.50 1.02
5 0.05 0.48 0.26 1.28 0.07 0.48 0.24 0.97 0.42 1.49
6 0.03 0.50 0.19 1.21 0.05 0.67 0.18 1.03 0.31 1.49
  Wall stack 17 
2 0.17 1.03 0.56 1.08 0.21 0.81 0.55 1.08 0.87 1.39
3 0.16 0.99 0.65 1.01 0.22 0.62 0.58 0.98 0.82 1.47
4 0.14 0.51 0.53 1.14 0.21 0.57 0.54 1.10 0.90 1.53
5 0.12 0.57 0.46 1.29 0.19 0.52 0.50 1.40 0.90 1.64
6 0.05 0.60 0.27 1.14 0.11 0.61 0.32 1.07 0.62 1.38

 
The comparison of total inter-story drift and inter-story shear drift clearly indicates that 

only a portion of the inter-story drift between two adjacent floors is due to wall racking 

deformations. Therefore, results of racking (shear) tests of wall specimens must be 

interpreted carefully, since the behavior of the wall specimen, dictated by the tests, is 

different than the real behavior when the wall is incorporated into a large (system-level) 

structure. 
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7.6 Wall End Stud Uplift 
 

Appendix N presents the peak uplift displacements recorded at the end studs of four shear 

walls in the second and seventh floor, for all seismic tests conducted. Since the LVDT 

sensors used to measure stud uplift were attached to the floor near the wall corners, the 

total uplift displacement consisted of two components. The first component was the uplift 

of the end stud with respect to the sill plate. The second component was the vertical 

movement of the shear wall corner relative to the nearby floor. These two components 

were not distinguishable from one the other because only 1 LVDT was used for each 

corner. As the LVDT was oriented upside-down, negative readings in the raw data file 

should be interpreted as uplift. 

 

The uplift deformations during the tests were very small even for the MCE level 

earthquake, e.g. on the order of 0.3 inches. It was not unusual for a wall to develop an 

unbalanced uplift, which means one side of the wall uplifts much more than the other side. 

This can be attributed mainly to ground motion and unsymmetrical lateral shear wall 

deformation. Also, the measurement showed that for most of the studs, the end stud 

actually can “push” into the floor system during dynamic loading, resulting in a positive 

reading from the LVDT. But the amount of movement in that direction was generally less 

than the uplift movement during uplift. The maximum uplift of the studs relative to their 

initial location (in order to remove the effect of residual deformation from previous tests) 

is listed in Table 7.11.  

 
Table 7.11: Maximum uplift for selected walls at different intensity levels (inches) 

Story 2 7 
Wall 10A B1 10A D2 
End a b a b a b a b 

Test 1 0.04 0.03 0.02 0.08 0.01 0.01 0.02 0.03 
Test 2 0.07 0.09 0.06 0.17 0.08 0.12 0.05 0.10 
Test 3 0.03 0.04 0.01 0.07 0.02 0.04 0.02 0.03 
Test 4 0.06 0.09 0.06 0.15 0.09 0.14 0.04 0.08 
Test 5 0.10 0.13 0.06 0.17 0.16 0.27 0.07 0.14 
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Good correlation between end studs uplift and tension forces in the steel rod anchoring 

tie-down system was observed. For example, Figure 7.9 shows the time history of stud 

uplift at one end of the second floor Midply wall and the tension force in the ATS rod 

near the same location during seismic test 5. Note that the tension force and uplift 

displacement were both normalized by their maximum value respectively so they could 

appear on one plot. The peaks of the two time history series can be seen to be closely in 

phase with one other. 

 
Figure 7.9:  Midply wall (B1) stud uplift and rod tension time history comparison 

 
. 
7.7 Global Hysteresis Loops 
 

Appendix P presents the global hysteresis loops, in terms of base shear force and building 

roof central relative displacement, recorded along the two principal orthogonal directions, 

for all seismic tests conducted. Note that the base shear force for seismic test 1 and 2 was 

the shear force resisted by the steel moment frame. For test 3, 4, and 5, the shear force of 

the first wood story (story 2) was used since the SMF was locked down during those tests. 

Similarly, Appendix Q contains the inter-story hysteresis loops, in terms of story shear 
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force and story central relative displacement, recorded along the two principal directions, 

for all seismic tests conducted. The forces at each floor level were computed by 

multiplying the average story absolute acceleration measurements by the tributary mass 

of the story. As a result, the calculated forces include both the resisting force generated 

by the structural components and the damping force that is inherent in the system. The 

displacements were calculated based on optical tracking measurements as described in 

Section 7.3. Average displacements were used for all hysteresis loops. The maximum and 

minimum force and displacement values are indicated on each figure of Appendices P 

and Q by a black circle. Note that the maximum (or minimum) displacement and force 

may not occur at the same time, thus the point indicated by the circle may not appear to 

be part of the hysteresis loop data. Figure 7.10 Shows the global hysteresis loop in both 

directions for Seismic Test 5. 

 

 
Figure 7.10: Global hysteresis loop from Seismic Test 5 

 

The global hysteresis presented in Appendix P were all similar in shape because the same 

ground motion record was used for all the tests with different scaling factors.  The 

maximum base shear during the MCE event exceeded 60% of building total weight. More 

hysteretic energy dissipation was observed (represented by the area surrounded by the 

hysteretic loops) as the seismic intensity increases for both building configurations.  

 

The shape of the hysteresis for the SMF story changed drastically after seismic test 2 

because of the addition of the bracing members, essentially makes it a layer with very 
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high lateral stiffness. The behavior of the SMF story in test 1 and 2 was close to a linear 

response, which was expected for the SMF considering the level of seismic intensity 

during those tests. Inspection of the hysteresis loops for the wood stories shows that 

similar behavior occurred for most stories. The amount of inter-story displacement was 

close for each story, while the hysteretic energy dissipation and maximum shear forces 

decreased as story gets higher, i.e. going up the building. The seventh story almost 

behaved linearly with very little energy dissipation compared to the other stories. Table 

7.12 lists the maximum values for story shear and displacement for each story during all 

seismic tests.  

 
Table 7.12: Maximum story shear force and displacement during all test levels 

Story Test 1 Test 2 Test 3 Test 4 Test 5 
Force (kip) Fx Fy Fx Fy Fx Fy Fx Fy Fx Fy 

SMF 154 229 287 370 112 159 244 317 355 398 
Story 2 141 223 282 366 107 161 232 325 311 410 
Story 3 134 212 266 362 102 154 227 323 316 405 
Story 4 123 192 251 329 94 143 224 307 308 387 
Story 5 105 159 222 294 84 125 212 274 281 359 
Story 6 76 109 173 220 65 93 157 221 206 292 
Story 7 35 43 80 93 29 39 80 104 99 134 

Displacement (inch) Dx Dy Dx Dy Dx Dy Dx Dy Dx Dy 
SMF 0.21 0.35 0.37 0.56 0.13 0.11 0.18 0.31 0.34 0.37

Story 2 0.38 0.41 0.65 0.99 0.29 0.48 0.53 0.83 0.92 1.22
Story 3 0.39 0.56 0.75 1.10 0.34 0.41 0.61 1.01 0.94 1.41
Story 4 0.34 0.39 0.72 1.16 0.28 0.53 0.62 0.99 0.86 1.58
Story 5 0.35 0.43 0.89 1.27 0.29 0.43 0.75 1.18 1.07 1.43
Story 6 0.32 0.34 0.80 1.12 0.35 0.44 0.62 1.10 0.97 1.82
Story 7 0.37 0.28 0.93 0.63 0.39 0.20 0.85 0.56 1.30 1.08

 
7.8 Anchor Tie-down Force Measurements 
 
During seismic tests, strain measurement time histories for the anchor tie-down rods were 

recorded at selected locations throughout the Capstone test building, mostly in shear 

walls in the 2nd story. Appendix M presents the time histories of the rod forces derived 

from these strain measurements for all instrumented rods for all seismic tests conducted. 

The maximum rod forces at the 2nd story for each seismic test are also presented in 

Appendix M. The rod forces were calculated based on rod cross sectional area and 

modulus of elasticity of steel (29,000ksi). The actual rod diameter used in calculating 

section area is listed in Table 7.13. 
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Table 7.13: Actual rod diameter for rod force calculation 

Story Wall 
Rod size 

Diameter 
(inch) 

Area 
(inch2) 

2 

1 1.15 1.04 
2 1.75 2.41 
3 1.15 1.04 
4 1.75 2.41 
5 1.75 2.41 
6 1.75 2.41 
7 1.75 2.41 
8 1.75 2.41 
9 1.75 2.41 
10 1.75 2.41 
11 1.75 2.41 
12 1.75 2.41 
13 1.75 2.41 
14 1.75 2.41 
15 1.75 2.41 
16 1.75 2.41 
17 1.75 2.41 

3 
4 1.02 0.82 
9 1.75 2.41 
17 1.75 2.41 

4 
4 0.80 0.50 
9 1.02 0.82 
17 1.02 0.82 

5 
4 0.80 0.50 
9 1.02 0.82 
17 0.80 0.50 

6 
4 0.56 0.25 
9 0.56 0.25 
17 0.80 0.50 

7 

5 0.56 0.25 
6 0.56 0.25 
12 0.56 0.25 
18 0.56 0.25 

 

The maximum hold-down forces are presented in Table 7.14 for all seismic tests. The 

maximum uplift measured was more than 170 kips, thus the need for specification of a 

high strength continuous tie-down system is apparent for this type of building to survive a 

major earthquake such as the ground motion used in seismic test 5.  
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Table 7.14: Maximum hold-down forces for all seismic tests (kips) 

Story Wall 
No. 

Test 1 Test 2 Test 3 Test 4 Test 5 
a b a b a b a b a b 

2 

1 15.7 0.4 34.0 5.0 18.4 4.2 32.6 6.0 47.2 15.7 
2 12.5 11.0 28.7 20.4 7.9 8.6 23.8 21.4 39.2 33.9 
3 8.1 15.7 34.5 22.7 20.0 14.7 37.7 24.7 49.9 34.0 
4 19.0 41.6 23.7 121.9 7.6 52.0 18.1 111.7 29.2 172.6
5 28.5 19.7 48.9 43.6 16.5 16.5 41.7 33.6 56.7 49.4 
6 34.1 18.1 70.1 37.0 33.3 14.5 66.8 31.9 82.1 44.7 
7 9.1 2.3 20.2 25.3 1.0 8.4 4.2 26.6 18.3 40.8 
8 5.0 55.2 3.4 100.7 3.5 51.0 16.8 96.7 16.5 129.2
9 1.8 17.3 20.9 45.0 8.2 16.5 20.7 43.0 31.0 61.2 
10 8.2 3.9 30.7 12.0 6.3 4.1 28.7 13.3 50.4 23.9 
11 4.5 12.6 20.9 41.1 4.8 19.4 21.2 47.4 29.7 63.1 
12 7.1 6.8 15.3 25.0 9.0 12.5 20.2 27.1 26.3 42.3 
13 4.9 3.9 19.0 26.8 7.1 8.3 20.0 26.2 28.9 41.1 
14 6.5 19.1 8.8 44.9 3.6 14.6 8.7 33.9 11.8 48.0 
15 27.7 14.8 54.3 27.1 21.0 7.9 49.3 24.6 64.6 33.5 
16 17.9 3.4 39.2 14.8 17.3 4.7 44.0 12.5 51.7 21.4 
17 1.7 3.3 19.4 7.1 -0.5 16.6 2.5 40.8 4.6 56.8 

3 
4 15.2 33.8 80.9 110.2 35.6 49.9 69.3 109.6 85.9 135.4
9 11.2 15.2 34.2 39.0 14.8 15.4 37.2 37.4 50.8 52.9 
17 1.1 3.5 18.6 7.0 -0.4 16.7 3.5 41.0 6.4 56.9 

4 
4 8.9 13.5 44.5 55.5 19.8 26.6 40.0 56.4 53.6 80.9 
9 5.8 6.8 19.6 21.9 9.0 9.0 20.3 21.5 29.0 33.0 
17 0.0 0.3 8.8 5.1 -0.3 5.2 3.0 16.5 5.1 23.5 

5 
4 4.7 6.2 19.2 26.7 8.2 12.8 16.5 28.9 23.8 44.6 
9 1.3 0.6 5.9 4.5 2.7 1.0 6.5 4.8 11.0 8.3 
17 -0.1 0.0 3.1 2.0 -0.1 0.5 1.8 4.6 2.9 7.2 

6 
4 2.7 3.3 11.3 7.8 4.9 4.5 9.0 9.1 12.8 15.7 
9 0.6 0.3 2.9 2.1 1.3 0.5 3.1 2.2 5.1 3.9 
17 0.0 0.0 0.9 1.4 0.0 0.2 0.6 2.8 1.0 4.8 

7 

5 2.0 0.9 3.1 2.7 1.8 1.5 3.5 2.8 5.0 4.7 
6 0.8 3.4 0.9 4.3 0.7 1.9 0.9 3.1 1.6 4.2 
12 1.5 1.6 5.4 2.1 1.8 0.7 5.3 2.7 8.0 5.5 
18 0.7 0.1 2.2 0.2 1.2 0.0 2.0 0.0 2.8 0.5 

 

Note that the maximum hold-down forces shown in Appendix M and listed in Table 7.14 

do not necessarily occur at the same time. In order to identify the pattern of the spatial 

distribution of tie-down forces at a specific time during the test, a “snap-shot” of the force 

distribution at several points in time during seismic test 5 are shown in Figure 7.11.  

From a series of time capture plots, one can see that it is not uncommon for the rods at 

two ends of a wall to act in unison rather than alternating in tension, especially for the 



98 

walls on the exterior of the test specimen. The alternation in rod tension was observed to 

shift from the shear wall level to the system level, i.e. where the majority of rods on one 

side of the building go into tension while the rods on the other side are not in tension 

(stud packs go into compression).  It is believed that this occurred partially as a result of 

boundary conditions enforced at the shear wall stud packs, i.e. framing into a wall 

perpendicular to the shear wall.  Recall that the tie-down rods are not designed to go into 

compression and the wood stud packs at the ends of the shear walls take compression 

load while the rod is simply allowed to slip.  The rocking alternation at wall level does 

occur in some of the interior walls.  

 
Figure 7.11: Time capture of rod forces during seismic test 5 

 
7.9 Floor Diaphragm Out-of-plane Deformation 
 

Relative vertical displacement between the 2nd story floor and ceiling was measured using 

LVDTs for 13 locations. The resulting deformation is presented in Appendix O. There is 

no apparent trend for the relative relationship of these deformations at different locations. 

The measured deformation for all locations was quite small. During seismic test 1 and 2, 

there was significant (relative) drifting of the origin for the measurements, indicating the 

building actually “settled” into a more stable stage after the initial shake, which was 

somewhat expected for new construction.  
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7.10 SMF moment connection strain measurement 
 

Appendix S presents the strain measurements for 17 moment connections for the steel 

moment frame for all seismic tests conducted. The cross sectional area of the yielding 

plate and the basic geometry for each moment connection is shown in Figure 7.12 with 

specific dimensions listed in Table 15.  Further analysis of the moment frame data was 

not conducted in this study. 

Table 7.15: Dimensions for moment frame connections 
Moment connection H (inch) Bp (inch) t (inch) Ap (inch2) 

1 16.95 4.80 0.63 3.00 
2 17.59 4.80 0.63 3.00 
3 17.59 4.80 0.63 3.00 
4 17.59 4.80 0.63 3.00 
5 17.59 4.80 0.63 3.00 
6 17.59 4.80 0.63 3.00 
7 17.05 3.60 0.63 2.25 
8 17.05 3.60 0.63 2.25 
9 17.59 6.00 0.63 3.75 
10 17.59 6.00 0.63 3.75 
11 16.95 5.00 0.63 3.13 
12 16.95 5.00 0.63 3.13 
13 16.95 5.00 0.63 3.13 
14 17.59 4.80 0.63 3.00 
15 16.95 4.80 0.63 3.00 
16 16.83 5.00 0.50 2.50 
17 17.47 5.00 0.50 2.50 



100 

 
Figure 7.12: Geometry of the moment connection 
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Chapter 8 Summary and Conclusions 
 
 
 
A series of five shake table tests on (1) a full-scale seven-story light-frame wood and 

steel hybrid building and (2) a full-scale six-story light-frame wood building were 

completed in July 2009 in Miki, Japan. The building was designed using a new PBSD 

philosophy developed within the NSF-funded NEESWood project. The building was 

constructed in Japan during a four-month period with construction materials shipped 

from the U.S. and Canada.  Two phases of seismic testing were conducted. The first 

phase was the testing of 7-story hybrid structure with a steel moment frame at story 1. 

Two seismic tests were conducted during the first phase, with the maximum ground 

motion intensity corresponding approximately to a 665 year return period. During the 

second phase, the steel moment frame story was “locked down” with cross bracing 

members and the 6-story wood-only structure was subjected to three seismic tests, with 

maximum ground motion intensity corresponding approximately to the 2,475 year return 
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period. The building performed very well with maximum averaged inter-story drifts on 

the order of 2% and suffered only minor damage, i.e. non-structural. Peak inter-story 

drifts for shear walls at one corner of the building slightly exceeded 3% due to the 

torsional response during the test.  Based on the results of this test, the following 

conclusions can be drawn:  

1.) It is feasible to design multi-story light-frame wood structure to survive major 

earthquakes and achieve expected performance levels using PBSD procedure 

developed in the NEESWood project. 

2.) Design of a light-frame wood building using PBSD enabled better performance at 

all seismic intensities including the 2,475 year earthquake than has been observed 

in historical earthquakes and shake table tests for force-based designed buildings.  

However, this conclusion should note that these force-based design buildings 

were not specifically designed for MCE level events. 

3.) Amplified accelerations were observed at the higher story levels but were felt to 

be reasonable given the height of the structure. Although there would be some 

contents damage, it is likely much of this could be prevented with proper 

precautions in a high seismic region. 

4.) Although the floor plan of the Capstone test building was approximately 

symmetric and the seismic mass was evenly distributed, torsional response was 

still present during seismic tests. Inclusion of torsion is needed within PBSD, e.g. 

Direct Displacement Design, for mid-rise light-frame wood buildings. 

5.) The tie-down system employed in the design of the specimen serves the critical 

role of transferring uplift forces down to the foundation and thereby preventing 



103 

overturning. Although installed for each shear wall, correlation among the tie-

down rods near the same floor plan region was observed during the tests, which 

means the rod acted as a system to provide overturning restraint to the entire floor 

plan as well as resisting racking motion for individual shear wall stack, depending 

on the boundary conditions.   
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Architectural and Structural Drawings of 
Capstone Test Building 
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Appendix B 
 

Structural drawings of wall assemblies 
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Appendix B 
 

Notes for wall assembly drawing 
 

The wall assembly drawings include both the framing drawing and sheathing 
panel layout. The shaded panel is the wall segment that needs to be nailed 
using the nailing patter specified in the title of each drawing: 
 

• 2/12: 2” edge nail spacing, 12” field nail spacing 
• 2/12-D: 2” edge nail spacing, 12” field nail spacing, double sided 
• 3/12: 3” edge nail spacing, 12” field nail spacing  
• 3/12-D: 3” edge nail spacing, 12” field nail spacing, double sided  
• 4/12: 4” edge nail spacing, 12” field nail spacing  
• 4/12-D: 4” edge nail spacing, 12” field nail spacing, double sided 
• 6/12: 6” edge nail spacing, 12” field nail spacing  
• 6/12-D: 6” edge nail spacing, 12” field nail spacing, double sided  

 
The rest of sheathing panels were attached using 6/12 nailing pattern. 
 
All of the framing was constructed with 2x6 dimension lumber (with the 
exception of Midply walls). 
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Appendix B 
 

Wall assembly for Story 2 

 
Figure B.1: Assembly for story 2, wall 1A, 11A, 2/12-D 
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Wall assembly for Story 2 

 
Figure B.2: Assembly for story 2, wall 1B-C, 11B-C, 2/12-D 
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Wall assembly for Story 2 

 
Figure B.3: Assembly for story 2, wall 2A, 10A, 3/12-D 
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Wall assembly for Story 2 

 
Figure B.4: Assembly for story 2, wall 2B-C, 10B-C, 3/12-D 
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Wall assembly for Story 2 

 
Figure B.5: Assembly for story 2, wall 4A-B, 8A-B, 2/12-D 
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Wall assembly for Story 2 

 
Figure B.6: Assembly for story 2, wall 6, 2/12-D 
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Wall assembly for Story 2 

 
Figure B.7: Assembly for story 2, wall A1, A3, 2/12 
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Wall assembly for Story 2 

 
Figure B.8: Assembly for story 2, wall A2, 2/12
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Wall assembly for Story 2 

 
Figure B.9: Assembly for story 2, wall D1, D3, 2/12-D 
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Wall assembly for Story 2 

 
Figure B.10: Assembly for story 2, wall D2, 2/12-D 
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Wall assembly for Story 2 

 
Figure B.11: Assembly for story 2, wall E1, E5, 3/12-D 
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Wall assembly for Story 2 

 
Figure B.12: Assembly for story 2, wall E2, E3, E4, 3/12-D 
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Wall assembly for Story 2 

 
Figure B.13: Assembly for story 2, wall B1, B2, 3/12 Double Midply 
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Wall assembly for Story 3 

 
Figure B.14: Assembly for story 3, wall 1AB, 11AB, 2/12-D 



 

194 

Appendix B 
 

Wall assembly for Story 3 

 
Figure B.15: Assembly for story 3, wall 1C, 11C, 2/12-D 
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Wall assembly for Story 3 

 
Figure B.16: Assembly for story 3, wall 2A, 10A, 3/12-D 
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Wall assembly for Story 3 

 
Figure B.17: Assembly for story 3, wall 2B-C, 10B-C, 3/12-D 
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Wall assembly for Story 3 

 
Figure B.18: Assembly for story 3, wall 4A-B, 8A-B, 2/12-D 
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Wall assembly for Story 3 

 
Figure B.19: Assembly for story 3, wall 6, 2/12-D 
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Wall assembly for Story 3 

 
Figure B.20: Assembly for story 3, wall A1, A3, 2/12 
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Wall assembly for Story 3 

 
Figure B.21: Assembly for story 3, wall A2, 2/12
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Wall assembly for Story 3 

 
Figure B.22: Assembly for story 3, wall D1, D3, 2/12-D 
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Wall assembly for Story 3 

 
Figure B.23: Assembly for story 3, wall D2, 2/12-D 
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Wall assembly for Story 3 

 
Figure B.24: Assembly for story 3, wall E1, E5, 3/12-D 
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Wall assembly for Story 3 

 
Figure B.25: Assembly for story 3, wall E2, E3, E4, 3/12-D 
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Wall assembly for Story 3 

 
Figure B.26: Assembly for story 3, wall B1, B2, 3/12 Double Midply 
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Wall assembly for Story 4 

 
Figure B.27: Assembly for story 4, wall 1AB, 11AB, 3/12-D 
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Wall assembly for Story 4 

 
Figure B.28: Assembly for story 4, wall 1C, 11C, 3/12-D 
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Wall assembly for Story 4 

 
Figure B.29: Assembly for story 4, wall 2A, 10A, 3/12-D 
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Wall assembly for Story 4 

 
Figure B.30: Assembly for story 4, wall 2BC, 10BC, 3/12-D 
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Wall assembly for Story 4 

 
Figure B.31: Assembly for story 4, wall 4A-B, 8A-B, 3/12-D 
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Wall assembly for Story 4 

 
Figure B.32: Assembly for story 4, wall 6, 2/12-D 
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Wall assembly for Story 4 

 
Figure B.33: Assembly for story 4, wall A1, A3, 2/12 



 

213 

Appendix B 
 

Wall assembly for Story 4 

 
Figure B.34: Assembly for story 4, wall A2, 2/12
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Wall assembly for Story 4 

 
Figure B.35: Assembly for story 4, wall D1, D3, 3/12-D 
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Wall assembly for Story 4 

 
Figure B.36: Assembly for story 4, wall D2, 3/12-D 
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Wall assembly for Story 4 

 
Figure B.37: Assembly for story 4, wall E1, E5, 3/12-D 
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Wall assembly for Story 4 

 
Figure B.38: Assembly for story 4, wall E2, E3, E4, 3/12-D 
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Wall assembly for Story 4 

 
Figure B.39: Assembly for story 4, wall B1, B2, 3/12 Double Midply 
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Wall assembly for Story 5 

 
Figure B.40: Assembly for story 5, wall 1AB, 11AB, 4/12-D 
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Wall assembly for Story 5 

 
Figure B.41: Assembly for story 5, wall 1C, 11C, 4/12-D 
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Wall assembly for Story 5 

 
Figure B.42: Assembly for story 5, wall 2A, 10A, 2/12 
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Wall assembly for Story 5 

 
Figure B.43: Assembly for story 5, wall 2BC, 10BC, 2/12 
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Wall assembly for Story 5 

 
Figure B.44: Assembly for story 5, wall 4A-B, 8A-B, 3/12-D 
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Wall assembly for Story 5 

 
Figure B.45: Assembly for story 5, wall 6, 2/12-D 
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Wall assembly for Story 5 

 
Figure B.46: Assembly for story 5, wall A1, A3, 2/12 
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Wall assembly for Story 5 

 
Figure B.47: Assembly for story 5, wall A2, 2/12
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Wall assembly for Story 5 

 
Figure B.48: Assembly for story 5, wall D1, D3, 2/12 
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Wall assembly for Story 5 

 
Figure B.49: Assembly for story 5, wall D2, 2/12 
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Wall assembly for Story 5 

 
Figure B.50: Assembly for story 5, wall E1, E5, 3/12-D 
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Wall assembly for Story 5 

 
Figure B.51: Assembly for story 5, wall E2, E3, E4, 3/12-D 
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Wall assembly for Story 5 

 
Figure B.52: Assembly for story 5, wall B1, B2, 4/12 Double Midply 
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Wall assembly for Story 6 

 
Figure B.53: Assembly for story 6, wall 1AB, 11AB, 4/12-D 
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Wall assembly for Story 6 

 
Figure B.54: Assembly for story 6, wall 1C, 11C, 4/12-D 
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Wall assembly for Story 6 

 
Figure B.55: Assembly for story 6, wall 2A, 10A, 2/12 
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Wall assembly for Story 6 

 
Figure B.56: Assembly for story 6, wall 2BC, 10BC, 2/12 
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Wall assembly for Story 6 

 
Figure B.57: Assembly for story 6, wall 4AB, 8AB, 3/12 
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Wall assembly for Story 6 

 
Figure B.58: Assembly for story 6, wall 6, 2/12 
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Wall assembly for Story 6 

 
Figure B.59: Assembly for story 6, wall A1, A3, 3/12 
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Wall assembly for Story 6 

 
Figure B.60: Assembly for story 6, wall A2, 3/12
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Wall assembly for Story 6 

 
Figure B.61: Assembly for story 6, wall D1, D3, 3/12 
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Wall assembly for Story 6 

 
Figure B.62: Assembly for story 6, wall D2, 3/12 
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Wall assembly for Story 6 

 
Figure B.63: Assembly for story 6, wall E1, E5, 3/12-D 
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Wall assembly for Story 6 

 
Figure B.64: Assembly for story 6, wall E2, E3, E4, 3/12-D 
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Wall assembly for Story 6 

 
Figure B.65: Assembly for story 6, wall B1, B2, 6/12 Double Midply 
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Wall assembly for Story 7 

 
Figure B.66: Assembly for story 7, wall 1A, 4/12-D 
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Wall assembly for Story 7 

 
Figure B.67: Assembly for story 7, wall 1BC, 4/12-D 
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Wall assembly for Story 7 

 
Figure B.68: Assembly for story 7, wall 2A, 10A, 2/12 
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Wall assembly for Story 7 

 
Figure B.69: Assembly for story 7, wall 11A, 4/12-D 
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Wall assembly for Story 7 

 
Figure B.70: Assembly for story 7, wall 11B, 4/12-D 
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Wall assembly for Story 7 

 
Figure B.71: Assembly for story 7, wall A1, A3, 6/12 
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Wall assembly for Story 7 

 
Figure B.72: Assembly for story 7, wall A2, 6/12 
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Wall assembly for Story 7 

 
Figure B.73: Assembly for story 7, wall D3, 3/12 
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Description of shake table tests 
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Appendix C 
 

Test 
ID 

Test Type Test 
Level 

PGA (g) Test Date Comments 
X Y Z 

W1 White Noise N/A 0.05 0.05 0.05 

6-30-09 

SMF free 
1 Seismic 1 0.19 0.22 0.26 53% original 

W2 White Noise N/A 0.05 0.05 0.05  
W3 White Noise N/A 0.05 0.05 0.05 Re-tighten tie-down
2 Seismic 2+ 0.50 0.58 0.69 140% original 

W4 White Noise N/A 0.05 0.05 0.05  
W5 White Noise N/A 0.05 0.05 0.05 

7-4-09 

SMF locked 
3 Seismic 1 0.19 0.22 0.26 53% original 

W6 White Noise N/A 0.05 0.05 0.05  
4 Seismic 2 0.43 0.50 0.59 120% original 

W7 White Noise N/A 0.05 0.05 0.05  
W8 White Noise N/A 0.05 0.05 0.05 

7-14-09 
 

5 Seismic 3 0.64 0.76 0.88 180% original 
W9 White Noise N/A 0.05 0.05 0.05  
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Instrumentation Setup for the Test specimen 
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Table D.1: Summary of instrumentation for Capstone specimen 
 

Measurement Location Type Number 
Absolute acceleration Each Floor 3D-acceleration 38
Diagonal shear wall drift Selected shear walls LVDT 33
Out of plane diaphragm deformation Third floor diaphragm LVDT 13
Shear wall end stud uplift Selected shear walls LVDT 8
ATS hold-down strain Selected shear walls Strain gage 78
Absolute displacement Building exterior 3D Optical tracking 50

 
Table D.2: List of instrumentation channels (With the sequence in data files) 

No. Channel name Unit Location/Notes 
1 129-1A001X Gal Table center acceleration 
2 130-1A002Y Gal Table center acceleration 
3 131-1A003Z Gal Table center acceleration 
4 132-2A001X Gal 2nd floor location 1 acceleration 
5 133-2A002Y Gal 2nd floor location 1 acceleration 
6 134-2A003Z Gal 2nd floor location 1 acceleration 
7 135-2A004X Gal 2nd floor location 2 acceleration 
8 136-2A005Y Gal 2nd floor location 2 acceleration 
9 137-2A006Z Gal 2nd floor location 2 acceleration 

10 138-2A007X Gal 2nd floor location 3 acceleration 
11 139-2A008Y Gal 2nd floor location 3 acceleration 
12 140-2A009Z Gal 2nd floor location 3 acceleration 
13 141-2A010X Gal 2nd floor location 4 acceleration 
14 142-2A011Y Gal 2nd floor location 4 acceleration 
15 143-2A012Z Gal 2nd floor location 4 acceleration 
16 144-2A013X Gal 2nd floor location 5 acceleration 
17 145-2A014Y Gal 2nd floor location 5 acceleration 
18 146-2A015Z Gal 2nd floor location 5 acceleration 
19 147-2D201Z mm 2nd floor Wall B1 stud uplift (end B) 
20 148-2D202Z mm 2nd floor Wall 10A stud uplift (end A) 
21 149-2D203Z mm 2nd floor Wall 10A stud uplift (end B) 
22 150-2D204Z mm 2nd floor Wall B1 stud uplift (end A) 
23 151-7D201Z mm 7th floor Wall D2 stud uplift (end B) 
24 152-7D202Z mm 7th floor Wall 10A stud uplift (end A) 
25 153-7D203Z mm 7th floor Wall 10A stud uplift (end B) 
26 154-7D204Z mm 7th floor Wall D2 stud uplift (end A) 
27 155-1SS01Y mu SMF moment connection strain Location 1 gage 1 
28 156-1SS02Y mu SMF moment connection strain Location 1 gage 2 
29 157-1SS03Y mu SMF moment connection strain Location 1 gage 3 
30 158-1SS04Y mu SMF moment connection strain Location 1 gage 4 
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Table D.2: List of instrumentation channels (cont’d) 
31 159-1SS61X mu SMF moment connection strain Location 16 gage 1 
32 160-1SS62X mu SMF moment connection strain Location 16 gage 2 
33 161-1SS63X mu SMF moment connection strain Location 16 gage 3 
34 162-1SS64X mu SMF moment connection strain Location 16 gage 4 
35 163-1SS05Y mu SMF moment connection strain Location 2 gage 1 
36 164-1SS06Y mu SMF moment connection strain Location 2 gage 2 
37 165-1SS07Y mu SMF moment connection strain Location 2 gage 3 
38 166-1SS08Y mu SMF moment connection strain Location 2 gage 4 
39 167-1SS41X mu SMF moment connection strain Location 11 gage 1 
40 168-1SS42X mu SMF moment connection strain Location 11 gage 2 
41 169-1SS43X mu SMF moment connection strain Location 11 gage 3 
42 170-1SS44X mu SMF moment connection strain Location 11 gage 4 
43 171-1SS09Y mu SMF moment connection strain Location 3 gage 1 
44 172-1SS10Y mu SMF moment connection strain Location 3 gage 2 
45 173-1SS11Y mu SMF moment connection strain Location 3 gage 3 
46 174-1SS12Y mu SMF moment connection strain Location 3 gage 4 
47 175-1SS21Y mu SMF moment connection strain Location 6 gage 1 
48 176-1SS22Y mu SMF moment connection strain Location 6 gage 2 
49 177-1SS23Y mu SMF moment connection strain Location 6 gage 3 
50 178-1SS24Y mu SMF moment connection strain Location 6 gage 4 
51 193-3A001X Gal 3rd floor location 1 acceleration 
52 194-3A002Y Gal 3rd floor location 1 acceleration 
53 195-3A003Z Gal 3rd floor location 1 acceleration 
54 196-3A004X Gal 3rd floor location 2 acceleration 
55 197-3A005Y Gal 3rd floor location 2 acceleration 
56 198-3A006Z Gal 3rd floor location 2 acceleration 
57 199-3A007X Gal 3rd floor location 3 acceleration 
58 200-3A008Y Gal 3rd floor location 3 acceleration 
59 201-3A009Z Gal 3rd floor location 3 acceleration 
60 202-3A010X Gal 3rd floor location 4 acceleration 
61 203-3A011Y Gal 3rd floor location 4 acceleration 
62 204-3A012Z Gal 3rd floor location 4 acceleration 
63 205-3A013X Gal 3rd floor location 5 acceleration 
64 206-3A014Y Gal 3rd floor location 5 acceleration 
65 207-3A015Z Gal 3rd floor location 5 acceleration 

66 208-2D101Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 1) 

67 209-2D102Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 2) 

68 210-2D103Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 3) 

69 211-2D104Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 4) 

70 212-2D105Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 5) 
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Table D.2: List of instrumentation channels (cont’d) 

71 213-2D106Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 6) 

72 214-2D107Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 7) 

73 215-2D108Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 8) 

74 216-2D109Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 9) 

75 217-2D110Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 10) 

76 218-2D111Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 11) 

77 219-2D112Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 12) 

78 220-2D113Z mm 
Floor diaphragm out-of-plane deformation between 2nd and 3rd floor 
(Location 13) 

79 221-1SS13Y mu SMF moment connection strain Location 4 gage 1 
80 222-1SS14Y mu SMF moment connection strain Location 4 gage 2 
81 223-1SS15Y mu SMF moment connection strain Location 4 gage 3 
82 224-1SS16Y mu SMF moment connection strain Location 4 gage 4 
83 225-1SS33X mu SMF moment connection strain Location 9 gage 1 
84 226-1SS34X mu SMF moment connection strain Location 9 gage 2 
85 227-1SS35X mu SMF moment connection strain Location 9 gage 3 
86 228-1SS36X mu SMF moment connection strain Location 9 gage 4 
87 229-1SS17Y mu SMF moment connection strain Location 5 gage 1 
88 230-1SS18Y mu SMF moment connection strain Location 5 gage 2 
89 231-1SS19Y mu SMF moment connection strain Location 5 gage 3 
90 232-1SS20Y mu SMF moment connection strain Location 5 gage 4 
91 233-1SS45X mu SMF moment connection strain Location 12 gage 1 
92 234-1SS46X mu SMF moment connection strain Location 12 gage 2 
93 235-1SS47X mu SMF moment connection strain Location 12 gage 3 
94 236-1SS48X mu SMF moment connection strain Location 12 gage 4 
95 237-1SS25Y mu SMF moment connection strain Location 7 gage 1 
96 238-1SS26Y mu SMF moment connection strain Location 7 gage 2 
97 239-1SS27Y mu SMF moment connection strain Location 7 gage 3 
98 240-1SS28Y mu SMF moment connection strain Location 7 gage 4 
99 241-1SS37X mu SMF moment connection strain Location 10 gage 1 
100 242-1SS38X mu SMF moment connection strain Location 10 gage 2 
101 243-1SS39X mu SMF moment connection strain Location 10 gage 3 
102 244-1SS40X mu SMF moment connection strain Location 10 gage 4 
103 245-1A004X Gal SMF Center Acceleration (Accelerometer attached to Steel beam) 
104 246-1A005Y Gal SMF Center Acceleration (Accelerometer attached to Steel beam) 
105 247-1A006Z Gal SMF Center Acceleration (Accelerometer attached to Steel beam) 
106 257-4A001X Gal 4th floor location 1 acceleration 
107 258-4A002Y Gal 4th floor location 1 acceleration 
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Table D.2: List of instrumentation channels (cont’d) 
108 259-4A003Z Gal 4th floor location 1 acceleration 
109 260-4A004X Gal 4th floor location 2 acceleration 
110 261-4A005Y Gal 4th floor location 2 acceleration 
111 262-4A006Z Gal 4th floor location 2 acceleration 
112 263-4A007X Gal 4th floor location 3 acceleration 
113 264-4A008Y Gal 4th floor location 3 acceleration 
114 265-4A009Z Gal 4th floor location 3 acceleration 
115 266-4A010X Gal 4th floor location 4 acceleration 
116 267-4A011Y Gal 4th floor location 4 acceleration 
117 268-4A012Z Gal 4th floor location 4 acceleration 
118 269-4A013X Gal 4th floor location 5 acceleration 
119 270-4A014Y Gal 4th floor location 5 acceleration 
120 271-4A015Z Gal 4th floor location 5 acceleration 
121 272-2D001Y mm 2nd story diagonal string gage measurement, Wall ID 1 
122 273-2D002Y mm 2nd story diagonal string gage measurement, Wall ID 2 
123 274-2D003Y mm 2nd story diagonal string gage measurement, Wall ID 3 
124 275-2D004Y mm 2nd story diagonal string gage measurement, Wall ID 4 
125 276-2D005Y mm 2nd story diagonal string gage measurement, Wall ID 5 
126 277-2D006Y mm 2nd story diagonal string gage measurement, Wall ID 6 
127 278-2D007Y mm 2nd story diagonal string gage measurement, Wall ID 7 
128 279-2D008Y mm 2nd story diagonal string gage measurement, Wall ID 8 
129 280-2D009X mm 2nd story diagonal string gage measurement, Wall ID 9 
130 281-2D010X mm 2nd story diagonal string gage measurement, Wall ID 10 
131 282-2D011X mm 2nd story diagonal string gage measurement, Wall ID 11 
132 283-2D012X mm 2nd story diagonal string gage measurement, Wall ID 12 
133 284-2D013X mm 2nd story diagonal string gage measurement, Wall ID 13 
134 285-2D014X mm 2nd story diagonal string gage measurement, Wall ID 14 
135 286-2D015X mm 2nd story diagonal string gage measurement, Wall ID 15 
136 287-2D016X mm 2nd story diagonal string gage measurement, Wall ID 16 
137 288-2D017X mm 2nd story diagonal string gage measurement, Wall ID 17 
138 289-3D001Y mm 3rd story diagonal string gage measurement, Wall ID 4 
139 290-3D002X mm 3rd story diagonal string gage measurement, Wall ID 9 
140 291-3D003X mm 3rd story diagonal string gage measurement, Wall ID 17 
141 292-4D001Y mm 4th story diagonal string gage measurement, Wall ID 4 
142 293-4D002X mm 4th story diagonal string gage measurement, Wall ID 9 
143 294-4D003X mm 4th story diagonal string gage measurement, Wall ID 17 
144 295-5D001Y mm 5th story diagonal string gage measurement, Wall ID 4 
145 296-5D002X mm 5th story diagonal string gage measurement, Wall ID 9 
146 297-5D003X mm 5th story diagonal string gage measurement, Wall ID 17 
147 298-6D001Y mm 6th story diagonal string gage measurement, Wall ID 4 
148 299-6D002X mm 6th story diagonal string gage measurement, Wall ID 9 
149 300-6D003X mm 6th story diagonal string gage measurement, Wall ID 17 
150 301-7D001Y mm 7th story diagonal string gage measurement, Wall ID 18 
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Table D.2: List of instrumentation channels (cont’d) 
151 302-7D002Y mm 7th story diagonal string gage measurement, Wall ID 5 
152 303-7D003Y mm 7th story diagonal string gage measurement, Wall ID 6 
153 304-7D004X mm 7th story diagonal string gage measurement, Wall ID 12 
154 305-8A016X Gal Accelerometer attached to one of seismic weight steel plates on the roof 
155 306-8A017Y Gal Accelerometer attached to one of seismic weight steel plates on the roof 
156 307-8A018Z Gal Accelerometer attached to one of seismic weight steel plates on the roof 
157 321-5A001X Gal 5th floor location 1 acceleration 
158 322-5A002Y Gal 5th floor location 1 acceleration 
159 323-5A003Z Gal 5th floor location 1 acceleration 
160 324-5A004X Gal 5th floor location 2 acceleration 
161 325-5A005Y Gal 5th floor location 2 acceleration 
162 326-5A006Z Gal 5th floor location 2 acceleration 
163 327-5A007X Gal 5th floor location 3 acceleration 
164 328-5A008Y Gal 5th floor location 3 acceleration 
165 329-5A009Z Gal 5th floor location 3 acceleration 
166 330-5A010X Gal 5th floor location 4 acceleration 
167 331-5A011Y Gal 5th floor location 4 acceleration 
168 332-5A012Z Gal 5th floor location 4 acceleration 
169 333-5A013X Gal 5th floor location 5 acceleration 
170 334-5A014Y Gal 5th floor location 5 acceleration 
171 335-5A015Z Gal 5th floor location 5 acceleration 
172 336-7A001X Gal 7th floor location 1 acceleration 
173 337-7A002Y Gal 7th floor location 1 acceleration 
174 338-7A003Z Gal 7th floor location 1 acceleration 
175 339-7A004X Gal 7th floor location 2 acceleration 
176 340-7A005Y Gal 7th floor location 2 acceleration 
177 341-7A006Z Gal 7th floor location 2 acceleration 
178 342-7A007X Gal 7th floor location 3 acceleration 
179 343-7A008Y Gal 7th floor location 3 acceleration 
180 344-7A009Z Gal 7th floor location 3 acceleration 
181 345-7A010X Gal 7th floor location 4 acceleration 
182 346-7A011Y Gal 7th floor location 4 acceleration 
183 347-7A012Z Gal 7th floor location 4 acceleration 
184 348-7A013X Gal 7th floor location 5 acceleration 
185 349-7A014Y Gal 7th floor location 5 acceleration 
186 350-7A015Z Gal 7th floor location 5 acceleration 
187 351-1SS29Y mu SMF moment connection strain Location 8 gage 1 
188 352-1SS30Y mu SMF moment connection strain Location 8 gage 2 
189 353-1SS31Y mu SMF moment connection strain Location 8 gage 3 
190 354-1SS32Y mu SMF moment connection strain Location 8 gage 4 
191 355-1SS65X mu SMF moment connection strain Location 17 gage 1 
192 356-1SS66X mu SMF moment connection strain Location 17 gage 2 
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Table D.2: List of instrumentation channels (cont’d) 
193 357-1SS67X mu SMF moment connection strain Location 17 gage 3 
194 358-1SS68X mu SMF moment connection strain Location 17 gage 4 
195 359-1SS49X mu SMF moment connection strain Location 13 gage 1 
196 360-1SS50X mu SMF moment connection strain Location 13 gage 2 
197 361-1SS51X mu SMF moment connection strain Location 13 gage 3 
198 362-1SS52X mu SMF moment connection strain Location 13 gage 4 
199 363-1SS53X mu SMF moment connection strain Location 14 gage 1 
200 364-1SS54X mu SMF moment connection strain Location 14 gage 2 
201 365-1SS55X mu SMF moment connection strain Location 14 gage 3 
202 366-1SS56X mu SMF moment connection strain Location 14 gage 4 
203 367-1SS57X mu SMF moment connection strain Location 15 gage 1 
204 368-1SS58X mu SMF moment connection strain Location 15 gage 2 
205 369-1SS59X mu SMF moment connection strain Location 15 gage 3 
206 370-1SS60X mu SMF moment connection strain Location 15 gage 4 
207 385-6A001X Gal 6th floor location 1 acceleration 
208 386-6A002Y Gal 6th floor location 1 acceleration 
209 387-6A003Z Gal 6th floor location 1 acceleration 
210 388-6A004X Gal 6th floor location 2 acceleration 
211 389-6A005Y Gal 6th floor location 2 acceleration 
212 390-6A006Z Gal 6th floor location 2 acceleration 
213 391-6A007X Gal 6th floor location 3 acceleration 
214 392-6A008Y Gal 6th floor location 3 acceleration 
215 393-6A009Z Gal 6th floor location 3 acceleration 
216 394-6A010X Gal 6th floor location 4 acceleration 
217 395-6A011Y Gal 6th floor location 4 acceleration 
218 396-6A012Z Gal 6th floor location 4 acceleration 
219 397-6A013X Gal 6th floor location 5 acceleration 
220 398-6A014Y Gal 6th floor location 5 acceleration 
221 399-6A015Z Gal 6th floor location 5 acceleration 
222 400-2SA01Y mu 2nd story ATS rod strain 1B 
223 401-2SA02Y mu 2nd story ATS rod strain 1A 
224 402-2SA11Y mu 2nd story ATS rod strain 5B 
225 403-2SA03Y mu 2nd story ATS rod strain 2B 
226 404-2SA04Y mu 2nd story ATS rod strain 2A 
227 405-2SA05Y mu 2nd story ATS rod strain 3B 
228 406-2SA06Y mu 2nd story ATS rod strain 3A 
229 407-2SA07Y mu 2nd story ATS rod strain 4aB 
230 408-2SA08Y mu 2nd story ATS rod strain 4aA 
231 409-2SA09Y mu 2nd story ATS rod strain 4bB 
232 410-2SA25X mu 2nd story ATS rod strain 12A 
233 411-2SA26X mu 2nd story ATS rod strain 12B 
234 412-2SA31X mu 2nd story ATS rod strain 15A 
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Table D.2: List of instrumentation channels (cont’d) 
235 413-2SA10Y mu 2nd story ATS rod strain 4bA 
236 414-2SA13Y mu 2nd story ATS rod strain 6B 
237 415-2SA14Y mu 2nd story ATS rod strain 6A 
238 416-2SA32X mu 2nd story ATS rod strain 15B 
239 417-2SA33X mu 2nd story ATS rod strain 16A 
240 418-2SA12Y mu 2nd story ATS rod strain 5A 
241 419-2SA21X mu 2nd story ATS rod strain 10A 
242 420-2SA22X mu 2nd story ATS rod strain 10B 
243 421-2SA23X mu 2nd story ATS rod strain 11A 
244 422-2SA19X mu 2nd story ATS rod strain 9A 
245 423-2SA15Y mu 2nd story ATS rod strain 7B 
246 424-2SA24X mu 2nd story ATS rod strain 11B 
247 425-2SA20X mu 2nd story ATS rod strain 9B 
248 426-2SA16Y mu 2nd story ATS rod strain 7A 
249 427-2SA17Y mu 2nd story ATS rod strain 8B 
250 428-2SA27X mu 2nd story ATS rod strain 13A 
251 429-2SA28X mu 2nd story ATS rod strain 13B 
252 430-2SA29X mu 2nd story ATS rod strain 14A 
253 431-2SA30X mu 2nd story ATS rod strain 14B 
254 432-2SA18Y mu 2nd story ATS rod strain 8A 
255 433-2SA34X mu 2nd story ATS rod strain 16B 
256 434-2SA35X mu 2nd story ATS rod strain 17A 
257 435-2SA36X mu 2nd story ATS rod strain 17B 
258 449-8A001X Gal Roof location 1 acceleration 
259 450-8A002Y Gal Roof location 1 acceleration 
260 451-8A003Z Gal Roof location 1 acceleration 
261 452-8A004X Gal Roof location 2 acceleration 
262 453-8A005Y Gal Roof location 2 acceleration 
263 454-8A006Z Gal Roof location 2 acceleration 
264 455-8A007X Gal Roof location 3 acceleration 
265 456-8A008Y Gal Roof location 3 acceleration 
266 457-8A009Z Gal Roof location 3 acceleration 
267 458-8A010X Gal Roof location 4 acceleration 
268 459-8A011Y Gal Roof location 4 acceleration 
269 460-8A012Z Gal Roof location 4 acceleration 
270 461-8A013X Gal Roof location 5 acceleration 
271 462-8A014Y Gal Roof location 5 acceleration 
272 463-8A015Z Gal Roof location 5 acceleration 
273 464-3SA01Y mu 3rd story ATS rod strain 4aB 
274 465-3SA02Y mu 3rd story ATS rod strain 4aA 
275 466-3SA03Y mu 3rd story ATS rod strain 4bB 
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Table D.2: List of instrumentation channels (cont’d) 
276 467-3SA04Y mu 3rd story ATS rod strain 4bA 
277 468-3SA05X mu 3rd story ATS rod strain 9A 
278 469-3SA06X mu 3rd story ATS rod strain 9B 
279 470-3SA07X mu 3rd story ATS rod strain 17A 
280 471-3SA08X mu 3rd story ATS rod strain 17B 
281 472-4SA01Y mu 4th story ATS rod strain 4aB 
282 473-4SA02Y mu 4th story ATS rod strain 4aA 
283 474-4SA03Y mu 4th story ATS rod strain 4bB 
284 475-4SA04Y mu 4th story ATS rod strain 4bA 
285 476-4SA05X mu 4th story ATS rod strain 9A 
286 477-4SA06X mu 4th story ATS rod strain 9B 
287 478-4SA07X mu 4th story ATS rod strain 17A 
288 479-4SA08X mu 4th story ATS rod strain 17B 
289 480-5SA01Y mu 5th story ATS rod strain 4aB 
290 481-5SA02Y mu 5th story ATS rod strain 4aA 
291 482-5SA03Y mu 5th story ATS rod strain 4bB 
292 483-5SA04Y mu 5th story ATS rod strain 4bA 
293 484-5SA05X mu 5th story ATS rod strain 9A 
294 485-5SA06X mu 5th story ATS rod strain 9B 
295 486-5SA07X mu 5th story ATS rod strain 17A 
296 487-5SA08X mu 5th story ATS rod strain 17B 
297 488-6SA01Y mu 6th story ATS rod strain 4aB 
298 489-6SA02Y mu 6th story ATS rod strain 4aA 
299 490-6SA03Y mu 6th story ATS rod strain 4bB 
300 491-6SA04Y mu 6th story ATS rod strain 4bA 
301 492-6SA05X mu 6th story ATS rod strain 9A 
302 493-6SA06X mu 6th story ATS rod strain 9B 
303 494-6SA07X mu 6th story ATS rod strain 17A 
304 495-6SA08X mu 6th story ATS rod strain 17B 
305 496-7SA01Y mu 7th story ATS rod strain 18B 
306 497-7SA02Y mu 7th story ATS rod strain 18A 
307 498-7SA03Y mu 7th story ATS rod strain 5B 
308 499-7SA04Y mu 7th story ATS rod strain 5A 
309 500-7SA05Y mu 7th story ATS rod strain 6B 
310 501-7SA06Y mu 7th story ATS rod strain 6A 
311 502-7SA07X mu 7th story ATS rod strain 12A 
312 503-7SA08X mu 7th story ATS rod strain 12B 
313 504-7SA09X mu 7th story ATS rod strain 15A 
314 505-7SA10X mu 7th story ATS rod strain 15B 
315 897-Target X gal Table target acceleration 
316 898-Target Y gal Table target acceleration 
317 899-Target Z gal Table target acceleration 
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Table D.2: List of instrumentation channels (cont’d) 
318 900-Acc ref X gal Table reference acceleration 
319 901-Acc ref Y gal Table reference acceleration 
320 902-Acc ref Z gal Table reference acceleration 
321 903-Acc ref Roll deg/s^2 Table reference rotational acceleration 
322 904-Acc ref Pitch deg/s^2 Table reference rotational acceleration 
323 905-Acc ref Yaw deg/s^2 Table reference rotational acceleration 
324 906-Drive X gal Table driving acceleration 
325 907-Drive Y gal Table driving acceleration 
326 908-Drive Z gal Table driving acceleration 
327 909-Drive Roll deg/s^2 Table driving rotational acceleration 
328 910-Drive Pitch deg/s^2 Table driving rotational acceleration 
329 911-Drive Yaw deg/s^2 Table driving rotational acceleration 
330 912-Dis ref X mm Table reference displacement 
331 913-Dis ref Y mm Table reference displacement 
332 914-Dis ref Z mm Table reference displacement 
333 915-Dis ref Roll deg Table reference rotation 
334 916-Dis ref Pitch deg Table reference rotation 
335 917-Dis ref Yaw deg Table reference rotation 
336 918-Vel ref X cm/s Table reference velocity 
337 919-Vel ref Y cm/s Table reference velocity 
338 920-Vel ref Z cm/s Table reference velocity 
339 921-Vel ref Roll deg/s Table reference rotational velocity 
340 922-Vel ref Pitch deg/s Table reference rotational velocity 
341 923-Vel ref Yaw deg/s Table reference rotational velocity 
342 924-Dis fbk X mm Table feedback displacement 
343 925-Dis fbk Y mm Table feedback displacement 
344 926-Dis fbk Z mm Table feedback displacement 
345 927-Dis fbk Roll deg Table feedback rotation 
346 928-Dis fbk Pitch deg Table feedback rotation 
347 929-Dis fbk Yaw deg Table feedback rotation 
348 930-Dis fbk X(r) mm Table feedback displacement (raw) 
349 931-Dis fbk Y(r) mm Table feedback displacement (raw) 
350 932-Dis fbk Z(r) mm Table feedback displacement (raw) 
351 933-Dis fbk Roll(r) deg Table feedback rotation (raw) 
352 934-Dis fbk Pitch(r) deg Table feedback rotation (raw) 
353 935-Dis fbk Yaw(r) deg Table feedback rotation (raw) 
354 936-Vel fbk X cm/s Table feedback velocity 
355 937-Vel fbk Y cm/s Table feedback velocity 
356 938-Vel fbk Z cm/s Table feedback velocity 
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Table D.2: List of instrumentation channels (cont’d) 
357 939-Vel fbk Roll deg/s Table feedback rotational velocity 
358 940-Vel fbk Pitch deg/s Table feedback rotational velocity 
359 941-Vel fbk Yaw deg/s Table feedback rotational velocity 
360 942-Acc fbk X gal Table feedback acceleration 
361 943-Acc fbk Y gal Table feedback acceleration 
362 944-Acc fbk Z gal Table feedback acceleration 
363 945-Acc fbk Roll deg/s^2 Table feedback rotational acceleration 
364 946-Acc fbk Pitch deg/s^2 Table feedback rotational acceleration 
365 947-Acc fbk Yaw deg/s^2 Table feedback rotational acceleration 
366 948-Acc fbk X(r) gal Table feedback acceleration (raw) 
367 949-Acc fbk Y(r) gal Table feedback acceleration (raw) 
368 950-Acc fbk Z(r) gal Table feedback acceleration (raw) 
369 951-Acc fbk Roll(r) deg/s^2 Table feedback rotational acceleration (raw) 
370 952-Acc fbk Pitch(r) deg/s^2 Table feedback rotational acceleration (raw) 
371 953-Acc fbk Yaw(r) deg/s^2 Table feedback rotational acceleration (raw) 
372 954-Force fbk X Kn Table feedback force 
373 955-Force fbk Y Kn Table feedback force 
374 956-Force fbk Z Kn Table feedback force 
375 957-Force fbk Roll kN-m Tabel feedback moment 
376 958-Force fbk Pitch kN-m Tabel feedback moment 
377 959-Force fbk Yaw kN-m Tabel feedback moment 

 



 

269 

Appendix D 
 

Location for acceleration measurements 

 
 

Figure D.1: Absolute acceleration sensor location at story 2 (Identical for all other 
stories) 

 
Figure D.2: Absolute acceleration sensor location at roof (location 6 is on the seismic 

weight steel plate) 



 

270 

Appendix D 
 

Location for Diagonal string gage measurements 

 
Figure D.3: Shear wall numbering for diagonal gage in story 2 

 

 
Figure D.4: Shear wall numbering for diagonal gage in story 3~6 
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Appendix D 
 

 
Figure D.5: Shear wall numbering for diagonal gage in story 7 

 
 

 
Figure D.6: Photo of a diagonal gage set up
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Appendix D 
 

Location for ATS strain measurements 

 
Figure D.7: ATS rod number for story 2 

 

 
Figure D.8: ATS rod number for story 3~6 
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Figure D.9: ATS rod number for story 7 

 
Figure D.10: Photo of the strain gage on ATS rod 
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Location for shear wall end stud uplift measurements 

 
Figure D.11: Story 2 wall stud uplift measurement location 

 

 
Figure D.12: Story 7 wall stud uplift measurement location 
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Figure D.13: Photo of shear wall stud uplift measurement set up 
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Appendix D 
 

Out-of-plane diaphragm displacement measurement 
 

 
Figure D.14: Floor out-of-plane displacement measurement location 

 

 
Figure D.15: Photo of floor out-of-plane displacement measurement set up 
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SMF strain measurement 

 
Figure D.16: Location for SMF moment connection strain measurement 
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Optical tracking measurement 
 

 
Figure D.17: Location for optical tracking measurement, side A 
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Optical tracking measurement 
 

 
Figure D.18: Location for optical tracking measurement, side B 

 
 
 



 

280 

Appendix D 
 

 
Figure D.19: Photo of optical tracking marker 
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Appendix E 
 

Optical tracking measurement using LED 
markers  
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Appendix F 
 

Supplemental weight layout and total weight 
of test specimen 
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Appendix F 
 

Seismic weight of the Capstone test building 
 

Table F.1: Summary of seismic weight of Capstone specimen (lb) 
 

Story FBD target Dead weight Supplement weight Total as-built weight 
2 N/A 99559 40789 140348 
3 112849 65761 40275 106036 
4 106551 61378 40068 101446 
5 106551 58885 41222 100107 
6 106551 56321 44577 100898 
7 113489 50639 57796 108435 

Roof 68678 29677 35194 64871 
 
*10% wood building material weight were added as the hardware weight 
*FBD stands for Force-Based Design, it was not conducted for hybrid building 
*Seismic weight at each story includes half of the wall weight above and below the 

story (story 2 weight including 53000 lb contribution from SMF) 
*Wood specimen weighs total 628352 lb 
*Hybrid specimen weighs total 810431 lb 
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Appendix F 
 

Supplement seismic weights used during the tests 
 

• Type A: Steel plate (big) 
Dimension: 83x169x1 in 
Unit weight: 3889 lb 

 
• Type B: Steel I beam 

Unit weight: 992 lb 

 
• Type C: Steel plate (small) 

Dimension: 35x35x3.15 in 
Unit weight: 1076 lb 
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Appendix F 
 

Supplement seismic weights used during the tests 
 

• Type D: Drywall panels 
Standard 4x8 ft 1/2" Drywall panels. Approximately 2 lb/ft2. 

 
• Type O: OSB panels 

Standard 4x8 ft 15/32" OSB panels. Approximately 1.6 lb/ft2. 
 

• Type E: Gusset steel plates 
 

Dimension: Various 
Total weight: See Figure F.2 
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Appendix F 
 

Supplement seismic weights layout (Story 2~3) 

 
Figure F.1: Supplement weight layout on story 2 

 

 
Figure F.2: Supplement weight layout on story 3 
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Appendix F 
 

Supplement seismic weights layout (Story 4~5) 

 
Figure F.3: Supplement weight layout on story 4 

 
Figure F.4: Supplement weight layout on story 5 



 

   339 

Appendix F 
 

Supplement seismic weights layout (Story 6~7) 

 
Figure F.5: Supplement weight layout on story 6 

 
Figure F.6: Supplement weight layout on story 7 
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Appendix F 
 

Supplement seismic weights layout (Roof) 
 

 
Figure F.7: Supplement weight layout on the roof 
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Appendix G 
 

Building fundamental periods  
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Appendix G 
 

Building fundamental periods 
 

Table G.1: Summary of fundamental period estimation from white noise 
tests 

Test ID 
Natural Period (sec) 

X Y Z 
WN1 0.42 0.41 0.13 

1 Test Level 1-Seismic (SMF) 
WN2 0.48 0.48 0.13 
WN3 0.48 0.48 0.13 

2 Test Level 2 plus-Seismic (SMF) 
WN4 0.48 0.49 0.14 

SMF Tie down 
WN5 0.41 0.42 0.13 
ST3 Test Level 1-Seismic 
WN6 0.41 0.42 0.13 
ST4 Test Level 2-Seismic 
WN7 0.41 0.42 0.13 
WN8 0.41 0.42 0.13 
ST5 Test Level 3-Seismic 
WN9 0.47 0.49 0.14 

*Fundamental periods estimated based on spectral analysis of roof average 
acceleration record. 

 
Time (sec) 

 
Figure G.1: Input white noise record used in the test
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Appendix H 
 

Fidelity of shake table motions 
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Appendix H 
 

Seismic Test 1 

 
Period (sec) 

 
Figure H.1: Response spectra of ground motion input and table feedback for Seismic Test 
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 Appendix H 
 

Seismic Test 2 

 
Period (sec) 

 
Figure H.2: Response spectra of ground motion input and table feedback for Seismic Test 
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Appendix H 
 

Seismic Test 3 

 
Period (sec) 

 
Figure H.3: Response spectra of ground motion input and table feedback for Seismic Test 
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Appendix H 
 

Seismic Test 4 

 
Period (sec) 

 
Figure H.4: Response spectra of ground motion input and table feedback for Seismic Test 
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Appendix H 
 

Seismic Test 5 

 
Period (sec) 

 
Figure H.5: Response spectra of ground motion input and table feedback for Seismic Test 
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Appendix I 
 

Selected visual damage identification photos 
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Appendix I 

 
Selected damage photo for Seismic Test 1 

 
Figure I.1: Minor crack on Wall E4, Story 2 (over window opening) 

 
Figure I.2: Minor crack on Wall D1, Story 4 (over door opening) 
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Selected damage photo for Seismic Test 2 

 
Figure I.3: Crack on Wall 10A, Story 2 (over door opening) 

 
Figure I.4: Minor crack on Wall A2, Story 3 (over window opening) 
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Appendix I 
 

Selected damage photo for Seismic Test 2 

 
Figure I.5: Crack on Wall D1, Story 4 (over door opening) 

 
Figure I.6: Minor crack on Wall E3, Story 5 (over window opening) 
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Appendix I 
 

Selected damage photo for Seismic Test 2 

 
Figure I.7: Crack on Wall 2A, Story 7 (over door opening) 

 
Figure I.8: Crack on ceiling near elevator shaft, Story 7  
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Appendix I 
 

Selected damage photo for Seismic Test 3 

 
Figure I.9: Crack on Wall B1 stud, Story 2 (Midply-wall) 

 
Figure I.10: Crack on Wall A3, Story 2 (over window opening)  
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Selected damage photo for Seismic Test 3 

 
Figure I.11: Crack on Wall 10C, Story 4 (over door opening) 

 
Figure I.12: Crack on Wall 11B, Story 7 (over window opening)  
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Appendix I 
 

Selected damage photo for Seismic Test 4 

 
Figure I.13: Crack on Wall D1, Story 3 (corner crashing) 

 
Figure I.14: Crack on Wall E1, Story 3 (over window opening)  
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Appendix I 
 

Selected damage photo for Seismic Test 4 

 
Figure I.15: Crack on ceiling, Story 5 (near Wall B1) 

 
Figure I.16: Crack on Wall 2A, Story 5 (over door opening)  
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Selected damage photo for Seismic Test 5 

 
Figure I.17: Crack on Wall E1, Story 2 (over window opening) 

 
Figure I.18: Crack on Wall E5, Story 2 (along panel edge)  
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Selected damage photo for Seismic Test 5 

 
Figure I.19: Nail withdraw on Wall B1, Story 3 (Midply end post) 

 
Figure I.20: Crack on Wall B1 stud, Story 4 (Midply wall)  
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Selected damage photo for Seismic Test 5 

 
Figure I.21: Crack on Wall A3, Story 4 (over window opening) 

 
Figure I.22: Crack on Wall E1, Story 5 (over window opening)  
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Selected damage photo for Seismic Test 5 

 
Figure I.23: Crack on Wall D2, Story 6 (corner crashing) 

 
Figure I.24: Crack on Wall 2A, Story 7 (over door opening) 
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Appendix J 
 

Seismic Test Results: Inter-story Drift Time 
History 
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Seismic Test 1 

 
Time (Sec) 

 
Figure J.1: Relative floor averaged inter-story drift time histories for Seismic Test 1 

 
*Average measurements obtained by averaging all 7 optical tracking point data on the 
same floor 
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Seismic Test 2 

 
Time (Sec) 

 
Figure J.2: Relative floor averaged inter-story drift time histories for Seismic Test 2 

 
*Average measurements obtained by averaging all 7 optical tracking point data on the 
same floor 
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Appendix J 
 

Seismic Test 3 

 
Time (Sec) 

 
Figure J.3: Relative floor averaged inter-story drift time histories for Seismic Test 3 

 
*Average measurements obtained by averaging all 7 optical tracking point data on the 
same floor 
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Appendix J 
 

Seismic Test 4 

 
Time (Sec) 

 
Figure J.4: Relative floor averaged inter-story drift time histories for Seismic Test 4 

 
*Average measurements obtained by averaging all 7 optical tracking point data on the 
same floor 
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Appendix J 
 

Seismic Test 5 

 
Time (Sec) 

 
Figure J.5: Relative floor averaged inter-story drift time histories for Seismic Test 5 

 
*Average measurements obtained by averaging all 7 optical tracking point data on the 
same floor
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Appendix K 
 

Seismic Test Results: Absolute Acceleration 
Time history 
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Appendix K 
 

Absolute acceleration sensor location (Identical for all stories) 
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Appendix L 
 

Seismic Test Results: Wall deformation from 
diagonal string potentiometer measurements 
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Appendix L 
 

Numbering of shear walls with diagonal gages 

 
Figure L.1: Shear wall number for story 2 

 

 
Figure L.2: Shear wall number for story 3~6 
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Appendix L 
 

Numbering of shear walls with diagonal gages 
 

 
Figure L.3: Shear wall number for story 7 
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Appendix M 
 
Seismic Test Results: Differential ATS rod force 
measurements  
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Appendix M 
 

ATS anchor rod numbering (Story 2) 

 
Figure M.1: ATS rod number for story 2 
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Appendix M 
 

ATS anchor rod numbering (Story 3~6) 

 
Figure M.2: ATS rod number for story 3~6 
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Appendix M 
 

ATS anchor rod numbering (Story 7) 
 

 
Figure M.3: ATS rod number for story 7 

 
 



 

427

Appendix M 
 

ATS rod forces for Seismic Test 1 (Part 1) 
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Figure M.4: ATS rod forces for Seismic Test 1 (Part 1) 
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ATS rod forces for Seismic Test 1 (Part 2) 
 

 
Time (sec) 

 
Figure M.5: ATS rod forces for Seismic Test 1 (Part 2) 
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ATS rod forces for Seismic Test 1 (Part 3) 
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Figure M.6: ATS rod forces for Seismic Test 1 (Part 3) 
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ATS rod forces for Seismic Test 1 (Part 4) 
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Figure M.7: ATS rod forces for Seismic Test 1 (Part 4) 
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ATS rod forces for Seismic Test 1 (Part 5) 
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Figure M.8: ATS rod forces for Seismic Test 1 (Part 5) 
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ATS rod forces for Seismic Test 1 (Part 6) 
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Figure M.9: ATS rod forces for Seismic Test 1 (Part 6) 
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ATS rod forces for Seismic Test 2 (Part 1) 
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Figure M.10: ATS rod forces for Seismic Test 2 (Part 1) 
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ATS rod forces for Seismic Test 2 (Part 2) 
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Figure M.11: ATS rod forces for Seismic Test 2 (Part 2) 
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ATS rod forces for Seismic Test 2 (Part 3) 
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Figure M.12: ATS rod forces for Seismic Test 2 (Part 3) 
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ATS rod forces for Seismic Test 2 (Part 4) 
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Figure M.13: ATS rod forces for Seismic Test 2 (Part 4) 
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ATS rod forces for Seismic Test 2 (Part 5) 
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Figure M.14: ATS rod forces for Seismic Test 2 (Part 5) 
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ATS rod forces for Seismic Test 2 (Part 6) 
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Figure M.15: ATS rod forces for Seismic Test 2 (Part 6) 
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ATS rod forces for Seismic Test 3 (Part 1) 
 

 
Time (sec) 

 
Figure M.16: ATS rod forces for Seismic Test 3 (Part 1) 
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ATS rod forces for Seismic Test 3 (Part 2) 
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Figure M.17: ATS rod forces for Seismic Test 3 (Part 2) 
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ATS rod forces for Seismic Test 3 (Part 3) 
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Figure M.18: ATS rod forces for Seismic Test 3 (Part 3) 
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ATS rod forces for Seismic Test 3 (Part 4) 
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Figure M.19: ATS rod forces for Seismic Test 3 (Part 4) 
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ATS rod forces for Seismic Test 3 (Part 5) 
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Figure M.20: ATS rod forces for Seismic Test 3 (Part 5) 
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ATS rod forces for Seismic Test 3 (Part 6) 
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Figure M.21: ATS rod forces for Seismic Test 3 (Part 6) 
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ATS rod forces for Seismic Test 4 (Part 1) 
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Figure M.22: ATS rod forces for Seismic Test 4 (Part 1) 
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ATS rod forces for Seismic Test 4 (Part 2) 
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Figure M.23: ATS rod forces for Seismic Test 4 (Part 2) 
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ATS rod forces for Seismic Test 4 (Part 3) 
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Figure M.24: ATS rod forces for Seismic Test 4 (Part 3) 
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ATS rod forces for Seismic Test 4 (Part 4) 
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Figure M.25: ATS rod forces for Seismic Test 4 (Part 4) 
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ATS rod forces for Seismic Test 4 (Part 5) 
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Figure M.26: ATS rod forces for Seismic Test 4 (Part 5) 
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ATS rod forces for Seismic Test 4 (Part 6) 
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Figure M.27: ATS rod forces for Seismic Test 4 (Part 6) 
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ATS rod forces for Seismic Test 5 (Part 1) 
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Figure M.28: ATS rod forces for Seismic Test 5 (Part 1) 
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ATS rod forces for Seismic Test 5 (Part 2) 
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Figure M.29: ATS rod forces for Seismic Test 5 (Part 2) 
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ATS rod forces for Seismic Test 5 (Part 3) 
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Figure M.30: ATS rod forces for Seismic Test 5 (Part 3) 
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ATS rod forces for Seismic Test 5 (Part 4) 
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Figure M.31: ATS rod forces for Seismic Test 5 (Part 4) 
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ATS rod forces for Seismic Test 5 (Part 5) 
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Figure M.32: ATS rod forces for Seismic Test 5 (Part 5) 
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ATS rod forces for Seismic Test 5 (Part 6) 
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Figure M.33: ATS rod forces for Seismic Test 5 (Part 6) 
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Seismic Test Results: Selected shearwall 
stud uplift measurements 
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Appendix N 
 

Story 2 wall end stud uplift for Seismic test 1 
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Figure N.1: Wall end stud uplift at story 2 for Seismic test 1 
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Story 7 wall end stud uplift for Seismic test 1 
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Figure N.2: Wall end stud uplift at story 7 for Seismic test 1 
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Story 2 wall end stud uplift for Seismic test 2 
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Figure N.3: Wall end stud uplift at story 2 for Seismic test 2 
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Story 7 wall end stud uplift for Seismic test 2 
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Figure N.4: Wall end stud uplift at story 7 for Seismic test 2 
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Story 2 wall end stud uplift for Seismic test 3 
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Figure N.5: Wall end stud uplift at story 2 for Seismic test 3 
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Appendix N 
 

Story 7 wall end stud uplift for Seismic test 3 
 

 
 

 
Time (sec) 

 
Figure N.6: Wall end stud uplift at story 7 for Seismic test 3 
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Appendix N 

 
Story 2 wall end stud uplift for Seismic test 4 
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Figure N.7: Wall end stud uplift at story 2 for Seismic test 4 
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Appendix N 
 

Story 7 wall end stud uplift for Seismic test 4 
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Figure N.8: Wall end stud uplift at story 7 for Seismic test 4 

E
nd

 st
ud

 u
pl

ift
 (i

n)
 

10A-a 10A-b

D2-a D2-b



 

471 

 
Appendix N 

 
Story 2 wall end stud uplift for Seismic test 5 
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Figure N.9: Wall end stud uplift at story 2 for Seismic test 5 
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Appendix N 
 

Story 7 wall end stud uplift for Seismic test 5 
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Figure N.10: Wall end stud uplift at story 7 for Seismic test 5 
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Appendix O 
 

Out of plane diaphragm measurements for 
selected locations 
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Appendix O 
 

Diaphragm deformation: Seismic Test 1 
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Figure O.1: Out of plane diaphragm deformation at story 2 for Seismic Test 1 (Points 

1~6) 
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Appendix O 
 

Diaphragm deformation: Seismic Test 1 

 
Time (sec) 

 
Figure O.2: Out of plane diaphragm deformation at story 2 for Seismic Test 1 (Points 

7~13) 
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Appendix O 
 

Diaphragm deformation: Seismic Test 2 

 

 
Time (sec) 

 
Figure O.3: Out of plane diaphragm deformation at story 2 for Seismic Test 2 (Points 

1~6) 
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Diaphragm deformation: Seismic Test 2 
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Figure O.4: Out of plane diaphragm deformation at story 2 for Seismic Test 2 (Points 

7~13) 
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Appendix O 
 

Diaphragm deformation: Seismic Test 3 
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Figure O.5: Out of plane diaphragm deformation at story 2 for Seismic Test 3 (Points 

1~6) 
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Appendix O 
 

Diaphragm deformation: Seismic Test 3 
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Figure O.6: Out of plane diaphragm deformation at story 2 for Seismic Test 3 (Points 

7~13) 

O
ut

 o
f p

la
ne

 d
ia

ph
ra

gm
 d

ef
or

m
at

io
n 

(in
) 

7 8 

9 10 

11 12 

13 



 

480 

Appendix O 
 

Diaphragm deformation: Seismic Test 4 
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Figure O.7: Out of plane diaphragm deformation at story 2 for Seismic Test 4 (Points 

1~6) 
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Appendix O 
 

Diaphragm deformation: Seismic Test 4 
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Figure O.8: Out of plane diaphragm deformation at story 2 for Seismic Test 4 (Points 

7~13) 
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Appendix O 
 

Diaphragm deformation: Seismic Test 5 
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Figure O.9: Out of plane diaphragm deformation at story 2 for Seismic Test 5 (Points 

1~6) 
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Appendix O 
 

Diaphragm deformation: Seismic Test 5 

 
Time (sec) 

 
Figure O.10: Out of plane diaphragm deformation at story 2 for Seismic Test 5 (Points 

7~13) 
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Appendix P 
 

Base shear force-displacement hysteresis 
loops 
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Appendix P 
 

Seismic Test 1 and 2 with SMF 

 
Roof displacement (in) 

 
Figure P.1: Base shear vs. Roof displacement hysteresis loop for Seismic Test 1 & 2 

 
*Base shear calculated from seismic mass and recorded absolute acceleration at each 
story 
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Appendix P 
 

Seismic Test 3, 4, and 5 without SMF 
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Figure P.2: Base shear vs. Roof displacement hysteresis loop for Seismic Test 3, 4, and 5 
 
*Base shear calculated from seismic mass and recorded absolute acceleration at each 
story
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Appendix Q 
 

Inter-story shear force-displacement 
hysteresis loops 
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Appendix Q 
 

Story 1 (SMF) hysteresis 

 
Roof displacement (in) 

 
Figure Q.1: Story shear vs. inter-story displacement hysteresis loop for story 1 (SMF) 
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Appendix Q 
 

Story 2 hysteresis 

 
Roof displacement (in) 

 
Figure Q.2: Story shear vs. inter-story displacement hysteresis loop for story 2 
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Appendix Q 
 

Story 3 hysteresis 

 
Roof displacement (in) 

 
Figure Q.3: Story shear vs. inter-story displacement hysteresis loop for story 3 
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Appendix Q 
 

Story 4 hysteresis 

 
Roof displacement (in) 

 
Figure Q.4: Story shear vs. inter-story displacement hysteresis loop for story 4 
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Appendix Q 
 

Story 5 hysteresis 

 
Roof displacement (in) 

 
Figure Q.5: Story shear vs. inter-story displacement hysteresis loop for story 5 
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Appendix Q 
 

Story 6 hysteresis 

 
Roof displacement (in) 

 
Figure Q.6: Story shear vs. inter-story displacement hysteresis loop for story 6 
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Appendix Q 
 

Story 7 hysteresis 

 
Roof displacement (in) 

 
Figure Q.7: Story shear vs. inter-story displacement hysteresis loop for story 7 
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Appendix R 
 

Global and Inter-story torsion responses 
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Appendix R 
 

Global Torsion Response at Roof Level 

 
 

 
Time (sec) 

 
Figure R.1: Global torsion response of the building relative to shake table at roof level 

 
*Torsion response calculated based on optical tracking measurements at roof corners  
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Appendix S 
 

Strain measurements for SMF moment 
connections 
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Appendix S 
 

Location ID (LOC) for the moment connections  
 

 
 

Figure S.1: Location ID for moment connections (each connection contains 4 strain 
measurements) 
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