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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 seeks 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 is accomplished through the development of a new 
seismic design philosophy that will make mid-rise woodframe construction a reality in regions 
of moderate to high seismicity. Such a design philosophy falls under the umbrella of the perfor-
mance-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 wood-
frame 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 build-
ing. 
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This report is the fi rst in a series of reports resulting from the NEESWood Project. It documents the bench-
mark shake table test program of a full-scale two-story wood frame townhouse building. The experimental 
program focused on the various construction elements that could signifi cantly infl uence the seismic re-
sponse of these types of buildings. The testing was divided into fi ve phases: (1) engineered wood structural 
(shear) walls alone; (2) wood structural walls incorporating viscous fl uid dampers; (3) installation of gyp-
sum wallboard to engineered wood structural walls; (4) installation of gypsum wallboard to interior parti-
tion walls and ceilings; and (5) installation of stucco as exterior wall fi nish. Two kinds of tri-axial historical 
ground motions were used for the tests: a Design Basis Earthquake (DBE) with a probability of exceedance 
of 10% in 50 years, or a return period of 475 years; and a Maximum Credible Earthquake (MCE) with a 
probability of exceedance of 2% in 50 years, or a return period of 2,475 years.  

This report provides a detailed analysis of the experimental results of test phases 1, 3, 4 and 5. The test 
results show that the installation of gypsum wallboard to the interior surfaces of the structural walls sub-
stantially improved the seismic response of the test structure. The application of exterior stucco provided 
further improvements, particularly in the longitudinal direction, where the shear response of the wall piers 
dominated. The results of test phase 2 are documented in a companion report. 
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Chapter 1 Introduction 
 

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 significant 

structural and non-structural damage in recent earthquakes. To date, the height of woodframe 

construction has been limited to approximately four stories, mainly due to the lack of 

understanding of the dynamic response of taller (mid-rise) woodframe construction, non-

structural limitations such as material fire requirements, and potential damage considerations for 

non-structural finishes. Current building code requirements for engineered wood construction 

around the world are not based on a global seismic design philosophy. Rather, wood elements 



 2

are designed independently of each other without consideration of the influence that their 

stiffness and strength have on the other structural 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. As a result, the 

NEESWood Project was developed through the George E. Brown Junior Network for 

Earthquake Engineering Simulation (NEES) program of the National Science Foundation to 

address these shortcomings of woodframe construction. 

1.1 Description of the NEESWood Project 

The NEESWood project seeks to take on the challenge of developing a seismic design 

philosophy that will provide the necessary mechanisms to safely increase the height of 

woodframe structures in active seismic zones of the U.S. as well as mitigating damage to low-

rise woodframe structures. This will be accomplished through the development of a new seismic 

design philosophy that will make mid-rise woodframe construction a reality 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 tests of a two-story 

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

tables at the SUNY-Buffalo NEES node is to be 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 will serve as a benchmark for both woodframe performance and nonlinear 

models for seismic analysis of woodframe structures. These efficient analysis tools will provide a 
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platform upon which to build the performance-based seismic design (PBSD) philosophy. The 

PBSD methodology will rely on the development of key performance requirements such as 

limiting inter-story deformations. The method will incorporate 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 PBSD procedure, aimed at increasing the height of woodframe 

structures equipped with economical seismic protection systems, will also be investigated within 

the scope of this NEESWood project. Once the PBSD philosophy for mid-rise (and all) 

woodframe structures has been developed, it will be applied to the seismic design of a mid-rise 

(five or six-story) multi-family residential woodframe apartment building. This mid-rise 

woodframe structure will be 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, is necessary to accommodate the height and payload of the mid-rise 

building. There will be a general solicitation in the U.S. and in the international earthquake 

engineering community for payload projects to be conducted during this series of tests, thus 

maximizing the benefit to cost ratio for the world’s earthquake engineering community.  

1.2 Description of NEESWood Benchmark Testing Program 

This report discusses the benchmark shake table testing program on a full-scale two-story 

woodframe townhouse building conducted within the NEESWood Project. The test building 

represents the world’s largest woodframe structure tested on a shake table. The size and weight 

of the test structure required the simultaneous use of the two tri-axial shake tables at the 

University at Buffalo UB-NEES site. The testing program is focusing on the various construction 
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elements that may have significant influence on the seismic response of woodframe buildings 

and that should be considered in performance-based seismic design. 

The benchmark test structure is based on one of the four index buildings designed within the 

recently completed CUREE-Caltech Woodframe Project [1]. It represents one unit of a two-story 

townhouse containing three units, having approximately 1800 ft2 of living space with an attached 

two-car garage, as shown in Figure 1.1. The height of the townhouse from the first floor slab to 

the roof eaves is 18 ft and its total weight is approximately 80 kips. The exterior walls of the 

townhouse test building are covered on the outside with 7/8 in. thick stucco over 7/16 in. thick 

OSB sheathed shear walls and 1/2 in. thick gypsum wallboard on the inside.  

 

23
 ft

56 ft

 
Figure 1.1: NEESWood benchmark test structure 
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Multiple seismic tests were conducted for various configurations of the benchmark test building. 

Five different seismic test phases were included in the test program. Low amplitude white noise 

tests were also conducted between the seismic tests of each phase to determine the variations of 

the dynamic characteristics of the test building as it experienced increasing levels of damage. 

The test structure was repaired after each test phase in an attempt to return the lateral load-

resisting system to its original characteristics before the start of each subsequent test phase. Note 

that all test phases were performed for a constant mass of the test building by incorporating 

ballast weights at the floor level for the test phases in which some of the wall finish materials 

were omitted. 

Two different types of tri-axial historical ground motions were used for the seismic tests: 

ordinary ground motions and near-field ground motions. The ordinary ground motions 

represented a Design Basis Earthquake (DBE) having a probability of exceedance of 10% in 50 

years (10%/50 years), or equivalently, a return period of 475 years. The near-field ground 

motions represented a Maximum Credible Earthquake (MCE) having a probability of 

exceedance of 2% in 50 years (2%/ 50 years), or a return period of 2475 years.   

The test structure was instrumented with nearly 230 displacement, acceleration, and force 

measuring devices to maximize the amount of information regarding the response of the 

structure during the various tests. 
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Chapter 2 Test Structure and Testing Objectives 
 

This chapter provides a description of the benchmark structure and gives 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. 
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2.1 Description of Test Structure 

The test structure considered in the NEESWood benchmark testing is one of the four index 

buildings designed within the recently completed CUREE-Caltech Woodframe Project [1]. It 

represents one unit of a two-story townhouse containing three units, having approximately 1800 

ft2 of living space with an attached two-car garage, as shown in Figure 2.1. This building is 

assumed to have been built as a “production house” in either the 1980’s or 1990’s, located in 

either Northern or Southern California. The design is based on engineered construction 

according to the seismic provisions of the 1988 edition of the Uniform Building Code [2]. The 

height of the townhouse from the first floor slab to the roof eaves is 18 ft and its total weight is 

approximately 80 kips (40 tons). 

 
Figure 2.1: Illustration of two-story townhouse containing three units 
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The exterior walls of the townhouse test building were covered on the outside with 7/8 in. thick 

stucco over 7/16 in. thick OSB sheathed shear walls and 1/2 in. thick gypsum wallboard on the 

inside. Details regarding the two-story townhouse building are given by Reitherman et al. [1]. 

The floor plans of the test building are shown in Figure 2.2. Similarly, Figure 2.3 shows 

elevations of the test building. The architectural and structural plans for the final configuration 

(Phase 5) of the test structure are shown in Appendix A.  The structural details of all shear walls 

in the buildings are included in Appendix B. 

 
Figure 2.2: Floor plans of test building 
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Figure 2.3: Elevations of test building 

All framing materials for the shear walls of the test building are 2x4 dimensional lumber except 

for the first level of the garage where 2x6 dimensional lumber is used. The top plates and end 

studs consist of double members, while the sole plate and the interior studs are single members. 

Studs are spaced at 16 in. on center. Conventional corner hold-downs are used to prevent 

overturning of the walls and to ensure a racking mode of deformation. The sheathing panels are 

7/16 in. thick oriented strand board (OSB) installed vertically. The sheathing-to-framing 

connectors are pneumatically driven 8d common nails. 
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2.2 Experimental Set-up 

The twin re-locatable, 50-ton, tri-axial shake tables of the Structural Engineering and Earthquake 

Simulation Laboratory (SEESL) at the University at Buffalo (UB) were utilized for the 

NEESWood benchmark experiment. Details about the earthquake-simulator characteristics can 

be found online at http://nees.buffalo.edu/.  

The two tables acting in unison were required to accommodate the weight of the full-scale test 

building. As shown in Figure 2.4a, the 23 ft x 23 ft extension steel frames available on both of 

the UB-SEESL shake tables were connected together by a steel link structure to support the 

entire woodframe structure across the two shake tables with minimal vertical deflection. Figure 

2.4b shows a photograph taken during the construction of the foundation of the test building on 

the two shake tables and link structure. 

Threaded A-307 steel rods bolted to the existing hole pattern of the extension frame were used as 

anchor bolts for the sill plates, as shown in Figure 2.5a. Note that 2-¼ in. x 2-¼ in. x  ¼ in. thick 

steel plate washers were installed at each anchor bolt location. At the locations of hold-down 

devices, 5/8 in. diameter rods were used, while 1/2 in. diameter rods were used at other locations. 

A 2-1/4 in. thick layer of grout was installed on top of the steel base beneath the pressure treated 

sill plates to represent a foundation, as shown in Figure 2.5b. The friction of the sill plate against 

the grout was similar to that of a true concrete foundation. The locations of the anchor bolts 

around the perimeter of the test building are given in Appendix A. 
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(a) 

 

 
(b) 

 
Figure 2.4: (a) Extension frame of shake tables connected by steel link structure, and (b) 
Foundation of Test Building under Construction 
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(a) 

 
(b) 

 
Figure 2.5: Foundation details, a) schematic, b) photograph 

2.3 Testing Objectives 

The objectives of the shake table testing of the NEESWood benchmark building were quite 

extensive and were intended to provide data for use in other tasks of the NEESWood Project 

(e.g., development of numerical tools, integration of results from other component tests, 

recommendations for code changes, determination of important parameters for performance-
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based seismic design. etc.). To maximize the information that was gathered and learned, multiple 

tests were conducted at various stages of construction of the test building. 

Conducting tests at different stages of construction allowed data to be collected on many specific 

building configurations. Table 2.1 presents a summary list of the test phases and the 

corresponding test structure configurations. Comparison of the building’s response in each of 

these different configurations was used to establish variations in fundamental period and 

damping values, determine stiffness variations for different configurations of wall finish 

materials and evaluate the performance of passive supplemental damping systems on the overall 

response of the structure. At the end of each stage of testing, damage to structural components 

and connections were visually inspected and recorded. Necessary repairs were made between test 

stages to return the structural components to their original strength and stiffness. In addition, the 

performance of finish materials, such as gypsum wallboard and exterior cement stucco, was 

visually inspected and documented. Damage observations were correlated with the force and 

deflection measurements of the building during those tests.  

Table 2.1: Summary of test phases and building configurations 

Test 
Phase 

Test Building Configuration 

1 
 
2 
 
 
3 
 
 
4 
 
 
5 

Wood structural elements only 
 
Test Phase 1 structure with passive fluid dampers incorporated into selected wood 
shear walls 
 
Test Phase 1 structure with 1/2 in. thick gypsum wallboard installed with #6-1-1/4 in. 
long screws @ 16 in. O.C. on structural (load bearing) walls 
 
Test Phase 3 structure with 1/2 in. thick gypsum wallboard installed with #6-1-1/4 in. 
mm long screws on all walls (16 in. O.C.) and ceilings (12 in. O.C.) 
 
Test Phase 4 structure with 7/8 in. thick stucco installed with 16 gage steel wire mesh 
and 1-1/2 in. long leg staples @ 6 in. O.C. on all exterior walls 
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A detailed description of each of the test phases listed in Table 2.1 is provided in the next 

chapter. The primary objective of this shake table testing was to measure and quantify the 

building’s overall dynamic characteristics and its component responses for various construction 

configurations, and to document how the distribution of forces within the structure changed 

between the various configurations. However, another fundamental objective was to establish 

relationships between ground motion severity, deflections, damage, and to provide data for 

defining realistic performance objectives. The data collected from the tests could then be used in 

the development of analytical models for complete full-scale buildings and for the prediction of 

damage states and failure modes. The shake table test results also provide a basis for calibration 

of the NEESWood Project’s other individual component test results and their integration into 

numerical models. 
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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 test 

structure; that is system identification and seismic tests. The characteristics of the input motions 

that were used for each type of tests are reported, along with information on the recording and 

filtering of acquired data. In addition, a detailed description of the configuration of the structure 

during each of the five test phases is provided. Any repairs of the structural components that took 

place between or during each phase are also described. 
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3.1 Testing Sequences 

3.1.1 System Identification Tests 

The main objective of the system identification tests was to identify the dynamic characteristics 

of the test structure such as natural frequencies, associated mode shapes and modal damping 

ratios. White noise tests were considered to be adequate to effectively capture the properties 

mentioned above. The input excitation was an acceleration-controlled flat random noise with a 

frequency band between 0.5-50 Hz. The Root Mean Square (RMS) amplitude of the acceleration 

signal was selected to be either 0.05 g or 0.10 g and the duration of each test was 3 minutes. The 

sampling rate of the recorded data was 256 Hz. No additional filtering was applied to the data 

other than the embedded analog and anti-aliasing filters of the data acquisition system with a 

corner frequency of 50 Hz. 

Uni-axial white noise tests were conducted in each of the three principal directions of the test 

structure (east-west, north-south and vertical). Typically, white noise tests in the two horizontal 

directions were repeated between each seismic test of each phase, in order to capture any change 

in the dynamic properties of the structure due to degrading inelastic response. Appendix D 

contains the testing sequence followed in each phase, providing the amplitude and the direction 

of each white noise test performed. The nominal amplitude in Test Phases 3, 4 and 5 did not 

exceed 0.05 g. 

3.1.2 Seismic Tests 

The main objective of the seismic tests was to determine the performance of the test structure 

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

were selected based on Task 1.3.2 of the CUREe-Caltech Woodframe Project [3]. Two different 
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sets of tri-axial historical ground motions were used for the seismic tests: ordinary ground 

motions and near-field ground motions. Both sets were recorded during the 1994 Northridge 

Earthquake in California. 

The first set of ground motions was Canoga Park (CP), recorded at Topanga Canyon (USC 

Station 90053) at a distance of 15.8 km from the fault rupture. The acceleration time-histories of 

the three components of the Canoga Park record are shown in Figure 3.1. These ordinary ground 

motions with an amplitude-scaling factor of 1.20 were 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 [3]. The acceleration response spectra of the three unscaled components of the Canoga 

Park record for 5% damping are presented in Figure 3.3. 

The second set of ground motions is Rinaldi (RN), recorded at Rinaldi Receiving Station (DWP 

Station 77) at a distance of 7.1 km from the fault rupture. The acceleration time-histories of the 

three components of Rinaldi record are presented in Figure 3.2. These near-field ground motions 

were considered to represent a Maximum Credible Earthquake (MCE) event with a 2% 

probability of exceedance in 50 years or a return period of 2475 years [3]. The acceleration 

response spectra of the three components of the Rinaldi record for 5% damping are presented in 

Figure 3.4. 

The order of appearance of the three components of each earthquake record in Figures 3.1 and 

3.2 is based on the direction each component was applied during the seismic tests. The first 

components (CP 106 and RN 318) were applied in the longitudinal (east-west) direction of the 

test structure, while the second components (CP 196 and RN 228) were applied in the transverse 

(north-south) direction. The third vertical components were applied in the vertical direction of 

the test structure. 
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In addition to the 10%/50 year and 2%/50 year hazard levels, the Canoga Park ground motions 

were scaled to produce three additional levels of 99.9%/50 years, 50%/50 years and 20%/50 

years. These lower levels of intensity were used to determine the response of the test structure 

under more frequently occurring ground motions. 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. 

Summarizing, there were up to five levels of seismic tests performed. The input ground motions 

for the first four levels were scaled versions of the Canoga Park record while the input motions 

for the fifth level was the Rinaldi record, both recorded during the 1994 Northridge Earthquake. 

Appendix D contains the testing sequence followed during each of the test phases, providing 

information on the level of shaking intensity and the direction of excitation for each seismic test. 

Detailed description of the seismic tests for each phase is provided in the following sections. It 

should be noted that there were no seismic tests conducted beyond Level 2 during Test Phase 1, 

3 and 4. Data from the seismic tests were recorded at a sampling rate of 256 Hz. Other than the 

embedded analog and anti-aliasing filters of the data acquisition system, a digital lowpass filter 

with a cutoff frequency of 10 Hz was applied on the acquired data. 

Table 3.1: Ground motions for seismic tests 

PGA (g) Seismic  
Test 

Level 

Ground 
Motions 

(Northridge 1994) 
Hazard Level 

Amplitude
Scaling 
Factor 

East-
West 

North-
South Vertical

1 Canoga Park 99.9% / 50 years 0.12 0.04 0.05 0.06 

2 Canoga Park 50.0% / 50 years 0.53 0.19 0.22 0.26 

3 Canoga Park 20.0% / 50 years 0.86 0.31 0.36 0.42 

4 Canoga Park 10.0% / 50 years 1.20 0.43 0.50 0.59 

5 Rinaldi 2.0% / 50 years 1.00 0.47 0.84 0.85 
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Figure 3.1: Acceleration time-histories of unscaled Canoga Park ground motions: (a) horizontal 
component at 106 degrees from north, (b) horizontal component at 196 degrees from north and 
(c) vertical component 
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Figure 3.2: Acceleration time-histories of unscaled Rinaldi ground motions: (a) horizontal 
component at 318 degrees from north, (b) horizontal component at 228 degrees from north and 
(c) vertical component 
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Figure 3.3: Acceleration response spectra of unscaled Canoga Park record for 5% damping 
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Figure 3.4: Acceleration response spectra of unscaled Rinaldi record for 5% damping 
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3.2 Nomenclature of Shake Table Tests 

The nomenclature that was selected for the shake table tests that were conducted throughout the 

experimental phases is introduced and described in this section. A seven-character name was 

assigned to each test that was recorded by the data acquisition system. Table 3.2 lists the possible 

fields for each of the three parts that defined a unique name for each test. 

The first two characters were the initials of the project name, which were always the same for all 

test names. The next two characters identified the Test Phase, part of which was the given shake 

table test. The last 3 characters identified the type of shake table test conducted. It should be 

noted that due to the size of the test structure and the complexity of the test setup, the tables’ 

power up and down motions were recorded and were assigned test names as well. 

Table 3.2: Nomenclature of shake table tests 

NW  PX   YYY

NEESWood

Project

Possible Fields:

NW: NEESWood

Test Phase No.

Possible Fields:

P1: Test Phase 1

P2: Test Phase 2

P3: Test Phase 3

P4: Test Phase 4

P5: Test Phase 5

Test Type and No.

Possible Fields:

Txx: Table Power Up/Down No. xx

Wxx: White Noise Test No. xx

Sxx : Seismic Test No. xx

Test Name Nomenclature
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3.3 Description of Test Phase 1 

3.3.1 Description of Test Structure during Phase 1 

The main objective of Test Phase 1 was to quantify the seismic behavior of the benchmark test 

structure when no wall finish materials were installed. The structure consisted only of the wood 

structural components; no additional materials such as gypsum wallboard or stucco were applied 

on the inner or outer surfaces of the wood shear walls. The shear walls and roof trusses were 

fabricated and donated by Niagara Truss & Pallet LLC, a local construction company, and were 

shipped to the University at Buffalo UB-NEES site. Appendix A contains the architectural and 

structural drawings of the test structure. All the drawings that are referenced in this section refer 

to the drawings of Appendix A unless differently stated. The shear wall framing members such 

as studs and top and sill plates were constructed of 2x4 Hem Fir lumber. Only the structural 

walls around the garage on the first floor were made of 2x6 studs and sill plates, as shown in 

Drawing S-13. Oriented Strand Board (OSB) sheathing panels of maximum size 4 ft x 8 ft and 

thickness 7/16 in. were nailed on the wood framing, made of studs spaced at 16 in. on center 

(O.C.), through 8d common nails. Table 3.3 presents information on the three nailing schedules 

that were followed in the construction of the shear walls. Sheathing edge nails were spaced at 3, 

4 or 6 in. while field nails were typically spaced at 12 in. 

Table 3.3: Nailing schedules used in the construction of the shear walls 

Symbol 
Allowable 

Shear 
(PLF) 

Sheathing 
Material 

Min. Stud at 
Adjoining 

Panel Edges

Sheathing
Edge 
Nails 

Sheathing 
Intermediate 

Nails 
Anchor Bolts 

{6} 260 8d@6 in. 1/2 in. @48 in. 

{4} 380 8d@4 in. 1/2 in. @32 in. 

{3} 490 

7/16 in. 
OSB 

Sheathing 

2x 
 

8d@3 in. 

8d@12 in. 
 

1/2 in. @16 in. 
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Drawings S-7 and S-9 identify the nailing schedule for each shear wall on the first and the 

second floor, respectively. Appendix B contains the structural drawings of the wood shear walls 

and the roof trusses while Appendix C provides the actual as-built sheathing cutout and nail 

schedule of the shear walls, as observed on site after installation. 

The floor joists were constructed of 2x12 Douglas Fir lumber spaced at 12 or 16 in. O.C., as 

shown in Drawing S-8 and illustrated in Figure 3.5. Roof trusses were constructed of SPF lumber 

and were spaced at 24 in. A photograph taken during the installation of the roof trusses on the 

structure is shown in Figure 3.6. The first floor shear wall sill plates were located on a 2-¼ in. 

thick concrete slab, which followed the perimeter of the building. The width of the concrete slab 

was 2 in. greater than the width of the sill plate. Drawings S-14 and S-15 present information 

related to the concrete slab. 

 
Figure 3.5: Installation of floor joists during construction 
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Figure 3.6: Installation of the roof trusses of the benchmark structure 

Holdowns (5/8 in. bolt diameter), as shown in Figure 3.7, and anchor bolts (1/2 in. bolt diameter) 

were used according to Drawing S-13 to anchor the sill plates to the concrete slab, while Strap-

tie connectors were used to attach first and second floor walls, as identified in Drawing S-7. 

The prefabricated walls were assembled on the twin shake table frames by Hartland Builders, a 

group of private contractors, who followed closely the structural notes as well as the sketches of 

detailed connections between structural members, which are illustrated in Drawings S-1 through 

S-5. All the exterior surfaces of the structure, including the inclined roof, and two interior shear 

walls in the north-south direction were fully sheathed with 7/16 in. OSB panels. The roof tiles 

were installed by the UB-NEES staff after the construction of the structure. Figure 3.8 illustrates 

the structure at the end of the construction phase after the installation of the roof tiles. 
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Figure 3.7: PHD2 Strong-tie Holdown installed at the bottom corner of a shear wall  

 
Figure 3.8: South-east view of the structure after installation of the roof tiles 



 29

3.3.2 Description of Test Phase 1 Protocol 

Since the project consisted of five test phases, the magnitude of damage caused in early testing 

phases was a major concern. The intention was to repair the structural elements between each 

test phase, so that the structure could return to its initially identified mechanical properties. 

However, this might not be possible if excessive damage and large permanent deformations were 

observed due to inelastic response. For this reason, it was decided to specify an upper bound 

limit on the maximum allowed inter-story drift experienced by any structural wall, for Test 

Phases 1 through 4. This inter-story drift limit was set to 2%. 

The test protocol that was followed during Test Phase 1 is listed in Table D.1 of Appendix D. 

For each of the first two seismic levels, four seismic tests were conducted. First, a tri-axial 

ground motion was used to simulate a real earthquake event. A bi-axial shaking followed, in the 

two horizontal directions, to assess the effect of the vertical component in the response of the 

structure. Two uni-axial seismic tests, in the longitudinal and transverse directions, completed 

the tetrad of tests for each level. Finally, a uni-axial Seismic Level 3 in the longitudinal direction 

was conducted. 

No repairs took place between the seismic tests of Phase 1. However, during Test NWP1S05, 

there was a synchronization malfunction that led to unsynchronized motions of the twin shake 

tables. The test was promptly aborted, yet some of the anchor bolts located on the bridge 

structure failed in shear and were replaced. 
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3.4 Description of Test Phase 2 

3.4.1 Description of Test Structure during Phase 2 

Test Phase 2 was dedicated to the assessment of passive energy dissipation systems installed in 

light woodframe buildings. In particular, four fluid damping devices were installed in the 

longitudinal direction of the benchmark structure, as shown in Figure 3.9. This was the first 

application of fluid dampers on a full scale woodframe building. Therefore, one of the objectives 

of Test Phase 2 was to establish the feasibility of implementing such a seismic protection system 

within a full scale three-dimensional structure. 

2nd Floor

1st Floor

Fluid 
Dampers

 
Figure 3.9: Location of fluid dampers on the structure 
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The viscous fluid dampers were manufactured and donated by Taylor Devices Inc. The dampers 

were nonlinear velocity-dependent devices. Therefore, the damper force FD was nonlinearly 

related to the velocity VD and was defined by the following equation: 

( ) = sign⋅ ⋅ α
D D DF C V V         (3.1) 

The dampers were designed based on the criteria of limiting the inter-story drifts to 2% for all 

seismic levels. The velocity exponent α and the damping coefficient C were designed to be equal 

to 0.5 and 1.5 kips-(sec/in)0.5, respectively. The maximum displacement stroke was ±1.5 in. and 

the maximum force capacity was 7 kips. Each damping device was incorporated inside the wood 

shear wall at the desired location in the structure. Figure 3.10 shows the south damper-wall unit, 

installed at the garage of the benchmark structure. 

Double 2x10 Header

Steel 
Brackets

Fluid 
Damper

Standard 
Tubular 

Steel Frame

4’ Long

 
Figure 3.10: Damper-wall unit installed at the south side of the garage (view from inside) 
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The unit incorporated a stiff standard tubular steel frame, which transfers the relative drift from 

the top to the bottom of the wall. The frame was connected to a double 2x10 header at the top 

and to the damper at the bottom. Wood framing was provided around the perimeter. The width of 

each damper-wall unit was 4 ft to accommodate the standard width of wood sheathing panels. 

The damper-wall units were designed and fabricated at Rensselaer Polytechnic Institute (RPI) 

and were shipped to the UB-NEES site for installation within the test structure. Since the 

structure was already built during Test Phase 1, the implementation of the damper-wall units 

required the unsheathing of the existing shear walls and the extraction of the studs and sill plates 

at the location of the dampers. Lag screws were used to connect the damper wall unit with the 

top and bottom plates and transfer the shear force. Additionally, epoxy was applied at the bottom 

sill plate for additional shear strength capacity. This can be regarded as a retrofit application.  

Figure 3.11 shows the benchmark structure before the installation of the damper-wall units and 

after the extraction of sheathing and wood framing of the existing walls. Figure 3.12 shows the 

installed damper-wall units at the southwest side of the townhouse before the application of the 

sheathing panels. Two of the wood shear walls of the benchmark structure were repaired before 

the beginning of Test Phase 2. These were the interior structural walls, I-1 and I-27 as identified 

in Appendix B, which were located at the first floor and oriented in the north-south direction. 

OSB Sheathing panels were replaced for both of the walls, except for the small sheathing pieces 

around the interior door. One damaged stud was also replaced from Wall I-27. 

3.4.2 Description of Test Phase 2 Protocol 

The test protocol that was followed during Test Phase 2 is listed in Table D.2 of Appendix D. 

The seismic tests during this phase were conducted only in the longitudinal and vertical direction 
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of the structure. For each seismic test level, two seismic tests were conducted. First, a bi-axial 

ground motion in the two directions mentioned above was applied, followed by a uni-axial 

shaking in the longitudinal direction to assess the effect of the vertical component on the 

response of the structure. The testing sequence was repeated twice, each time applying a retrofit 

scheme to increase the effectiveness of the damping system by attempting to increase the rigidity 

of the wall-to-framing connections. This would lead to engagement of the damping devices at 

smaller wall displacements. Bi-axial tests were conducted up to Seismic Level 4. During the last 

test, the structure was subjected to a uni-axial Seismic Level 5 input motion. After the 

completion of that test, the dampers were disconnected, by releasing the oil pressure in the 

devices, and three uni-axial seismic tests (Level 3 through Level 5) were performed to directly 

compare the response of the “bare” structure with that of the structure containing the damper-

wall units. 

 
Figure 3.11: The benchmark structure before the installation of the damper-wall units 
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Figure 3.12: Installation of the damper-wall units on the south-west side of the structure 
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3.5 Description of Test Phase 3 

3.5.1 Description of Test Structure during Phase 3 

The main objective of Test Phase 3 was to assess the effect of interior wall finishes on the 

seismic performance of the benchmark structure. Following Test Phases 1 and 2, when the 

structure consisted only of the wood shear walls, gypsum wallboard was installed on the interior 

surface of the exterior perimeter walls, as well as on both sides of the two interior structural 

shear walls, located on the first level in the north-south direction. The intention was to evaluate 

the effect of gypsum wallboard applied only on the structural walls of the structure, which are 

structurally connected to adjacent roof and floor diaphragms. 

Gypsum wall panels, 1/2 in. thick, were fastened on the studs of the shear walls using #6x1-1/4 

in. long screws at 16 in. O.C., as shown in Figure 3.13. 

  
Figure 3.13: Installation of gypsum wallboard on interior surface of a shear wall 
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Mudding and taping of the joints between the gypsum panels was appropriately applied, as 

shown in Figure 3.14. The wallboards were then sanded to smooth the mudded surfaces before 

painting. The installation of the gypsum wall finishes was performed by students from the Erie 

Community College (ECC) in Buffalo.  

Before the application of the gypsum wall finishes, the damper-wall units that were tested in 

Phase 2 were removed. Studs and sheathing were installed at these locations according to the 

initial structural drawings. Two sheathing panels were also replaced on Wall E-10. The total 

width of those two panels was 48 in., so a full OSB sheathing panel was applied instead. The 

garage door, donated by National Overhead Inc., was also installed before the execution of the 

Phase 3 shake table tests. 

 
Figure 3.14: View of the interior wall finishes after mudding and taping 
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3.5.2 Description of Test Phase 3 Protocol 

The test protocol that was followed during Test Phase 3 is listed in Table D.3 of Appendix D. 

Four seismic tests were conducted, two for each of the first two seismic test levels. First, a tri-

axial ground motion was used to simulate a real earthquake event and, secondly, a bi-axial 

shaking followed, in the two horizontal directions, to assess the effect of the vertical component 

on the response of the structure. Note that seismic tests did not exceed Seismic Test Level 2, in 

order to limit the peak inter-story drift at any wall of the structure below the threshold value of 

2%, as mentioned in Section 3.3.2. 

3.6 Description of Test Phase 4 

3.6.1 Description of Test Structure during Phase 4 

Following a logical sequence in the seismic investigation of the benchmark structure, the next 

step was to evaluate the effect of gypsum wall finishes, applied on every wall of the townhouse 

as well as on the ceiling of the two floors. This would give the opportunity to compare the 

response of the structure between Test Phases 3 and 4 and explicitly assess the effect of interior 

wall finishes applied on structural and non-structural members. Gypsum wall panels, 1/2 in. 

thick, were fastened on the studs of interior partition walls using #6x1-1/4 in. long screws at 16 

in. O.C., as shown in Figure 3.15. Gypsum wallboard of the same thickness was installed on the 

ceiling, as well, using the same screws, applied at 12 in. O.C., as shown in Figure 3.16. After 

completing the installation of the interior wall finishes, all interior surfaces were painted green to 

facilitate the observations of cracks in the gypsum. This concluded the preparations for Test 

Phase 4. 
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Figure 3.15: Installation of gypsum wallboard on an interior partition wall 

 
Figure 3.16: Installation of gypsum wallboard on the ceiling of the 2nd floor 
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3.6.2 Description of Test Phase 4 Protocol 

The test protocol that was followed during Test Phase 4 is listed in Table D.4 of Appendix D. 

The testing sequence was identical to the testing sequence of Test Phase 3. Four seismic tests 

were conducted, two for each of the first two seismic test levels. First, a tri-axial ground motion 

was performed, followed by a bi-axial shaking in the two horizontal directions. 

3.7 Description of Test Phase 5 

3.7.1 Description of Test Structure during Phase 5 

The main objective of Test Phase 5 was to investigate the seismic effect of exterior wall finishes 

on the seismic response of the test structure. For this purpose, stucco was applied on the exterior 

surface of the townhouse. This concluded the additional construction phases of the test structure, 

which was at that point as would have been built in California in the 1980’s or 1990’s. 

The stucco consisted of a mesh of wire lath (16 gauge steel wire mesh) and 3 coats of Portland 

cement-based plaster. First, vapor permeable, water-resistant tar paper was applied on the 

exterior surface of the structure (see Figure 3.17). The paper protected the sheathing and interior 

of the walls from outside moisture intrusion without trapping moisture vapor in the walls. Then, 

the wire mesh was attached to the exterior surface through 1-1/2 in. long leg staples, attached to 

the studs and spaced at 6 in. O.C. The first two coats of plaster were 3/8 in. thick each while the 

finish coat was 1/8 in. thick. Figures 3.18, 3.19 and 3.20 illustrate the exterior of the structure 

during application of the first, second and third coat, respectively, while Figure 3.21 shows the 

structure after the completion of this construction phase. 



 40

 
Figure 3.17: Installation of vapor permeable, water-resistant tar paper on the test structure 

 
Figure 3.18: Application of the first coat of plaster on the test structure 
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Figure 3.19: Application of the second coat of plaster on the test structure 

 
Figure 3.20: Application of the third coat of plaster on the test structure 
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Doors and windows were donated and installed by Northeast Window and Door in preparations 

for Phase 5 seismic tests. 

3.7.2 Description of Test Phase 5 Protocol 

The test protocol that was followed during Test Phase 5 is listed in Table D.5 of Appendix D. 

Two seismic tests were conducted for each of the first four seismic test levels. First, a tri-axial 

ground motion was used to simulate a real earthquake event and, thereafter, a bi-axial shaking 

followed, in the two horizontal directions, to assess the effect of the vertical component in the 

response of the structure. Test Phase 5 was the only phase that executed a tri-axial seismic test of 

Seismic Test Level 5. This was the last seismic test performed and was part of a Media Day that 

was held to conclude the UB-NEES benchmark testing series. 

 
Figure 3.21: South-east external view of the benchmark structure after the installation of the 
exterior stucco finish 
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In preparations for this Media Day, the structure was fully furnished as if occupied by a 4-

member family. Figures 3.22 through 3.28 illustrate the furnished rooms of the house. A car and 

two heaters full of water were placed in the garage, as shown in Figure 3.25. One of the heaters 

was anchored to the wall, while the other was not. Similarly, the library and the small table with 

the TV on top, which were located in bedroom #1 shown in Figure 3.27, were also anchored to 

the floor. Anchorage of all non-structural components was executed according to existing 

standards and guidelines ([4], [5], [6]).  

3.8 Supplemental Weight Distribution and Total Weight of Test 
Structure 

As a result of changes in wall finish materials throughout the test phases, supplemental weights 

were installed in the test structure to maintain a constant seismic weight of approximately 80 

kips. The mass of the structure for Test Phase 5 was used as the reference mass because interior 

gypsum wallboard and exterior stucco were installed for this phase. Therefore, any supplemental 

weights installed in previous test phases were removed during Test Phase 5. 

Appendix F contains all the information related to the supplemental weights for Test Phases 1 

through 4. The weights were located on the 2nd floor level and were effectively anchored on the 

floor using straps. Various materials were used such as gypsum wallboards, concrete pavers, roof 

shingles and pavers to simulate the weight of wall finishes that were not installed at each 

particular phase. Figures F.1 to F.3 show the exact location and the total weight of each 

particular material used in each test phase. 

Table F.1 presents the total tributary weight (self and supplemental) near the specific locations of 

the associated accelerometers, for each test phase (see Table E.1 and Figure E.1 of Appendix E 

or Figure 6.1 for accelerometers’ nomenclature). 
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Figure 3.22: View of the dining room from the 2nd floor 

 
Figure 3.23: View of the nook 
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Figure 3.24: View of the living room 

 
Figure 3.25: View of the garage 

Anchored 
water heater 
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Figure 3.26: View of the master bedroom 

 
Figure 3.27: View of bedroom #1 

Anchored 
non-structural 
components 
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Figure 3.28: View of bedroom #2 
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Chapter 4 Description of Instrumentation for 

Shake Table Tests 
 

The benchmark structure was instrumented with approximately 230 instruments during the shake 

table tests. Various types of sensors were selected to measure accelerations, displacements and 

forces in the structure during identification and seismic testing. Appendix E contains information 

related to instrumentation. It provides a list of the type and number of sensors that were used in 

each test phase (Tables E.1 to E.8 of Appendix E), as well as comprehensive instrumentation 

plans of the locations of each specific instrument (Figures E.1 to E.8 of Appendix E). 

Descriptions and general locations of each type of instrument follow. 



 50

4.1 Types of Instrumentation for Shake Table Tests 

4.1.1 Acceleration Measurements 

More than 70 accelerometers were used to measured accelerations in the test structure during the 

shake table tests. Pairs of accelerometers, as shown in Figure 4.1, which measured accelerations 

along the two horizontal directions, were placed on each corner of each floor of the benchmark 

structure. This allowed monitoring the motion of all external sides and accurately extracting 

mode shapes from identification tests. Vertical accelerometers were also placed at the bottom of 

the first floor walls, at the corners of the test structure, as shown in Figure 4.2, to capture any 

uplifting or rocking motion of the walls. Accelerometers were placed at other locations as well, 

as illustrated in Figure E.1 of Appendix E. 

 

Figure 4.1: Two accelerometers at the top of a first floor wall measuring accelerations in the two 
horizontal directions 
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Figure 4.2: Accelerometer at the bottom corner of the structure measuring acceleration in the 
vertical direction 

4.1.2 Displacement Measurements 

Twenty one linear string potentiometers were used to measure the absolute displacements of the 

shake tables and the benchmark structure with respect to a stationary reference system. The west 

and north sides of both the test structure and the shake tables were instrumented as shown in 

Figure E.2 of Appendix E to obtain absolute displacements in the two horizontal directions. 

String potentiometers were also installed on selected shear walls of the structure to determine the 

racking deformations of the sheathing panels (see Figure 4.3). The string potentiometers, 

oriented diagonally, measured the displacements between two points at the beginning and at the 

end of the wall, one located in the middle of the top plate and the other in the middle of the 

bottom plate. Some string pots that were connected also to the floor diaphragms to measure the 

true inter-story drift that can be compared to the racking deformation of the walls. 
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Figure 4.3: String potentiometer located on the top plate of a second floor shear wall 

The locations of the diagonal string potentiometers during all testing phases are illustrated in 

Figures E.3 and E.4 of Appendix E. 

Another type of displacement measuring devices used was the linear potentiometers. These 

instruments were calibrated for a small displacement range (of the order of 2 in.). Ten 

potentiometers were used to capture the sill plate slippage of shear walls around the perimeter of 

the structure with respect to the foundation (see Figure 4.4). Twenty six pairs of potentiometers 

were installed to measure the uplift displacement of the sill plate of selected walls with respect to 

the foundation, as well as the uplift displacement of the external stud with respect to the sill plate 

(see Figure 4.5). Instrumentation plans for the location of the potentiometers are provided in 

Figures E.5 and E.6 of Appendix E. 
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Figure 4.4: Potentiometer installed on the test structure to measure sill plate slippage 
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Figure 4.5: Two potentiometers installed on the test structure to measure uplift displacements of 
stud to sill plate and sill plate to foundation 
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4.1.3 Force Measurements 

More than 50 load cells were used to measure tensile axial forces on the shear transfer anchor 

bolts and Holdown anchor bolts of the first floor shear walls. The load cells were made of a piece 

of a cylindrical steel pipe that had an inside diameter slightly larger than the diameter of the 

anchor bolt. Four strain gages (two in the direction of the axial force and two in the 

circumferential direction) were wired to form a full Wheatstone bridge that was sensitive to 

strains related to axial forces across the load cell. Figures 4.6 and 4.7 show two load cells 

installed in a Holdown and an anchor bolt of first floor walls, respectively. Figure E.7 of 

Appendix E illustrate the position of each load cell for all testing phases. 

4.1.4 Additional Measurements 

Apart from the devices described above and that were used throughout all testing phases, there 

were some additional instruments that were installed only during Test Phase 2. These were 

related to the 4 damper-wall units that were tested in that particular phase. As shown in Figure 

E.8 of Appendix E, a temposonic transducer and a load cell were utilized for each damper-wall 

unit to measure the displacements and the forces across the dampers. 

In addition to the instrumentation devices installed on the test structure, data was also acquired 

through the embedded instruments that exist in the shake tables. Of particular interest were the 

Roll and Pitch rotations of each shake table, which are related to rotation with respect to the two 

horizontal axes. Thus, four additional measurements (2 rotation time-histories for each shake 

table) were added in the test datasheets. 
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Figure 4.6: Anchor bolt load cell measuring tensile axial force in a PHD5 Holdown 

 
Figure 4.7: Load cell measuring tensile axial force in a shear transfer anchor bolt 
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4.2 Sign Convention and Instrumentation Summary 

The sign convention was selected so that all measured data such as accelerations, displacements 

and forces were measured positive in the directions shown in Figure 4.8. These were towards the 

east and the north directions, for the horizontal components, and towards the sky, for the vertical 

components. The Roll and Pitch rotations of the shake tables were modified to yield positive 

displacements of floor diaphragms, per the sign convention defined above, for positive values of 

rotation of the shake tables, assuming the structure to be rigid. 

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

data during each of the five test phases. A total number of approximately 230 sensors were used 

during the five different test phases, to effectively capture the detailed seismic response of the 

test structure. 

 

N

positive 
directions

 
Figure 4.8: Positive directions of recorded data 
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Table 4.1: Summary of instrumentation devices for each test phase 

Test Phase   
Instrumentation Devices 1 2 3 4 5 

Accelerometers 71 71 71 71 70 

String Potentiometers - Absolute Displacements 21 21 21 21 21 

String Potentiometers - Shear Deformations 23 17 19 21 21 

Potentiometers - Sill Plate Slippage 10 10 10 10 10 

Potentiometers - Sill Plate Uplift 52 52 52 52 52 

Load Cells - Anchor Bolt Forces 53 50 54 57 57 

Load Cells - Viscous Dampers 0 4 0 0 0 

Temposonic Transducers - Viscous Dampers 0 4 0 0 0 

Total Number of Channels 230 229 227 232 231 
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Chapter 5 Determination of Material Properties 
 

This chapter focuses on the determination of the properties of the materials that were used in the 

construction of the NEESWood benchmark structure. More specifically, information is presented 

in three parts. The first part describes the moisture content readings in the wood members that 

took place before the execution of the experiments of Test Phase 1. The second part contains 

information related to the sheathing-to-framing connection tests that were conducted to 

determine the hysteretic properties of the specific nail connectors, sheathing type and thickness 

that were incorporated in the NEESWood benchmark structure. The final part describes how the 

compressive strength of exterior stucco wall finish was determined. 
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5.1 Moisture Content of Wood Shear Walls 

The moisture content readings were conducted by Charles Ekiert, an REU (Research 

Experiences for Undergraduates) student, after the construction of the benchmark structure and 

before any test phase. It is noted that at that time, the test structure consisted only of the 

structural wood shear walls; no exterior or interior wall finishes were installed. The following 

text is taken from Ekiert’s log book: 

“On Thursday June 1, 2006 between 13:00 and 14:00 hour’s moisture readings were measured 

using an EXTECH model 407777 heavy duty moisture meter.  The moisture meter contained 

preset material setting, which was calibrated in the factory.  The moisture meter was set to a 

material type two before any measurements were taken; which is the preset material number for 

Hem Fir.  

The studs in each prefabricated wall were tested by picking any random three studs in the wall 

panel and measuring the moisture content in those studs.  The three measurements were then 

averaged to determine the representative moisture content of the wall studs in each wall panel.   

The top and sill plates in each prefabricated wall panel were also measured for the moisture 

content.  The moisture content in both the sill and top plates were determined by taking moisture 

measurement at each end of the wall panel along with one measurement in the middle of the 

plate.  The three measurements were then averaged to determine the representative moisture 

content for both the sill and top plates”. 

Table 5.1 lists the averaged moisture content for each wall section of the benchmark structure. 

The wall sections that correspond to the wall numbers shown in Table 5.1 are identified in 

Appendix B. 
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Table 5.1: Moisture content readings for each wall section of the benchmark structure 

1st Floor Moisture Content (%) 2nd Floor Moisture Content (%) 

Wall # Sill plate Studs Top plate Wall # Sill plate Studs Top plate 
E-1 11.7 11.9 11.7 E-17 12.4 11.5 11.6 

E-2 13.0 12.1 11.5 E-18 11.2 11.5 11.5 

E-4 13.9 11.6 12.3 E-19 12.1 11.5 11.3 

E-5 12.5 12.4 11.3 E-20 11.5 11.4 11.3 

E-6 12.8 10.9 11.7 E-21 12.7 11.5 12.9 

E-7 11.4 11.6 11.0 E-22 11.2 11.6 12.4 

E-8 12.0 11.7 11.6 E-23 11.1 11.4 11.2 

E-9 14.3 11.8 11.7 E-24 11.1 10.5 11.3 

E-10 13.3 11.9 11.3 E-25 11.2 11.0 11.1 

E-11 13.7 11.4 12.3 E-26 11.5 11.5 11.2 

E-12 16.9 12.7 13.0 E-27 11.9 11.5 11.3 

E-13 12.5 11.4 12.5 E-28 11.3 11.4 11.4 

E-16 12.6 11.8 11.4 E-29 11.3 12.1 9.7 

E-35 13.7 11.6 13.5 E-30 11.9 11.2 10.9 

E-36 12.1 11.5 11.6 E-31 11.5 11.3 13.2 

E-37 11.9 12.0 12.4 E-32 11.2 11.7 11.2 

I-1 12.7 11.7 10.8 E-33 11.7 11.3 11.4 

I-2 12.9 13.1 12.4 I-9 11.7 11.2 11.6 

I-5 13.1 11.4 12.3 I-10 11.3 12.2 11.9 

I-6 12.9 11.3 11.3 I-11 12.1 11.8 12.8 

I-27 12.7 11.8 11.6 I-12 11.9 11.4 11.5 

I-28 12.8 11.6 12.0 I-13 11.9 11.3 11.9 

Average 13.0 11.8 11.9 I-14 12.2 11.7 11.5 

    I-15 12.5 11.0 11.3 

    I-16 11.2 11.6 11.2 

    I-17 12.6 12.3 11.8 

    I-18 12.2 11.4 14.0 

    I-19 11.6 11.7 11.5 

    I-20 11.4 12.1 11.5 

    I-21 11.4 11.2 11.5 

    I-22 13.0 11.4 11.8 

    I-23 11.8 11.2 11.5 

    E-34 11.0 11.6 11.2 

    Average 11.7 11.5 11.6 
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The average moisture content was rather constant throughout the walls of the structure, ranging 

between 11.5% and 13.0%. Slightly higher values were measured for the 1st floor prefabricated 

walls. The moisture content measured corresponded to dry conditions (M.C. ≤ 19%) and certified 

the “healthy” condition of the wood structural members. 

5.2 Hysteretic Properties of Sheathing-to-Framing Connections 

Connection tests of sheathing-to-framing assemblies were performed to determine the hysteretic 

properties of the connections for use in analytical modeling. The connection tests were 

conducted by two REU students, Charles Ekiert and Jamie Hong, and the results have been 

reported in [7]. 

5.2.1 Testing Configurations 

The assemblies were constructed of the same materials that were used in the benchmark 

structure. Thus, the specimens consisted of Oriented Strand Board (OSB) sheathing panels, 7/16 

in. thick, nailed on 2x4 or 2x6 Hem Fir lumber framing through 8d common nails of length and 

diameter of 2-1/2 in. and 0.113 in., respectively. Details on the dimensions of the specimens are 

presented in the next sections. 

Two different test configurations were used; in the first configuration the specimens were loaded 

in such a way to produce nail deformation parallel to the grain of the framing lumber, while in 

the second configuration the nail deformations were imposed along a direction perpendicular to 

the grain of the framing lumber. A total number of thirteen specimens were built for each test 

configuration. Table 5.2 shows all the different configurations of the connections tests. 
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Table 5.2: Connection test configurations 

Loading Direction 
Relative to Grain Sheathing Framing Nailing No. of 

Specimens 

Parallel 2x4 Hem Fir 

Parallel 2x6 Hem Fir 

Perpendicular 2x4 Hem Fir 

Perpendicular 

7/16 in. OSB 

2x6 Hem Fir 

8d Common 
Nails 

13 

 

5.2.2 Loading Protocol 

For each test configuration, four displacement-controlled monotonic tests were conducted up to 

failure of the test samples. The displacement Δ, defined as 60% of the displacement occurring at 

80% of the maximum recorded load after strength degradation in the test specimen, was 

averaged among the monotonic tests and was used to define the reference amplitude of the 

Simplified Cyclic Loading Protocol, which had been developed under Task 1.3.2 of the CUREe-

Caltech Woodframe Project [3]. 

Figure 5.1 shows the displacement protocol as a fraction of Δ. The simplified loading history 

starts with six cycles of 0.05Δ.  The initial cycles are followed by seven primary cycles of 

0.075Δ and 0.1Δ.  Next, the number of primary cycles is reduced to four of amplitude 0.2Δ and 

0.3Δ.  Finally the number of primary cycles is reduced to three cycles of amplitude 0.4Δ, 0.7Δ, 

1.0Δ, and 2.0Δ. The loading rate of testing was 0.2 cycles per second 

5.2.3 Testing Apparatus and Test Specimens 

A testing apparatus was designed and constructed for both parallel and perpendicular to grain 

testing. The apparatus was designed so that the samples could be easily placed and removed 

during the testing and was constructed from 1/4 in. A36 plate steel, as well as 1-¼ in. and 3/4 in. 
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cold rolled dowel steel. The apparatus was designed with three main components, two of which 

were used for testing samples parallel to grain (upper and lower main connectors) and another 

piece that can be placed on the lower main connector piece to test perpendicular to grain. 

The specimens that were prepared for testing parallel to grain consisted of two 5 in. x 10 in. 

pieces of sheathing connected to two 10-¼ in. long pieces of framing, as shown in Figure 5.2. 

The top half of each piece of sheathing was nailed to the top piece of lumber with two common 

nails. The bottom half of each piece of sheathing was fastened to the bottom piece of lumber 

with two common nails and one screw along with epoxy to produce a fixed condition. This 

enabled only the top four nails to deform under an imposed longitudinal displacement. The two 

pieces of framing were then placed in the top and bottom steel components and bolted in place 

using four 3/4 in. pins. 

0 5 10 15 20 25 30 35 40
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

Number of Cycles

D
si

pl
ac

em
en

t (
as

 a
 fr

ac
tio

n 
of

 Δ )

 
Figure 5.1: CUREe-Caltech Woodframe Project Simplified Cyclic Testing Protocol [3] 
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The specimens prepared for testing perpendicular to grain consisted of two 11 in. x 11-½ in. 

pieces of sheathing connected to an 11 in. long piece of framing with two common nails, as 

shown in Figure 5.2. The additional connector piece was placed over the lower main connector 

and was bolted into place using four 3/4 in. pins. Spacers where also used in order to keep the 

apparatus centered. The specimens were bolted into place using two 3/4 in. pins and spacers to 

keep the OSB centered and perpendicular to the wood framing, thereby preventing any in-plane 

rotation. 

5 in. x 10 in. 
OSB 7/16 in. 

thick 

2x4 or 2x6 
Hem Fir 
lumber 

10-¼ in. long 

2 in. gap 

8d common 
nails 

Additional #6 
screw for fixity 

OSB epoxied 
to wood 

framing for 
fixity

11 in. x 11-½ in. 
OSB 7/16 in. thick 

Upper steel 
component 

connected to 
hydraulic collet grip 

Lower steel 
component 

connected to 
hydraulic collet grip 

Additional steel component 
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Figure 5.2: Test apparatus and specimen dimensions for testing parallel to grain (left) and 
perpendicular to grain (right) 
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5.2.4 Test Machine and Instrumentation 

The testing machine used for all of the monotonic and cyclic tests was manufactured in 1984 by 

MTS Systems Corporation. The testing machine consists of a load frame, two hydraulic collet 

grips and a micro console, which are shown in Figure 5.3. The model numbers of the load frame, 

hydraulic collet grip and micro console are 309.40, 646.25A, and 458.10 respectively. The load 

frame has a capacity of 110 kips and each hydraulic collet grip has a capacity of 55 kips. 

The load cell that was used in all tests was manufactured by Transducer Techniques (model 

number SWO-10K) with a capacity of 10 kips. The displacements were measured using two ± 2 

in. linear potentiometers. Both sensors are shown in Figure 5.4. 

 
Figure 5.3: MTS micro console (left) and MTS hydraulic collet grip (right) 

 
Figure 5.4: 10 kip load cell (left) and ± 2 in. linear potentiometer (right) 
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Figuress 5.5 and 5.6 show the connection test setup during parallel and perpendicular to grain 

testing, respectively.  

 
Figure 5.5: Parallel to grain connection test setup with 2x4 framing 
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Note that the potentiometers were installed directly on the specimen in order to measure the slip 

of the connection without the supplemental displacement caused by slipping of other connecting 

points. 

 
Figure 5.6: Perpendicular to grain connection test setup with 2x4 framing 
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5.2.5 Test Results and Parameter Identification 

Appendix G shows plots of load versus deformation for the monotonic tests and load-

deformation hysteresis loops for the cyclic tests of the sheathing-to-framing connection 

specimens. Tables 5.3 through 5.6 show the variability in the peak load and the corresponding 

deformation, for one nail connector, for each of the connection tests. 

Table 5.3: Peak load and deformation at peak load for 2x4 parallel to grain connection tests 

Loading Specimen Direction Peak Load      
(lb) 

Deformation at 
Peak Load (in) 

1 N/A 217 0.11 

2 N/A 279 0.18 

3 N/A 363 0.63 

Monotonic 

4 N/A 344 1.00 

1 Positive 328 0.58 

1 Negative -365 -0.49 

2 Positive 391 0.41 

2 Negative -375 -0.36 

3 Positive 309 0.51 

3 Negative -387 -0.50 

4 Positive 340 0.46 

4 Negative -348 -0.38 

5 Positive 280 0.29 

5 Negative -206 -0.67 

6 Positive 322 0.37 

6 Negative -307 -0.29 

7 Positive 298 0.58 

7 Negative -295 -0.43 

8 Positive 197 0.16 

8 Negative -215 -0.33 

9 Positive 139 0.15 

Cyclic 

9 Negative -157 -0.15 
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Table 5.4: Peak load and deformation at peak load for 2x4 perpendicular to grain connection 
tests 

Loading Specimen Direction Peak Load      
(lb) 

Deformation at 
Peak Load (in) 

1 N/A 294 0.41 

2 N/A 285 0.42 

Monotonic 

3 N/A 305 0.32 

1 Positive 328 0.58 

1 Negative -330 -0.43 

2 Positive 303 0.64 

2 Negative -344 -0.40 

3 Positive 301 0.62 

3 Negative -309 -0.41 

4 Positive 341 0.61 

4 Negative -363 -0.39 

5 Positive 311 0.59 

5 Negative -331 -0.62 

6 Positive 269 0.29 

6 Negative -338 -0.61 

7 Positive 355 0.64 

7 Negative -358 -0.61 

8 Positive 285 0.29 

8 Negative -286 -0.24 

9 Positive 325 0.42 

9 Negative -289 -0.61 

10 Positive 304 0.42 

Cyclic 

10 Negative -290 -0.39 

 

The results presented in Tables 5.3 through 5.6 are summarized and plotted in Figure 5.7. The 

variability is quite high for both forces and displacements, but seems to be more pronounced for 
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the displacement at which the maximum load occurs. Lower load capacities are observed for the 

specimens tested parallel to grain compared to those tested perpendicular to grain. 

A set of MATLAB routines was developed by Weichiang Pang [8], a post-doctoral research 

associate at Texas A&M University, to derive the optimal hysteretic parameters to be used with 

the SAWS hysteretic model described in [9]. The parameters are computed through an 

identification procedure that fits the numerical response in the experimental response minimizing  

Table 5.5: Peak load and deformation at peak load for 2x6 parallel to grain connection tests 

Loading Specimen Direction Peak Load      
(lb) 

Deformation at 
Peak Load (in) 

1 N/A 282 0.92 

2 N/A 219 0.58 

3 N/A 342 0.89 

Monotonic 

4 N/A 274 0.91 

1 Positive 302 0.39 

1 Negative -293 -0.40 

2 Positive 348 0.42 

2 Negative -310 -0.36 

3 Positive 359 0.41 

3 Negative -302 -0.39 

4 Positive 315 0.43 

4 Negative -331 -0.62 

5 Positive 290 0.43 

5 Negative -281 -0.58 

6 Positive 297 0.43 

6 Negative -312 -0.60 

7 Positive 127 0.36 

7 Negative -225 -0.41 

8 Positive 170 0.35 

Cyclic 

8 Negative -205 -0.22 
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Table 5.6: Peak load and deformation at peak load for 2x6 perpendicular to grain connection 
tests 

Loading Specimen Direction Peak Load      
(lb) 

Deformation at 
Peak Load (in) 

1 N/A 239 0.25 

2 N/A 278 0.38 

3 N/A 331 0.27 

Monotonic 

4 N/A 283 0.34 

1 Positive 321 0.49 

1 Negative -311 -0.56 

2 Positive 255 0.55 

2 Negative -315 -0.33 

3 Positive 276 0.53 

3 Negative -328 -0.35 

4 Positive 325 0.53 

4 Negative -342 -0.56 

5 Positive 274 0.57 

5 Negative -321 -0.55 

6 Positive 287 0.56 

6 Negative -328 -0.55 

7 Positive 295 0.56 

7 Negative -322 -0.53 

8 Positive 296 0.55 

8 Negative -332 -0.55 

9 Positive 305 0.58 

Cyclic 

9 Negative -345 -0.52 

 

the differences in force and deformation. Figure 5.8 shows the SAWS hysteretic response of a 

sheathing-to framing nail connector and the associated parameters. Table 5.7 lists the fitted 

hysteretic parameters that were calculated by Pang, providing the average (Mean), sample 
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standard deviation (StD) and coefficient of variation (CoV) among the different test 

configurations. The final hysteretic parameters (average values from all tests) are identified with 

bold fonts. Figures 5.9 and 5.10 present the fitted models for two of the connection tests. 
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Figure 5.7: Variability of peak load and corresponding deformation from the connection tests 
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Figure 5.8: SAWS hysteretic response of a sheathing-to-framing connector 
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Table 5.7: Fitted hysteretic parameters for SAWS model 

  K0 (lbs/in) r1 r2 r3 r4 F0 (lbs) FI (lbs) Δu (in) α β 

2x4 Hem Fir - 7/16 in. OSB - 8d common nails - loading parallel to grain 

Mean 8144.3 0.025 -0.027 1.028 0.005 242.4 35.0 0.470 0.77 1.24 

Std 2208.6 0.015 0.018 0.046 0.002 50.3 5.6 0.118 0.08 0.08 

CoV 0.271 0.626 0.660 0.045 0.435 0.208 0.160 0.251 0.102 0.065 

2x4 Hem Fir - 7/16 in. OSB - 8d common nails - loading perpendicular to grain 

Mean 6063.8 0.026 -0.047 1.021 0.010 238.1 34.2 0.559 0.67 1.31 

Std 1632.2 0.011 0.022 0.048 0.005 29.5 4.7 0.092 0.03 0.04 

CoV 0.269 0.440 0.457 0.047 0.455 0.124 0.137 0.164 0.040 0.034 

 Mean of all 2x4 Hem Fir - 7/16 in. OSB - 8d common nails 

Mean 6920.5 0.025 -0.039 1.024 0.008 239.9 34.5 0.522 0.71 1.28 

Std 2129.7 0.013 0.022 0.047 0.005 38.8 5.0 0.111 0.07 0.07 

CoV 0.308 0.512 0.576 0.046 0.590 0.162 0.145 0.212 0.103 0.055 

2x6 Hem Fir - 7/16 in. OSB - 8d common nails - loading parallel to grain 

Mean 6659.5 0.026 -0.026 1.021 0.004 203.2 25.7 0.448 0.75 1.30 

Std 1225.3 0.011 0.013 0.042 0.002 33.4 5.6 0.098 0.11 0.09 

CoV 0.184 0.407 0.520 0.041 0.488 0.164 0.218 0.218 0.147 0.066 

2x6 Hem Fir - 7/16 in. OSB - 8d common nails - loading perpendicular to grain 

Mean 6039.9 0.026 -0.053 1.010 0.013 228.9 32.8 0.540 0.70 1.29 

Std 1749.2 0.007 0.046 0.000 0.004 23.0 3.7 0.059 0.04 0.04 

CoV 0.290 0.264 0.869 0.000 0.299 0.100 0.113 0.110 0.062 0.032 

 Mean of all 2x6 Hem Fir - 7/16 in. OSB - 8d common nails 

Mean 6349.7 0.026 -0.039 1.015 0.009 216.0 29.2 0.494 0.73 1.30 

Std 1518.6 0.009 0.036 0.030 0.006 31.1 5.9 0.092 0.09 0.07 

CoV 0.239 0.337 0.918 0.029 0.648 0.144 0.202 0.187 0.118 0.051 

Mean of all tests - Hem Fir - 7/16 in. OSB - 8d common nails 

Mean 6643.8 0.026 -0.039 1.020 0.008 228.3 32.0 0.508 0.72 1.29 

Std 1866.8 0.011 0.030 0.039 0.005 37.0 6.0 0.103 0.08 0.07 

CoV 0.281 0.432 0.758 0.039 0.619 0.162 0.189 0.202 0.111 0.053 
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Figure 5.9: Hysteresis plot and fitted model for Specimen 1 of cyclic test of 2x4 parallel to grain 

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
-400

-300

-200

-100

0

100

200

300

400

Nail Deformation (in)

Lo
ad

 (l
b)

 

 
Input Data
Model/Fit

 
Figure 5.10: Hysteresis plot and fitted model for Specimen 1 of cyclic test of 2x4 perpendicular 
to grain 



 76

5.3 Compressive Strength of Exterior Stucco 

This section presents the results from the uni-axial compressive tests of exterior stucco samples, 

which were conducted in order to define the peak strength σmax and the modulus of elasticity E 

of stucco. In preparations of Test Phase 5, stucco was applied to the exterior of the benchmark 

structure, in three separate coats. Different number of batches was prepared each day. Each batch 

was unique in quantity, but contained the same materials; Portland cement, lime, sand, and 

water.  Three cubed samples of 2 in. were taken from each respective batch for testing. 

The collection, curing, and compression testing of the stucco samples conformed to ASTM C109 

Standards [10].  The mold used had three cubed compartments to which the stucco was placed.  

Shortly after a mix was complete, the soft stucco was placed in a mixing bowl.  Next, the stucco 

was placed in the mold in a one inch layer, which is approximately one half the depth of the 

mold.  The stucco was then tamped in the order shown in Figure 1 of ASTM C109 [10].  This 

tamping calls for sixteen adjacent, right angle strokes.  Next, the mold was completely filled and 

another round of tamping was necessary.  Sixteen more strokes, identical to the first round of 

tamping, proceeded.  When this was done, it was important to have a little bit of stucco above the 

mold for leveling purposes.  The stucco was then leveled out with a trowel and placed in a plastic 

box, which served the same purpose as a moisture room.  The stucco samples were kept in the 

mold for twenty-four hours, after which they were removed and placed in a thin layer of 

saturated lime water to be tested.  The samples were then tested in a compressive testing 

machine.  The sample was wiped clean and placed on top of a stainless steel cylinder, and a 

constant load was applied. The load was applied until the sample failed, and then removed.  The 

tests were relatively short, and rarely exceeded twenty seconds. Figure 5.11 shows a stress-strain 

curve from one of the compressive tests that were conducted. 
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Figure 5.11: Stress-strain curve derived from the first sample of Specimen B-3 

The modulus of elasticity E was computed from the slope of the linear range of the stress-strain 

curve, as shown in Figure 5.11. The peak stress is also indicated on that plot. 

Table 5.8 lists the proportions of each component for some of the batches. The amount of water 

that was used for the first two coats varied, depending on the weather conditions and more 

specifically if it was raining before or during the mixing of each batch. 

Table 5.9 identifies the stucco sampling locations as well as the date of sampling and the 

respective batch and specimen number. Table 5.10 summarizes the average peak stress and the 

average modulus of elasticity among the three samples of each specimen. These properties, 

computed by Jeremy Gworek, an undergraduate student at the University at Buffalo, were 

reported in [11]. 



 78

The average strength of the first two coats was around 6.5 ksi and the average modulus of 

elasticity was around 1000 ksi. The third coat exhibited an average strength of 5.5 ksi and an 

average modulus of elasticity of 950 ksi. 

 

Table 5.8: Stucco mix information 

  Batch  Portland1 Lime2  Sand3 Water 

  # (bags) (bags) (Shovels) (gallons) 

9/28/2006 

(First Coat) 1 2 1 40 15 

  2 2 1 30 12 

  3 2 1 30 12 

9/29/2006 

  1 2 1 30 13 

  2 2 1 30 12 

  3 2 1 30 12-13 

  4 2 1 30 12 

  5 2 1 30 12 

  6 2 1 30 12 

  7 2 1 30 12 

10/2/2006 

(Second Coat) 1 2 1 30 16 

10/3/2006 

  1 2 1 30 12 

10/11/2006 

(Third Coat) 1 1 1/2 18 7.5 
1 1 bag of Portland Cement= 94 lb 
2 1 bag of Limestone= 49.67 lb 
3 1 shovel of sand= 7538.3 g 
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Table 5.9: Exterior stucco sampling locations 

Table Date Time Batch 
No. 

Specimen 
No. Notes (Locations applied)   

10:30 AM 1 A *First coat*, Raining at mixing stations, X-
Wall (SW)-top  

1:00 PM 2 B Less sand, X-Wall (SW) bottom, atrium West, 
bottom 

9/28/2006 

2:00 PM 3 C Atrium-Y West, top    

7:00 AM 1 D Atrium- X    

8:00 AM 2 E Atrium-Y (Line 4), A/2-4 (bottom)  

9:00 AM 3 F A/2-4 (top, West) Line 2 (bottom), Line D (bottom)

10:30 AM 4 G A/2-4 (top East), Line D (bottom)  

11:00 AM 5 - Skip sampling    

1:00 PM 6 H Line D (top)    

9/29/2006 

1:45 PM 7 I Line D (top)    

7:00 AM 1 A-2 Line D (top), Line 2 (top)   

8:30 AM 2 B-2 Line D (top), balcony (East), Roof ceiling (East) 

12:20 PM 5 C-2 Line D (top), Line 2 (top), Roof ceiling (East) 

2:10 PM 6 D-2 Line D (top), Line 2 (top)   

10/2/2006 

2:45 PM 7 E-2 *Second coat*, A/5-6 (top)   

7:30 AM 1 F-2 A/5-6    

8:30 AM 2 G-2 Line 5, *Raining    

10:00 AM 3 H-2 Line 4, Atrium-X    

1:45 PM 4 I-2 Line 4, A/2-4 (top)    

10/3/2006 

2:30 PM 5 J-2 A/2-4 (top)    
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Table 5.9: Exterior stucco sampling locations (cont’d) 

Table Date Time Batch 
No. 

Specimen 
No. Notes (Locations applied)    

6:45 AM 1 A-3 Atrium-X    

7:30 AM 2 B-3 Line 6 (bottom), *Raining    

12:45 PM 4 C-3 Line 6 (top), balcony (West)   

2:00 PM 5 D-3 Line 2, balcony (East)   

10/4/2006 

4:00 PM 6 E-3 Line 2, Roof ceiling (East)   

6:45 AM 1 F-3 Line D    

8:00 AM 2 G-3 Line D, Line 2 (top)    

10:30 AM 4 H-3 Line D    

12:30 PM 5 I-3 Line D    

10/5/2006 

1:30 PM 6 J-3 Line D    

6:45 AM 1 A-4 Line 2 (top), Line D    

10:30 AM 2 B-4 Line 2 (top)    10/6/2006 

1:00 PM 3 C-4 Line 2 (top)    

9:45 AM 1 A-5 *Third coat*, Line 6 (balcony), top  

11:30 AM 2 B-5 Line 6, *Raining    

1:00 PM 3 C-5 A/5-6 (top, bottom)    

1:50 PM 4 D-5 Line 5    

2:50 PM 5 E-5 Atrium-X, Line 4    

10/11/2006 

8:00 AM 1 F-5 Line D    

8:20 AM 2 G-5 Line D    

9:00 AM 3 H-5 Line D, *Raining    

12:45 PM 3 I-5 Atrium-X    
10/12/2006 

1:50 PM 3 J-5 Line A/2-4    

10/17/2006 8:00 1 A-6 Line 2, *Raining    
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Table 5.10: Compressive strength and modulus of elasticity of exterior stucco 

Specimen No. Batch No. Avg. Peak Stress (ksi) Avg. E (ksi) 

9/28/2006 

A  1 5.96 944 

B  2 7.30 1150 

C 3 6.75 1176 

Average Values  6.67 1090 

9/29/2006 

D 1 4.49 680 

E 2 5.99 1165 

F 3 6.34 1187 

G 4 6.62 1053 

H 6 7.37 1314 

I 7 7.08 1183 

Average Values  6.31 1097 

10/2/2006 

A-2 1 7.93 1393 

B-2 2 6.98 1074 

C-2 5 6.75 1176 

D-2 6 6.06 937 

E-2 7 6.20 1129 

Average Values  6.78 1142 

10/3/2006-10/4/2006 

F-2 1 6.46 1027 

G-2 2 7.24 1009 

H-2 3 7.73 1070 

I-2 4 5.60 850 

J-2 5 5.42 899 

A-3 1 6.65 1056 

B-3 2 5.66 843 

C-3 4 6.84 1001 
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Table 5.10: Compressive strength and modulus of elasticity of exterior stucco (cont’d) 

Specimen No. Batch No. Avg. Peak Stress (ksi) Avg. E (ksi) 

10/3/2006-10/4/2006 

D-3 5 6.78 906 

E-3 6 6.71 963 

Average Values  6.51 963 

10/5/2006-10/6/2006 

F-3 1 6.46 885 

G-3 2 7.05 1045 

H-3 4 5.83 912 

I-3 5 6.59 1065 

J-3 6 6.53 930 

A-4 1 6.11 1066 

B-4 2 7.28 1065 

C-4 3 6.46 923 

Average Values  6.54 986 

10/11/2006-10/17/2006 

A-5 1 6.29 1069 

B-5 2 5.15 937 

C-5 3 6.98 1044 

D-5 4 5.89 1016 

E-5 5 6.33 1031 

F-5 1 5.26 928 

G-5 2 4.88 863 

H-5 3 4.25 865 

I-5 3 5.38 867 

J-5 3 5.24 901 

A-6 1 4.96 916 

Average Values  5.51 949 

 



 83

 

 

 

 

 

 

 

 

 

 

Chapter 6 Results of System Identification Tests 
 

This chapter presents the results derived from the data of the system identification tests. As 

discussed earlier, the main objective of those tests was to identify the dynamic characteristics of 

the test structure such as natural frequencies, associated mode shapes and modal damping ratios. 

The procedure that was followed to analyze the data and compute the aforementioned properties 

is discussed. The fundamental natural frequency results are presented in terms of the variation of 

fundamental periods and variation of normalized lateral stiffness. Appendix H summarizes all 

the results that were developed from the system identification tests. 
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6.1 Data Analysis 

The input excitation of the system identification tests was a flat random noise, the properties of 

which are presented in Section 3.1.1. Only the recorded data from the accelerometers were 

utilized to calculate the dynamic properties of the test structure. More specifically, the natural 

frequencies, mode shapes and associated modal damping ratios were determined through the 

Transfer Functions (TFs) of the story acceleration response of the structure and the base motion. 

The TF is defined as an output structural response, normalized by a superimposed input base 

motion in the frequency domain, (i.e. the Fourier Transform of a story level acceleration time 

history, normalized by the Fourier Transform of the base acceleration time history). Thirty two 

horizontal accelerometers, located at the second floor diaphragm and the roof of the test building, 

as illustrated in Figure 6.1, as well as four accelerometers, located on the twin shake tables, were 

used to generate the TFs for each white noise test. The TFs were computed using a data analysis 

software (DADiSP 2002 [12]) that utilizes a script file, which has been developed by SEESL 

staff. 

6.1.1 Identification of Natural Frequencies 

The amplitude of the TF, when plotted with respect to frequency as shown in Figure 6.2, 

illustrates at which specific frequencies of the input signal the response of the structure is 

amplified (peak values). These frequencies correspond to the natural frequencies of the structure. 

For example, Figure 6.2 shows the amplitude of two TFs from two different identification white 

noise tests. Test NWP1W05 was conducted in the transverse (north-south) direction of the test 

structure and the black line corresponds to the amplitude of the TF between accelerometer A22, 
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located at the south-west corner of the roof (see Figure 6.1), and accelerometer A72, located on 

the east shake table. Both accelerometers record the motion in the transverse direction, as shown 
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Figure 6.1: Accelerometers of the test structure used in the system identification 

in Figure 6.1. The grey line corresponds to the amplitude of the TF between accelerometers A21 

and A68 for Test NWP1W01 conducted in the longitudinal (east-west) direction. Both tests were 

conducted in Test Phase 1, before any seismic test. The first natural frequency (3.06Hz) is 

excited when the structure is shaken along the transverse direction, which is the shorter side of 

the test structure, compared to the longitudinal direction. The second and third natural 

frequencies (4.44Hz and 5.56Hz, respectively) are excited when the structure is shaken along the 

longitudinal direction. There are peaks in the TFs that show up in higher frequencies and 
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correspond to higher modes, however, only the first three modes of vibration were identified 

from the system identification tests. 
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Figure 6.2: Transfer Functions from two white noise tests in the longitudinal and transverse 
directions 

6.1.2 Calculation of Modal Damping Ratios 

The equivalent viscous damping characteristics of the test structure can be determined from a TF 

using the well known half-power bandwidth method [13]. The damping ratio at a given natural 

frequency is determined from the frequencies at which the amplitude of the response is reduced 

by (1/ 2 ) or the power input is half the input at resonance. Figure 6.3 and Eq. (6.1) show the 

numbers behind the calculation of the initial damping ratio ζ1 of the first natural frequency of the 

test structure from Test NWP1W05. 

  - 3.50 - 2.56 =  =  = 0.154 = 15.4%
2 2 3.06⋅ ⋅
b a

1
1

f fζ
f

      (6.1) 
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Figure 6.4 shows the TF between accelerometers A21 and A68 for Test NWP3W13, which was 

conducted in the longitudinal direction following the bi-axial Level 1 test. When calculating the 

damping ratio for the second natural frequency, the half-power method cannot be directly applied 

because the third natural frequency is not well separated and the frequency bandwidth cannot be 

defined. In cases like these, the symmetric part of the TF (grey line) was considered to define the 

frequency bandwidth, as shown in Figure 6.4, and approximately determine the damping ratio ζ2 

of the second natural frequency for that particular white noise test. 

 5.15 - 3.97 =  = 0.129 = 12.9%
2 4.56⋅2ζ        (6.2) 

6.1.3 Determination of Mode Shapes 

The Transfer Functions (TFs) between the accelerometers that were installed on the test structure 

were also used to determine the mode shapes for each fundamental natural frequency. The input 

base acceleration time history is not necessary for the evaluation of the mode shapes, since what 

is of interest is the relative motion among the moving parts of the structure that are instrumented. 

More specifically, if the Fourier Transform of each story level acceleration time history is 

normalized by the Fourier Transform of a single acceleration time history, for example 

accelerometer A1, then the amplitude of the resulting Transfer Functions at a specific natural 

frequency is linearly related to the amplitude of the motion of that part of the structure, in the 

direction of each accelerometer (see [14] for reference). Whether this motion is positive or 

negative, according to the sign convention specified, is determined from the phase angle of the 

TF at the given frequency. If the phase angle is close to 0 degrees, the two parts have the same 

sign, whereas, if the phase angle is close to 180 or -180 degrees the two parts have opposite 

signs. 
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Figure 6.3: Application of half-power bandwidth method 
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Figure 6.4: Use of symmetry on the application of half-power bandwidth method 
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Figure 6.5 shows the TFs (amplitude and phase angle) between the four accelerometers located 

on the north side of the roof along the transverse direction, from Test NWP1W04, which was 

conducted in the transverse direction prior to any seismic test, with an amplitude of 0.05g. 

Assuming that for A25 (west side) the amplitude of the motion is equal to 1 along the positive 

(north) direction, it is evident that the whole side is moving towards the same direction (phase 

angle equal to 0) and the amplitude of the motion is increasing towards the east side of the 

structure. The resulting mode shape for NWP1W04 is presented in Figure H.1a of Appendix H. 

6.2 Initial Natural Periods and Damping Ratios 

Following the procedures described in the previous sections, the natural periods and modal 

damping ratios of the test building were identified for each white noise identification test that 

was conducted during all test phases. The results are presented in Tables H.1 through H.7 of 

Appendix H. Tables 6.1 and 6.2 summarize the initial natural periods and damping ratios for 

each test phase, prior to any seismic test. 

Table 6.1: Initial natural periods (sec) 

Mode \ Phase 1 2 3 4 5 

1 0.327 0.327 0.296 0.296 0.286 

2 0.225 0.232 0.216 0.222 0.198 

3 0.180 0.178 0.170 0.163 0.127 

 

Table 6.2: Initial damping ratios (%) 

Mode \ Phase 1 2 3 4 5 

1 12.2 12.5 10.7 10.9 17.9 

2 3.3 6.8 6.5 4.3 17.1 

3 2.7 5.6 6.7 6.2 5.0 
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Figure 6.5: Transfer Functions of accelerometers on the north side of the roof of the test structure 
for Test NWP1S04 
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The fundamental periods for Test Phases 1 and 2 are almost the same, since the introduction of 

the damper-wall units did not affect the stiffness of the structure. The application of gypsum 

wallboard on the structural walls, on the contrary, in preparations of Test Phase 3, led to a 

reduction of the natural periods, as expected, due to the contribution of the gypsum to the 

stiffness of the structural members. The same trend was observed after the application of exterior 

stucco before Test Phase 5; the natural periods were decreased compared to Test Phase 3 and 4. 

The application of gypsum wallboard on partition walls and ceilings before Test Phase 4 did not 

affect the first natural period of the test structure. The second and third periods were slightly 

changed and this can be attributed to the change of these structural mode shapes, as it will be 

shown later in this chapter. 

The equivalent viscous damping ratio of the first natural mode ranged around 11-12% for the 

first four test phases. The damping ratios of the second and third modes were around 3% for Test 

Phase 1 and were almost doubled for Test Phase 2, 3 and 4. The application of stucco led to an 

increase of the damping ratio of the first two natural modes above 17%. 

6.3 Evolution of Natural Periods and Modal Damping Ratios 

Figures 6.6 through 6.8 show the evolution of the first three natural periods of the structure 

during the test phases. Only the results from the identification tests that followed tri-directional 

(X-Y-Z) or bi-directional (X-Y) seismic tests are presented. This is the reason why the results 

from Test Phase 2 are not included in these figures. The horizontal axis in these plots denotes the 

seismic test (seismic level and direction) that was conducted before the identification test. 
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Figure 6.6: Evolution of the first natural period 
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Figure 6.7: Evolution of the second natural period 
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Figure 6.8: Evolution of the third natural period 

As expected, the natural periods are increasing as the level of shaking increases. This is an 

indication of the level of damage that is induced in the structural members. The damage is more 

pronounced for the structure of Phase 1, which consists of the wood shear walls only, without 

any interior or exterior wall finish materials. The increase of the periods is observed after the tri-

directional tests, for most of the cases, while a repetition of the same seismic level, excluding the 

vertical component, does not significantly affect the natural periods. The evolution of the natural 

periods for Test Phases 3 and 4 are very similar. Especially the first fundamental period is varied 

similarly throughout the seismic tests, which shows that the application of gypsum wallboard on 

non structural walls does not significantly affect the lateral stiffness of the structure at low 

response amplitude. 
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Figure 6.9 presents the deterioration of the lateral stiffness of the structure in the north-south 

direction, associated primarily with the first natural period, assuming a single-degree-of-freedom 

structure. Since the initial natural period T0 is known, as well as the period Ti after each seismic 

test, the normalized stiffness ki, as a percentage of the initial stiffness k0 can be calculated as: 

  
2

 = 100%
⎛ ⎞

⋅⎜ ⎟
⎝ ⎠

0i

0 i

Tk
k T

         (6.3) 

As mentioned above, the deterioration of the lateral stiffness is more pronounced for the 

structure of Test Phase 1. The stiffness at the end of this phase dropped to less than 60% of the 

initial stiffness after test Level 2. The lateral stiffness for the structures of Test Phases 3 and 4 

was above 80% of their initial stiffness after Level 2 test; the corresponding value for the Test 

Phase 5 structure was above 90%. Even after the DBE Seismic Level 4 test, the lateral stiffness 

of the Test Phase 5 structure remained above 75% of its initial lateral stiffness. The deterioration 

was smaller when wall finishes were applied for the same level of shaking. Note that the increase 

of the stiffness that is observed after the final tri-axial test of Seismic Level 5 of Test Phase 5 

was due to the repair of damaged anchor bolts in the two walls on the west (garage wall) and east 

side of the first floor of the benchmark structure, prior to the conduction of the Level 5 tri-axial 

test, which resulted in a stiffer structure. Figures 6.10 through 6.12 show the evolution of the 

modal damping ratios. 
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Figure 6.9: Variations of normalized lateral stiffness in the north-south direction 
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Figure 6.10: Evolution of the first modal damping ratio 
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Figure 6.11: Evolution of the second modal damping ratio 
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Figure 6.12: Evolution of the third modal damping ratio 
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The damping ratios of the first natural mode range from 10 to 20% of critical, with a mean value 

of around 15% of critical for all test phases. The variation of the second damping ratio is more 

significant and ranges from 5 to 20% of critical, with an exception of the last two seismic tests of 

Test Phase 5, after which the damping is increased to 25% of critical. The third modal damping 

ratio is mainly between 5 to 10% of critical. It is noted that a portion of the equivalent viscous 

damping comes from the nonlinear behavior associated with damage to the connections. Thus, 

although the fundamental damping ratios are high, they may, at least partially, be attributed to 

damage in the structure, albeit at low amplitudes of deformation. 

6.4 Variation of Structural Mode Shapes 

Figures H.1 through H.5 of Appendix H illustrate the initial structural mode shapes that were 

determined following the procedure described in Section 6.1.3. The mode shapes for Test Phases 

3 and 4 are presented again below in Figures 6.13 and 6.14, respectively, for comparison 

purposes. 

The mode shapes of these two phases summarize the basic characteristics that were observed 

from the mode shapes of all test phases. More specifically, the mode shapes of Test Phase 3 are 

very similar to the mode shapes of Test Phase 1 and 2. The first mode shape is along the 

transverse direction of the structure and the displacements between the floors are almost equally 

distributed. The east side of the roof is displaced slightly more than the west side, as shown by 

the grey line in Figure 6.13a. The second and third mode shapes are along the longitudinal 

direction, but there is also a torsional response that produces displacements along the transverse 

direction as well. This is attributed to the eccentricity between the center of mass and the center 

of stiffness along the longitudinal direction, because of the unsymmetrical shape of the 

benchmark structure. It is also evident that the central part of the structure has greater in plane 
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flexibility compared to the two main units of the house and behaves as a shear link between two 

stiffer diaphragms. This in-plane flexibility is expected due to the presence of the staircase 

opening that leads to the upper floor. Note that no wood staircase was incorporated in the test 

structure. 
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Comparing the mode shapes of Test Phase 3 and 4, there are some differences that can be readily 

observed. The first mode shape of Phase 4 is similar to the first mode shape of Phase 3 but does 

not exhibit higher displacements on the east side of the roof. However, mode shapes two and 

three of Phase 4 reveal that the application of gypsum board on the ceilings led to an increase of 

the diaphragm stiffness since each level floor is moving in unison without any shear 

deformations of the central part of the structure, at least for linear elastic response. This can 

explain the differences in the second and third natural frequencies between Test Phase 3 and 4. 

Moreover, a great portion of the total building motion takes place at the first story, where the 

inter-story displacement is much greater than the second inter-story displacement. 
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Chapter 7 Results of Seismic Tests 
 

This chapter presents the results derived from the data of the seismic tests. As discussed earlier, 

the main objectives of those tests were to determine the performance of the benchmark structure 

under several levels of seismic shaking intensity as well as to observe the influence of interior 

and exterior wall finish materials on the seismic response of light-weight woodframe structures. 

This chapter concentrates on the effect of interior and exterior wall finishes on the seismic 

response of the test structure. Therefore, only the experimental results of Test Phases 1, 3, 4 and 

5 are analyzed in detail in this chapter. A separate NEESWood Project Report will analyze the 

results of Test Phase 2 incorporating viscous fluid dampers within wood walls. 
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First, the shake table fidelity is discussed based on the correlation between the desired and the 

recorded shake table motions. The performance of the benchmark structure is then presented in 

terms of various recorded intensity measures, which have been incorporated in various 

appendices of this report. Selected comparative seismic responses among the different test 

phases are also included. 

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. Considering also that within the 

NEESWood Project, the benchmark structure was located on top of the twin shake tables and the 

connecting bridge structure, all of which were required to act as one large shake table, it was 

even more important to synchronize the motions of the two shake tables to minimize any 

potential hazard from different input base motions. Another challenging aspect was that the 

weight of the test structure was such that the shake tables had to perform close to their specified 

nominal performance limits in terms of the maximum test specimen weight and the maximum 

induced base overturning moment. 

For these reasons, before the construction of the test structure, the two shake tables and the 

connecting bridge were subjected to the tri-axial Canoga Park and Rinaldi records scaled to the 

specified Seismic Levels 4 and 5, respectively. The mass of the structure was simulated by 

concrete blocks and steel plates of equal total weight that were strapped on the two extension 

frames. Figure 7.1 shows the configuration during those preliminary tests. 
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This procedure helps to correlate the drive and the achieved motions of the shake tables in the 

frequency domain. The Transfer Functions between the drive and the achieved motions show the 

frequencies at which the amplitude of the motions is amplified or reduced, assuming a rigid 

elastic test structure. This information helps to tune the shake tables and reproduce the desired 

motions with greater fidelity, neglecting however the flexibility as well as the stiffness 

deterioration of the test structure. Yet, tuning of the shake tables was also conducted between the 

seismic tests using the recorded data, including the effect of the flexibility of the test structure. 

The recorded acceleration time histories of the twin shake tables and the bridge in the three 

orthogonal directions were used to calculate the acceleration response spectra for each direction 

and compare it with the target acceleration response spectra of each specific seismic test. 

Appendix I contains plots of the 5% damped response spectra that were generated from the 

recorded motions of each table and the bridge (three spectra for every applicable direction), 

along with the desired response spectra of the given seismic test. Since the derived data from the 

seismic tests were filtered for frequencies greater than 10Hz, the spectral ordinates below 0.1sec 

in the plots of Appendix I are linear interpolations of the peak ground acceleration and the 

spectral ordinate at 0.1sec. 

 
Figure 7.1: Ballast weights located on the shake tables and the connecting bridge 
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In general, the shake table fidelity was reasonable over the large number of seismic tests of 

different intensities that were part of the testing program throughout the five phases of the 

NEESWood Project benchmark testing. One general observation is that in most of the cases the 

motions of the tables and the bridge were very similar and the generated response spectra were 

very close to one another. This was not the case for the vertical components, however. For those 

tests including vertical excitation, the spectral ordinates from the records on the bridge structure 

were higher than the ones recorded on the shake tables, particularly in the vicinity of the peak 

spectral value at around 0.12sec. This is not surprising since the bridge structure was not 

hydraulically driven. The flexibility in the connections between the extension frames and the 

bridge structure might have amplified the transmitted motion, especially in the vertical direction 

for which the input has high frequency content. Figure 7.2 presents the generated response 

spectra from the tri-axial test of Level 2 of Phase 1 (Test NWP1S17). 

A point worth to mention is that during Seismic Test NWP1S05, the tri-axial test of Level 2 of 

Phase 1, there was a synchronization malfunction that led to unsynchronized motions of the twin 

shake tables. In this test, the actuators of the east table, which was the “slave” table, did not 

receive the input motion from the west table and did not move. The test was promptly aborted, 

yet some of the anchor bolts located on the bridge structure failed in shear and were replaced. 

Figure I.5 of Appendix I shows the response spectra generated from this test. 

Commenting on the shake table fidelity of the first four phases, it was observed that the response 

spectra of the recorded motions ranged slightly over the desired spectra for the two horizontal 

components and matched very well for the vertical component, independently of the seismic 

intensity, which did not exceed Level 2 for the tri-axial and bi-horizontal tests of Test Phases 1, 3 

and 4. Regarding the longitudinal component, the peak spectral acceleration around 0.2sec was 
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usually higher than the desired value, while the peak spectral acceleration around 0.3sec was 

usually lower than the desired value, even for high seismic levels conducted during Test Phase 2. 

This result may be correlated with the second and third modes of vibrations of the test structure, 

which range around 0.2sec. It should also be noted that the accuracy of the shake table motions 

improved for seismic tests of Phase 4. This improvement can be attributed to the fact that the 

fundamental frequencies of the benchmark structure did not significantly change from Test Phase 

3 and tuning of the shake tables based on the results of Phase 3 was more effective. 

The same observations drawn previously apply also for Test Phase 5. Moreover, the significant 

increase in the stiffness of the test building, especially in the longitudinal direction, led to some 

discrepancies between the recorded and desired motion in this direction. More specifically, the 

table motion consistently overshot around 0.12sec, for seismic tests of Levels 2, 3 and 4, which 

is close to the third natural frequency of the structure of Phase 5. The fidelity during the final tri-

axial Level 5 test (NWP5S11) was reasonable over the range of natural periods of the test 

structure. Note that for this test the target amplitude was set to 85% of the actual Rinaldi record 

to account for overshooting, based on the results from the previous seismic test of 25% of the 

Rinaldi record (Test NWP5S09). 

Another significant issue was the rocking response of the shake tables. Due to the high base 

overturning moment, which was close to the specified nominal limits, the rotational stiffness of 

the tables was not high enough to prevent them from rotating along both horizontal directions. 

Rocking was more pronounced during Test Phase 5, where the building was stiffer than previous 

phases and the seismic tri-axial and bi-axial tests exceeded Seismic Level 2. Moreover, rocking 

was greater along the transverse (north-south) direction of the structure because the stronger 

ground motion component was applied in this direction and the overturning moment was higher. 
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Figure 7.2: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for test NWP1S17 

In addition, the shake tables and the bridge were connected along the longitudinal direction, thus, 

the overturning stiffness was much higher due to the composite action of the tables. Figure 7.3 

(a) 

(b) 

(c) 
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presents the maximum angle of rotation in the transverse direction that was recorded from the 

feedback sensors on the tables, for the seismic tests of Test Phase 5 above Seismic Level 2. The 

vertical axis on the right is the equivalent maximum roof displacement at the height of the roof 

eaves HRoof, equal to 206 in., assuming a rigid structure. Eq. (7.1) shows how the roof 

displacement DRoof can be calculated for a base angle of rotation Φ of 0.6 deg. The maximum 

angle of rotation ranged from around 0.1deg for the Level 2 seismic tests up to almost 0.5 deg for 

the Level 5 final tri-axial test. The maximum angle of rotation was greater for the east table, than 

for the west table. This difference is attributed to the fact that the east table was supporting a 

greater portion of the test structure and the overturning moment was, therefore, greater than the 

overturning moment applied on the west table. 

 =  = 206 (0.6 π/180) = 2.16 in.⋅ ⋅ ⋅Roof RoofD H Φ      (7.1) 
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Figure 7.3: Maximum angle of rotation of the twin shake tables in the transverse direction for 
seismic tests of Test Phase 5 
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7.2 Visual Damage Observations 

Visual damage observations were conducted almost after each seismic test. Appendix J contains 

selected visual damage identification photos that represent the major types of damage of the 

structural and non-structural members, which was identified in each test phase. Some of these 

photos are presented in Figure 7.4 in a smaller scale. Table 7.1 summarizes the types of damage 

observed in the three major components of the test structure: the wood shear walls that consisted 

of wood framing and OSB sheathing, the gypsum wallboard and the exterior stucco. Four 

different damage states are defined and correlated with the peak inter-story drift recorded near 

the damaged location. Damage states 1 to 3 occurred in the wood shear walls during the first two 

test phases, since the inter-story drift did not exceed 2% during those tests. Similarly, damage 

state 3 was observed on the gypsum wallboard applied on structural and partition walls during 

Test Phases 3 and 4. Finally, damage state 4 was observed on the stucco during Test Phase 5. 

There were numerous occurrences of hairline cracking of sill plates even for small values of 

inter-story drifts. Since sill plates were not replaced during the different test phases, cracking 

propagated and led to significant splitting of the first floor sill plates, especially at the garage 

wall, following the tri-axial Level 5 test of Phase 5. Cracking was also propagated to hold-down 

vertical studs. Damage to gypsum wallboard was observed mainly in the form of diagonal 

cracking in wall openings, crushing of drywall corners and buckling of wallboard at higher drifts. 

A portion of the ceiling of the second floor hallway, connecting the two main rectangular units of 

the structure, failed under the Test Level 5 shaking. Damage to stucco was mostly concentrated 

at the garage wall line, where significant cracking and spalling was observed. Cracking of stucco 

was also visually identified around the periphery of the benchmark structure following the final 

tri-axial test of Phase 5. 
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Table 7.1: Damage chart based on the visual damage observations 

  Damage Description 

Damage 
State 

Peak 
Inter-story 

Drift 
(%) 

Wood Framing and 
OSB Sheathing 

Gypsum 
Wallboard (GWB) Stucco 

1 0.1-0.5 

 Minor splitting of sill 
plates 

 Minor cracking of 
vertical studs 

 Minor hairline 
cracking of GWB 

 Minor cracking of 
stucco at bottom and 
top corners of garage 
wall opening 

2 0.5-1.0 

 Partial nail pull-out 
(Fig. 7.4a) 

 Minor splitting of top 
plates 

 Propagation of sill 
plate splitting and 
cracking 

 Cracking of 
GWB and diagonal 
crack propagation at 
door openings 

 Partial screw 
pull-out 

 Cracking of 
GWB at ceiling-
wall connection 

 Cracking and 
spalling of stucco at 
garage wall (Fig. 7.4h)

3 1.0-2.0 

 Permanent 
differential movement of 
adjacent panels 
(Fig. 7.4b) 

 Sheathing pull-out at 
wall corners 

 Major cracking and 
splitting of sill and top 
plates 

 Crushing of 
GWB at wall 
corners (Fig. 7.4c) 

 Tape cracking 
of GWB  

4 >2.0 

 Propagation of 
cracking and total 
splitting of sill plates at 
garage wall (1/2 in. 
wide) 
(Fig. 7.4e) 

 Cracking of studs 
above anchor bolts 
(Fig. 7.4g) 

 Possible failure of 
anchor bolts 
 

 Separation of 
parts of GWB from 
the ceiling 
(Fig. 7.4d) 

 Buckling of 
GWB at door 
openings (Fig. 7.4f)

 Significant crack 
propagation around 
garage wall 

 Cracking of stucco 
on door and window 
openings 

 Cracking and 
spalling of stucco at 
the corners of the 
structure 
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Phase 2, Level 3

86% Canoga Park

PGA = 0.36g

PGV = 20.6 in/sec

Phase 1, Level 2

53% Canoga Park

PGA = 0.22g

PGV = 12.7 in/sec

Phase 3, Level 2

53% Canoga Park

PGA = 0.22g

PGV = 12.7 in/sec

Phase 5, Level 5

100% Rinaldi

PGA = 0.84g

PGV = 65.4 in/sec

Phase 5, Level 5

100% Rinaldi

PGA = 0.84g

PGV = 65.4 in/sec

½” wide

Phase 5, Level 5

100% Rinaldi

PGA = 0.84g

PGV = 65.4 in/sec

Phase 5, Level 5

100% Rinaldi

PGA = 0.84g

PGV = 65.4 in/sec Phase 5, Level 5

100% Rinaldi

PGA = 0.84g

PGV = 65.4 in/sec

 
Figure 7.4: Selected visual damage identification photos 

a b 

c d 

e f 

g h 
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7.3 Inter-story Drift Measurements 

The inter-story displacement time-histories of the benchmark structure, generated from the 

measurements of the linear string potentiometer installed along the north and west side of the 

townhouse, are presented in Appendix K, for each seismic test conducted. As indicated in these 

figures, the inter-story displacement time-histories for each building wall line were computed by 

subtracting the lower floor displacement from the top floor displacement, in the time domain. In 

addition, each displacement time-history was corrected to account for the rotation of the shake 

tables, since the linear string potentiometers were measuring the displacements of the floor levels 

with respect to a stationary reference system. For a given base angle of rotation and assuming 

that the structure was rigid, the string potentiometers would record a maximum displacement for 

each level equal to the maximum base rotation multiplied by the height of the given level, 

resulting in non-zero maximum inter-story displacements. 

Figure 7.5 and Eqs. (7.2) and (7.3) present how the various displacement time-histories of the 

first and second floor levels, D1(t) and D2(t), respectively, were corrected to account for the 

shake table rotation Φ(t), with respect to the two orthogonal horizontal directions. Measurements 

from the west unit of the structure were corrected with table rotation data from the west table 

and, similarly, measurements from the east unit were corrected with rotation data from the east 

table. 

D2(t)

D1(t)

Φ(t)

h2 = 97”

h1 = 109”

 
Figure 7.5: Correction of floor displacement time-histories for shake table rotation 
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C(t)  = (t) - (t) ⋅1 1 1D D Φ h         (7.2) 

C(t)  = (t) - (t) (  + )⋅2 2 1 2D D Φ h h        (7.3) 

Figure 7.6 presents the maximum inter-story drifts, recorded along the six major building wall 

lines, for Level 2 tri-axial tests of Phases 1, 3, 4 and 5. The inter-story drift for each case was 

computed by dividing the maximum inter-story displacement by the floor height, which was 

equal to 97 in. for both floors. Note that in Figure 7.5 the first floor height includes the height of 

the floor joists, which was 12 in. Regarding the response at the first floor, higher drifts were 

consistently recorded along the garage wall line (Line 6), while maximum drifts were lower 

moving from the west to the east side of the structure (from Line 6 towards Line 2), for all test 

phases, as far as the transverse direction is concerned. In the longitudinal direction, the 

maximum drift of the south side (Line A) was slightly higher than the drift of the north side, 

except for Test Phase 3, but significantly lower than that recorded along the transverse direction. 

Note that only the south side of the west unit was instrumented with string potentiometers and 

there were no displacement measurements for the south side of the east unit. Therefore, results 

for Line A refer to the inter-story drifts of the west unit only. Inter-story drifts for the south side 

of the east unit were provided by the diagonal string potentiometers that measured the 

deformations of selected shear walls. These results are presented in Section 7.5. 

At the second floor, along the transverse direction, maximum drifts were recorded on the internal 

wall Lines 4 and 5, while the drifts on the external wall lines were lower. This was not the case 

for Test Phase 5, for which the maximum drifts of the west unit of the benchmark structure was 

higher than the drifts of the east unit. Along the longitudinal direction, drifts were lower along 

Line A, compared to Line D, except for Test Phase 1. 
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Figure 7.6: Maximum inter-story drifts for Seismic Level 2 tri-axial tests of Phases 1, 3, 4 and 5 
for (a) first floor, and (b) second floor 

 

Commenting on the variability of the response throughout the test phases, it is evident that the 

application of gypsum wallboard on the interior side of structural walls significantly reduced the 

(a) 

(b) 
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displacement response of both floors of the benchmark structure. The reduction of the maximum 

recorded inter-story drifts from Phase 1 to Phase 3, along the transverse direction, was of the 

order of 40-50%. The application of gypsum wallboard on the partition walls and the ceilings did 

not affect much the first floor drifts, but further reduced the drifts of the second floor. This is 

attributed to the fact that the first floor had few partition walls (none in the garage – west unit) 

and the stiffness and strength were not particularly affected. However, the effect was more 

pronounced at the second floor where the maximum reduction of drifts between Test Phase 4 and 

1 was of the order of 60%. 

Besides the stiffness contribution from the partition walls, the significant reduction of inter-story 

drifts on the second floor (from Phase 3 to Phase 4) can also be explained by the increase of 

diaphragm effect on the roof level. The in-plane stiffness of the roof diaphragm was increased 

because of the application of the gypsum wallboard to the bottom chords of the roof trusses. As a 

result, it also increased the load sharing effect between the transverse wall lines (Lines 2, 4, 5, 

and 6) and thus reduced the drifts on the second floor. On the other hand, the gypsum wallboard 

ceiling had minimal effect on the floor diaphragm since the structural floor system (plywood 

panels and the floor joists) alone provided enough in-plane stiffness to “act” as a rigid 

diaphragm. 

The application of exterior stucco further reduced the maximum drifts at both floor levels. The 

reduction between Test Phase5 and 1 was of the order of 70%. 

Focusing on Test Phase 5, which included tests of all different seismic intensities, Figure 7.7 

presents the maximum recorded drifts along the six major building wall lines, throughout the 

testing sequence.  
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Figure 7.7: Maximum inter-story drifts for Phase 5 seismic tests for (a) first floor, and (b) second 
floor 

 

The displacement profile was similar to that described previously for the tri-axial test of Level 2. 

The maximum inter-story drift was consistently recorded along the garage wall line, while peak 

(a) 

(b) 
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drifts were lower moving from the west to the east side of the structure. It is interesting to note 

that the same profile was observed for the second floor as well. This observation is different 

from the response of the test structure during tests of Phases 1, 3 and 4, for which the internal 

wall lines of the second floor had higher drifts than the external ones, always along the 

transverse direction. This indicates the different effects of gypsum wallboard and exterior stucco. 

Application of drywall increases the stiffness and possibly the strength of a wood shear wall 

directly affecting only the properties of that particular structural element of the structure. On the 

other hand, due to the fact that stucco is applied continuously along the entire exterior face of the 

building, there is an increase of the stiffness and strength of the whole structure, independent of 

the floor levels. In fact, stucco acts as a single structural element that connects the base and the 

top of the building, being also attached to the intermediate floor levels. This effect forces the two 

floor levels, in the case of the benchmark structure, to move along a similar displacement profile. 

An interesting observation is the distribution of the building drifts between the two floors of the 

test structure as its response increases with seismic intensity. This is graphically illustrated in 

Figure 7.8, where the ratios between the second floor peak drifts are normalized by the first floor 

peak drifts at the same wall lines and plotted for the seismic tests of Phase 5. Only the four 

building lines along the transverse direction are included in Figure 7.8. This graph shows that as 

the seismic intensity is amplified, the drift ratios are decreasing, which indicates that a greater 

portion of the total building displacement occurs at the first floor. Eventually, a first floor side-

sway collapse mechanism would be the most probable scenario in case of a potentially very 

destructive earthquake. This conclusion verifies numerical studies that have focused on the 

seismic collapse analysis of two and three story woodframe buildings [15]. 
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Figure 7.8: Second floor drift normalized by first floor drift of the same wall line along the 
transverse direction, for Test Phase 5 

Concluding, the benchmark structure in general behaved well. Even for the Level 5 tri-axial test 

that represented an MCE event with a returning period of 2475 years (2% probablility of 

exceedance in 50 years), the maximum drift at the garage wall was 3.5% (residual drift was 

0.2%). The performance objective of collapse prevention was certainly achieved and there were 

no signs of the benchmark structure approaching the “collapse point”. Note that the FEMA 356 

[16] uses 3% as the drift limit for collapse prevention. 

Comparing the peak recorded drift at the garage wall for the tri-axial test of Seismic Level 4 

(100% DBE) of Phase 5, which was less than 1.4%, with the peak drift at the same wall for the 

tri-axial test of Seismic Level 2 (44% DBE) of Phase 1, which was more than 1.7%, the 

significant contribution of wall finish materials in improving the seismic response of the test 

building is readily illustrated. The Phase 1 building, with no wall finish materials applied, almost 
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reached the 2% code drift limit under a seismic excitation that represented only 44% of the 

amplitude of the expected Design Basis Earthquake (DBE) event. On the other hand, the Phase 5 

building, incorporating all structural and non-structural components and wall finish materials, 

demonstrated a better response under a 100% DBE event. 

7.4 Absolute Acceleration Measurements 

The absolute acceleration time-histories, recorded along the south and west side of the 

benchmark structure, are presented in Appendix L, for each seismic test conducted. Based on 

these measurements, the peak absolute acceleration values, measured for all wall lines during all 

test phases, are summarized in Figures 7.9 and 7.10. 

Figure 7.9 presents the peak acceleration measurements from Level 2 tri-axial seismic tests that 

were conducted across Phases 1, 3, 4 and 5. Figure 7.10 summarizes the peak values recorded 

along the seismic tests of Test Phase 5, exclusively. 

There is not a great variability between peak values recorded during the Seismic Level 2 tests 

across the different test phases. Maximum peak accelerations were observed at the garage wall 

(Line 6) for both floor levels. There is no clear trend to characterize the effect of different wall 

finish materials on the acceleration response of the structure. However, peak values are slightly 

higher for the Phase 1 building for most of the wall lines. 

Regarding Phase 5 response, the peak accelerations were increased with increased level of 

intensity. Maximum second floor and roof level accelerations reached 1.3g for the final tri-axial 

Level 5 test. The peak acceleration during Phase 5, equal to 1.7g, was, however, recorded during 

the bi-axial Level 4 test, at the roof level along Line A. 
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Figure 7.9: Maximum absolute acceleration measurements for Seismic Level 2 tri-axial tests of 
Phases 1, 3, 4 and 5 for (a) first floor, and (b) second floor 

 

 

(a) 
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Figure 7.10: Maximum absolute acceleration measurements for Phase 5 seismic tests for (a) first 
floor, and (b) second floor 
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7.5 Wall Deformation Measurements 

Appendix M presents the displacement time-histories derived from the diagonal string 

potentiometers that were installed across selected structural and partition walls of the test 

structure, for all seismic tests conducted. The recorded data were modified to transform the 

diagonal deformations of each instrumented wall, measured by the diagonally oriented string 

potentiometers, to the equivalent horizontal inter-story displacement. Table 7.2 contains the 

angle of inclination Φ of each diagonal potentiometer with respect to the horizontal direction, as 

shown in Figure 7.11, as well as the final scale factor SF that was applied to the test data to yield 

the correct horizontal displacement. Equation (7.4) shows how Φ and 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, while those measuring the displacement 

between story diaphragms were attached to the floor sheathing. 

( )( )-1 = 1/ cos( ) = 1/ cos tanSF Φ H L       (7.4) 

Φ

L

H

Strin
g p

ote
nti

om
ete

r

 
Figure 7.11: Typical configuration of a string potentiometer installed across a shear wall 
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Table 7.2: Angle of inclination and scale factor for each diagonal string potentiometer, 
throughout the testing phases 

Test Phase 1, 2 and 3 Test Phase 4 and 5 

 Nomenclature 
 (see Table E.3) 

Φ         
(deg) 

Scale Factor 
SF 

 Nomenclature 
(see Table E.4) 

Φ        
(deg) 

Scale Factor 
SF 

S1 73.8 3.58 S1 73.8 3.58 

S2 26.9 1.12 S2 26.9 1.12 

S3 50.1 1.56 S3 49.1 1.53 

S4 64.4 2.31 S4 64.4 2.31 

S5 52.4 1.64 S5 52.4 1.64 

S6 76.5 4.27 S6 76.5 4.27 

S7 49.1 1.53 S7 49.1 1.53 

S8 38.7 1.28 S8 38.7 1.28 

S9 26.1 1.11 S9 26.1 1.11 

S10 59.2 1.95 S10 59.2 1.95 

S11 33.3 1.20 S11 33.3 1.2 

S12 64.4 2.31 S12 64.4 2.31 

S13 56.0 1.79 S13 56 1.79 

S14 40.1 1.31 S14 40.1 1.31 

S15 49.1 1.53 S15 49.1 1.53 

S16 47.0 1.47 S16 47 1.47 

S17 50.1 1.56 S17 50.1 1.56 

 S18* 50.1 1.56 S18 48.3 1.5 

 S19* 49.3 1.53 S19 24.2 1.1 

  S20** 49.1 1.53 S20 38.3 1.27 

  S21** 48.3 1.50 S21 37.1 1.25 

  S22** 34.2 1.21    

  S23** 32.8 1.19    

 * Test Phase 1 and 3 ** Test Phase 1 only 

Figures 7.12 and 7.13 present the wall deformations measured during the Seismic Level 2 tri-

axial tests of Phases 1, 3, 4 and 5, for the first and the second floor, respectively. The top graph 
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contains the peak wall deformations for each specific instrumented wall, as identified in the 

legend. The bottom graph presents the peak wall deformations, normalized by the corresponding 

peak inter-story deformation at the specific building wall line. The peak inter-story 

displacements were extracted either from the external linear string potentiometers (presented in 

Section 7.3), at those building wall lines where that data were available, or from the diagonal 

string potentiometers that were measuring the deformation between the adjacent floor levels. 

This explains why there are no wall-diaphragm deformation ratios presented for walls E9-10 and 

E24-25. These walls were located at the south side of the east unit, where no inter-story 

displacements were recorded. 

The 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 bending deformations of the framing, which can be observed in walls with 

relatively high aspect (height over length) ratio. In cases where the lower end of the diagonal 

potentiometers originated from the bottom corner of a shear wall with a hold-down installed, 

such as the potentiometer installed on the garage wall (E16), the wall deformation included also 

any uplift of the hold-down stud from the sill plate. Components of the total inter-story 

displacements that are not measured by the diagonal potentiometers are the slipping of the 

bottom sill and the top plate and the uplift of the sill plate from the foundation. 

String potentiometers across walls I2 and I12 were installed only in Phases 1 to 3, while across 

wall I21 only in Phases 4 and 5. It should also be noted that no peak wall deformation values are 

included in cases where the maximum displacement was less than 0.01 in. This is the case 

especially for the second floor walls. 
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Figure 7.12: (a) Wall deformation, and (b) wall-diaphragm deformation ratio of first floor walls, 
for Seismic Level 2 tri-axial tests of Test Phase 1, 3, 4 and 5 

(a) 

(b) 
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Figure 7.13: (a) Wall deformation, and (b) wall-diaphragm deformation ratio of second floor 
walls, for Seismic Level 2 tri-axial tests of Test Phase 1, 3, 4 and 5 
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From the recorded displacements of the first floor walls, it can be observed that the wall 

deformations during Test Phase 1 were much greater than what the walls experienced during the 

other test phases, especially for walls oriented in the transverse (north-south) direction. The 

displacement profile is similar to that of the inter-story displacements (see Fig. 7.6), which 

included higher deformations along the garage wall line. Moreover, the south side of the east unit 

(E9-10) experienced higher drifts than the south side of the west unit (E36-37). Similar trends 

were observed for the walls of the second floor, although what was particularly interesting is that 

the peak deformations during Test Phase 4 were lower than those of Test Phase 3. Also, during 

Test Phase 5, the second floor walls were deformed by less than 0.01 in., the latter showing that 

the application of exterior stucco significantly increased the in-plane stiffness of the second floor 

walls. 

The wall-diaphragm deformation ratios for the first floor walls of Phase 1 building, along the 

transverse direction, ranged around 0.8, while the same ratios reduced further to 0.4-0.5 for the 

subsequent test phases. The second floor ratios further decreased to values around 0.3 for all test 

phases, which reveals that other components of deformation (top or bottom plate slippage or 

uplifting) were more pronounced for the second floor walls. 

It was also observed that interior structural (I1 and I 27) or partition (I28, I2, I12 and I21) walls 

demonstrated a high wall-diaphragm deformation ratio, well above 0.5 for most of the cases. 

Especially regarding the second floor, the interior walls had the highest deformation ratios. 

Similarly to the previous figures, Figures 7.14 and 7.15 present the wall deformation and 

corresponding ratios from the Phase 5 seismic tests, for the first and second floor, respectively. 

The results from the Seismic Level 1 tri-axial and bi-axial tests were not included, since the wall 

deformations were lower than 0.01 in. almost for all cases. 
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Figure 7.14: (a) Wall deformation, and (b) wall-diaphragm deformation ratio of first floor walls, 
for seismic tests of Test Phase 5 
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Figure 7.15: (a) Wall deformation, and (b) wall-diaphragm deformation ratio of second floor 
walls, for seismic tests of Test Phase 5 
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The maximum wall deformations were observed for the bi-axial Level 4 test, for both floor 

levels. Even while the peak inter-story drifts were higher during the final tri-axial Level 5 

seismic test, the wall deformations were much lower compared to the bi-axial Level 4 test. This 

result can only be attributed to the significant rocking response of the benchmark structure 

during the final tri-axial test, a response which was even visually observed from the recorded 

videos. This resulted in very low deformation ratios, of the order of 0.2, for most of the first floor 

walls on the contrary to the ratios between 0.3 and 0.6 that were observed during previous 

seismic tests. No specific trend was identified to relate the deformation ratio with the excitation 

intensity, based on these particular test data. Similarly to what observed throughout the other test 

phases, the south side of the east unit was deformed more than the south side of the west unit, 

and both had higher displacements compared to the north side of the structure. Second floor wall 

deformations were only a small portion of the total inter-story displacements, of the order of 

10%, for most of the cases. 

It is important to note that the wall-diaphragm deformation ratios clearly indicate that only a 

portion of the inter-story drift between two adjacent floors is transmitted into wall racking 

deformations, particularly when wall finishes are included in the structural configuration. 

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 in a structure. 

Concluding, the wall deformations were identified throughout the significant bi-axial and tri-

axial tests of Test Phases 1, 3, 4 and 5. It is important to identify the contribution of other 

deformation components, such as slipping and uplifting, of the walls before drawing safe 
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conclusions on the effect of wall finish materials and excitation intensity on the structural 

performance of wood shear walls.  

7.6 Global Hysteretic Response 

Appendix N 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. Similarly, Appendix O contains the inter-story hysteresis loops, in terms 

of story shear 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 recorded absolute acceleration measurements by the tributary mass near the 

specific locations of the accelerometers (see Figure 6.1 and Table F.1 of Appendix F). This 

means that the calculated forces include both the resistant force generated by the wall 

deformation and the damping force that is inherent in the system. The displacements were 

calculated from the linear string potentiometers installed between the benchmark structure and an 

absolute reference, as described in Section 7.3. The central displacement along the transverse 

direction was computed as the average displacement of Wall Lines 4 and 5, while the central 

displacement along the longitudinal direction was calculated as the average displacement of Wall 

Lines A and D. The maximum and minimum force and displacement values are indicated on 

each figure of Appendices N and O 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 be part of the data points. 

Some of the global hysteresis loop plots that are included in Appendix N are repeated here for 

comparison purposes. Figure 7.16 presents the global hysteresis loops derived from the Seismic 

Level 2 tri-axial tests of Phases 1, 3, 4 and 5. Similarly, Figure 7.17 summarizes the global 
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hysteresis loops derived from the five tri-axial seismic tests of Phase 5. Both figures include 

loops in the two orthogonal directions of the benchmark structure. 
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Figure 7.16: Global force-displacement hysteresis loops for Seismic Level 2 tri-axial tests of 
Phases 1, 3, 4 and 5 
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Figure 7.17: Global force-displacement hysteresis loops for the tri-axial tests of Phase 5 
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Observing Figure 7.16, the effects of the wall finish materials are clearly illustrated. The 

effective stiffness (defined as the slope of the line connecting the maximum and minimum 

depicted points) of the benchmark structure increased in both directions as gypsum wallboard 

and exterior stucco were applied at each test phase. This resulted in lower central displacements 

when the structure incorporated the wall finish materials, for the same level of seismic excitation, 

compared to the Phase 1 building. The hysteresis loops were also wider for the Phase 1 test, 

especially in the transverse direction, compared to the tests of the subsequent phases. This means 

that more energy was dissipated during that Phase 1 test. This result may be associated with the 

higher wall-diaphragm deformation ratio during Phase 1, as identified and presented in Section 

7.5. 

Figure 7.17 demonstrates the cumulative damage of the test structure for increasing level of 

seismic intensity, as this was translated in a degradation of the effective stiffness of the structure. 

Additionally, the transverse displacement demand for Level 5 (MCE event) seismic test was 

much greater than that of Level 4 (DBE event). It was observed that along the longitudinal 

direction, the maximum base shear force during Level 4 and 5 seismic tests was lower than the 

maximum base shear force during Level 3 tri-axial test. This can be explained by looking at the 

performance of the shake tables, as presented in Appendix I. Comparing the response spectra of 

the actual motion along the longitudinal direction, for the tri-axial tests of Levels 3, 4 and 5 

(Figures I.46, I.48 and I.51, respectively), it can be seen that the response spectrum of the actual 

table motion during Level 3 test was higher than the desired spectrum, ranging around and above 

1g. On the contrary, the spectra of the actual table motion during Level 4 and 5 tests were lower 

than desired and resulted in smaller spectral ordinates, compared to Level 3, on the vicinity of 

the fundamental periods of the benchmark structure. This effect can also be identified by 
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observing the peak recorded acceleration measurements along the longitudinal direction during 

these specific tests, as presented in Figure 7.10. 

7.7 Wall Line Hysteresis Loops 

This section presents hysteresis loop plots of the four wall lines of the benchmark structure that 

were located at the first floor in the transverse direction. The inter-story displacements and forces 

were computed as described in the previous section. Figure 7.18 contains the hysteresis loops 

derived from the tri-axial Level 2 tests of Phase 1, 3, 4 and 5, while Figure 7.19 presents the 

hysteresis loops derived from the tri-axial tests of Phase 5. 

As discussed in Section 7.3, the peak inter-story displacements were maximum along Line 6 (the 

garage wall line) and were reducing from the west to the east side of the structure (from Line 6 

towards Line 2). Wall line 5 had the highest stiffness among these four wall lines due to the fact 

that the external wall incorporated no openings and the internal wall was one of the two interior 

structural shear walls. Similar observations as in the previous section, such as the increase of 

stiffness along the test phases and the stiffness degradation with increasing intensity of seismic 

excitation, can also be seen from these two figures. 

7.8 Experimental Capacity Spectra 

Capacity spectra were developed for each phase of seismic testing, in the two principal 

directions, to compare the global response of the benchmark structure and to illustrate the 

evolution of the response along the different levels of testing. Only the data derived from the tri-

axial seismic tests were included in the capacity spectra plots. The peak absolute central roof 

displacement and peak absolute base shear force, computed from each tri-axial seismic test, were 

converted into equivalent spectral displacement and acceleration ordinates. 
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Figure 7.18: Transverse wall lines force-displacement hysteresis loops for Seismic Level 2 tri-
axial tests of Phases 1, 3, 4 and 5 
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Figure 7.19: Transverse wall lines force-displacement loops for the tri-axial tests of Phase 5 
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For the calculation of the equivalent spectral displacements and acceleration ordinates, the modal 

participation factor Γn and the modal mass Mn of the first and second mode of the structure, 

defined for each test phase prior to any seismic test, were first calculated. The first and second 

mode shapes were used to calculate the equivalent spectral ordinates along the transverse and 

longitudinal directions, respectively. To illustrate the procedure, the following equations were 

used to calculate the spectral ordinates for the transverse direction, using the first mode shape of 

the test structure. 

First, only the mode shape components in the transverse direction were taken into account. From 

sixteen accelerometers (eight in each floor in each direction) the mode shape {Φ}1 was first 

defined as an array of 16x1. The tributary mass at each accelerometer’s location was calculated 

and a diagonal mass matrix [M] (16x16) was populated. The modal mass M1 and the modal 

participation factor Γ1 are given by [17]: 

  = { } [ ] { }⋅ ⋅Τ
1 1 1M Φ Μ Φ         (7.5) 

{ } [ ] { } = ⋅ ⋅Τ
1

1
1

Φ Μ r Γ
Μ

        (7.6) 

where {r} is a 16x1 array with all its elements equal to 1. The effective modal mass M1
*, which 

is the mass contributing to this mode of deformation, is given by: 

 2 = ⋅*
1 1 1M Γ Μ          (7.7) 

If DR is the peak central roof displacement and V the peak base shear force, then the equivalent 

spectral displacement and acceleration ordinates, Sd and Sa, respectively, are: 

  = 
⋅

R

1 R

DSd
Γ φ

          (7.8) 
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 = *
1

VSa
M

          (7.9) 

where φR is the mode shape value at the roof, calculated similarly to the central roof 

displacement (average of mode shape value for Lines 4 and 5 for this case). 

Figure 7.20 presents the experimental capacity spectra that were developed for each tri-axial 

seismic test, in the two principal directions. The response spectra of the actual recorded motions 

are also included. Level 2 response spectra were derived from the West Table motion recorded 

during Test Phase 1, while Level 5 spectra were derived from the West Table motion recorded 

during Test Phase 5. Based on the equivalent damping ratios that were computed in Chapter 6 

(see Figure 6.10 for the first modal damping ratio), a damping ratio of 13% of critical was used 

for the calculation of the response spectra of Level 2 motion and a ratio of 15% for the 

calculation of the spectra of Level 5 motion. 

The Phase 1 building demonstrated the higher flexibility and the Phase 5 building the higher 

stiffness. Phase 3 and 4 buildings had similar responses. It is interesting to note that the response 

spectra curves are close to the capacity data points, for the case of the response in both 

directions, for both Seismic Levels 2 and 5. This is not the case, however, for the Level 5 

response in the longitudinal direction. Moreover, the drop in the Sa component for the Phase 5 

building after the Level 3 test is attributed to the low intensity of the achieved table motion, as 

mentioned in the last paragraph of Section 7.6. 



 139

0.0

0.5

1.0

1.5

2.0

0 1 2 3 4 5
Sd (in)

Sa
 (g

)
Phase 1
Phase 3
Phase 4
Phase 5
Level 2
Level 5

ζ = 13%

ζ = 15%

 

0.0

0.5

1.0

0.0 0.2 0.4 0.6 0.8 1.0
Sd (in)

Sa
 (g

)

Phase 1
Phase 3
Phase 4
Phase 5
Level 2
Level 5

ζ = 13%

ζ = 15%

 
Figure 7.20: Experimental capacity spectra from the response of the benchmark structure (a) in 
the transverse direction, and (b) in the longitudinal direction 
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7.9 Energy Response 

The relative input energy that was induced in the benchmark structure was estimated for most of 

the tri-axial tests of Phases 1, 3, 4 and 5. The relative input energy time-histories EI were 

calculated by integrating (a) the force at each floor level, equal to the total mass mi of that level 

multiplied by the ground acceleration αg, over the relative displacement of that level with respect 

to the base of the structure xi , and (b) the force at each floor level, equal to the total mass of that 

level mi multiplied by the ground (table) rotational acceleration θg multiplied by the floor level 

height from the base hi, over the relative displacement of that level with respect to the base of the 

structure xi as well. The integration shown in Eq. (7.10) was executed for both horizontal 

directions (x and y) to yield the total relative input energy of the system. The last two terms in 

Eq. (7.10) are introduced based on the assumption that the structure is rotationally rigid and each 

floor diaphragm follows the rotation time-history of the shake tables. 

 
0 0 0 0

 = d  + d  + d  + d  ∫ ∫ ∫ ∫
1 2 1 2x x x x

I 1 g 1 2 g 2 1 1 g 1 2 2 g 2E m α x m α x m h θ x m h θ x    (7.10) 

Figure 7.21 presents the total relative input energy time-histories for the tri-axial Level 2 tests of 

Phases 1, 3, 4 and 5. Similarly, Figure 7.22 shows the total relative input energy time-histories 

for the tri-axial tests of Phase 5. Figure 7.21 indicates that the amount of energy associated with 

Phase 1 test was much higher than the other phases, ranging above 300 kip-in. The amount of 

energy associated with Test Phase 5 was the lowest, ranging around 120 kip-in, while the energy 

in Phases 3 and 4 was similar and slightly higher than Phase 5. This illustrates the effect of wall 

finish materials that increased the stiffness of the structure and resulted in lower amount of input 

energy, thus, lower amount of absorbed energy by the structural walls and eventually less 

damage in the structural and non-structural members. As expected, the amount of energy is 
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proportional to the shaking intensity. The higher is the level of shaking, the higher is the 

associated cumulative input energy (see Figure 7.22). The energy difference between Level 2 

and Level 3 tri-axial tests was small, while the energy associated with Seismic Level 5 was much 

higher than any other test, reaching 900 kip-in. 
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Figure 7.21: Relative input energy time-histories, for Seismic Level 2 tri-axial tests of Phases 1, 
3, 4 and 5 
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Figure 7.22: Relative input energy time-histories, for tri-axial tests of Phase 5 
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7.10 Sill Plate Slippage 

Appendix P contains the sill plate slippage time-histories recorded at the base of a number of 

first floor shear walls during the seismic tests conducted. The maximum and minimum values of 

each individual measurement are also indicated on the plots. Figure 7.23a presents the absolute 

peak sill plate slippage recorded during the Seismic Level 2 tri-axial tests, while Figure 7.23b 

presents the ratio of the peak sill plate slippage with respect to the peak inter-story displacement 

at that particular wall line. Similarly, Figures 7.24a and 7.24b illustrate the same information 

mentioned above, but for the seismic tests of Phase 5. Note that the results from Level 1 tests 

were not included because the slippage of the sill plates was below 0.01 in. 

The average peak sill plate slippage of the first floor walls, during the Seismic Level 2 tri-axial 

tests was below 0.05 in., across all test phases. Values larger than 0.05 in. were recorded along 

Lines A and 5 (SL1 and SL10, respectively). Not surprisingly, the walls along these two lines 

had no wall openings and demonstrated the highest lateral structural stiffness among all the wall 

lines, resisting a higher portion of the induced seismic load that resulted in higher sill plate 

slippage displacements. The average percentage of the inter-story displacement due to sill plate 

slippage was around 10%, considering all the sill plate measurements (note that there were no 

inter-story displacement data for SL7). Significantly higher ratios were observed for Test Phase 5 

(see Fig. 23b). Regarding the variability of sill plate slippage with respect to the seismic level of 

intensity, there were no clear trends observed. However, Figure 7.24a shows that at lower levels 

of shaking, the values of peak sill plate slippage were low (below 0.1 in.), while at higher levels 

of shaking, peak values of slippage were around 0.5 in. for SL8, SL9 and SL10. The ratios of sill 

plate slippages with respect to the inter-story displacements ranged around 0.3, with high 

variability among the different sill plates and shaking intensities. 
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Figure 7.23: (a) Peak sill plate slippage, and (b) sill plate slippage over story displacement ratio, 
for Seismic Level 2 tri-axial tests of Phases 1, 3, 4 and 5 
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Figure 7.24: (a) Peak sill plate slippage, and (b) sill plate slippage over story displacement ratio, 
for seismic tests of Phase 5 
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7.11 Peak Holdown Forces 

Appendix Q presents the peak holdown and anchor bolt forces recorded at the base of various 

first floor structural and partition walls, for all seismic tests conducted. Four holdowns were 

installed along each of Wall Lines 6, 4 and 2 of the benchmark structure. From the plots of 

Appendix Q, it can be observed that peak forces at holdown locations are much higher than peak 

forces at anchor bolt locations, for all seismic tests conducted. 

Figure 7.25a presents the peak forces recorded across the four holdowns of Wall Lines 6, 4 and 2 

of the benchmark structure for the Seismic Level 2 tri-axial tests of Phases 1, 3, 4 and 5. The 

peak recorded forces are then normalized by the nominal ultimate strength of the holdown 

devices and the resulting ratios are presented in Figure 7.25b. The ultimate strength was 

calculated based on the allowable tension load Fall that can be found in Simpson Strong-Tie 

website [18]. According to the 2005 National Design Specification for Wood Construction [19], 

the ultimate strength Fult is the product of the allowable design load and a format conversion 

factor KF, equal to 2.16/φ, where φ is the resistance factor, equal to 0.65. These values apply for 

wood connections. Holdowns of type PHD2 and PHD5 were installed in structural walls along 

Lines 4 and Lines 2 and 6, respectively (see Drawing S-6 of Appendix A). The allowable tension 

load specified by Simpson Strong-Tie was 3505 and 4030 lbs for PHD2 and PHD5, respectively, 

for Hem Fir structural lumber. The ultimate strength is: 

 
3.32 3505 = 11637lb, for PHD2

 =  = 2.16/.65  = 3.32  = 
3.32 4030 = 13380lb, for PHD5

⋅⎧ ⎫
⋅ ⋅ ⋅ ⎨ ⎬⋅⎩ ⎭

ult F all all allF K F F F  (7.12) 

Similarly to Figure 7.25, Figure 7.26a presents the peak recorded holdown forces along the same 

three wall lines for the tri-axial tests (above Level 1) of Phase 5 and Figure 7.26b shows the 

normalized ratio with the nominal ultimate strength of the devices. 
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Figure 7.25: (a) Peak holdown force, and (b) peak holdown force to nominal ultimate strength 
ratio, for Seismic Level 2 tri-axial tests of Phases 1, 3, 4 and 5 
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Figure 7.26: (a) Peak holdown force, and (b) peak holdown force to nominal ultimate strength 
ratio, for seismic tests of Phase 5 
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(b) 
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Comparing the peak holdown forces between the Level 2 tri-axial tests of different phases, the 

maximum force was recorded at the garage wall for the Phase 1 building and it was close to 6 

kips. On average, the peak forces ranged below 3 kips for all holdowns installed and for all Level 

2 tests. The differences between Phases 3, 4 and 5 were small compared to the differences with 

Phase 1 peak forces. The strength ratios were below 0.5 and averaged around 0.25, which means 

that a safety factor of 4 was applicable for this level of shaking. 

As expected, the peak holdown forces increased with the increase of shaking level, throughout 

Test Phase 5. Maximum values were below 10 kips. For DBE and MCE levels of shaking 

(Levels 4 and 5, respectively) the strength ratios were around 0.5 to 0.6, which translates to a 

safety factor of 1.5 to 2. 

7.12 Peak Sill Plate and Holdown Stud Uplift 

Appendix R presents the peak uplift displacements recorded at the end studs of various exterior 

first floor walls, for all seismic tests conducted. The total uplift displacement consisted of two 

components. The first component was the uplift displacement of the sill plate with respect to the 

foundation and the second part was the uplift of the end stud with respect to the sill plate. Both 

components were measured with two linear potentiometers at each desired location (see Fig. 4.4 

and Fig 4.5). The time-histories recorded from each pair of potentiometers were summed to yield 

the total uplift displacement and the maximum positive value was identified as the peak uplift 

displacement (positive sign for uplift). At the same time instant, the uplift displacement of the 

sill plate to the ground was used to calculate the ratio of the sill plate uplift over the total uplift. 

Peak displacements for the sill plate uplift and the total uplift are indicated in Appendix R, for 

every location. 
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The stud-to-sill-plate uplift displacement time-histories were corrected to remove any small 

negative values that were recorded, considering that any negative values were artificially created 

by the rotation of the end stud with respect to the sill plate. The sill plate-to-foundation uplift 

displacement time-histories were not modified on the basis that crushing of the sill plate during 

cyclic response is possible to yield negative displacement values at some time instants.   

Figure 7.27 summarizes the results for the tri-axial Level 2 seismic tests of Phases 1, 3, 4 and 5. 

The peak total uplift displacements at each of the main wall lines of the structure were identified 

and included in Figure 7.27a, while Figure 7.27b shows what percentage of the total uplift 

displacement was due to the sill plate uplift. Similarly, Figure 7.28 presents the same information 

for the seismic tests conducted as part of Phase 5 testing. Note that Wall Lines 2, 4 and 6 had 

holdowns installed while Wall Lines 5, 2A, A and D had typical anchor bolts. 

Commenting on the results of the Level 2 tri-axial tests, the greatest uplift displacements were 

recorded for the Phase 1 building, reaching values of up to 0.3 in. and 0.45 in. at some wall lines. 

This is attributed mainly to the higher inter-story shear forces, compared to the other phases, 

which resulted in higher uplift forces. The peak uplift displacements for the Phase 3 and Phase 4 

building were around 0.1 in., slightly lower than for the Phase 5 structure. 

Figure 7.28a clearly indicates the significant increase of peak uplift displacements recorded 

during the bi-axial Level 4 and the final tri-axial Level 5 seismic tests of Phase 5. During the 

latter test, the peak displacements exceeded 0.5 in. at all wall lines and the maximum value 

(above 3 in.) was recorded at Wall Line 5. 
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Figure 7.27: (a) Peak uplift displacement, and (b) sill plate uplift to total uplift ratio, for Seismic 
Level 2 tri-axial tests of Phases 1, 3, 4 and 5 
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Figure 7.28: (a) Peak uplift displacement, and (b) sill plate uplift to total uplift ratio, for seismic 
tests of Phase 5 

(a) 

(b) 
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The ratio of sill plate uplift to total uplift exhibited a large variability for the different wall lines, 

the different test phases and the different seismic intensities. In general, this ratio depends on the 

ratio of the stiffness associated with each mode of deformation. Considering that the use of two 

vertical springs in series can model the uplifting behavior of a wood shear-wall, the bottom 

spring would represent the force-displacement relationship of the holdown (or anchor bolt) while 

the second would capture the local slipping of wood framing and the sheathing. Therefore, the 

ratio of the displacements depends on the type of anchoring (type of holdown or anchor bolt) as 

well as the nailing schedule of the shear wall, especially along the sill plate. This would 

intuitively suggest that the application of interior gypsum wallboard would increase this ratio, 

since the bottom screws of the gypsum boards are screwed in the sill plate. Figure 7.27b shows 

that this is the case for Lines 6, 4, 2A and D. No clear trend, however, was identified relating this 

ratio with the wall finish materials or the level of shaking, even when data from wall lines with 

holdowns were examined separately. Only Wall Line 5 exhibited a constant ratio of 0.5 for all 

the seismic tests conducted. This variability may arise from the fact that these ratios were 

extracted only from the location of the wall line where the peak uplift displacement was the 

maximum between at least two or not more than four end-stud locations. Perhaps the collection 

of more data from all the end studs could provide a better view. 
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7.13 Identification of Displacement Components 

In this section, an attempt is made to decompose the first floor inter-story displacements of 

specific walls into different components, by combining in the time domain the recorded data 

from the wall deformations, the slippage of sill plates and the uplifting response of the end studs. 

Four exterior walls along the transverse direction were selected (E16, E13, E11 and E8 from 

Wall Lines 6, 5, 4 and 2, respectively), as shown in Figure 7.29a. Figure 7.29b illustrates the wall 

configurations, indicating the length of the wall or the wall panel that was instrumented and the 

locations of the holdowns, in three of the four walls. 

E16

E13 E11 E8

 
 

48”
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48”
N

130” N130” N28”
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28”
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Figure 7.29: (a) Location and (b) configuration of the walls used for the displacement 
decomposition 

E16 – Line 6 E13 – Line 5 

E11 – Line 4 
E8 – Line 2 

(a) 

(b) 
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The only displacement component that needed to be evaluated was that caused by the uplifting 

response of each wall. The displacement time-history at the top of a wall (or a wall panel) can be 

estimated when the uplift displacement time-histories at the two end studs are known, by 

defining a wall base angle of rotation and extrapolating the horizontal displacement at the top 

assuming a rigid body motion. 

Figure 7.30 illustrates how the inter-story displacement due to uplifting response was estimated 

at the garage wall (E16) for the tri-axial Level 2 test of Phase 1 (Test NWP1S17). Figure 7.30a 

presents the sill-plate uplift displacement time-histories (UP2 and UP4) and Figure 7.30b shows 

the total uplift displacement time histories (UP1+UP2 and UP3+UP4), at the base corners of the 

south wall segment of the garage wall (see Table E.6 and Figure E.6 of Appendix E). Figure 

7.30c plots the horizontal displacement time-histories, dU,S and dU,S+S, due to the sill plate uplift 

and the sill-plate-plus-stud uplift, respectively, which are given by: 

 UP2(t) - UP4(t)(t) = ⋅U,S
Wall

d h
L

        (7.11) 

 ( ) ( )UP1(t) + UP2(t)  - UP3(t) + UP4(t)
(t) = ⋅U,S+S

Wall

d h
L

    (7.12) 

where LWall is the length of the wall panel, equal to 28 in., and h is the height of the first floor, 

equal to 109 in. 

Displacements dU,S and dU,S+S were computed based on the assumption of rigid body rotation of 

the wall, which holds for narrow wall-piers with high height-to-length ratio, such as these in 

Walls E16 and E11. Yet, it is not clear if these displacement estimates are reliable in cases of low 

aspect ratio walls, such as Wall E13, or in cases where two wall panels can interact with each 

other, such as Walls E11 and E8. 
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Figure 7.30: (a) Sill plate uplift displacements, (b) total uplift displacements, and (c) associated 
inter-story displacement estimates of the south segment of the garage wall, for Test NWP1S17  
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Moreover, it was mentioned in Section 7.5 that since the diagonal potentiometers were connected 

at the sill and top plates of the walls, it is expected that the horizontal displacement due to stud-

to-sill-plate uplift should be already included in the wall deformation measurement, provided by 

the diagonal potentiometer, in cases where the rigid body assumption applies, such as the garage 

wall panels. However, due to associated uncertainty, the horizontal component due to stud uplift 

is explicitly computed and shown for each case. Figures 7.31a and 7.31b present the computed 

displacement components of Wall E16 for the tri-axial Level 2 tests of Phases 1 and 4, 

respectively. 

In these plots, the inter-story displacement, measured between the floor diaphragms, is compared 

with the combined displacement at the wall and the sill plate slippage, including the effect only 

from the sill plate uplift response with respect to the foundation. The explicit effect of the stud 

uplift is also plotted with the dotted line. It is observed that the combined displacement time-

history correlates well with the inter-story displacement time-history and is always smaller (in 

the absolute sense). The difference between these two lines is an unidentified displacement 

component, which can include the effect of stud uplift as well as other sources of displacements 

that are not measured, such as the slippage of the top plate with respect to the diaphragm and the 

deformation of the floor joists.  

Figures 7.32 and 7.33 summarize the normalized displacement components at the time instant of 

the peak inter-story drift, for all the tri-axial Level 2 tests and the tri-axial tests of Phase 5, 

respectively. The peak inter-story displacement of each wall line is also indicated, for each test, 

in white fonts. 
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Figure 7.31: Displacement components of garage wall E16 for (a) Test NWP1S17 and 
(b) Test NWP4S03 
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Figure 7.32: Displacement components at the peak inter-story drifts for the Seismic Level 2 tri-
axial tests of Phases 1, 3, 4 and 5 and walls (a) E16, (b) E13, (c) E11, and (d) E8. Numerical 
values in each histogram indicate peak inter-story displacements 
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Figure 7.33: Displacement components at the peak inter-story drifts for the tri-axial seismic tests 
of Phase 5 and walls (a) E16, (b) E13, (c) E11, and (d) E8. Numerical values in each histogram 
indicate peak inter-story displacements 
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Figure 7.32 clearly indicates that the application of wall finish materials reduced the wall 

deformation ratio of three of the four walls, from high values of 0.8, observed for Phase 1, to as 

low as 0.2, observed for Phase 5. Consequently, the sill plate slippage and the sill plate uplift 

ratios were generally increased after the installation of wall finishes, and a greater portion of the 

total uplift was due to the sill plate uplift. The garage wall deformation ratio was around 0.5 for 

all the seismic tests evaluated. It was not affected either by the wall finishes or the level of 

shaking intensity and the level of deformation (Figs. 7.32a and 7.33a). Figure 7.33 shows that the 

wall deformation ratios remained quite low for all tri-axial tests of Phase 5. The unidentified 

component ratio varied between 0 and 0.7 and was higher for the Phase 5 displacement 

decomposition. 

7.14 Effect of Vertical Input Excitation 

The effect of vertical input excitation on the seismic response of the benchmark structure can be 

investigated by comparing the displacement amplitudes recorded between tri-axial and bi-axial 

tests of the same seismic level. Note that the bi-axial test, for a given phase and seismic level, 

was always conducted after the corresponding tri-axial tests. Therefore, the structural system was 

not intact before the start of the bi-axial test. For simplicity purposes, the building roof central 

displacement in the two orthogonal directions is used to compare the response and assess the 

effect of vertical input excitation. 

Figures 7.34 and 7.35 contain the maximum recorded building central displacements for all tri-

axial and bi-axial tests of Test Phases 1, 3, 4 and 5, for Seismic Levels 1 and 2, respectively. 

Furthermore, Figure 7.36 presents the maximum recorded building central displacements for the 

remaining tri-axial and bi-axial tests of Phase 5, which are those of Seismic Levels 3 and 4. 
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Figure 7.34: Building central displacements for Seismic Level 1 tri-axial and bi-axial tests of 
Phases 1, 3, 4, and 5 
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Figure 7.35: Building central displacements for Seismic Level 2 tri-axial and bi-axial tests of 
Phases 1, 3, 4, and 5 
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Figure 7.36: Building central displacements for Seismic Levels 3 and 4 tri-axial and bi-axial tests 
of Phase 5 

The response of the structure during the Level 1 tests (Figure 7.34) was similar between tri-axial 

and bi-axial input excitation. Small differences of the order of 10% were observed mainly in the 

transverse (Y) direction. 

Similar trends were identified for Level 2 tests (Figure 7.35), where the differences in peak 

transverse displacements between tri-axial and bi-axial tests were also of the order of 10%. 

However, at Test Phase 3, the maximum roof central displacement in the transverse direction 

during the bi-axial test was more than 25% greater than that recorded during the tri-axial test. 

A similar difference in the central displacement along the transverse direction was also observed 

for Level 4 tests of Phase 5 (Figure 7.36), where the response during the bi-axial test was greater 

than that during the tri-axial test. In this case, the difference in the response can be attributed to 

the failure of some holdown welds along the garage wall during the execution of the bi-axial test, 
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which resulted in significant stiffness degradation along the transverse direction and increased 

the building displacements. 

From the results obtained, no general trends were observed that relate the displacement response 

of the benchmark structure with the presence of vertical input excitation. On average, the 

responses between tri-axial and bi-axial tests of the same seismic level were similar. In some 

cases, the responses during the bi-axial tests were higher, while in some other cases the 

responses of the tri-axial tests were higher. 

It has to be noted that the variation in the recorded peak displacements between tri-axial and bi-

axial tests may be attributed to other reasons as well. One main reason is the modification of the 

dynamic characteristics of the structure due to the cumulative damage, induced during previously 

conducted tests. This means that a repetition of the same input excitation may lead to different 

response of the structure. A second reason is the potential difference in the performance of the 

shake tables between tri-axial and bi-axial tests, due to the fact that the shake tables were 

required to perform close to the specified nominal performance limits, as mentioned in Section 

7.1. 
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Chapter 8 Summary and Conclusions 
 

The benchmark shake table testing of a full-scale two-story woodframe townhouse building 

within the NEESWood project has provided an opportunity to study various parameters that 

influence the seismic response of woodframe structural systems.  

The testing program focused on the various construction elements that have significant influence 

on the seismic response of woodframe buildings. Five different testing phases were conducted to 

investigate the influence of the following elements on the seismic behavior: Phase 1 - Engineered 

wood structural (shear) walls alone; Phase 2 - Wood structural walls incorporating viscous fluid 

dampers; Phase 3 - Installation of gypsum wallboard to engineered wood structural walls; Phase 
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4 - Installation of gypsum wallboard to interior partition walls and ceilings; and Phase 5 - 

Installation of stucco as exterior wall finish. 

Two different types of tri-axial historical ground motions were used for the seismic tests: 

ordinary ground motions and near-field ground motions. The ordinary ground motions 

represented a Design Basis Earthquake (DBE) having a probability of exceedance of 10% in 50 

years (10%/50 years), or equivalently, a return period of 475 years. The 1994 Northridge 

Earthquake ground motions recorded at Canoga Park, with an amplitude scaling factor of 1.20, 

were selected as the DBE (Seismic Level 4). The near-field ground motions represented a 

Maximum Credible Earthquake (MCE) having a probability of exceedance of 2% in 50 years 

(2%/ 50 years), or a return period of 2475 years. The unscaled 1994 Northridge Earthquake 

ground motions recorded at Rinaldi were selected as the MCE (Seismic Level 5). 

In addition to the DBE and MCE hazard levels, the Canoga Park ground motions were scaled to 

simulate hazard levels of 99.9%/50 years (Seismic Level 1), 50%/50 years (Seismic Level 2) and 

20%/50 years (Seismic Level 3). Note that during Test Phases 1, 3 and 4, only Seismic Test 

Levels 1 and 2 were conducted in order to limit the damage to a repairable level. 

This report has concentrated on the effect of interior and exterior wall finishes on the seismic 

response of the test structure. Therefore, only the experimental results of Test Phases 1, 3, 4 and 

5 were analyzed in detail. A separate NEESWood Project Report will analyze the results of Test 

Phase 2 incorporating viscous fluid dampers within wood walls. 

Based on the experimental results obtained, it can be concluded that the installation of gypsum 

wallboard to the interior surfaces of structural walls improved substantially the seismic response 

of the test structure. The application of exterior stucco improved further the seismic response of 
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the test structure, particularly in its longitudinal direction, where the shear response of the wall 

piers dominated. The key results obtained in this study are summarized below: 

• The application of gypsum wallboard on the interior surfaces of the structural walls caused a 

reduction of the initial natural periods of the test building. The same trend was observed after 

the application of exterior stucco finish. The application of gypsum wallboard on partition 

walls and ceilings, however, did not affect significantly the initial fundamental period of the 

test structure. 

• The equivalent lateral stiffness of the wood-only Phase 1 test structure deteriorated more 

rapidly through the seismic tests than the other configurations. The transverse equivalent 

lateral stiffness of the Phase 1 test structure at the end of the Seismic Level 2 was reduced to 

less than 60% of its initial transverse stiffness. The transverse lateral stiffness for the 

structures of Test Phases 3 and 4, incorporating gypsum wallboard, was above 80% of their 

initial transverse stiffness at the end of the Seismic Level 2. The corresponding value for the 

Phase 5 test structure, incorporating stucco as exterior finish, is above 90%. Even after the 

DBE Seismic Level 4, the transverse lateral stiffness of the Test Phase 5 test structure 

remained above 75% of its initial transverse lateral stiffness. 

• The fundamental damping ratios of the test structure ranged from 10% to 20% of critical, 

with a mean value of approximately 15% of critical for all test phases. 

• For all test phases, the fundamental mode shape of the test structure was along the transverse 

direction. The second and third mode shapes of the test structure were along the longitudinal 

direction with various degrees of torsional coupling depending on the test phase 

configurations. For the Phase 1 test structure, the in-plane stiffness of the floor and roof 

diaphragms at the location of the stair case opening was lower than the rest of the structure. 

The application of gypsum wallboard on these diaphragms increased significantly the in-

plane stiffness of the diaphragms. All mode shapes of the test structure were characterized by 

larger lateral inter-story displacements in the first story than in the second story. 
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• Hairline cracking occurred in the gypsum wallboard applied to the interior surfaces of the 

structural walls of the Phase 3 test structure during Seismic Level 2. This cracking occurred 

mainly at corners of the openings of the interior shear walls. This cracking propagated with 

increasing level of shaking. 

• Ceiling damage was observed in the Phase 4 test structure. Cracking of the partition-to-

ceiling connections in the transverse direction of the test building started occurring under 

Seismic Level 2. Ceiling damage increased in the Phase 5 test structure until a large portion 

of the ceiling gypsum failed under Seismic Level 5 (MCE). This failure occurred in the 

second level ceiling connecting the two main rectangular units of the test structure and can be 

attributed to the in-plane shear deformation of the ceiling diaphragm at that location. 

• Hairline cracking of stucco in the Phase 5 test building started during Seismic Level 2. This 

cracking occurred mainly at corners of windows and door openings and propagated with 

increasing level of shaking. After Seismic Level 5 (MCE), significant spalling and cracking 

of stucco occurred around the garage door opening. 

• The most significant damage observed in the Phase 5 test structure after Seismic Level 5 

(MCE) was the splitting of the 2x4 and 2x6 sill plates around the entire perimeter of the 

building. In particular, the sill plate of the narrow wall piers of the garage separated by more 

than ½ in. This damage would be very costly to repair in a real building. 

• The largest inter-story drifts in the test structure were recorded in the transverse direction 

along the first level garage wall line. Generally, the first level inter-story drifts were lower on 

the East side of the test structure than on the West side. The drifts measured in the 

longitudinal direction of the test structure were significantly lower than the drifts measured in 

the transverse direction.  

• The application of gypsum wallboard on the interior surfaces of the structural wood walls 

reduced significantly the displacement response of both floors of the test structure. The 

reduction of the maximum transverse inter-story drifts from Phase 1 to Phase 3 was of the 

order of 40% for Seismic Level 2. The application of gypsum wallboard on the partition 
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walls and the ceilings did not affect much the first level inter-story drifts of the test structure, 

but further reduced the drifts of the second floor. This is attributed to the fact that the first 

floor level had only few partition walls compared to the second level of the test structure. 

Besides the stiffness contribution from the partition walls, the significant reduction of inter-

story drifts on the second floor was also explained by the increase of diaphragm effect on the 

roof level. The in-plane stiffness of the roof diaphragm was increased because of the 

application of the gypsum wallboard to the bottom chords of the roof trusses. On the other 

hand, the gypsum wallboard ceiling had minimal effect on the floor diaphragm since the 

structural floor system (plywood panels and the floor joists) alone provided enough in-plane 

stiffness to “act” as a rigid diaphragm. The application of stucco as exterior finish further 

reduced the inter-story drifts in both levels of the test structure. 

• For the Phase 5 test structure, the portion of the total lateral building drift occurring in the 

first level increased with the intensity of the seismic shaking. This indicates that a first level 

side-sway mechanism would likely govern the collapse of the test structure. 

• Under the Seismic Level 5 (MCE) tri-axial test, the Phase 5 test structure experienced a 

maximum inter-story drift of 3.5% in the first level garage wall line, thereby achieving the 

collapse prevention performance objective. 

• Under Seismic Level 4 (DBE), the Phase 5 test structure experienced a maximum inter-story 

drift of 1.4% in the first level garage wall line, which is less than the corresponding 

maximum inter-story drift of 1.7% experienced by the Phase 1 test structure under Seismic 

Level 2 (44% DBE). This result suggests that the Phase 1 test structure may have collapsed 

under Seismic Level 5 (MCE). 

• The peak horizontal accelerations measured during Seismic Level 2 did not vary greatly 

across the different test phases. Maximum peak horizontal accelerations were recorded at the 

garage wall line for both floor levels of the test structure. 
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• The racking deformations of the wood shear walls accounted for approximately 80% of the 

measured inter-story drifts for the Phase 1 test structure under Seismic Level 2. This ratio 

reduces to approximately 50% for the Phase 3, 4 and 5 test structures. These results indicate 

that only a portion of the inter-story drift translates directly into wall racking deformations, 

particularly when wall finishes are included. Therefore, results of racking (shear) tests of 

wall specimens must be interpreted carefully since the racking displacement in a shear wall 

test can not be directly associated with inter-story drift. 

• The seismic energy inputted to the Phase 1 test structure under Seismic Level 2 was 

approximately three times higher than that of the Phase 5 test structure. The seismic energy 

inputted in the Phase 3 and 4 test structures was slightly higher than that of the Phase 5 test 

structure. 

• The average peak sill plate slippage of the first floor walls recorded during Seismic Level 2 

was below 0.05 in. across all test phases. The portion of inter-story displacement due to sill 

plate slippage was approximately 10% on average for Seismic Level 2.  

• For Seismic Level 2, a maximum anchor bolt force of approximately 6 kips (approximately 

40% of ultimate capacity), was recorded in a holdown device of the garage wall line of the 

Phase 1 test building. For the Phase 5 building under Seismic Level 5 (MCE), this same 

holdown device recorded a peak force of just below 10 kips (approximately 60% of ultimate 

capacity). 

• For Seismic Level 2, the largest sill plate and end stud uplifts (0.3 in. to 0.45 in.) were 

recorded in the Phase 1 test structure. The peak uplifts for the Phase 3 and 4 test structures 

were approximately 0.1 in., slightly lower than for the Phase 5 test structure. The Phase 5 test 

structure, on the other hand, experienced peak uplifts over 3 in. during Seismic Level 5 

(MCE). 

• No significant effect of vertical input excitation on the seismic response of the benchmark 

structure was identified. On average, the responses between tri-axial and bi-axial tests of the 

same seismic level were similar (10% differences in peak building central displacements). 
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Further information on this benchmark project and on the overall research program of the 

NEESWood Project can be obtained at the following web site: 

http://www.engr.colostate.edu/NEESWood/ 
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Appendix A 
Architectural and Structural Drawings 
of Test Structure
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Appendix B 
Structural Drawings of Wood 
Shear Walls
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Appendix B 

First Floor Wood Shear Walls 
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Appendix B 

First Floor Wood Shear Walls 
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Appendix B 

First Floor Wood Shear Walls 
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Appendix B 

First Floor Wood Shear Walls 
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Appendix B 

First Floor Wood Shear Walls 
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Appendix B 

First Floor Wood Shear Walls 
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Appendix B 

First Floor Wood Shear Walls 
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Appendix B 

Second Floor Wood Shear Walls 
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Appendix B 

Second Floor Wood Shear Walls 
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Appendix B 

Second Floor Wood Shear Walls 
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Appendix B 

Second Floor Wood Shear Walls 
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Appendix B 

Second Floor Wood Shear Walls 
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Appendix B 

Second Floor Wood Shear Walls 
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Appendix B 

Second Floor Wood Shear Walls 
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Appendix B 

Second Floor Wood Shear Walls 
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Appendix B 

Roof Trusses 
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Roof Trusses 
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Appendix C 
As-Built Sheathing Cutout and Nail 
Schedule for Wood Shear Walls
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Appendix C 

First Floor Wood Shear Walls 
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Appendix C 

First Floor Wood Shear Walls 
 

           Panel E1        Panel E2 

 
 

    Panel E4               Panel E5 

 
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix C 

First Floor Wood Shear Walls 
 

     Panel E6        Panel E7 

   
 

          Panel E8 

  
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 

2 

2 

14 14 

2 

1 

6 

6 2 2 

14 14 
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Appendix C 

First Floor Wood Shear Walls 
 

    Panel E9 

 
 

Panel E10 

 
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix C 

First Floor Wood Shear Walls 
 

           Panel E11 

 
 

         Panel E12 

 
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix C 

First Floor Wood Shear Walls 
 

          Panel E13 

 
 

Panel E16 

 
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix C 

First Floor Wood Shear Walls 
 

        Panel E35              Panel 37 

   
 

         Panel E36 

 
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix C 

First Floor Wood Shear Walls 
 

  Panel I1 

 
 

            Panel I27 

  
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix C 

Second Floor Wood Shear Walls 
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Appendix C 

Second Floor Wood Shear Walls 
 

         Panel E17 

 
 

  Panel E18 

  
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix C 

Second Floor Wood Shear Walls 
 

Panel E19 

 
 

   Panel E20 

  
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 



 223

Appendix C 

Second Floor Wood Shear Walls 
 

     Panel E21         Panel E22 

   
 

         Panel E23 

  
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix C 

Second Floor Wood Shear Walls 
 

  Panel E24 

 
 

            Panel E25 

  
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix C 

Second Floor Wood Shear Walls 
 

   Panel E26           Panel 27 

   
Panel E28          Panel 29 

  
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix C 

Second Floor Wood Shear Walls 
 

Panel E30 

 
      Panel E31          Panel E32 

   
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix C 

Second Floor Wood Shear Walls 
 

   Panel E33         Panel E34 

    
Note: Numbers shown represent the number of nails used for the construction of the wall. 
Horizontal nails should be applied first along the full length. Vertical nails should then be 
applied excluding the corner nails to avoid overlapping. 
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Appendix D 
Description of Shake Table Tests
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Appendix D 

Table D.1: Phase 1 test sequence, June 6 – 8, 2006 

PGA (g) 
Test No. Test Type Test 

Level X 
(E-W) 

Y 
(N-S) 

Z 
(Vert.) 

Description/Remarks 

NWP1W01 White Noise N/A 0.05 0 0  
NWP1W02 White Noise N/A 0.10 0 0  
NWP1W04 White Noise N/A 0 0.05 0  
NWP1W05 White Noise N/A 0 0.10 0  
NWP1W07 White Noise N/A 0 0 0.05  
NWP1S01 Seismic 1 0.04 0.05 0.06  
NWP1W10 White Noise N/A 0 0.10 0  
NWP1W11 White Noise N/A 0 0 0.10  
NWP1S02 Seismic 1 0.04 0.05 0  
NWP1W12 White Noise N/A 0 0.10 0  
NWP1W13 White Noise N/A 0 0 0.10  
NWP1S03 Seismic 1 0.04 0 0  
NWP1W14 White Noise N/A 0 0.10 0  
NWP1W15 White Noise N/A 0 0 0.10  
NWP1S04 Seismic 1 0 0.05 0  
NWP1W16 White Noise N/A 0 0.10 0  
NWP1W17 White Noise N/A 0 0 0.10  
NWP1S05 Seismic 2 0.19 0.22 0.26 Aborted 
NWP1W20 White Noise N/A 0.05 0 0  
NWP1W21 White Noise N/A 0 0.05 0  
NWP1W44 White Noise N/A 0 0.10 0  
NWP1W45 White Noise N/A 0 0 0.10  
NWP1S17 Seismic 2 0.19 0.22 0.26 Repeated 
NWP1W46 White Noise N/A 0 0.10 0  
NWP1W47 White Noise N/A 0 0 0.10  
NWP1W48 White Noise N/A 0.05 0 0  
NWP1W49 White Noise N/A 0 0.05 0  
NWP1S07 Seismic 2 0.19 0 0  
NWP1W24 White Noise N/A 0 0.10 0  
NWP1W25 White Noise N/A 0 0 0.10  
NWP1S06 Seismic 2 0.19 0.22 0  
NWP1W22 White Noise N/A 0 0.10 0  
NWP1W23 White Noise N/A 0 0 0.10  
NWP1S10 Seismic 3 0.31 0 0  
NWP1W30 White Noise N/A 0 0.10 0  
NWP1W31 White Noise N/A 0 0 0.10  
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Appendix D 

Table D.2: Phase 2 test sequence, June 26 – 28 and July 7, 2006 

PGA (g) 
Test No. Test Type Test 

Level X 
(E-W) 

Y 
(N-S) 

Z 
(Vert.) 

Description/Remarks 

NWP2W01 White Noise N/A 0.05 0 0  
NWP2W02 White Noise N/A 0.10 0 0  
NWP2W03 White Noise N/A 0 0.05 0  
NWP2S01 Seismic 1 0.04 0 0.06  
NWP2W05 White Noise N/A 0.10 0 0  
NWP2S02 Seismic 1 0.04 0 0  
NWP2W06 White Noise N/A 0.10 0 0  
NWP2S03 Seismic 2 0.19 0 0.26  
NWP2W07 White Noise N/A 0.10 0 0  
NWP2W27 White Noise N/A 0.10 0 0 After 1st retrofit of dampers  
NWP2S21 Seismic 2 0.19 0 0.26 Repeated 
NWP2W28 White Noise N/A 0.10 0 0  
NWP2S04 Seismic 2 0.19 0 0  
NWP2W08 White Noise N/A 0.10 0 0  
NWP2S05 Seismic 3 0.31 0 0.42  
NWP2W09 White Noise N/A 0.10 0 0  
NWP2W29 White Noise N/A 0.10 0 0 After 2nd retrofit of dampers 
NWP2S24 Seismic 2 0.19 0 0.26  
NWP2W32 White Noise N/A 0.10 0 0  
NWP2S25 Seismic 2 0.19 0 0 Repeated 
NWP2W33 White Noise N/A 0.10 0 0  
NWP2S26 Seismic 3 0.31 0 0.42 Repeated 
NWP2W34 White Noise N/A 0.10 0 0  
NWP2S06 Seismic 3 0.31 0 0  
NWP2W10 White Noise N/A 0.10 0 0  
NWP2W11 White Noise N/A 0.10 0 0 After 3rd retrofit of dampers 
NWP2S07 Seismic 1 0.04 0 0.06  
NWP2W12 White Noise N/A 0.10 0 0  
NWP2S08 Seismic 1 0.04 0 0  
NWP2W13 White Noise N/A 0.10 0 0  
NWP2S09 Seismic 2 0.19 0 0.26  
NWP2W14 White Noise N/A 0.10 0 0  
NWP2S10 Seismic 2 0.19 0 0  
NWP2W15 White Noise N/A 0.10 0 0  
NWP2S11 Seismic 3 0.31 0 0.42  
NWP2W16 White Noise N/A 0.10 0 0  
NWP2S12 Seismic 3 0.31 0 0  
NWP2W17 White Noise N/A 0.10 0 0  
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Table D.2: Phase 2 test sequence, June 26 – 28 and July 7, 2006 (cont’d) 

PGA (g) 
Test No. Test Type Test 

Level X 
(E-W) 

Y 
(N-S) 

Z 
(Vert.) 

Description/Remarks 

NWP2S13 Seismic 4 0.43 0 0.59  
NWP2W18 White Noise N/A 0.10 0 0  
NWP2S14 Seismic 4 0.43 0 0  
NWP2W19 White Noise N/A 0.10 0 0  
NWP2S17 Seismic 4 0.43 0 0.59 Repeated 
NWP2W23 White Noise N/A 0.10 0 0  
NWP2S16 Seismic 5 0.47 0 0  
NWP2W21 White Noise N/A 0.10 0 0  
NWP2W22 White Noise N/A 0 0.10 0  
NWP2W35 White Noise N/A 0.10 0 0 Media day 
NWP2S27 Seismic 4 0.43 0 0.59  
NWP2W36 White Noise N/A 0.10 0 0  
NWP2W40 White Noise N/A 0.10 0 0 Dampers disconnected 
NWP2S28 Seismic 3 0.31 0 0  
NWP2W37 White Noise N/A 0.10 0 0  
NWP2S29 Seismic 4 0.43 0 0  
NWP2W38 White Noise N/A 0.10 0 0  
NWP2W39 White Noise N/A 0 0.10 0  
NWP2S30 Seismic 5 0.47 0 0  
NWP2W41 White Noise N/A 0.10 0 0  
NWP2W42 White Noise N/A 0 0.10 0  
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Table D.3: Phase 3 test sequence, August 2 – 3, 2006 

PGA (g) 
Test No. Test Type Test 

Level X 
(E-W) 

Y 
(N-S) 

Z 
(Vert.) 

Description/Remarks 

NWP3W01 White Noise N/A 0.10 0 0 
NWP3W02 White Noise N/A 0 0.10 0 

Before installation of 
drywall, garage door open 

NWP3W03 White Noise N/A 0.10 0 0 
NWP3W04 White Noise N/A 0 0.10 0 

Before installation of 
drywall, garage door closed 

NWP3W05 White Noise N/A 0.05 0 0 
NWP3W06 White Noise N/A 0 0.05 0 
NWP3W07 White Noise N/A 0 0 0.05 
NWP3S01 Seismic 1 0.04 0.05 0.06 
NWP3W11 White Noise N/A 0.05 0 0 
NWP3W12 White Noise N/A 0 0.05 0 
NWP3S02 Seismic 1 0.04 0.05 0 
NWP3W13 White Noise N/A 0.05 0 0 
NWP3W14 White Noise N/A 0 0.05 0 
NWP3S03 Seismic 2 0.19 0.22 0.26 
NWP3W15 White Noise N/A 0.05 0 0 
NWP3W16 White Noise N/A 0 0.05 0 
NWP3S04 Seismic 2 0.19 0.22 0 
NWP3W17 White Noise N/A 0.05 0 0 
NWP3W18 White Noise N/A 0 0.05 0 

After installation of drywall, 
garage door open 
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Table D.4: Phase 4 test sequence, August 29 – 30, 2006 

PGA (g) 
Test No. Test Type Test 

Level X 
(E-W) 

Y 
(N-S) 

Z 
(Vert.) 

Description/Remarks 

NWP4W01 White Noise N/A 0.05 0 0  
NWP4W02 White Noise N/A 0 0.05 0  
NWP4W03 White Noise N/A 0 0 0.05  
NWP4S01 Seismic 1 0.04 0.05 0.06  
NWP4W04 White Noise N/A 0.05 0 0  
NWP4W05 White Noise N/A 0 0.05 0  
NWP4S02 Seismic 1 0.04 0.05 0  
NWP4W06 White Noise N/A 0.05 0 0  
NWP4W07 White Noise N/A 0 0.05 0  
NWP4S03 Seismic 2 0.19 0.22 0.26  
NWP4W08 White Noise N/A 0.05 0 0  
NWP4W09 White Noise N/A 0 0.05 0  
NWP4S04 Seismic 2 0.19 0.22 0  
NWP4W10 White Noise N/A 0.05 0 0  
NWP4W11 White Noise N/A 0 0.05 0  
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Table D.5: Phase 5 test sequence, November 6 – 8 and 14, 2006 

PGA (g) 
Test No. Test Type Test 

Level X 
(E-W) 

Y 
(N-S) 

Z 
(Vert.) 

Description/Remarks 

NWP5W01 White Noise N/A 0.05 0 0  
NWP5W02 White Noise N/A 0 0.05 0  
NWP5W03 White Noise N/A 0 0 0.05  
NWP5S01 Seismic 1 0.04 0.05 0.06  
NWP5W04 White Noise N/A 0.05 0 0  
NWP5W05 White Noise N/A 0 0.05 0  
NWP5S02 Seismic 1 0.04 0.05 0  
NWP5W06 White Noise N/A 0.05 0 0  
NWP5W07 White Noise N/A 0 0.05 0  
NWP5S03 Seismic 2 0.19 0.22 0.26  
NWP5W08 White Noise N/A 0.05 0 0  
NWP5W09 White Noise N/A 0 0.05 0  
NWP5S04 Seismic 2 0.19 0.22 0  
NWP5W10 White Noise N/A 0.05 0 0  
NWP5W11 White Noise N/A 0 0.05 0  
NWP5S05 Seismic 3 0.31 0.36 0.42  
NWP5W12 White Noise N/A 0.05 0 0  
NWP5W13 White Noise N/A 0 0.05 0  
NWP5S06 Seismic 3 0.31 0.36 0  
NWP5W14 White Noise N/A 0.05 0 0  
NWP5W15 White Noise N/A 0 0.05 0  
NWP5S07 Seismic 4 0.43 0.50 0.59  
NWP5W16 White Noise N/A 0.05 0 0  
NWP5W17 White Noise N/A 0 0.05 0 Repair of broken holdowns 
NWP5S08 Seismic 4 0.43 0.50 0  
NWP5W18 White Noise N/A 0.05 0 0  
NWP5W19 White Noise N/A 0 0.05 0  
NWP5S09 Seismic N/A 0.12 0.21 0.21 25 % of level 5 
NWP5W20 White Noise N/A 0.05 0 0  
NWP5W21 White Noise N/A 0 0.05 0  
NWP5W27 White Noise N/A 0.05 0 0 Media day 
NWP5W28 White Noise N/A 0 0.05 0  
NWP5S11 Seismic N/A 0.47 0.84 0.85 
NWP5W29 White Noise N/A 0.05 0 0 
NWP5W30 White Noise N/A 0 0.05 0 

Span set at 80 % to consider 
overshoot 
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Appendix E 
Instrumentation Setup of the 
Test Structure
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Table E.1: List of accelerometers for all test phases 

No. Nomenclature Direction Location / Notes 
1 A1 X Corner, A-6, 2nd floor diaphragm 
2 A2 Y Corner, A-6, 2nd floor diaphragm 
3 A3 X Corner, D-6, 2nd floor diaphragm 
4 A4 Y Corner, D-6, 2nd floor diaphragm 
5 A5 X Corner, D-2 & 3, 2nd floor diaphragm 
6 A6 Y Corner, D-2 & 3, 2nd floor diaphragm 
7 A7 X Corner, C-2 & 3, 2nd floor diaphragm 
8 A8 Y Corner, C-2 & 3, 2nd floor diaphragm 
9 A9 X Corner, C-2, 2nd floor diaphragm 
10 A10 Y Corner, C-2, 2nd floor diaphragm 
11 A11 X Corner, A-2, 2nd floor diaphragm 
12 A12 Y Corner, A-2, 2nd floor diaphragm 
13 A13 X Corner, A-4, 2nd floor diaphragm 
14 A14 Y Corner, A-4, 2nd floor diaphragm 
16 A16 Y Roof ridge 
17 A17 X Roof sheathing (center, East side) 
18 A18 Y Roof sheathing (center, East side) 
19 A19 X Corner, A-5, 2nd floor diaphragm 
20 A20 Y Corner, A-5, 2nd floor diaphragm 
21 A21 X Corner, A-6, 2nd floor ceiling 
22 A22 Y Corner, A-6, 2nd floor ceiling 
24 A24 X Corner, D-6, 2nd floor ceiling 
25 A25 Y Corner, D-6, 2nd floor ceiling 
27 A27 X Corner, D-2 & 3, 2nd floor ceiling 
28 A28 Y Corner, D-2 & 3, 2nd floor ceiling 
30 A30 X Corner, C-2 & 3, 2nd floor ceiling 
31 A31 Y Corner, C-2 & 3, 2nd floor ceiling 
32 A32 X Corner, C-2, 2nd floor ceiling 
33 A33 Y Corner, C-2, 2nd floor ceiling 
34 A34 X Corner, A-2, 2nd floor ceiling 
35 A35 Y Corner, A-2, 2nd floor ceiling 
37 A37 X Corner, A-4, 2nd floor ceiling 
38 A38 Y Corner, A-4, 2nd floor ceiling 
39 A39 X Roof ridge 
40 A40 Y Roof ridge, * malfunctioned in Test Phase 5 
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Table E.1: List of accelerometers for all test phases (cont’d) 

41 A41 X Roof sheathing (center, West side) 
42 A42 Y Roof sheathing (center, West side) 
43 A43 X Corner, A-5, 2nd floor ceiling 
44 A44 Y Corner, A-5, 2nd floor ceiling 
45 A45 X Interior shear wall, Line 5, 2nd floor diaphragm level 
46 A46 Y Interior shear wall, Line 5, 2nd floor diaphragm level 
47 A47 X Interior shear wall, Line 4, 2nd floor diaphragm level 
48 A48 Y Interior shear wall, Line 4, 2nd floor diaphragm level 
49 A49 X Interior shear wall, Line 5, 2nd floor ceiling level 
50 A50 Y Interior shear wall, Line 5, 2nd floor ceiling level 
51 A51 X Interior shear wall, Line 4, 2nd floor ceiling level 
52 A52 Y Interior shear wall, Line 4, 2nd floor ceiling level 
53 A53 Z Corner, A-6, Base level 
54 A54 Z Corner, D-6, Base level 
55 A55 Z Corner, D-2 & 3, Base level 
56 A56 Z Corner, C-2 & 3, Base level 
57 A57 Z Corner, C-2, Base level 
58 A58 Z Corner, A-2, Base level 
59 A59 Z Corner, A-4, Base level 
60 A60 Z Corner, B-4, Base level 
61 A61 Z Corner, B-5, Base level 
62 A62 Z Corner, A-5, Base level 
63 A63 Z Bedroom 1 
64 A64 Z Bedroom 2 
65 A65 Z Master bathroom 
66 A66 Z Master bedroom 
67 A67 Z Walk way, 2nd floor 
68 A68 X West, Table extension frame 
69 A69 Y West, Table extension frame 
70 A70 Z West, Table extension frame 
71 A71 X East, Table extension frame 
72 A72 Y East, Table extension frame 
73 A73 Z East, Table extension frame 
74 A74 X Bridge structure 
75 A75 Y Bridge structure 
76 A76 Z Bridge structure 
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Figure E.1: Locations of accelerometers for all test phases 
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Figure E.1: Locations of accelerometers for all test phases (cont’d) 
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Table E.2: List of string potentiometers measuring absolute displacements for all test phases 

No. Nomenclature Direction Location / Notes 
1 D1 X West table frame, South-West corner 
2 D2 X West table frame, North-West corner 
3 D3 Y West table frame, North-West corner 
4 D4 Y West table frame, North-East corner 
5 D5 Y East table frame, North-West corner 
6 D6 Y East table frame, North-East corner 
7 D7 Z West table, Vertical 
8 D8 X Corner, A-6, 2nd floor diaphragm 
9 D9 X Corner, D-6, 2nd floor diaphragm 
10 D10 Y Corner, D-6, 2nd floor diaphragm 
11 D11 Y Interior shear wall, B & D-5, 2nd floor diaphragm 
12 D12 Y Interior shear wall, B & D-4, 2nd floor diaphragm 
13 D13 Y Corner, D-2 & 3, 2nd floor diaphragm 
14 D14 Y Corner, C-2, 2nd floor diaphragm 
15 D15 X Corner, A-6, 2nd floor ceiling level 
16 D16 X Corner, D-6, 2nd floor ceiling level 
17 D17 Y Corner, D-6, 2nd floor ceiling level 
18 D18 Y Interior shear wall, B & D-5, 2nd floor ceiling level 
19 D19 Y Interior shear wall, B & D-4, 2nd floor ceiling level 
20 D20 Y Corner, D-2 & 3, 2nd floor ceiling level 
21 D21 Z East table, Vertical 

 

 
Figure E.2: Locations of string potentiometers measuring absolute displacements for all test 
phases 
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Table E.3: List of string potentiometers measuring shear deformations for Test Phases 1, 2 and 3 

No. Nomenclature Direction Location / Notes 
1 S1 Shear Shear wall, Line A & D-6, Base level 
2 S2 Shear Shear wall, Line D-2 & 6, Base level 
3 S3 Shear Shear wall, Line C & D-2 & 3, Base level 
4 S4 Shear Shear wall, Line A & C-2, Base level 
5 S5 Shear Shear wall, Line A-2 & 4, Base level 
6 S6 Shear Shear wall, Line A & B-4, Base level 
7 S7 Shear Shear wall, Line C & D-5, Base level (OSB side) 
8 S8 Shear Shear wall, Line A & B-5, Base level 
9 S9 Shear Shear wall, Line A-5 & 6, Base level 
10 S10 Shear Shear wall, Line A & D-6, 2nd level 
11 S11 Shear Shear wall, Line D-2 & 6, 2nd level 
12 S12 Shear Shear wall, Line A & C-2, 2nd level 
13 S13 Shear Shear wall, Line A-2 & 4, 2nd level 
14 S14 Shear Shear wall, Line A & B-4, 2nd level 
15 S15 Shear Shear wall, Line C & D-4, Base level (OSB side) 
16 S16 Shear Shear wall, Line A & B-5, 2nd level 
17 S17 Shear Shear wall, Line A-5 & 6, 2nd level 
18  S181 Shear Gypsum wall, Line C-3 & 4, Base level  
19  S191 Shear Parallel to #18, but connect between floor diaphragms 
20    S201,2 Shear Gypsum wall, Line C & D-4 & 5, Base level 
21    S211,2 Shear Parallel to #20, but connect between floor diaphragms 
22    S221,2 Shear Gypsum wall, Line B-5 & 6, 2nd level 
23    S231,2 Shear Parallel to #22, but connect between floor diaphragms 

1 Removed in Test Phase 2. Channels used for damper walls 
2 Removed in Test Phase 3 
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Figure E.3: Locations of string potentiometers measuring shear deformations for Test Phases 1, 2 
and 3 
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Figure E.3: Locations of string potentiometers measuring shear deformations for Test Phases 1, 2 
and 3 (cont’d) 
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Table E.4: List of string potentiometers measuring shear deformations for Test Phases 4 and 5 

No. Nomenclature Direction Location / Notes 
1 S1 Shear Shear wall, Line A & D-6, Base level 
2 S2 Shear Shear wall, Line D-2 & 6, Base level 
3 S3 Shear Partition wall in stair well, Base level 
4 S4 Shear Shear wall, Line A & C-2, Base level 
5 S5 Shear Shear wall, Line A-2 & 4, Base level 
6 S6 Shear Shear wall, Line A & B-4, Base level 
7 S7 Shear Shear wall, Line C & D-5, Base level (OSB side) 

8 S8 Shear Shear wall, Line A & B-5, Base level, 
* malfunctioned at media day of Test Phase 5 

9 S9 Shear Shear wall, Line A-5 & 6, Base level 
10 S10 Shear Shear wall, Line A & D-6, 2nd level 
11 S11 Shear Shear wall, Line D-2 & 6, 2nd level 
12 S12 Shear Shear wall, Line A & C-2, 2nd level 
13 S13 Shear Shear wall, Line A-2 & 4, 2nd level 
14 S14 Shear Shear wall, Line A & B-4, 2nd level 
15 S15 Shear Shear wall, Line C & D-4, Base level (OSB side) 
16 S16 Shear Shear wall, Line A & B-5, 2nd level 
17 S17 Shear Shear wall, Line A-5 & 6, 2nd level 

18 S18 Shear Connect between floor diaphragms in the middle 
between #7 and #15 

19 S19 Shear Parallel to #9, but connect between floor diaphragms 
20 S20 Shear Partition wall in master bedroom, 2nd level 
21 S21 Shear Parallel to #20, but connect between floor diaphragms 
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Figure E.4: Locations of string potentiometers measuring shear deformations for Test Phases 4 
and 5 
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Figure E.4: Locations of string potentiometers measuring shear deformations for Test Phases 4 
and 5 (cont’d) 
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Table E.5: List of displacement transducers measuring sill plate slippage for all test phases 

No. Nomenclature Direction Location / Notes 
1 SL1 X Sill plate, Corner, A-6 
2 SL2 Y Sill plate, Corner, A-6 
3 SL3 X Sill plate, Corner, D-6 
4  SL41 Y Sill plate, Corner, D-7 
5 SL5 X Sill plate, Corner, D-2 & 3 
6 SL6 Y Sill plate, Corner, D-2 & 3 
7 SL7 X Sill plate, Corner, A-2 
8 SL8 Y Sill plate, Corner, A-2 
9 SL9 X Sill plate, Corner, A-4 
10    SL101 Y Sill plate, Corner, A-5 

1 Removed in Test Phase 2 after Test NWP2S13. Channel used to measure displacement at first floor 
dampers 

 

 
Figure E.5: Locations of displacement transducers measuring sill plate slippage for all test phases 
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Table E.6: List of displacement transducers measuring sill plate uplift for all test phases 

No. Nomenclature Direction Location / Notes 
1 UP1 Z Stud to sill plate 
2 UP2 Z Sill plate to table frame 
3 UP3 Z Stud to sill plate 
4 UP4 Z Sill plate to table frame 
5 UP5 Z Stud to sill plate 
6 UP6 Z Sill plate to table frame 
7 UP7 Z Stud to sill plate 
8 UP8 Z Sill plate to table frame 
9 UP9 Z Stud to sill plate 
10 UP10 Z Sill plate to table frame 
11 UP11 Z Stud to sill plate 
12 UP12 Z Sill plate to table frame 
13 UP13 Z Stud to sill plate 
14 UP14 Z Sill plate to table frame 
15 UP15 Z Stud to sill plate 
16 UP16 Z Sill plate to table frame 
17 UP17 Z Stud to sill plate 
18 UP18 Z Sill plate to table frame 
19 UP19 Z Stud to sill plate 
20 UP20 Z Sill plate to table frame 
21 UP21 Z Stud to sill plate 
22 UP22 Z Sill plate to table frame 
23 UP23 Z Stud to sill plate 
24 UP24 Z Sill plate to table frame 
25 UP25 Z Stud to sill plate 
26 UP26 Z Sill plate to table frame 
27 UP27 Z Stud to sill plate 
28 UP28 Z Sill plate to table frame 
29 UP29 Z Stud to sill plate 
30 UP30 Z Sill plate to table frame 
31 UP31 Z Stud to sill plate 
32 UP32 Z Sill plate to table frame 
33 UP33 Z Stud to sill plate 
34 UP34 Z Sill plate to table frame 
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Table E.6: List of displacement transducers measuring sill plate uplift for all test phases (cont’d) 

35 UP35 Z Stud to sill plate 
36 UP36 Z Sill plate to table frame 
37 UP37 Z Stud to sill plate 
38 UP38 Z Sill plate to table frame 
39 UP39 Z Stud to sill plate 
40 UP40 Z Sill plate to table frame 
41 UP41 Z Stud to sill plate 
42 UP42 Z Sill plate to table frame 
43 UP43 Z Stud to sill plate 
44 UP44 Z Sill plate to table frame 
45 UP45 Z Stud to sill plate 
46 UP46 Z Sill plate to table frame 
47 UP47 Z Stud to sill plate 
48 UP48 Z Sill plate to table frame 
49 UP49 Z Stud to sill plate 
50 UP50 Z Sill plate to table frame 
51 UP51 Z Stud to sill plate 
52 UP52 Z Sill plate to table frame 

 

 
Figure E.6: Locations of displacement transducers measuring sill plate uplift for all test phases 
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Table E.7: List of load cells for all test phases 

No. Nomenclature Direction Location / Notes 
1 LC1 Z Holdown 
2 LC2 Z Holdown 
3 LC3 Z Holdown 
4 LC4 Z Holdown 
5 LC5 Z Anchor bolt 
6 LC6 Z Anchor bolt 
7 LC7 Z Anchor bolt 
8 LC8 Z Anchor bolt 
9 LC9 Z Anchor bolt 
10 LC10 Z Anchor bolt 

11 LC11 Z Anchor bolt, * malfunctioned in 
Phase 5 except for Test NWP5S11 

12 LC12 Z Anchor bolt 
13 LC13 Z Anchor bolt 
14 LC14 Z Anchor bolt 
15 LC15 Z Anchor bolt 
16 LC16 Z Anchor bolt 
17 LC17 Z Anchor bolt 
18 LC18 Z Anchor bolt 
19 LC19 Z Anchor bolt 
20 LC20 Z Holdown 
21 LC21 Z Holdown 
22 LC22 Z Holdown 
23 LC23 Z Holdown 
24 LC24 Z Anchor bolt 
25 LC25 Z Anchor bolt 
26 LC26 Z Anchor bolt 
27 LC27 Z Anchor bolt 
28 LC28 Z Anchor bolt 
29 LC29 Z Anchor bolt 
30 LC30 Z Holdown 
31 LC31 Z Holdown 
32 LC32 Z Anchor bolt 
33 LC33 Z Holdown 
34 LC34 Z Holdown 
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Table E.7: List of load cells for all test phases (cont’d) 

35 LC35 Z Anchor bolt 
36 LC36 Z Anchor bolt 
37 LC37 Z Anchor bolt 
38 LC38 Z Anchor bolt 
39 LC39 Z Anchor bolt 
40 LC40 Z Anchor bolt 
41 LC41 Z Anchor bolt 
42 LC42 Z Anchor bolt 
43 LC43 Z Anchor bolt 
44 LC44 Z Anchor bolt 
45 LC45 Z Anchor bolt 
46 LC46 Z Anchor bolt 
47   LC472 Z Anchor bolt 
48   LC481 Z Anchor bolt 
49   LC492 Z Anchor bolt 
51 LC51 Z Anchor bolt 
52 LC52 Z Anchor bolt 
53 LC53 Z Anchor bolt 
54   LC543 Z Anchor bolt 
55   LC553 Z Anchor bolt 
56 LC56 Z Anchor bolt 
57   LC572 Z Anchor bolt 
58 LC58 Z Anchor bolt 

1 Not applicable to Test Phases 1and 2 
2 Not applicable to Test Phases 1, 2 and 3 
3 Removed in Test Phase 2. Channels used for damper walls 
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Figure E.7: Locations of load cells for all test phases 
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Table E.8: List of instrumentation for damper walls used during Test Phase 2 

No. Nomenclature Direction Type Location / Notes 
1 DD1 X Displ. 1st floor, North 
2 DF1 X Force 1st floor, North 
3 DD2 X Displ. 1st floor, South 
4 DF2 X Force 1st floor, South 
5 DD3 X Displ. 2nd floor, North 
6 DF3 X Force 2nd floor, North 
7 DD4 X Displ. 2nd floor, South 
8 DF4 X Force 2nd floor, South 
9  SL41 X Displ. 1st floor, North 
10   SL101 X Displ. 1st floor, South 

1 Channels added after Test NWP2S13 

 

 
Figure E.8: Locations of displacement and force sensors for damper walls used during Test 
Phase 2 

DD1, DD2, 
DD3, DD4: 

Displacement 
across the damper 

DF1, DF2, 
DF3, DF4: 
Force in the 

damper SL4, SL10: Direct displacement between 
piston rod and damper cylinder 
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Appendix F 
Supplemental Weight Layouts and 
Total Weight of Benchmark Structure
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Supplemental Weight Layout for Phases 1 and 2 
Structure description: wood shear walls only, no wall finishes. 

PHASE 1 (Total weight required = 39.8 kips)

D
N

N

QUICK CRETE
Stack of 2 bags of Quick Crete
Total = 84 bags (7.1 kips)

ROOF SHINGLES
Stack of 4 bundles of roof shingles
Total = 96 bundles (7.2 kips)

PAVER BRICKS
4 layers of paver bricks
Total = 800 bricks (6.1 kips)

CONCRETE PAVERS
Stack of 4 concrete pavers
Total = 112 pavers (10.0 kips)

GYPSUM BOARDS
Stack of 49 gypsum boards
Total = 147 sheets (9.4 kips)

SYMBOL DESCRIPTIONS

 
Figure F.1: Layout of supplemental weights for Test Phases 1 and 2 

Total Supplemental Weight = 39.8 kips 
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Supplemental Weight Layout for Phase 3 
Structure description: wood shear walls and drywall on internal sides of shear walls. 

QUICK CRETE
No change from Phase 1
Total = 84 bags (7.1 kips)

ROOF SHINGLES
No change from Phase 1
Total = 96 bundles (7.2 kips)

PAVER BRICKS
No change from Phase 1
Total = 800 bricks (6.1 kips)

CONCRETE PAVERS
Remove 38 pavers from Phase 1
Total left = 74 pavers (6.6 kips)

GYPSUM BOARDS
Remove 48 sheets from Phase 1
Total left = 99 sheets (6.3 kips)

SYMBOL DESCRIPTIONS

PHASE 3 (Total weight required = 33.3 kips)

D
N

N

 
Figure F.2: Layout of supplemental weights for Test Phase 3 

Total Supplemental Weight = 33.3 kips 
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Supplemental Weight Layout for Phase 4 
Structure description: wood shear walls and drywall on internal sides of shear and partition 
walls. 

QUICK CRETE
Remove 3 bags from Phase 4
Total left = 81 bags (6.8 kips)

ROOF SHINGLES
Remove 4 bundles from Phase 3
Total left = 92 bundles (6.9 kips)

PAVER BRICKS
Re-locate to master bedroom
Total = 800 bricks (6.1 kips)

CONCRETE PAVERS
Remove 6 pavers from Phase 3
Total = 68 pavers (6.1 kips)

GYPSUM BOARDS
Remove all sheets
Total left = 0 sheets

SYMBOL DESCRIPTIONS

PHASE 4 (Total weight required = 25.9 kips)

D
N

N
10x20 (4 layers)

 
Figure F.3: Layout of supplemental weights for Test Phase 4 

 

Total Supplemental Weight = 25.9 kips 
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Total Weight of Benchmark Structure 

Table F.1: Tributary weight (self and supplemental) near the specific locations of the associated 
accelerometers (see Table E.1 and Figure E.1 of Appendix E for accelerometers’ nomenclature) 

    Associated Accelerometers Test Phase 
  Location East-West North-South 1 3 4 5 

West Table A68 A69 0.75 1.23 1.52 3.93 
East Table A71 A72 0.92 1.51 1.86 4.81   

  Total Weight on Tables 1.67 2.74 3.38 8.74 

Line A & 6 A1 A2 6.61 5.20 5.16 3.56 
Line A & 5 A19 A20 6.67 5.30 5.29 3.87 
Line A & 4 A13 A14 0.56 0.91 1.16 2.90 
Line A & 2 A11 A12 8.06 6.30 8.43 3.88 
Line D & 6 A3 A4 5.13 5.40 5.45 3.40 
Line D & 5 A45 A46 9.15 9.39 6.93 3.60 
Line D & 4 A47 A48 8.20 8.49 4.93 4.05 
Line D & 2 A5 A6 8.74 8.11 6.16 4.74 

Se
co

nd
 F

lo
or

 L
ev

el
  

Total Weight of Second Floor Level 53.12 49.10 43.51 30.00 

Line A & 6 A21 A22 0.86 1.02 1.43 2.70 
Line A & 5 A43 A44 0.97 1.15 1.61 3.05 
Line A & 4 A37 A38 1.03 1.23 1.71 3.24 
Line A & 2 A34 A35 0.92 1.09 1.53 2.90 
Line D & 6 A24 A25 0.80 0.96 1.33 2.53 
Line D & 5 A49 A50 0.73 0.86 1.20 2.28 
Line D & 4 A51 A52 0.84 1.00 1.40 2.65 
Line D & 2 A27 A28 1.20 1.43 2.00 3.79 

R
oo

f o
f S

ec
on

d 
Fl

oo
r L

ev
el

 

Total Weight of Roof of Second Floor Level 7.35 8.74 12.21 23.14 

Center of West Roof A41 A42 4.62 4.62 4.62 5.36 
Center of East Roof A39 A16 6.93 6.93 6.93 8.04 
Center of Structure A17 A18 4.62 4.62 4.62 5.36 

R
oo

f L
ev

el
  

Total Weight of Roof Level 16.17 16.17 16.17 18.76 
 

Total Weight of Structure [kips] 
 

78.31 76.75 75.27 80.64 
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Appendix G 
Sheathing-to-Framing Connection 
Test Results
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Monotonic Testing Data (2x4, parallel) 
Loading: Monotonic     Direction: Parallel to grain 

Framing: 2x4 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.1: Plots of load-displacement curves from monotonic pushover tests for 2x4 studs and 
OSB oriented parallel to grain 
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Monotonic Testing Data (2x4, perpendicular) 
Loading: Monotonic     Direction: Perpendicular to grain 

Framing: 2x4 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.2: Plots of load-displacement curves from monotonic pushover tests for 2x4 studs and 
OSB oriented perpendicular to grain 
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Monotonic Testing Data (2x6, parallel) 
Loading: Monotonic     Direction: Parallel to grain 

Framing: 2x6 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.3: Plots of load-displacement curves from monotonic pushover tests for 2x6 studs and 
OSB oriented parallel to grain 
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Monotonic Testing Data (2x6, perpendicular) 
Loading: Monotonic     Direction: Perpendicular to grain 

Framing: 2x6 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.4: Plots of load-displacement curves from monotonic pushover tests for 2x4 studs and 
OSB oriented perpendicular to grain 
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Cyclic Testing Data (2x4, parallel) 
Loading: Cyclic     Direction: Parallel to grain 

Framing: 2x4 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.5: Plots of load-displacement curves from cyclic pushover tests for 2x4 studs and OSB 
oriented parallel to grain 
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Cyclic Testing Data (2x4, parallel) 
Loading: Cyclic     Direction: Parallel to grain 

Framing: 2x4 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.5: Plots of load-displacement curves from cyclic pushover tests for 2x4 studs and OSB 
oriented parallel to grain (cont’d) 
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Cyclic Testing Data (2x4, perpendicular) 
Loading: Cyclic     Direction: Perpendicular to grain 

Framing: 2x4 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.6: Plots of load-displacement curves from cyclic pushover tests for 2x4 studs and OSB 
oriented perpendicular to grain 
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Cyclic Testing Data (2x4, perpendicular) 
Loading: Cyclic     Direction: Perpendicular to grain 

Framing: 2x4 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.6: Plots of load-displacement curves from cyclic pushover tests for 2x4 studs and OSB 
oriented perpendicular to grain (cont’d) 
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Cyclic Testing Data (2x6, parallel) 
Loading: Cyclic     Direction: Parallel to grain 

Framing: 2x6 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.7: Plots of load-displacement curves from cyclic pushover tests for 2x6 studs and OSB 
oriented parallel to grain 
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Cyclic Testing Data (2x6, parallel) 
Loading: Cyclic     Direction: Parallel to grain 

Framing: 2x6 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.7: Plots of load-displacement curves from cyclic pushover tests for 2x6 studs and OSB 
oriented parallel to grain (cont’d) 
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Cyclic Testing Data (2x6, perpendicular) 
Loading: Cyclic     Direction: Perpendicular to grain 

Framing: 2x6 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.8: Plots of load-displacement curves from cyclic pushover tests for 2x6 studs and OSB 
oriented perpendicular to grain 
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Cyclic Testing Data (2x6, perpendicular) 
Loading: Cyclic     Direction: Perpendicular to grain 

Framing: 2x6 Hem Fir    Sheathing: 7/16” OSB     

Nailing: 8d common nails (load data represents one nail connector) 
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Figure G.8: Plots of load-displacement curves from cyclic pushover tests for 2x6 studs and OSB 
oriented perpendicular to grain (cont’d) 
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SAWS Model Hysteretic Parameters 
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Figure G.9: Hysteretic response of a sheathing-to-framing connector based on SAWS model 

Table G.1: Final benchmark hysteretic parameters for SAWS model 

Mean of 2x4 Mean of 2x6 

Parameters 
Parallel Perpen-

dicular All tests Parallel Perpen-
dicular All tests 

Mean 
for all 
tests 

FI (lbs) 35.0 34.2 34.5 25.7 32.8 29.2 32.0 

F0 (lbs) 242.4 238.1 239.9 203.2 228.9 216.0 228.3 

Δu (in) 0.470 0.559 0.522 0.448 0.540 0.494 0.508 

K0 (lbs/in) 8144.3 6063.8 6920.5 6659.5 6039.9 6349.7 6643.8 

r1 0.025 0.026 0.025 0.026 0.026 0.026 0.026 

r2 -0.027 -0.047 -0.039 -0.026 -0.053 -0.039 -0.039 

r3 1.028 1.021 1.024 1.021 1.010 1.015 1.020 

r4 0.005 0.010 0.008 0.004 0.013 0.009 0.008 

α 0.77 0.67 0.71 0.75 0.70 0.73 0.72 

β 1.24 1.31 1.28 1.30 1.29 1.30 1.29 



 277

 

 

 

 

 

 

 

 

 

Appendix H 
System Identification Test Results
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Initial Natural Periods and Damping of Test Structure 
Initial natural periods and damping of the first three mode shapes of the test structure calculated 
from 0.05 g amplitude (0.5-50 Hz) white noise identification tests prior to any seismic test. 

Table H.1: Initial natural periods (sec) 

Mode \ Phase 1 2 3 4 5 
1 0.327 0.327 0.296 0.296 0.286 
2 0.225 0.232 0.216 0.222 0.198 
3 0.180 0.178 0.170 0.163 0.127 

Table H.2: Initial damping ratios (%) 

Mode \ Phase 1 2 3 4 5 
1 12.2 12.5 10.7 10.9 17.9 
2 3.3 6.8 6.5 4.3 17.1 
3 2.7 5.6 6.7 6.2 5.0 

Evolution of Natural Periods and Damping of Test Structure 
Evolution of natural periods T and damping ζ of the first three mode shapes of the test structure 
during each of the five test phases. Damping ratios are computed measuring the half-power 
bandwidth of transfer functions between recorded acceleration time-histories. 

Table H.3: Evolution of natural periods and damping ratios for Test Phase 1 

Mode 2 Mode 3  Mode 1 
(Transverse) (Coupled Longitud.-Torsional)

Description Ampl. 
(g) 

T 
(sec) 

ζ   
(%) 

T 
(sec) 

ζ   
(%) 

T 
(sec) 

ζ   
(%) 

0.05 0.327 12.2 0.225 3.3 0.180 2.7 Initial, prior to any seismic test 0.10 0.327 15.2 0.242 8.8 0.184 5.4 
Following level 1 X-Y-Z 0.10 0.327 15.0 0.242 9.0 0.195 9.6 
Following level 1 X-Y 0.10 0.356 16.4 0.242 12.5* 0.195 9.5* 
Following level 1 X 0.10 0.356 16.3 0.242 13.1* 0.195 9.4* 
Following level 1 Y 0.10 0.356 16.6 0.242 13.0* 0.195 9.0* 

0.05 0.327 11.1 0.235 6.2 0.190 5.4 Following aborted level 2 X-Y-Z 
due to table synchronization issue 0.10 0.356 14.3 0.250 12.2* 0.211 10.8* 

0.10 0.432 19.6 0.271 18.1* 0.213 7.7* Following repeated level 2 X-Y-Z 0.05 0.381 12.1 0.250 11.1* 0.203 8.9 
Following level 2 X 0.10 0.421 18.2 0.271 16.6* 0.213 7.8* 
Following level 2 X-Y 0.10 0.432 20.4 0.267 20.0* 0.229 14.7* 
Following level 3 X 0.10 0.432 19.5 0.271 21.2* 0.242 18.0* 

* Denotes the use of symmetry for the calculation of the half-power bandwidth 
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Table H.4: Evolution of natural periods and damping ratios for Test Phase 2 
Mode 2 Mode 3  Mode 1 

(Transverse) (Coupled Longitud.-Torsional)

Description Ampl. 
(g) 

T 
(sec) 

ζ   
(%) 

T 
(sec) 

ζ   
(%) 

T 
(sec) 

ζ   
(%) 

0.05 0.327 12.5 0.232 6.8 0.178 5.6 Initial, prior to any seismic test 0.10 N/A N/A 0.250 18.5* 0.203 8.8* 
Following level 1 X-Z 0.10 N/A N/A 0.250 18.3* 0.203 12.0* 
Following level 1 X 0.10 N/A N/A 0.250 17.6* 0.203 13.0* 
Following level 2 X-Z 0.10 N/A N/A 0.250 16.3* 0.203 13.0* 
Retrofit of dampers to prevent out of plane motion 
Following 1st retrofit 0.10 N/A N/A 0.250 18.2* 0.203 8.9* 
Following repeated level 2 X-Z 0.10 N/A N/A 0.250 17.5* 0.203 9.9* 
Following repeated level 2 X 0.10 N/A N/A 0.250 19.0* 0.203 9.6* 
Following repeated level 3 X-Z 0.10 N/A N/A 0.250 17.7* 0.203 8.7* 
Welding of the pinned connections of the dampers 
Following 2nd retrofit 0.10 N/A N/A 0.250 17.8* 0.203 8.5* 
Following repeated level 2 X-Z 0.10 N/A N/A 0.250 18.1* 0.205 11.0* 
Following repeated level 2 X 0.10 N/A N/A 0.250 17.9* 0.203 8.6* 
Following repeated level 3 X-Z 0.10 N/A N/A 0.250 17.1* 0.205 9.9* 
Following level 3 X 0.10 N/A N/A 0.250 17.8* 0.205 9.6* 
Retrofit of dampers to provide an overturning moment restraint system 
Following 3rd retrofit 0.10 N/A N/A 0.250 17.6* 0.205 9.8* 
Following repeated level 1 X-Z 0.10 N/A N/A 0.250 17.9* 0.205 9.8* 
Following repeated level 1 X 0.10 N/A N/A 0.250 17.4* 0.205 10.5* 
Following repeated level 2 X-Z 0.10 N/A N/A 0.250 17.7* 0.205 10.6* 
Following repeated level 2 X 0.10 N/A N/A 0.250 17.5* 0.205 11.2* 
Following repeated level 3 X-Z 0.10 N/A N/A 0.250 18.2* 0.205 10.1* 
Following repeated level 3 X 0.10 N/A N/A 0.250 14.0* 0.205 14.1* 
Following level 4 X-Z 0.10 N/A N/A 0.250 15.5* 0.213 13.8* 
Following level 4 X 0.10 N/A N/A 0.250 17.7* 0.213 10.5* 
Following repeated level 4 X-Z 0.10 N/A N/A 0.250 19.1* 0.213 9.7* 
Following level 5 X 0.10 0.364 14.7 0.267 15.5* 0.242 8.9* 
Media day 
Initial of media day 0.10 N/A N/A 0.267 14.6* 0.242 16.8* 
Following repeated level 4 X-Z 0.10 N/A N/A 0.267 16.9* 0.242 10.5* 
Dampers disconnected through pressure release 
Following disconnection 0.10 N/A N/A 0.267 16.7* 0.242 8.1* 
Following repeated level 3 X 0.10 N/A N/A 0.267 15.9* 0.242 8.2* 
Following repeated level 4 X 0.10 N/A N/A 0.267 16.9* 0.246 9.6* 
Following repeated level 5 X 0.10 0.381 12.8 0.267 17.9* 0.250 10.3* 

* Denotes the use of symmetry for the calculation of the half-power bandwidth 
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Table H.5: Evolution of natural periods and damping ratios for Test Phase 3 

Mode 2 Mode 3  Mode 1 
(Transverse) (Coupled Longitud.-Torsional)

Description Ampl. 
(g) 

T 
(sec) 

ζ   
(%) 

T 
(sec) 

ζ   
(%) 

T 
(sec) 

ζ   
(%) 

Initial, prior to any seismic test 0.05 0.296 10.7 0.216 6.5 0.170 6.7 
Following level 1 X-Y-Z 0.05 0.296 9.3 0.219 6.0 0.170 6.0 
Following level 1 X-Y 0.05 0.296 10.0 0.219 13.1* 0.170 6.7 
Following level 2 X-Y-Z 0.05 0.327 12.7 0.229 13.2* 0.178 6.6 
Following level 2 X-Y 0.05 0.333 13.7 0.232 13.4* 0.184 7.7 

* Denotes the use of symmetry for the calculation of the half-power bandwidth 

Table H.6: Evolution of natural periods and damping ratios for Test Phase 4 

Mode 2 Mode 3  Mode 1 
(Transverse) (Coupled Longitud.-Torsional)

Description Ampl. 
(g) 

T 
(sec) 

ζ   
(%) 

T 
(sec) 

ζ   
(%) 

T 
(sec) 

ζ   
(%) 

Initial, prior to any seismic test 0.05 0.296 10.9 0.222 4.3 0.163 6.2 
Following level 1 X-Y-Z 0.05 0.296 12.3 0.222 12.2 0.163 8.8 
Following level 1 X-Y 0.05 0.296 13.8 0.222 12.3* 0.172 10.4 
Following level 2 X-Y-Z 0.05 0.327 14.0 0.229 12.5* 0.180 9.7* 
Following level 2 X-Y 0.05 0.333 14.5 0.229 13.5* 0.190 12.7* 

* Denotes the use of symmetry for the calculation of the half-power bandwidth 
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Table H.7: Evolution of natural periods and damping ratios for Test Phase 5 

Mode 2 Mode 3  Mode 1 
(Transverse) (Coupled Longitud.-Torsional)

Description Ampl. 
(g) 

T 
(sec) 

ζ   
(%) 

T 
(sec) 

ζ   
(%) 

T 
(sec) 

ζ   
(%) 

Initial, prior to any seismic test 0.05 0.286 17.9 0.198 17.1 0.127 5.0 
Following level 1 X-Y-Z 0.05 0.286 11.3 0.203 17.5 0.127 7.9 
Following level 1 X-Y 0.05 0.286 12.0 0.203 17.7 0.127 7.9 
Following level 2 X-Y-Z 0.05 0.296 12.0 0.211 19.0 0.131 9.0 
Following level 2 X-Y 0.05 0.296 15.0 0.211 18.2 0.131 7.5 
Following level 3 X-Y-Z 0.05 0.314 15.3 0.216 18.2 0.138 8.2 
Following level 3 X-Y 0.05 0.314 15.1 0.213 17.0 0.138 7.1 
Following level 4 X-Y-Z 0.05 0.327 15.2 0.213 15.5 0.139 7.2 
Following level 4 X-Y 0.05 0.356 16.4 0.229 25.1* 0.155 8.6 
Following 25 % of level 5 X-Y-Z 0.05 0.356 16.9 0.229 25.0* 0.154 8.4 
Media day 
Initial of media day 0.05 0.327 16.2 0.222 28.1* 0.148 11.0 
Following level 5 X-Y-Z 0.05 0.333 13.8 0.232 23.8* 0.154 7.2 

* Denotes the use of symmetry for the calculation of the half-power bandwidth 
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Initial Mode Shapes from Phase 1 White Noise Tests 
Structure description: wood shear walls only, no wall finishes. 

White noise tests: NWP1W01 and NWP1W04. 
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Figure H.1: Mode shapes from Test Phase 1, (a) mode 1, T1 = 0.33 sec, (b) mode 2, T2 = 0.23 
sec, (c) mode 3, T3 = 0.18 sec 
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Initial Mode Shapes from Phase 2 White Noise Tests 
Structure description: wood shear walls with viscous dampers, no wall finishes. 

White noise tests: NWP2W01 and NWP2W03. 
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Figure H.2: Mode shapes from Test Phase 2, (a) mode 1, T1 = 0.33 sec, (b) mode 2, T2 = 0.23 
sec, (c) mode 3, T3 = 0.18 sec 
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Initial Mode Shapes from Phase 3 White Noise Tests 
Structure description: wood shear walls and drywall on internal sides of shear walls. 

White noise tests: NWP3W05 and NWP3W06. 
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Figure H.3: Mode shapes from Test Phase 3, (a) mode 1, T1 = 0.30 sec, (b) mode 2, T2 = 0.22 
sec, (c) mode 3, T3 = 0.17 sec 
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Initial Mode Shapes from Phase 4 White Noise Tests 
Structure description: wood shear walls and drywall on internal sides of shear and partition 
walls. 

White noise tests: NWP4W01 and NWP4W02. 
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Figure H.4: Mode shapes from Test Phase 4, (a) mode 1, T1 = 0.30 sec, (b) mode 2, T2 = 0.22 
sec, (c) mode 3, T3 = 0.16 sec 
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Initial Mode Shapes from Phase 5 White Noise Tests 
Structure description: wood shear walls, stucco on external sides of shear walls and drywall on 
internal sides of shear and partition walls. 

White noise tests: NWP5W01 and NWP5W02. 
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Figure H.5: Mode shapes from Test Phase 5, (a) mode 1, T1 = 0.29 sec, (b) mode 2, T2 = 0.20 
sec, (c) mode 3, T3 = 0.13 sec 
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Appendix I 
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Phase 1, NWP1S01 Seismic Test 
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Figure I.1: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP1S01 
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Phase 1, NWP1S02 Seismic Test 
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Figure I.2: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) transverse direction, for Test NWP1S02 
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Phase 1, NWP1S03 Seismic Test 
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Figure I.3: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP1S03 

Phase 1, NWP1S04 Seismic Test 
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Figure I.4: Acceleration response spectra of shake table motion for 5 % damping in 
transverse direction, for Test NWP1S04 
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Phase 1, NWP1S05 Seismic Test 
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Figure I.5: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP1S05 
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Phase 1, NWP1S17 Seismic Test 
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Figure I.6: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP1S17 
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Phase 1, NWP1S06 Seismic Test 
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Figure I.7: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) transverse direction, for Test NWP1S06 
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Phase 1, NWP1S07 Seismic Test 
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Figure I.8: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP1S07 

Phase 1, NWP1S10 Seismic Test 
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Figure I.9: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP1S10 
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Phase 2, NWP2S01 Seismic Test 
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Figure I.10: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S01 
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Phase 2, NWP2S03 Seismic Test 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

Period (sec)

S a (g
)

 

 
Longitudinal (x)

West Table
East Table
Link Structure
Desired

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.5

1

1.5

2

Period (sec)

S a (g
)

 

 
Vertical (z)    

West Table
East Table
Link Structure
Desired

 
Figure I.11: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S03 
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Phase 2, NWP2S21 Seismic Test 
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Figure I.12: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S21 
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Phase 2, NWP2S02 Seismic Test 
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Figure I.13: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S02 

Phase 2, NWP2S04 Seismic Test 
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Figure I.14: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S04 
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Phase 2, NWP2S05 Seismic Test 
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Figure I.15: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S05 
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Phase 2, NWP2S24 Seismic Test 
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Figure I.16: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S24 
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Phase 2, NWP2S26 Seismic Test 
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Figure I.17: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S26 
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Phase 2, NWP2S25 Seismic Test 
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Figure I.18: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S25 
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Figure I.19: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S06 
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Phase 2, NWP2S07 Seismic Test 
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Figure I.20: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S07 
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Phase 2, NWP2S09 Seismic Test 
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Figure I.21: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S09 

(a) 
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Phase 2, NWP2S08 Seismic Test 
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Figure I.22: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S08 
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Figure I.23: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S10 
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Phase 2, NWP2S11 Seismic Test 
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Figure I.24: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S11 
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Phase 2, NWP2S13 Seismic Test 
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Figure I.25: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S13 
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Phase 2, NWP2S12 Seismic Test 
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Figure I.26: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S12 
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Figure I.27: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S14 
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Phase 2, NWP2S17 Seismic Test 
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Figure I.28: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S17 
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Phase 2, NWP2S27 Seismic Test 
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Figure I.29: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) vertical direction, for Test NWP2S27 
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Phase 2, NWP2S16 Seismic Test 
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Figure I.30: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S16 
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Figure I.31: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S28 
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Phase 2, NWP2S29 Seismic Test 
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Figure I.32: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S29 
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Figure I.33: Acceleration response spectra of shake table motion for 5 % damping in 
longitudinal direction, for Test NWP2S30 
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Phase 3, NWP3S01 Seismic Test 
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Figure I.34: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP3S01 
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Phase 3, NWP3S02 Seismic Test 
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Figure I.35: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) transverse direction, for Test NWP3S02 
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Phase 3, NWP3S03 Seismic Test 
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Figure I.36: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP3S03 
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Phase 3, NWP3S04 Seismic Test 
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Figure I.37: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) transverse direction, for Test NWP3S04 
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Phase 4, NWP4S01 Seismic Test 
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Figure I.38: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP4S01 
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Phase 4, NWP4S02 Seismic Test 
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Figure I.39: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) transverse direction, for Test NWP4S02 
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Phase 4, NWP4S03 Seismic Test 
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Figure I.40: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP4S03 
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Phase 4, NWP4S04 Seismic Test 
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Figure I.41: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) transverse direction, for Test NWP4S04 
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Phase 5, NWP5S01 Seismic Test 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

Period (sec)

S a (g
)

 

 
Longitudinal (x)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

Period (sec)

S a (g
)

 

 
Transverse (y)  

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

Period (sec)

S a (g
)

 

 
Vertical (z)    

West Table
East Table
Link Structure
Desired

West Table
East Table
Link Structure
Desired

West Table
East Table
Link Structure
Desired

 
Figure I.42: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP5S01 
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Phase 5, NWP5S02 Seismic Test 
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Figure I.43: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) transverse direction, for Test NWP5S02 
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(b) 



 323

Appendix I 

Phase 5, NWP5S03 Seismic Test 
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Figure I.44: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP5S03 
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Phase 5, NWP5S04 Seismic Test 
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Figure I.45: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) transverse direction, for Test NWP5S04 
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Phase 5, NWP5S05 Seismic Test 
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Figure I.46: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP5S05 
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(c) 
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Phase 5, NWP5S06 Seismic Test 
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Figure I.47: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) transverse direction, for Test NWP5S06 
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(b) 
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Phase 5, NWP5S07 Seismic Test 
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Figure I.48: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP5S07 
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Phase 5, NWP5S08 Seismic Test 
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Figure I.49: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, and (b) transverse direction, for Test NWP5S08 
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Phase 5, NWP5S09 Seismic Test 
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Figure I.50: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP5S09 
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Phase 5, NWP5S11 Seismic Test 
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Figure I.51: Acceleration response spectra of shake table motion for 5 % damping in  
(a) longitudinal, (b) transverse, and (c) vertical direction, for Test NWP5S11 
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Test Phase 5 
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Test Phase 5 

 
Nook before Test NWP5S11 

 
Nook after Test NWP5S11 



 349

Appendix J 

Test Phase 5 
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Test Phase 5 
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Master bedroom after Test NWP5S11 



 351

Appendix J 

Test Phase 5 
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Appendix K 
Selected Seismic Results:  
Relative Interstory Drift 
Time Histories
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Phase 1, NWP1S01 Seismic Test 
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Figure K.1: Relative interstory drift time histories for Test NWP1S01 

 
* Data not corrected to exclude the effect of shake table rotations due to data unavailability 
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Phase 1, NWP1S02 Seismic Test 
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Figure K.2: Relative interstory drift time histories for Test NWP1S02 

 
* Data not corrected to exclude the effect of shake table rotations due to data unavailability 
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Phase 1, NWP1S03 Seismic Test 
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Figure K.3: Relative interstory drift time histories for Test NWP1S03 

 
* Data not corrected to exclude the effect of shake table rotations due to data unavailability 
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Appendix K 

Phase 1, NWP1S04 Seismic Test 
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Figure K.4: Relative interstory drift time histories for Test NWP1S04 

 
* Data not corrected to exclude the effect of shake table rotations due to data unavailability 
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Appendix K 

Phase 1, NWP1S05 Seismic Test 
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Figure K.5: Relative interstory drift time histories for Test NWP1S05 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 1, NWP1S17 Seismic Test 
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Figure K.6: Relative interstory drift time histories for Test NWP1S17 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 1, NWP1S07 Seismic Test 
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Figure K.7: Relative interstory drift time histories for Test NWP1S07 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 1, NWP1S06 Seismic Test 
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Figure K.8: Relative interstory drift time histories for Test NWP1S06 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 1, NWP1S10 Seismic Test 
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Figure K.9: Relative interstory drift time histories for Test NWP1S10 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S01 Seismic Test 
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Figure K.10: Relative interstory drift time histories for Test NWP2S01 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S02 Seismic Test 
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Figure K.11: Relative interstory drift time histories for Test NWP2S02 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S03 Seismic Test 
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Figure K.12: Relative interstory drift time histories for Test NWP2S03 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S04 Seismic Test 
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Figure K.13: Relative interstory drift time histories for Test NWP2S04 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S05 Seismic Test 
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Figure K.14: Relative interstory drift time histories for Test NWP2S05 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 2, NWP2S06 Seismic Test 
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Figure K.15: Relative interstory drift time histories for Test NWP2S06 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S07 Seismic Test 
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Figure K.16: Relative interstory drift time histories for Test NWP2S07 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S08 Seismic Test 
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Figure K.17: Relative interstory drift time histories for Test NWP2S08 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S09 Seismic Test 
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Figure K.18: Relative interstory drift time histories for Test NWP2S09 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S10 Seismic Test 
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Figure K.19: Relative interstory drift time histories for Test NWP2S10 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S11 Seismic Test 
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Figure K.20: Relative interstory drift time histories for Test NWP2S11 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S12 Seismic Test 
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Figure K.21: Relative interstory drift time histories for Test NWP2S12 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S13 Seismic Test 
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Figure K.22: Relative interstory drift time histories for Test NWP2S13 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S14 Seismic Test 
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Figure K.23: Relative interstory drift time histories for Test NWP2S14 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S16 Seismic Test 
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Figure K.24: Relative interstory drift time histories for Test NWP2S16 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S17 Seismic Test 
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Figure K.25: Relative interstory drift time histories for Test NWP2S17 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 2, NWP2S21 Seismic Test 
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Figure K.26: Relative interstory drift time histories for Test NWP2S21 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 2, NWP2S24 Seismic Test 
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Figure K.27: Relative interstory drift time histories for Test NWP2S24 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S25 Seismic Test 
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Figure K.28: Relative interstory drift time histories for Test NWP2S25 

 
* Actual data are corrected to exclude the effect of shake table rotations 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 



 382

Appendix K 

Phase 2, NWP2S26 Seismic Test 
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Figure K.29: Relative interstory drift time histories for Test NWP2S26 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S27 Seismic Test 
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Figure K.30: Relative interstory drift time histories for Test NWP2S27 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 2, NWP2S28 Seismic Test 
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Figure K.31: Relative interstory drift time histories for Test NWP2S28 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 2, NWP2S29 Seismic Test 
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Figure K.32: Relative interstory drift time histories for Test NWP2S29 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 2, NWP2S30 Seismic Test 
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Figure K.33: Relative interstory drift time histories for Test NWP2S30 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 3, NWP3S01 Seismic Test 
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Figure K.34: Relative interstory drift time histories for Test NWP3S01 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 3, NWP3S02 Seismic Test 
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Figure K.35: Relative interstory drift time histories for Test NWP3S02 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 3, NWP3S03 Seismic Test 
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Figure K.36: Relative interstory drift time histories for Test NWP3S03 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 3, NWP3S04 Seismic Test 
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Figure K.37: Relative interstory drift time histories for Test NWP3S04 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 4, NWP4S01 Seismic Test 
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Figure K.38: Relative interstory drift time histories for Test NWP4S01 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 4, NWP4S02 Seismic Test 
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Figure K.39: Relative interstory drift time histories for Test NWP4S02 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Phase 4, NWP4S03 Seismic Test 
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Figure K.40: Relative interstory drift time histories for Test NWP4S03 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 4, NWP4S04 Seismic Test 
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Figure K.41: Relative interstory drift time histories for Test NWP4S04 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 5, NWP5S01 Seismic Test 
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Figure K.42: Relative interstory drift time histories for Test NWP5S01 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 5, NWP5S02 Seismic Test 
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Figure K.43: Relative interstory drift time histories for Test NWP5S02 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 5, NWP5S03 Seismic Test 
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Figure K.44: Relative interstory drift time histories for Test NWP5S03 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 5, NWP5S04 Seismic Test 
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Figure K.45: Relative interstory drift time histories for Test NWP5S04 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 5, NWP5S05 Seismic Test 
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Figure K.46: Relative interstory drift time histories for Test NWP5S05 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 5, NWP5S06 Seismic Test 
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Figure K.47: Relative interstory drift time histories for Test NWP5S06 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 5, NWP5S07 Seismic Test 
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Figure K.48: Relative interstory drift time histories for Test NWP5S07 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 5, NWP5S08 Seismic Test 
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Figure K.49: Relative interstory drift time histories for Test NWP5S08 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 5, NWP5S09 Seismic Test 

D6

D13

D5

D4

D3

D20

D19

D12

D11

D18

D10

D17 D16

D9

D2

D1

D8

D15

N

 

5 10 15 20
-2.1

0

2.1
D10 - D3 

0.99 in

-1.50 in

5 10 15 20
-2.1

0

2.1
D11 - D4 

0.85 in

-1.21 in

5 10 15 20
-2.1

0

2.1
D12 - D5 

0.56 in

-0.62 in

5 10 15 20
-2.1

0

2.1
D13 - D6 

0.46 in

-0.47 in

5 10 15 20
-0.45

0

0.45
D8 - D1  

0.31 in

-0.24 in

5 10 15 20
-0.45

0

0.45
D9 - D2  

0.10 in

-0.11 in

5 10 15 20
-0.9

0

0.9
D17 - D10

0.63 in

-0.60 in

5 10 15 20
-0.9

0

0.9
D18 - D11

0.57 in

-0.60 in

5 10 15 20
-0.9

0

0.9
D19 - D12

0.31 in

-0.43 in

5 10 15 20
-0.9

0

0.9
D20 - D13

0.39 in

-0.36 in

5 10 15 20
-0.2

0

0.2
D15 - D8 

0.12 in

-0.12 in

5 10 15 20
-0.2

0

0.2
D16 - D9 

0.05 in

-0.05 in

 
Figure K.50: Relative interstory drift time histories for Test NWP5S09 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix K 

Phase 5, NWP5S11 Seismic Test 
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Figure K.51: Relative interstory drift time histories for Test NWP5S11 

 
* Actual data are corrected to exclude the effect of shake table rotations 
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Appendix L 
Selected Seismic Results:  
Absolute Acceleration 
Time Histories
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Appendix L 

Phase 1, NWP1S01 Seismic Test 
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Figure L.1: Absolute acceleration time histories for Test NWP1S01 
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Phase 1, NWP1S02 Seismic Test 

A1

A21
A3

A24

A22

A2

A44

A20

A35

A12
A38

A14

N

 

10 15 20 25 30 35
-0.2

0

0.2
A2 

0.07 g

-0.11 g

10 15 20 25 30 35
-0.2

0

0.2
A20

0.06 g

-0.10 g

10 15 20 25 30 35
-0.2

0

0.2
A14

0.06 g

-0.09 g

10 15 20 25 30 35
-0.2

0

0.2
A12

0.10 g

-0.10 g

10 15 20 25 30 35
-0.11

0

0.11
A1 

0.06 g

-0.07 g

10 15 20 25 30 35
-0.11

0

0.11
A3 

0.07 g

-0.06 g

10 15 20 25 30 35
-0.25

0

0.25
A22

0.09 g

-0.15 g

10 15 20 25 30 35
-0.25

0

0.25
A44

0.08 g

-0.14 g

10 15 20 25 30 35
-0.25

0

0.25
A38

0.09 g

-0.12 g

10 15 20 25 30 35
-0.25

0

0.25
A35

0.14 g

-0.14 g

10 15 20 25 30 35
-0.13

0

0.13
A21

0.08 g

-0.08 g

10 15 20 25 30 35
-0.13

0

0.13
A24

0.09 g

-0.07 g

 
Figure L.2: Absolute acceleration time histories for Test NWP1S02 
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Phase 1, NWP1S03 Seismic Test 
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Figure L.3: Absolute acceleration time histories for Test NWP1S03 
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Phase 1, NWP1S04 Seismic Test 
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Figure L.4: Absolute acceleration time histories for Test NWP1S04 
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Phase 1, NWP1S05 Seismic Test 
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Figure L.5: Absolute acceleration time histories for Test NWP1S05 
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Phase 1, NWP1S17 Seismic Test 
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Figure L.6: Absolute acceleration time histories for Test NWP1S17 
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Phase 1, NWP1S07 Seismic Test 

A1

A21
A3

A24

A22

A2

A44

A20

A35

A12
A38

A14

N

 

10 15 20 25 30 35
-0.12

0

0.12
A2 

0.08 g

-0.08 g

10 15 20 25 30 35
-0.12

0

0.12
A20

0.05 g

-0.05 g

10 15 20 25 30 35
-0.12

0

0.12
A14

0.03 g

-0.03 g

10 15 20 25 30 35
-0.12

0

0.12
A12

0.07 g

-0.07 g

10 15 20 25 30 35
-0.4

0

0.4
A1 

0.22 g

-0.24 g

10 15 20 25 30 35
-0.4

0

0.4
A3 

0.23 g

-0.25 g

10 15 20 25 30 35
-0.2

0

0.2
A22

0.11 g

-0.12 g

10 15 20 25 30 35
-0.2

0

0.2
A44

0.05 g

-0.05 g

10 15 20 25 30 35
-0.2

0

0.2
A38

0.04 g

-0.04 g

10 15 20 25 30 35
-0.2

0

0.2
A35

0.10 g

-0.12 g

10 15 20 25 30 35
-0.4

0

0.4
A21

0.26 g

-0.28 g

10 15 20 25 30 35
-0.4

0

0.4
A24

0.25 g

-0.28 g

 
Figure L.7: Absolute acceleration time histories for Test NWP1S07 
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Phase 1, NWP1S06 Seismic Test 
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Figure L.8: Absolute acceleration time histories for Test NWP1S06 
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Phase 1, NWP1S10 Seismic Test 
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Figure L.9: Absolute acceleration time histories for Test NWP1S10 
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Phase 2, NWP2S01 Seismic Test 
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Figure L.10: Absolute acceleration time histories for Test NWP2S01 
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Phase 2, NWP2S02 Seismic Test 
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Figure L.11: Absolute acceleration time histories for Test NWP2S02 
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Phase 2, NWP2S03 Seismic Test 
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Figure L.12: Absolute acceleration time histories for Test NWP2S03 
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Phase 2, NWP2S04 Seismic Test 
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Figure L.13: Absolute acceleration time histories for Test NWP2S04 
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Phase 2, NWP2S05 Seismic Test 
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Figure L.14: Absolute acceleration time histories for Test NWP2S05 
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Phase 2, NWP2S06 Seismic Test 
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Figure L.15: Absolute acceleration time histories for Test NWP2S06 
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Phase 2, NWP2S07 Seismic Test 
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Figure L.16: Absolute acceleration time histories for Test NWP2S07 
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Appendix L 

Phase 2, NWP2S08 Seismic Test 
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Figure L.17: Absolute acceleration time histories for Test NWP2S08 
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Phase 2, NWP2S09 Seismic Test 
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Figure L.18: Absolute acceleration time histories for Test NWP2S09 
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Appendix L 

Phase 2, NWP2S10 Seismic Test 
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Figure L.19: Absolute acceleration time histories for Test NWP2S10 
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Phase 2, NWP2S11 Seismic Test 
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Figure L.20: Absolute acceleration time histories for Test NWP2S11 
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Phase 2, NWP2S12 Seismic Test 
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Figure L.21: Absolute acceleration time histories for Test NWP2S12 

Time (sec) 

A
cc

el
er

at
io

n 
(g

) 



 427

Appendix L 

Phase 2, NWP2S13 Seismic Test 
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Figure L.22: Absolute acceleration time histories for Test NWP2S13 
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Phase 2, NWP2S14 Seismic Test 
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Figure L.23: Absolute acceleration time histories for Test NWP2S14 
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Phase 2, NWP2S16 Seismic Test 
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Figure L.24: Absolute acceleration time histories for Test NWP2S16 
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Phase 2, NWP2S17 Seismic Test 
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Figure L.25: Absolute acceleration time histories for Test NWP2S17 
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Phase 2, NWP2S21 Seismic Test 
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Figure L.26: Absolute acceleration time histories for Test NWP2S21 
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Phase 2, NWP2S24 Seismic Test 
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Figure L.27: Absolute acceleration time histories for Test NWP2S24 
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Phase 2, NWP2S25 Seismic Test 
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Figure L.28: Absolute acceleration time histories for Test NWP2S25 
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Phase 2, NWP2S26 Seismic Test 
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Figure L.29: Absolute acceleration time histories for Test NWP2S26 

Time (sec) 

A
cc

el
er

at
io

n 
(g

) 



 435

Appendix L 

Phase 2, NWP2S27 Seismic Test 
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Figure L.30: Absolute acceleration time histories for Test NWP2S27 
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Phase 2, NWP2S28 Seismic Test 
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Figure L.31: Absolute acceleration time histories for Test NWP2S28 
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Phase 2, NWP2S29 Seismic Test 
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Figure L.32: Absolute acceleration time histories for Test NWP2S29 
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Phase 2, NWP2S30 Seismic Test 
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Figure L.33: Absolute acceleration time histories for Test NWP2S30 
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Phase 3, NWP3S01 Seismic Test 

A1

A21
A3

A24

A22

A2

A44

A20

A35

A12
A38

A14

N

 

10 15 20 25 30 35
-0.2

0

0.2
A2 

0.07 g

-0.11 g

10 15 20 25 30 35
-0.2

0

0.2
A20

0.06 g

-0.10 g

10 15 20 25 30 35
-0.2

0

0.2
A14

0.07 g

-0.10 g

10 15 20 25 30 35
-0.2

0

0.2
A12

0.10 g

-0.10 g

10 15 20 25 30 35
-0.11

0

0.11
A1 

0.05 g

-0.07 g

10 15 20 25 30 35
-0.11

0

0.11
A3 

0.06 g

-0.06 g

10 15 20 25 30 35
-0.25

0

0.25
A22

0.10 g

-0.14 g

10 15 20 25 30 35
-0.25

0

0.25
A44

0.10 g

-0.14 g

10 15 20 25 30 35
-0.25

0

0.25
A38

0.10 g

-0.14 g

10 15 20 25 30 35
-0.25

0

0.25
A35

0.14 g

-0.15 g

10 15 20 25 30 35
-0.12

0

0.12
A21

0.08 g

-0.08 g

10 15 20 25 30 35
-0.12

0

0.12
A24

0.07 g

-0.07 g

 
Figure L.34: Absolute acceleration time histories for Test NWP3S01 
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Phase 3, NWP3S02 Seismic Test 
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Figure L.35: Absolute acceleration time histories for Test NWP3S02 
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Phase 3, NWP3S03 Seismic Test 
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Figure L.36: Absolute acceleration time histories for Test NWP3S03 
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Phase 3, NWP3S04 Seismic Test 
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Figure L.37: Absolute acceleration time histories for Test NWP3S04 
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Phase 4, NWP4S01 Seismic Test 
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Figure L.38: Absolute acceleration time histories for Test NWP4S01 
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Phase 4, NWP4S02 Seismic Test 
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Figure L.39: Absolute acceleration time histories for Test NWP4S02 
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Phase 4, NWP4S03 Seismic Test 
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Figure L.40: Absolute acceleration time histories for Test NWP4S03 
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Phase 4, NWP4S04 Seismic Test 
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Figure L.41: Absolute acceleration time histories for Test NWP4S04 
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Phase 5, NWP5S01 Seismic Test 
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Figure L.42: Absolute acceleration time histories for Test NWP5S01 
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Phase 5, NWP5S02 Seismic Test 
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Figure L.43: Absolute acceleration time histories for Test NWP5S02 
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Phase 5, NWP5S03 Seismic Test 
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Figure L.44: Absolute acceleration time histories for Test NWP5S03 
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Phase 5, NWP5S04 Seismic Test 
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Figure L.45: Absolute acceleration time histories for Test NWP5S04 
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Phase 5, NWP5S05 Seismic Test 
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Figure L.46: Absolute acceleration time histories for Test NWP5S05 
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Phase 5, NWP5S06 Seismic Test 
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Figure L.47: Absolute acceleration time histories for Test NWP5S06 
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Phase 5, NWP5S07 Seismic Test 
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Figure L.48: Absolute acceleration time histories for Test NWP5S07 
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Phase 5, NWP5S08 Seismic Test 
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Figure L.49: Absolute acceleration time histories for Test NWP5S08 
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Phase 5, NWP5S09 Seismic Test 
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Figure L.50: Absolute acceleration time histories for Test NWP5S09 
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Phase 5, NWP5S11 Seismic Test 
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Figure L.51: Absolute acceleration time histories for Test NWP5S11 
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Appendix M 

Phase 1, NWP1S01 Seismic Test, North-South, External Walls 
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Figure M.1: Wall deformations of north-south external walls for Test NWP1S01 
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Phase 1, NWP1S01 Seismic Test, East-West, External Walls 
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Figure M.2: Wall deformations of east-west external walls for Test NWP1S01 
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Phase 1, NWP1S01 Seismic Test, Internal Walls 
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Figure M.3: Wall deformations of internal walls for Test NWP1S01 
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Phase 1, NWP1S02 Seismic Test, North-South, External Walls 

S1

S10 S6

S14

N

(+)

S16

S8

S12

S4

N

(+)

S4

S12

N
S3

(+)

 

10 15 20 25 30 35
-0.01

0

0.01
S1 

0.00 in

-0.00 in

10 15 20 25 30 35
-0.04

0

0.04
S3 

0.02 in

10 15 20 25 30 35
-0.01

0

0.01
S4 

0.00 in

-0.01 in

10 15 20 25 30 35
-0.06

0

0.06
S6 

0.04 in

-0.00 in

10 15 20 25 30 35
-0.05

0

0.05
S8 

0.04 in

-0.01 in

10 15 20 25 30 35
-0.01

0

0.01
S10

-0.00 in

10 15 20 25 30 35
-0.01

0

0.01
S12

0.00 in

-0.00 in

10 15 20 25 30 35
-0.01

0

0.01
S14

10 15 20 25 30 35
-0.01

0

0.01
S16

0.00 in

-0.00 in

 
Figure M.4: Wall deformations of north-south external walls for Test NWP1S02 
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Phase 1, NWP1S02 Seismic Test, East-West, External Walls 
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Figure M.5: Wall deformations of east-west external walls for Test NWP1S02 
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Phase 1, NWP1S02 Seismic Test, Internal Walls 
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Figure M.6: Wall deformations of internal walls for Test NWP1S02 
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Phase 1, NWP1S03 Seismic Test, North-South, External Walls 
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Figure M.7: Wall deformations of north-south external walls for Test NWP1S03 
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Phase 1, NWP1S03 Seismic Test, East-West, External Walls 
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Figure M.8: Wall deformations of east-west external walls for Test NWP1S03 
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Phase 1, NWP1S03 Seismic Test, Internal Walls 
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Figure M.9: Wall deformations of internal walls for Test NWP1S03 
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Phase 1, NWP1S04 Seismic Test, North-South, External Walls 
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Figure M.10: Wall deformations of north-south external walls for Test NWP1S04 
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Appendix M 

Phase 1, NWP1S04 Seismic Test, East-West, External Walls 
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Figure M.11: Wall deformations of east-west external walls for Test NWP1S04 
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Appendix M 

Phase 1, NWP1S04 Seismic Test, Internal Walls 
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Figure M.12: Wall deformations of internal walls for Test NWP1S04 
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Appendix M 

Phase 1, NWP1S05 Seismic Test, North-South, External Walls 
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Figure M.13: Wall deformations of north-south external walls for Test NWP1S05 
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Appendix M 

Phase 1, NWP1S05 Seismic Test, East-West, External Walls 
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Figure M.14: Wall deformations of east-west external walls for Test NWP1S05 
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Appendix M 

Phase 1, NWP1S05 Seismic Test, Internal Walls 
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Figure M.15: Wall deformations of internal walls for Test NWP1S05 
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Appendix M 

Phase 1, NWP1S017 Seismic Test, North-South, External Walls 
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Figure M.16: Wall deformations of north-south external walls for Test NWP1S017 
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Phase 1, NWP1S017 Seismic Test, East-West, External Walls 
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Figure M.17: Wall deformations of east-west external walls for Test NWP1S017 
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Phase 1, NWP1S017 Seismic Test, Internal Walls 
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Figure M.18: Wall deformations of internal walls for Test NWP1S017 
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Phase 1, NWP1S07 Seismic Test, North-South, External Walls 
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Figure M.19: Wall deformations of north-south external walls for Test NWP1S07 
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Appendix M 

Phase 1, NWP1S07 Seismic Test, East-West, External Walls 
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Figure M.20: Wall deformations of east-west external walls for Test NWP1S07 
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Appendix M 

Phase 1, NWP1S07 Seismic Test, Internal Walls 
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Figure M.21: Wall deformations of internal walls for Test NWP1S07 
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Phase 1, NWP1S06 Seismic Test, North-South, External Walls 
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Figure M.22: Wall deformations of north-south external walls for Test NWP1S06 
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Phase 1, NWP1S06 Seismic Test, East-West, External Walls 
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Figure M.23: Wall deformations of east-west external walls for Test NWP1S06 
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Phase 1, NWP1S06 Seismic Test, Internal Walls 
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Figure M.24: Wall deformations of internal walls for Test NWP1S06 
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Phase 1, NWP1S10 Seismic Test, North-South, External Walls 
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Figure M.25: Wall deformations of north-south external walls for Test NWP1S10 
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Phase 1, NWP1S10 Seismic Test, East-West, External Walls 
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Figure M.26: Wall deformations of east-west external walls for Test NWP1S10 
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Phase 1, NWP1S10 Seismic Test, Internal Walls 
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Figure M.27: Wall deformations of internal walls for Test NWP1S10 
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Phase 2, NWP2S01 Seismic Test, North-South, External Walls 
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Figure M.28: Wall deformations of north-south external walls for Test NWP2S01 
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Phase 2, NWP2S01 Seismic Test, East-West, External Walls 
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Figure M.29: Wall deformations of east-west internal walls for Test NWP2S01 
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Phase 2, NWP2S02 Seismic Test, North-South, External Walls 
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Figure M.30: Wall deformations of north-south external walls for Test NWP2S02 
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Appendix M 

Phase 2, NWP2S02 Seismic Test, East-West, External Walls 
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Figure M.31: Wall deformations of east-west internal walls for Test NWP2S02 
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Appendix M 

Phase 2, NWP2S03 Seismic Test, North-South, External Walls 
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Figure M.32: Wall deformations of north-south external walls for Test NWP2S03 
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Appendix M 

Phase 2, NWP2S03 Seismic Test, East-West, External Walls 
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Figure M.33: Wall deformations of east-west internal walls for Test NWP2S03 
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are north-south 
internal walls 
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Phase 2, NWP2S04 Seismic Test, North-South, External Walls 
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Figure M.34: Wall deformations of north-south external walls for Test NWP2S04 
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Appendix M 

Phase 2, NWP2S04 Seismic Test, East-West, External Walls 
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Figure M.35: Wall deformations of east-west internal walls for Test NWP2S04 
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Appendix M 

Phase 2, NWP2S05 Seismic Test, North-South, External Walls 
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Figure M.36: Wall deformations of north-south external walls for Test NWP2S05 
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Appendix M 

Phase 2, NWP2S05 Seismic Test, East-West, External Walls 
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Figure M.37: Wall deformations of east-west internal walls for Test NWP2S05 
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are north-south 
internal walls 
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Appendix M 

Phase 2, NWP2S06 Seismic Test, North-South, External Walls 
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Figure M.38: Wall deformations of north-south external walls for Test NWP2S06 
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Appendix M 

Phase 2, NWP2S06 Seismic Test, East-West, External Walls 
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Figure M.39: Wall deformations of east-west internal walls for Test NWP2S06 
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internal walls 



 497

Appendix M 

Phase 2, NWP2S07 Seismic Test, North-South, External Walls 
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Figure M.40: Wall deformations of north-south external walls for Test NWP2S07 
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Appendix M 

Phase 2, NWP2S07 Seismic Test, East-West, External Walls 
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Figure M.41: Wall deformations of east-west internal walls for Test NWP2S07 
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Phase 2, NWP2S08 Seismic Test, North-South, External Walls 
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Figure M.42: Wall deformations of north-south external walls for Test NWP2S08 
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Phase 2, NWP2S08 Seismic Test, East-West, External Walls 
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Figure M.43: Wall deformations of east-west internal walls for Test NWP2S08 
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Phase 2, NWP2S09 Seismic Test, North-South, External Walls 
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Figure M.44: Wall deformations of north-south external walls for Test NWP2S09 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 



 502

Appendix M 

Phase 2, NWP2S09 Seismic Test, East-West, External Walls 
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Figure M.45: Wall deformations of east-west internal walls for Test NWP2S09 
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are north-south 
internal walls 
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Phase 2, NWP2S10 Seismic Test, North-South, External Walls 
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Figure M.46: Wall deformations of north-south external walls for Test NWP2S10 
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Phase 2, NWP2S10 Seismic Test, East-West, External Walls 
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Figure M.47: Wall deformations of east-west internal walls for Test NWP2S10 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 

* S7 and S15 
are north-south 
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Phase 2, NWP2S11 Seismic Test, North-South, External Walls 
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Figure M.48: Wall deformations of north-south external walls for Test NWP2S11 
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Appendix M 

Phase 2, NWP2S11 Seismic Test, East-West, External Walls 
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Figure M.49: Wall deformations of east-west internal walls for Test NWP2S11 
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Appendix M 

Phase 2, NWP2S12 Seismic Test, North-South, External Walls 
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Figure M.50: Wall deformations of north-south external walls for Test NWP2S12 
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Appendix M 

Phase 2, NWP2S12 Seismic Test, East-West, External Walls 
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Figure M.51: Wall deformations of east-west internal walls for Test NWP2S12 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 

* S7 and S15 
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Phase 2, NWP2S13 Seismic Test, North-South, External Walls 
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Figure M.52: Wall deformations of north-south external walls for Test NWP2S13 
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Appendix M 

Phase 2, NWP2S13 Seismic Test, East-West, External Walls 
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Figure M.53: Wall deformations of east-west internal walls for Test NWP2S13 
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* S7 and S15 
are north-south 
internal walls 
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Appendix M 

Phase 2, NWP2S14 Seismic Test, North-South, External Walls 
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Figure M.54: Wall deformations of north-south external walls for Test NWP2S14 
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Appendix M 

Phase 2, NWP2S14 Seismic Test, East-West, External Walls 
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Figure M.55: Wall deformations of east-west internal walls for Test NWP2S14 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 

* S7 and S15 
are north-south 
internal walls 
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Appendix M 

Phase 2, NWP2S16 Seismic Test, North-South, External Walls 

S1

S10 S6

S14

N

(+)

S16

S8

S12

S4

N

(+)

S4

S12

N
S3

(+)

 

0 5 10 15 20 25
-0.15

0

0.15
S1 

0.09 in

-0.05 in

0 5 10 15 20 25
-0.15

0

0.15
S3 

0.09 in

-0.08 in

0 5 10 15 20 25
-0.2

0

0.2
S4 

0.05 in

-0.12 in

0 5 10 15 20 25
-0.04

0

0.04
S6 

0.03 in

-0.01 in

0 5 10 15 20 25
-0.3

0

0.3
S8 

0.18 in

-0.15 in

0 5 10 15 20 25
-0.2

0

0.2
S10

0.13 in

-0.06 in

0 5 10 15 20 25
-0.07

0

0.07
S12

0.05 in

-0.02 in

0 5 10 15 20 25
-0.2

0

0.2
S16

0.12 in

-0.07 in

0 5 10 15 20 25
-0.08

0

0.08
S14

0.05 in

-0.00 in

 
Figure M.56: Wall deformations of north-south external walls for Test NWP2S16 
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Appendix M 

Phase 2, NWP2S16 Seismic Test, East-West, External Walls 
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Figure M.57: Wall deformations of east-west internal walls for Test NWP2S16 
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* S7 and S15 
are north-south 
internal walls 
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Appendix M 

Phase 2, NWP2S17 Seismic Test, North-South, External Walls 
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Figure M.58: Wall deformations of north-south external walls for Test NWP2S17 
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Appendix M 

Phase 2, NWP2S17 Seismic Test, East-West, External Walls 
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Figure M.59: Wall deformations of east-west internal walls for Test NWP2S17 
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are north-south 
internal walls 
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Appendix M 

Phase 2, NWP2S21 Seismic Test, North-South, External Walls 
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Figure M.60: Wall deformations of north-south external walls for Test NWP2S21 
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Appendix M 

Phase 2, NWP2S21 Seismic Test, East-West, External Walls 
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Figure M.61: Wall deformations of east-west internal walls for Test NWP2S21 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 

* S7 and S15 
are north-south 
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Phase 2, NWP2S24 Seismic Test, North-South, External Walls 
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Figure M.62: Wall deformations of north-south external walls for Test NWP2S24 
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Phase 2, NWP2S24 Seismic Test, East-West, External Walls 
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Figure M.63: Wall deformations of east-west internal walls for Test NWP2S24 
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are north-south 
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Phase 2, NWP2S25 Seismic Test, North-South, External Walls 
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Figure M.64: Wall deformations of north-south external walls for Test NWP2S25 
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Phase 2, NWP2S25 Seismic Test, East-West, External Walls 
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Figure M.65: Wall deformations of east-west internal walls for Test NWP2S25 
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Phase 2, NWP2S26 Seismic Test, North-South, External Walls 
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Figure M.66: Wall deformations of north-south external walls for Test NWP2S26 
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Appendix M 

Phase 2, NWP2S26 Seismic Test, East-West, External Walls 
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Figure M.67: Wall deformations of east-west internal walls for Test NWP2S26 
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Phase 2, NWP2S27 Seismic Test, North-South, External Walls 
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Figure M.68: Wall deformations of north-south external walls for Test NWP2S27 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 



 526

Appendix M 

Phase 2, NWP2S27 Seismic Test, East-West, External Walls 
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Figure M.69: Wall deformations of east-west internal walls for Test NWP2S27 
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are north-south 
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Phase 2, NWP2S28 Seismic Test, North-South, External Walls 
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Figure M.70: Wall deformations of north-south external walls for Test NWP2S28 
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Phase 2, NWP2S28 Seismic Test, East-West, External Walls 

S17

S9

S5

S13

N

(+)

S11

S2

N

(+)

 

S7 S15

N

(+)

 

10 15 20 25 30 35
-0.6

0

0.6
S2 

0.37 in

-0.30 in

10 15 20 25 30 35
-0.65

0

0.65
S5 

0.46 in

-0.31 in

10 15 20 25 30 35
-0.4

0

0.4
S9 

0.10 in

-0.28 in

10 15 20 25 30 35
-0.04

0

0.04
S11

0.02 in

10 15 20 25 30 35
-0.45

0

0.45
S13

0.32 in

-0.10 in

10 15 20 25 30 35
-0.01

0

0.01
S17

-0.00 in

10 15 20 25 30 35
-0.01

0

0.01
S7 

0.00 in

-0.00 in

10 15 20 25 30 35
-0.01

0

0.01
S15

0.00 in

 
Figure M.71: Wall deformations of east-west internal walls for Test NWP2S28 
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are north-south 
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Phase 2, NWP2S29 Seismic Test, North-South, External Walls 
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Figure M.72: Wall deformations of north-south external walls for Test NWP2S29 
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Phase 2, NWP2S29 Seismic Test, East-West, External Walls 
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Figure M.73: Wall deformations of east-west internal walls for Test NWP2S29 
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are north-south 
internal walls 
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Phase 2, NWP2S30 Seismic Test, North-South, External Walls 
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Figure M.74: Wall deformations of north-south external walls for Test NWP2S30 
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Phase 2, NWP2S30 Seismic Test, East-West, External Walls 
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Figure M.75: Wall deformations of east-west internal walls for Test NWP2S30 
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* S7 and S15 
are north-south 
internal walls 
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Phase 3, NWP3S01 Seismic Test, North-South, External Walls 
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Figure M.76: Wall deformations of north-south external walls for Test NWP3S01 
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Phase 3, NWP3S01 Seismic Test, East-West, External Walls 
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Figure M.77: Wall deformations of east-west external walls for Test NWP3S01 
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Phase 3, NWP3S01 Seismic Test, Internal Walls 
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Figure M.78: Wall deformations of internal walls for Test NWP3S01 
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Phase 3, NWP3S02 Seismic Test, North-South, External Walls 
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Figure M.79: Wall deformations of north-south external walls for Test NWP3S02 
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Phase 3, NWP3S02 Seismic Test, East-West, External Walls 
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Figure M.80: Wall deformations of east-west external walls for Test NWP3S02 
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Phase 3, NWP3S02 Seismic Test, Internal Walls 
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Figure M.81: Wall deformations of internal walls for Test NWP3S02 
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Phase 3, NWP3S03 Seismic Test, North-South, External Walls 
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Figure M.82: Wall deformations of north-south external walls for Test NWP3S03 
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Phase 3, NWP3S03 Seismic Test, East-West, External Walls 
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Figure M.83: Wall deformations of east-west external walls for Test NWP3S03 
Time (sec) 
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Phase 3, NWP3S03 Seismic Test, Internal Walls 

S7
S15

N

S18, S19
(+)

 
 

10 15 20 25 30 35
-0.45

0

0.45
S7 

0.12 in

-0.32 in

10 15 20 25 30 35
-0.4

0

0.4
S15

0.05 in

-0.28 in

10 15 20 25 30 35
-0.7

0

0.7
S18

0.34 in

-0.48 in

10 15 20 25 30 35
-0.2

0

0.2
S19

0.03 in

-0.12 in

 
 

Figure M.84: Wall deformations of internal walls for Test NWP3S03 
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Phase 3, NWP3S04 Seismic Test, North-South, External Walls 
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Figure M.85: Wall deformations of north-south external walls for Test NWP3S04 
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Phase 3, NWP3S04 Seismic Test, East-West, External Walls 
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Figure M.86: Wall deformations of east-west external walls for Test NWP3S04 
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Phase 3, NWP3S04 Seismic Test, Internal Walls 
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Figure M.87: Wall deformations of internal walls for Test NWP3S04  
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Phase 4, NWP4S01 Seismic Test, North-South, External Walls 
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Figure M.88: Wall deformations of north-south external walls for Test NWP4S01  
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Phase 4, NWP4S01 Seismic Test, East-West, External Walls 
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Figure M.89: Wall deformations of east-west external walls for Test NWP4S01 
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Phase 4, NWP4S01 Seismic Test, Internal Walls 
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Figure M.90: Wall deformations of internal walls for Test NWP4S01  
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Phase 4, NWP4S02 Seismic Test, North-South, External Walls 
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Figure M.91: Wall deformations of north-south external walls for Test NWP4S02  
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Phase 4, NWP4S02 Seismic Test, East-West, External Walls 
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Figure M.92: Wall deformations of east-west external walls for Test NWP4S02 
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Phase 4, NWP4S02 Seismic Test, Internal Walls 
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Figure M.93: Wall deformations of internal walls for Test NWP4S02  
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Phase 4, NWP4S03 Seismic Test, North-South, External Walls 
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Figure M.94: Wall deformations of north-south external walls for Test NWP4S03  
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Phase 4, NWP4S03 Seismic Test, East-West, External Walls 

S17

S9,S19

S5

S13

N

(+)

S11

S2

N

(+)

 
 

10 15 20 25 30 35
-0.08

0

0.08
S2 

0.04 in

-0.06 in

10 15 20 25 30 35
-0.3

0

0.3
S5 

0.20 in

-0.07 in

10 15 20 25 30 35
-0.11

0

0.11
S9 

0.00 in

-0.07 in

10 15 20 25 30 35
-0.03

0

0.03
S11

0.02 in

-0.00 in

10 15 20 25 30 35
-0.09

0

0.09
S13

0.06 in

-0.00 in

10 15 20 25 30 35
-0.02

0

0.02
S17

0.00 in

10 15 20 25 30 35
-0.1

0

0.1
S19

0.07 in

-0.03 in

 
Figure M.95: Wall deformations of east-west external walls for Test NWP4S03 
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Phase 4, NWP4S03 Seismic Test, Internal Walls 
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Figure M.96: Wall deformations of internal walls for Test NWP4S03  
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Phase 4, NWP4S04 Seismic Test, North-South, External Walls 
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Figure M.97: Wall deformations of north-south external walls for Test NWP4S04  
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Phase 4, NWP4S04 Seismic Test, East-West, External Walls 
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Figure M.98: Wall deformations of east-west external walls for Test NWP4S04 
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Phase 4, NWP4S04 Seismic Test, Internal Walls 

S7 S15

S18   S3

(+)

N

 

S20, S21
N

(+)

 
 

10 15 20 25 30 35
-0.5

0

0.5
S3 

0.31 in

-0.34 in

10 15 20 25 30 35
-0.5

0

0.5
S15

0.32 in

-0.20 in

10 15 20 25 30 35
-0.9

0

0.9
S18

0.59 in

-0.38 in

10 15 20 25 30 35
-0.1

0

0.1
S20

0.07 in

-0.01 in

10 15 20 25 30 35
-0.15

0

0.15
S21

0.10 in

-0.06 in

10 15 20 25 30 35
-0.6

0

0.6
S7 

0.40 in

-0.29 in

 
 

Figure M.99: Wall deformations of internal walls for Test NWP4S04  
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Phase 5, NWP5S01 Seismic Test, North-South, External Walls 
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Figure M.100: Wall deformations of north-south external walls for Test NWP5S01  
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Phase 5, NWP5S01 Seismic Test, East-West, External Walls 
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Figure M.101: Wall deformations of east-west external walls for Test NWP5S01 
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Phase 5, NWP5S01 Seismic Test, Internal Walls 
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Figure M.102: Wall deformations of internal walls for Test NWP5S01  
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Phase 5, NWP5S02 Seismic Test, North-South, External Walls 
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Figure M.103: Wall deformations of north-south external walls for Test NWP5S02  
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Phase 5, NWP5S02 Seismic Test, East-West, External Walls 
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Figure M.104: Wall deformations of east-west external walls for Test NWP5S02 
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Phase 5, NWP5S02 Seismic Test, Internal Walls 

S7 S15

S18   S3

(+)

N

 

S20, S21
N

(+)

 
 

10 15 20 25 30 35
-0.01

0

0.01
S3 

10 15 20 25 30 35
-0.01

0

0.01
S15

0.00 in

-0.00 in

10 15 20 25 30 35
-0.02

0

0.02
S18

0.01 in

-0.00 in

10 15 20 25 30 35
-0.01

0

0.01
S20

0.00 in

-0.00 in

10 15 20 25 30 35
-0.01

0

0.01
S21

0.00 in

-0.00 in

10 15 20 25 30 35
-0.01

0

0.01
S7 

-0.00 in

 
 

Figure M.105: Wall deformations of internal walls for Test NWP5S02  
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Phase 5, NWP5S03 Seismic Test, North-South, External Walls 
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Figure M.106: Wall deformations of north-south external walls for Test NWP5S03  
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Phase 5, NWP5S03 Seismic Test, East-West, External Walls 
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Figure M.107: Wall deformations of east-west external walls for Test NWP5S03 
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Phase 5, NWP5S03 Seismic Test, Internal Walls 
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Figure M.108: Wall deformations of internal walls for Test NWP5S03  
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Phase 5, NWP5S04 Seismic Test, North-South, External Walls 
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Figure M.109: Wall deformations of north-south external walls for Test NWP5S04  
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Appendix M 

Phase 5, NWP5S04 Seismic Test, East-West, External Walls 
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Figure M.110: Wall deformations of east-west external walls for Test NWP5S04 
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Appendix M 

Phase 5, NWP5S04 Seismic Test, Internal Walls 
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Figure M.111: Wall deformations of internal walls for Test NWP5S04  
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Appendix M 

Phase 5, NWP5S05 Seismic Test, North-South, External Walls 
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Figure M.112: Wall deformations of north-south external walls for Test NWP5S05  
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Appendix M 

Phase 5, NWP5S05 Seismic Test, East-West, External Walls 
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Figure M.113: Wall deformations of east-west external walls for Test NWP5S05 
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Appendix M 

Phase 5, NWP5S05 Seismic Test, Internal Walls 
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Figure M.114: Wall deformations of internal walls for Test NWP5S05  
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Appendix M 

Phase 5, NWP5S06 Seismic Test, North-South, External Walls 
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Figure M.115: Wall deformations of north-south external walls for Test NWP5S06  
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Appendix M 

Phase 5, NWP5S06 Seismic Test, East-West, External Walls 
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Figure M.116: Wall deformations of east-west external walls for Test NWP5S06 
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Appendix M 

Phase 5, NWP5S06 Seismic Test, Internal Walls 

S7 S15

S18   S3

(+)

N

 

S20, S21
N

(+)

 
 

10 15 20 25 30 35
-0.4

0

0.4
S3 

0.16 in

-0.26 in

10 15 20 25 30 35
-0.4

0

0.4
S15

0.27 in

-0.13 in

10 15 20 25 30 35
-0.5

0

0.5
S18

0.32 in

-0.29 in

10 15 20 25 30 35
-0.2

0

0.2
S20

0.13 in

-0.03 in

10 15 20 25 30 35
-0.07

0

0.07
S21

0.04 in

-0.05 in

10 15 20 25 30 35
-0.35

0

0.35
S7 

0.20 in

-0.22 in

 
 

Figure M.117: Wall deformations of internal walls for Test NWP5S06  
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Appendix M 

Phase 5, NWP5S07 Seismic Test, North-South, External Walls 
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Figure M.118: Wall deformations of north-south external walls for Test NWP5S07  
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Appendix M 

Phase 5, NWP5S07 Seismic Test, East-West, External Walls 
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Figure M.119: Wall deformations of east-west external walls for Test NWP5S07 
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Appendix M 

Phase 5, NWP5S07 Seismic Test, Internal Walls 
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Figure M.120: Wall deformations of internal walls for Test NWP5S07  
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Appendix M 

Phase 5, NWP5S08 Seismic Test, North-South, External Walls 
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Figure M.121: Wall deformations of north-south external walls for Test NWP5S08  
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Appendix M 

Phase 5, NWP5S08 Seismic Test, East-West, External Walls 
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Figure M.122: Wall deformations of east-west external walls for Test NWP5S08 
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Appendix M 

Phase 5, NWP5S08 Seismic Test, Internal Walls 
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Figure M.123: Wall deformations of internal walls for Test NWP5S08  
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Appendix M 

Phase 5, NWP5S09 Seismic Test, North-South, External Walls 

S1

S10 S6

S14

N

(+)

S16

S8

S12

S4

N

(+)

 
 

5 10 15 20
-1

0

1
S1 

0.30 in

-0.65 in

5 10 15 20
-0.35

0

0.35
S4 

0.23 in

-0.20 in

5 10 15 20
-0.35

0

0.35
S6 

0.14 in

-0.24 in

5 10 15 20
-0.7

0

0.7
S8 

0.49 in

-0.26 in

5 10 15 20
-0.01

0

0.01
S10

-0.00 in

5 10 15 20
-0.06

0

0.06
S12

0.02 in

-0.04 in

5 10 15 20
-0.03

0

0.03
S14

-0.02 in

5 10 15 20
-0.06

0

0.06
S16

-0.04 in

 
Figure M.124: Wall deformations of north-south external walls for Test NWP5S09  
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Phase 5, NWP5S09 Seismic Test, East-West, External Walls 
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Figure M.125: Wall deformations of east-west external walls for Test NWP5S09 
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Appendix M 

Phase 5, NWP5S09 Seismic Test, Internal Walls 
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Figure M.126: Wall deformations of internal walls for Test NWP5S09  
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Phase 5, NWP5S11 Seismic Test, North-South, External Walls 
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Figure M.127: Wall deformations of north-south external walls for Test NWP5S11  
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Appendix M 

Phase 5, NWP5S11 Seismic Test, East-West, External Walls 
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Figure M.128: Wall deformations of east-west external walls for Test NWP5S11 
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Appendix M 

Phase 5, NWP5S11 Seismic Test, Internal Walls 
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Figure M.129: Wall deformations of internal walls for Test NWP5S11 
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Appendix N 
Selected Seismic Results:  
Base Shear Force –  
Displacement Hysteresis Loops
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Phase 1, NWP1S01 Seismic Test 
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Figure N.1: Force-displacement hysteresis loops for Test NWP1S01 
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Phase 1, NWP1S02 Seismic Test 
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Figure N.2: Force-displacement hysteresis loops for Test NWP1S02 
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Phase 1, NWP1S03 Seismic Test 
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Figure N.3: Force-displacement hysteresis loops for Test NWP1S03 
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Phase 1, NWP1S04 Seismic Test 
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Figure N.4: Force-displacement hysteresis loops for Test NWP1S04 
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Phase 1, NWP1S05 Seismic Test 
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Figure N.5: Force-displacement hysteresis loops for Test NWP1S05 
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Phase 1, NWP1S17 Seismic Test 

-3 0 3
-50

0

50
East-West

Central Roof Displacement (in)

B
as

e 
Sh

ea
r 

Fo
rc

e 
(k

ip
s) (0.32 in , 18.6 k)

(-0.29 in , -16.5 k)

 
 

-3 0 3
-50

0

50
North-South

Central Roof Displacement (in)

B
as

e 
Sh

ea
r 

Fo
rc

e 
(k

ip
s)

(2.50 in , 41.0 k)

(-2.10 in , -38.0 k)

 
Figure N.6: Force-displacement hysteresis loops for Test NWP1S17 
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Phase 1, NWP1S07 Seismic Test 
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Figure N.7: Force-displacement hysteresis loops for Test NWP1S07 
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Phase 1, NWP1S06 Seismic Test 

-2.7 0 2.7
-50

0

50
East-West

Central Roof Displacement (in)

B
as

e 
Sh

ea
r 

Fo
rc

e 
(k

ip
s) (0.35 in , 20.3 k)

(-0.30 in , -18.1 k)

 
 

-2.7 0 2.7
-50

0

50
North-South

Central Roof Displacement (in)

B
as

e 
Sh

ea
r 

Fo
rc

e 
(k

ip
s)

(2.23 in , 37.7 k)

(-1.89 in , -36.0 k)

 
Figure N.8: Force-displacement hysteresis loops for Test NWP1S06 
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Phase 1, NWP1S10 Seismic Test 
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Figure N.9: Force-displacement hysteresis loops for Test NWP1S10 
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Phase 2, NWP2S01 Seismic Test 
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Figure N.10: Force-displacement hysteresis loops for Test NWP2S01 
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Phase 2, NWP2S02 Seismic Test 
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Figure N.11: Force-displacement hysteresis loops for Test NWP2S02 
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Phase 2, NWP2S03 Seismic Test 

-0.3 0 0.3
-25

0

25
East-West

Central Roof Displacement (in)

B
as

e 
Sh

ea
r 

Fo
rc

e 
(k

ip
s)

(0.25 in , 20.4 k)

(-0.22 in , -17.0 k)

 
 

-0.3 0 0.3
-25

0

25
North-South

Central Roof Displacement (in)

B
as

e 
Sh

ea
r 

Fo
rc

e 
(k

ip
s)

(0.11 in , 3.65 k)

(-0.11 in , -3.67 k)

 
Figure N.12: Force-displacement hysteresis loops for Test NWP2S03 
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Phase 2, NWP2S04 Seismic Test 
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Figure N.13: Force-displacement hysteresis loops for Test NWP2S04 
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Phase 2, NWP2S05 Seismic Test 
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Figure N.14: Force-displacement hysteresis loops for Test NWP2S05 
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Phase 2, NWP2S06 Seismic Test 
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Figure N.15: Force-displacement hysteresis loops for Test NWP2S06 
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Phase 2, NWP2S07 Seismic Test 
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Figure N.16: Force-displacement hysteresis loop for Test NWP2S07 
 

* Data not plotted for North-South direction due to error in recording 
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Phase 2, NWP2S08 Seismic Test 
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Figure N.17: Force-displacement hysteresis loops for Test NWP2S08 
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Phase 2, NWP2S09 Seismic Test 
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Figure N.18: Force-displacement hysteresis loops for Test NWP2S09 
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Phase 2, NWP2S10 Seismic Test 
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Figure N.19: Force-displacement hysteresis loops for Test NWP2S10 
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Phase 2, NWP2S11 Seismic Test 
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Figure N.20: Force-displacement hysteresis loops for Test NWP2S11 
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Phase 2, NWP2S12 Seismic Test 
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Figure N.21: Force-displacement hysteresis loops for Test NWP2S12 
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Phase 2, NWP2S13 Seismic Test 
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Figure N.22: Force-displacement hysteresis loops for Test NWP2S13 
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Phase 2, NWP2S14 Seismic Test 
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Figure N.23: Force-displacement hysteresis loops for Test NWP2S14 
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Phase 2, NWP2S16 Seismic Test 
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Figure N.24: Force-displacement hysteresis loops for Test NWP2S16 
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Phase 2, NWP2S17 Seismic Test 
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Figure N.25: Force-displacement hysteresis loops for Test NWP2S17 
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Phase 2, NWP2S21 Seismic Test 
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Figure N.26: Force-displacement hysteresis loops for Test NWP2S21 
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Phase 2, NWP2S24 Seismic Test 
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Figure N.27: Force-displacement hysteresis loops for Test NWP2S24 
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Phase 2, NWP2S25 Seismic Test 
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Figure N.28: Force-displacement hysteresis loops for Test NWP2S25 
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Phase 2, NWP2S26 Seismic Test 
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Figure N.29: Force-displacement hysteresis loops for Test NWP2S26 
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Phase 2, NWP2S27 Seismic Test 
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Figure N.30: Force-displacement hysteresis loops for Test NWP2S27 
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Phase 2, NWP2S28 Seismic Test 
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Figure N.31: Force-displacement hysteresis loops for Test NWP2S28 
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Phase 2, NWP2S29 Seismic Test 
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Figure N.32: Force-displacement hysteresis loops for Test NWP2S29 
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Phase 2, NWP2S30 Seismic Test 
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Figure N.33: Force-displacement hysteresis loops for Test NWP2S30 
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Phase 3, NWP3S01 Seismic Test 
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Figure N.34: Force-displacement hysteresis loops for Test NWP3S01 
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Phase 3, NWP3S02 Seismic Test 
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Figure N.35: Force-displacement hysteresis loops for Test NWP3S02 
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Phase 3, NWP3S03 Seismic Test 
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Figure N.36: Force-displacement hysteresis loops for Test NWP3S03 
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Phase 3, NWP3S04 Seismic Test 
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Figure N.37: Force-displacement hysteresis loops for Test NWP3S04 
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Phase 4, NWP4S01 Seismic Test 
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Figure N.38: Force-displacement hysteresis loops for Test NWP4S01 
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Phase 4, NWP4S02 Seismic Test 
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Figure N.39: Force-displacement hysteresis loops for Test NWP4S02 
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Phase 4, NWP4S03 Seismic Test 
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Figure N.40: Force-displacement hysteresis loops for Test NWP4S03 
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Phase 4, NWP4S04 Seismic Test 
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Figure N.41: Force-displacement hysteresis loops for Test NWP4S04 
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Phase 5, NWP5S01 Seismic Test 
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Figure N.42: Force-displacement hysteresis loops for Test NWP5S01 
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Phase 5, NWP5S02 Seismic Test 
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Figure N.43: Force-displacement hysteresis loops for Test NWP5S02 
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Phase 5, NWP5S03 Seismic Test 
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Figure N.44: Force-displacement hysteresis loops for Test NWP5S03 
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Phase 5, NWP5S04 Seismic Test 
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Figure N.45: Force-displacement hysteresis loops for Test NWP5S04 
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Phase 5, NWP5S05 Seismic Test 
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Figure N.46: Force-displacement hysteresis loops for Test NWP5S05 
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Phase 5, NWP5S06 Seismic Test 
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Figure N.47: Force-displacement hysteresis loops for Test NWP5S06 
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Phase 5, NWP5S07 Seismic Test 

-2 0 2
-75

0

75
East-West

Central Roof Displacement (in)

B
as

e 
Sh

ea
r 

Fo
rc

e 
(k

ip
s) (0.20 in , 30.7 k)

(-0.20 in , -26.5 k)

 

-2 0 2
-75

0

75
North-South

Central Roof Displacement (in)

B
as

e 
Sh

ea
r 

Fo
rc

e 
(k

ip
s)

(1.40 in , 61.5 k)

(-1.61 in , -60.5 k)

 
Figure N.48: Force-displacement hysteresis loops for Test NWP5S07 
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Phase 5, NWP5S08 Seismic Test 
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Figure N.49: Force-displacement hysteresis loops for Test NWP5S08 
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Phase 5, NWP5S09 Seismic Test 
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Figure N.50: Force-displacement hysteresis loops for Test NWP5S09 
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Phase 5, NWP5S11 Seismic Test 
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Figure N.51: Force-displacement hysteresis loops for Test NWP5S11 
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Phase 1, NWP1S01 Seismic Test 
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Figure O.1: Interstory force-displacement hysteresis loops for Test NWP1S01 

 



 641

Appendix O 

Phase 1, NWP1S02 Seismic Test 
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Figure O.2: Interstory force-displacement hysteresis loops for Test NWP1S02 
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Phase 1, NWP1S03 Seismic Test 
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Figure O.3: Interstory force-displacement hysteresis loops for Test NWP1S03 
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Phase 1, NWP1S04 Seismic Test 
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Figure O.4: Interstory force-displacement hysteresis loops for Test NWP1S04 
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Phase 1, NWP1S05 Seismic Test 
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Figure O.5: Interstory force-displacement hysteresis loops for Test NWP1S05 
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Phase 1, NWP1S17 Seismic Test 
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Figure O.6: Interstory force-displacement hysteresis loops for Test NWP1S17 
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Phase 1, NWP1S07 Seismic Test 
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Figure O.7: Interstory force-displacement hysteresis loops for Test NWP1S07 
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Phase 1, NWP1S06 Seismic Test 
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Figure O.8: Interstory force-displacement hysteresis loops for Test NWP1S06 
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Phase 1, NWP1S10 Seismic Test 

-0.55 0 0.55
-45

0

45
1st story - East-West

Displacement (in)

Sh
ea

r 
Fo

rc
e 

(k
ip

s)

(0.43 in , 33.6 k)

(-0.42 in , -31.0 k)

-0.55 0 0.55
-45

0

45
2nd story - East-West

Displacement (in)

Sh
ea

r 
Fo

rc
e 

(k
ip

s)

(0.12 in , 12.2 k)

(-0.13 in , -12.7 )

 
 

-0.55 0 0.55
-45

0

45
1st story - North-South

Displacement (in)

Sh
ea

r 
Fo

rc
e 

(k
ip

s)

(0.04 in , 1.97 k)

(-0.04 in , -2.34 k)

-0.55 0 0.55
-45

0

45
2nd story - North-South

Displacement (in)

Sh
ea

r 
Fo

rc
e 

(k
ip

s)

(0.08 in , 1.91 k)

(-0.07 in , -1.48 k)

 
Figure O.9: Interstory force-displacement hysteresis loops for Test NWP1S10 
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Phase 2, NWP2S01 Seismic Test 
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Figure O.10: Interstory force-displacement hysteresis loops for Test NWP2S01 
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Phase 2, NWP2S02 Seismic Test 
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Figure O.11: Interstory force-displacement hysteresis loops for Test NWP2S02 
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Phase 2, NWP2S03 Seismic Test 
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Figure O.12: Interstory force-displacement hysteresis loops for Test NWP2S03 



 652

Appendix O 

Phase 2, NWP2S04 Seismic Test 
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Figure O.13: Interstory force-displacement hysteresis loops for Test NWP2S04 
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Phase 2, NWP2S05 Seismic Test 
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Figure O.14: Interstory force-displacement hysteresis loops for Test NWP2S05 
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Phase 2, NWP2S06 Seismic Test 
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Figure O.15: Interstory force-displacement hysteresis loops for Test NWP2S06 
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Phase 2, NWP2S07 Seismic Test 

-0.04 0 0.04
-7

0

7
1st story - East-West

Displacement (in)

Sh
ea

r 
Fo

rc
e 

(k
ip

s)

(0.03 in , 4.91 k)

(-0.02 in , -5.12 k)

-0.04 0 0.04
-7

0

7
2nd story - East-West

Displacement (in)

Sh
ea

r 
Fo

rc
e 

(k
ip

s)

(0.03 in , 1.89 k)

(-0.03 in , -2.35 )

 
Figure O.16: Interstory force-displacement hysteresis loop for Test NWP2S07 
 

* Data not plotted for North-South direction due to error in recording 
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Phase 2, NWP2S08 Seismic Test 
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Figure O.17: Interstory force-displacement hysteresis loops for Test NWP2S08 
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Phase 2, NWP2S09 Seismic Test 
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Figure O.18: Interstory force-displacement hysteresis loops for Test NWP2S09 
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Phase 2, NWP2S10 Seismic Test 
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Figure O.19: Interstory force-displacement hysteresis loops for Test NWP2S10 
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Phase 2, NWP2S11 Seismic Test 
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Figure O.20: Interstory force-displacement hysteresis loops for Test NWP2S11 
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Phase 2, NWP2S12 Seismic Test 
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Figure O.21: Interstory force-displacement hysteresis loops for Test NWP2S12 
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Phase 2, NWP2S13 Seismic Test 
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Figure O.22: Interstory force-displacement hysteresis loops for Test NWP2S13 
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Phase 2, NWP2S14 Seismic Test 
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Figure O.23: Interstory force-displacement hysteresis loops for Test NWP2S14 
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Phase 2, NWP2S16 Seismic Test 
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Figure O.24: Interstory force-displacement hysteresis loops for Test NWP2S16 
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Phase 2, NWP2S17 Seismic Test 
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Figure O.25: Interstory force-displacement hysteresis loops for Test NWP2S17 
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Phase 2, NWP2S21 Seismic Test 
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Figure O.26: Interstory force-displacement hysteresis loops for Test NWP2S21 
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Phase 2, NWP2S24 Seismic Test 
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Figure O.27: Interstory force-displacement hysteresis loops for Test NWP2S24 
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Phase 2, NWP2S25 Seismic Test 
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Figure O.28: Interstory force-displacement hysteresis loops for Test NWP2S25 
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Phase 2, NWP2S26 Seismic Test 

-0.5 0 0.5
-45

0

45
1st story - East-West

Displacement (in)

Sh
ea

r 
Fo

rc
e 

(k
ip

s)

(0.41 in , 33.5 k)

(-0.31 in , -29.2 k)

-0.5 0 0.5
-45

0

45
2nd story - East-West

Displacement (in)

Sh
ea

r 
Fo

rc
e 

(k
ip

s)

(0.14 in , 12.3 k)

(-0.13 in , -12.0 )

 
 

-0.5 0 0.5
-45

0

45
1st story - North-South

Displacement (in)

Sh
ea

r 
Fo

rc
e 

(k
ip

s)

(0.02 in , 1.68 k)

(-0.03 in , -1.79 k)

-0.5 0 0.5
-45

0

45
2nd story - North-South

Displacement (in)

Sh
ea

r 
Fo

rc
e 

(k
ip

s)

(0.13 in , 0.84 k)

(-0.10 in , -1.33 k)

 
Figure O.29: Interstory force-displacement hysteresis loops for Test NWP2S26 
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Phase 2, NWP2S27 Seismic Test 
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Figure O.30: Interstory force-displacement hysteresis loops for Test NWP2S27 
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Phase 2, NWP2S28 Seismic Test 
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Figure O.31: Interstory force-displacement hysteresis loops for Test NWP2S28 
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Phase 2, NWP2S29 Seismic Test 
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Figure O.32: Interstory force-displacement hysteresis loops for Test NWP2S29 
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Phase 2, NWP2S30 Seismic Test 
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Figure O.33: Interstory force-displacement hysteresis loops for Test NWP2S30 
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Phase 3, NWP3S01 Seismic Test 
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Figure O.34: Interstory force-displacement hysteresis loops for Test NWP3S01 
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Phase 3, NWP3S02 Seismic Test 
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Figure O.35: Interstory force-displacement hysteresis loops for Test NWP3S02 
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Phase 3, NWP3S03 Seismic Test 
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Figure O.36: Interstory force-displacement hysteresis loops for Test NWP3S03 
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Phase 3, NWP3S04 Seismic Test 
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Figure O.37: Interstory force-displacement hysteresis loops for Test NWP3S04 
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Phase 4, NWP4S01 Seismic Test 
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Figure O.38: Interstory force-displacement hysteresis loops for Test NWP4S01 
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Phase 4, NWP4S02 Seismic Test 
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Figure O.39: Interstory force-displacement hysteresis loops for Test NWP4S02 



 679

Appendix O 

Phase 4, NWP4S03 Seismic Test 
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Figure O.40: Interstory force-displacement hysteresis loops for Test NWP4S03 
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Phase 4, NWP4S04 Seismic Test 
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Figure O.41: Interstory force-displacement hysteresis loops for Test NWP4S04 
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Phase 5, NWP5S01 Seismic Test 
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Figure O.42: Interstory force-displacement hysteresis loops for Test NWP5S01 
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Phase 5, NWP5S02 Seismic Test 
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Figure O.43: Interstory force-displacement hysteresis loops for Test NWP5S02 
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Phase 5, NWP5S03 Seismic Test 
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Figure O.44: Interstory force-displacement hysteresis loops for Test NWP5S03 
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Phase 5, NWP5S04 Seismic Test 
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Figure O.45: Interstory force-displacement hysteresis loops for Test NWP5S04 
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Phase 5, NWP5S05 Seismic Test 
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Figure O.46: Interstory force-displacement hysteresis loops for Test NWP5S05 
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Phase 5, NWP5S06 Seismic Test 
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Figure O.47: Interstory force-displacement hysteresis loops for Test NWP5S06 
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Phase 5, NWP5S07 Seismic Test 
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Figure O.48: Interstory force-displacement hysteresis loops for Test NWP5S07 
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Phase 5, NWP5S08 Seismic Test 
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Figure O.49: Interstory force-displacement hysteresis loops for Test NWP5S08 
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Phase 5, NWP5S09 Seismic Test 
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Figure O.50: Interstory force-displacement hysteresis loops for Test NWP5S09 
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Phase 5, NWP5S11 Seismic Test 
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Figure O.51: Interstory force-displacement hysteresis loops for Test NWP5S11 
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Appendix P 
Selected Seismic Results:  
Sill Plate Slippage Time Histories
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Phase 1, NWP1S01 Seismic Test 
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Figure P.1: Sill plate slippage time histories for Test NWP1S01 
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Phase 1, NWP1S02 Seismic Test 
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Figure P.2: Sill plate slippage time histories for Test NWP1S02 
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Phase 1, NWP1S03 Seismic Test 
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Figure P.3: Sill plate slippage time histories for Test NWP1S03 
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Phase 1, NWP1S04 Seismic Test 
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Figure P.4: Sill plate slippage time histories for Test NWP1S04 
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Phase 1, NWP1S05 Seismic Test 
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Figure P.5 Sill plate slippage time histories for Test NWP1S05 
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Phase 1, NWP1S17 Seismic Test 
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Figure P.6: Sill plate slippage time histories for Test NWP1S17 
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Phase 1, NWP1S07 Seismic Test 
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Figure P.7: Sill plate slippage time histories for Test NWP1S07 
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Phase 1, NWP1S06 Seismic Test 

SL3
SL4 SL6

SL5

SL7

SL8
SL9SL10

SL1

SL2

N

 

10 15 20 25 30 35
-0.04

0

0.04
SL1 

0.02 in

-0.01 in

10 15 20 25 30 35
-0.02

0

0.02
SL2 

0.01 in

-0.01 in

10 15 20 25 30 35
-0.01

0

0.01
SL3 

0.01 in

-0.00 in

10 15 20 25 30 35
-0.06

0

0.06
SL4 

0.04 in

-0.00 in

10 15 20 25 30 35
-0.01

0

0.01
SL5 

0.00 in

-0.00 in

10 15 20 25 30 35
-0.02

0

0.02
SL6 

0.00 in

-0.01 in

10 15 20 25 30 35
-0.01

0

0.01
SL7 

0.00 in

-0.00 in

10 15 20 25 30 35
-0.02

0

0.02
SL8 

0.01 in

-0.01 in

10 15 20 25 30 35
-0.01

0

0.01
SL9 

0.00 in

-0.01 in

10 15 20 25 30 35
-0.02

0

0.02
SL10

0.01 in

-0.00 in

 
Figure P.8: Sill plate slippage time histories for Test NWP1S06 
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Phase 1, NWP1S10 Seismic Test 
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Figure P.9: Sill plate slippage time histories for Test NWP1S10 
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Phase 2, NWP2S01 Seismic Test 
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Figure P.10: Sill plate slippage time histories for Test NWP2S01 
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Phase 2, NWP2S02 Seismic Test 
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Figure P.11: Sill plate slippage time histories for Test NWP2S02 
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Phase 2, NWP2S03 Seismic Test 
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Figure P.12: Sill plate slippage time histories for Test NWP2S03 
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Phase 2, NWP2S04 Seismic Test 
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Figure P.13: Sill plate slippage time histories for Test NWP2S04 
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Phase 2, NWP2S05 Seismic Test 
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Figure P.14: Sill plate slippage time histories for Test NWP2S05 
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Phase 2, NWP2S06 Seismic Test 
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Figure P.15: Sill plate slippage time histories for Test NWP2S06 
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Phase 2, NWP2S07 Seismic Test 
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Figure P.16: Sill plate slippage time histories for Test NWP2S07 
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Phase 2, NWP2S08 Seismic Test 
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Figure P.17: Sill plate slippage time histories for Test NWP2S08 
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Phase 2, NWP2S09 Seismic Test 
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Figure P.18: Sill plate slippage time histories for Test NWP2S09 
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Phase 2, NWP2S10 Seismic Test 
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Figure P.19: Sill plate slippage time histories for Test NWP2S10 
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Phase 2, NWP2S11 Seismic Test 
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Figure P.20: Sill plate slippage time histories for Test NWP2S11 
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Phase 2, NWP2S12 Seismic Test 
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Figure P.21: Sill plate slippage time histories for Test NWP2S12 
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Phase 2, NWP2S13 Seismic Test 
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Figure P.22: Sill plate slippage time histories for Test NWP2S13 
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Phase 2, NWP2S14 Seismic Test 
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Figure P.23: Sill plate slippage time histories for Test NWP2S14 
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Phase 2, NWP2S16 Seismic Test 
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Figure P.24: Sill plate slippage time histories for Test NWP2S16 
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Phase 2, NWP2S17 Seismic Test 
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Figure P.25: Sill plate slippage time histories for Test NWP2S17 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 



 717

Appendix P 

Phase 2, NWP2S21 Seismic Test 
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Figure P.26: Sill plate slippage time histories for Test NWP2S21 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 



 718

Appendix P 

Phase 2, NWP2S24 Seismic Test 
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Figure P.27: Sill plate slippage time histories for Test NWP2S24 
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Phase 2, NWP2S25 Seismic Test 
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Figure P.28: Sill plate slippage time histories for Test NWP2S25 
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Phase 2, NWP2S26 Seismic Test 
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Figure P.29: Sill plate slippage time histories for Test NWP2S26 
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Phase 2, NWP2S27 Seismic Test 
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Figure P.30: Sill plate slippage time histories for Test NWP2S27 
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Phase 2, NWP2S28 Seismic Test 
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Figure P.31: Sill plate slippage time histories for Test NWP2S28 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 



 723

Appendix P 

Phase 2, NWP2S29 Seismic Test 
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Figure P.32: Sill plate slippage time histories for Test NWP2S29 
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Phase 2, NWP2S30 Seismic Test 

SL3
SL4 SL6

SL5

SL7

SL8
SL9SL10

SL1

SL2

N

 

0 5 10 15 20 25
-0.25

0

0.25
SL1 

0.16 in

-0.07 in

0 5 10 15 20 25
-0.01

0

0.01
SL2 

0.00 in

-0.00 in

0 5 10 15 20 25
-0.02

0

0.02
SL3 

0.01 in

-0.01 in

0 5 10 15 20 25
-0.55

0    

0.55 
SL4 

0.33 in

-0.36 in

0 5 10 15 20 25
-0.02

0

0.02
SL5 

0.01 in

-0.01 in

0 5 10 15 20 25
-0.01

0

0.01
SL6 

0.00 in

-0.00 in

0 5 10 15 20 25
-0.01

0

0.01
SL7 

0.00 in

-0.00 in

0 5 10 15 20 25
-0.01

0

0.01
SL8 

0.00 in

-0.00 in

0 5 10 15 20 25
-0.01

0

0.01
SL9 

0.00 in

-0.00 in

0 5 10 15 20 25
-0.45

0

0.45
SL10

0.25 in

-0.29 in

 
Figure P.33: Sill plate slippage time histories for Test NWP2S30 
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Phase 3, NWP3S01 Seismic Test 
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Figure P.34: Sill plate slippage time histories for Test NWP3S01 
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Phase 3, NWP3S02 Seismic Test 
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Figure P.35: Sill plate slippage time histories for Test NWP3S02 
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Phase 3, NWP3S03 Seismic Test 
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Figure P.36: Sill plate slippage time histories for Test NWP3S03 
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Appendix P 

Phase 3, NWP3S04 Seismic Test 
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Figure P.37: Sill plate slippage time histories for Test NWP3S04 
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Phase 4, NWP4S01 Seismic Test 
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Figure P.38: Sill plate slippage time histories for Test NWP4S01 
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Phase 4, NWP4S02 Seismic Test 
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Figure P.39: Sill plate slippage time histories for Test NWP4S02 
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Phase 4, NWP4S03 Seismic Test 
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Figure P.40: Sill plate slippage time histories for Test NWP4S03 
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Phase 4, NWP4S04 Seismic Test 
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Figure P.41: Sill plate slippage time histories for Test NWP4S04 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 



 733

Appendix P 

Phase 5, NWP5S01 Seismic Test 
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Figure P.42: Sill plate slippage time histories for Test NWP5S01 
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Phase 5, NWP5S02 Seismic Test 
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Figure P.43: Sill plate slippage time histories for Test NWP5S02 
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Phase 5, NWP5S03 Seismic Test 
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Figure P.44: Sill plate slippage time histories for Test NWP5S03 
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Phase 5, NWP5S04 Seismic Test 
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Figure P.45: Sill plate slippage time histories for Test NWP5S04 
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Phase 5, NWP5S05 Seismic Test 
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Figure P.46: Sill plate slippage time histories for Test NWP5S05 
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Phase 5, NWP5S06 Seismic Test 
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Figure P.47: Sill plate slippage time histories for Test NWP5S06 
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Phase 5, NWP5S07 Seismic Test 
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Figure P.48: Sill plate slippage time histories for Test NWP5S07 
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Phase 5, NWP5S08 Seismic Test 
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Figure P.49: Sill plate slippage time histories for Test NWP5S08 
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Phase 5, NWP5S09 Seismic Test 
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Figure P.50: Sill plate slippage time histories for Test NWP5S09 

 

Time (sec) 

D
is

pl
ac

em
en

t (
in

) 



 742

Appendix P 

Phase 5, NWP5S11 Seismic Test 

SL3
SL4 SL6

SL5

SL7

SL8
SL9SL10

SL1

SL2

N

 

0 5 10 15 20 25
-0.13

0

0.13
SL1 

0.06 in

-0.09 in

0 5 10 15 20 25
-0.2

0

0.2
SL2 

0.11 in

-0.01 in

0 5 10 15 20 25
-0.15

0

0.15
SL3 

0.02 in

-0.10 in

0 5 10 15 20 25
-0.2

0

0.2
SL4 

0.14 in

-0.05 in

0 5 10 15 20 25
-0.15

0

0.15
SL5 

0.01 in

-0.10 in

0 5 10 15 20 25
-0.25

0

0.25
SL6 

0.16 in

-0.07 in

0 5 10 15 20 25
-0.1

0

0.1
SL7 

0.01 in

-0.06 in

0 5 10 15 20 25
-0.4

0

0.4
SL8 

0.17 in

-0.28 in

0 5 10 15 20 25
-1

0

1
SL9 

0.24 in

-0.66 in

0 5 10 15 20 25
-1.3

0

1.3
SL10

0.68 in

-0.88 in

 
Figure P.51: Sill plate slippage time histories for Test NWP5S11 
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Appendix Q 
Selected Seismic Results:  
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Phase 1, NWP1S01 Seismic Test 
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Figure Q.1: Peak anchor bolt forces for Test NWP1S01  
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Phase 1, NWP1S02 Seismic Test 
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Figure Q.2: Peak anchor bolt forces for Test NWP1S02 
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Phase 1, NWP1S03 Seismic Test 
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Figure Q.3: Peak anchor bolt forces for Test NWP1S03  
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Phase 1, NWP1S04 Seismic Test 
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Figure Q.4: Peak anchor bolt forces for Test NWP1S04  
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Phase 1, NWP1S05 Seismic Test 
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Figure Q.5: Peak anchor bolt forces for Test NWP1S05  
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Figure Q.6: Peak anchor bolt forces for Test NWP1S17 
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Figure Q.7: Peak anchor bolt forces for Test NWP1S07  
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Phase 1, NWP1S06 Seismic Test 
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Figure Q.8: Peak anchor bolt forces for Test NWP1S06 
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Phase 1, NWP1S10 Seismic Test 
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Figure Q.9: Peak anchor bolt forces for Test NWP1S10 
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Phase 2, NWP2S01 Seismic Test 
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Figure Q.10: Peak anchor bolt forces for Test NWP2S01 
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Phase 2, NWP2S02 Seismic Test 
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Figure Q.11: Peak anchor bolt forces for Test NWP2S02 
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Phase 2, NWP2S03 Seismic Test 

0.01

0.27

H
0.00

H

0.16

0.08

0.06

0.000.07

0.01

0.14

0.03
0.03

0.00

0.02
0.01

0.01

H

0.30

0.05

0.05

0.00

H

0.08

0.00

0.01

0.03

0.04

0.05

0.06

0.12

0.00

0.01

0.01

H

0.20

0.01

H

0.25

0.02

0.03

0.06

0.00

0.01

H

0.07

H

0.26

H

0.10

0.00

H

0.11

0.00
0.04

H

0.11

0.16

0.01

H

0.080.02
N

H: Holdown

Note: All numerical
values represent
force in kips

 
Figure Q.12: Peak anchor bolt forces for Test NWP2S03 
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Phase 2, NWP2S04 Seismic Test 
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Figure Q.13: Peak anchor bolt forces for Test NWP2S04 
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Phase 2, NWP2S05 Seismic Test 
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Figure Q.14: Peak anchor bolt forces for Test NWP2S05 
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Phase 2, NWP2S06 Seismic Test 
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Figure Q.15: Peak anchor bolt forces for Test NWP2S06 
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Phase 2, NWP2S07 Seismic Test 
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Figure Q.16: Peak anchor bolt forces for Test NWP2S07 
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Phase 2, NWP2S08 Seismic Test 
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Figure Q.17: Peak anchor bolt forces for Test NWP2S08 
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Phase 2, NWP2S09 Seismic Test 
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Figure Q.18: Peak anchor bolt forces for Test NWP2S09 
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Figure Q.19: Peak anchor bolt forces for Test NWP2S10 
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Phase 2, NWP2S11 Seismic Test 
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Figure Q.20: Peak anchor bolt forces for Test NWP2S11 
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Phase 2, NWP2S12 Seismic Test 

 0.02

 0.40

H
 0.02

H

 0.24

 0.17

 0.06

 0.00 0.09

 0.01
 0.27

 0.09

 0.02

 0.00

 0.01
 0.01

 0.05

H-BD

 0.10

 0.16

 0.01

H

 0.07

 0.00

 0.02

 0.04

 0.06

 0.06

 0.23

 0.21

 0.02

 0.00

 0.12

H

 0.22

 0.03

H

 0.42

 0.05

 0.04

 0.11

 0.01

 0.01

H

 0.16

H

 0.42

H

 0.24

 0.00

H

 0.12

 0.03 0.10

H

 0.13

 0.45

 0.02

H

 0.19

 0.04
N

H: Holdown
BD: Bad Data

Note: All numerical
values represent
force in kips

 
Figure Q.21: Peak anchor bolt forces for Test NWP2S12 
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Phase 2, NWP2S13 Seismic Test 
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Figure Q.22: Peak anchor bolt forces for Test NWP2S13 
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Phase 2, NWP2S14 Seismic Test 
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Figure Q.23: Peak anchor bolt forces for Test NWP2S14 
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Phase 2, NWP2S16 Seismic Test 
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Figure Q.24: Peak anchor bolt forces for Test NWP2S16 
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Phase 2, NWP2S17 Seismic Test 
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Figure Q.25: Peak anchor bolt forces for Test NWP2S17 
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Phase 2, NWP2S21 Seismic Test 
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Figure Q.26: Peak anchor bolt forces for Test NWP2S21 
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Phase 2, NWP2S24 Seismic Test 
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Figure Q.27: Peak anchor bolt forces for Test NWP2S24 
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Figure Q.28: Peak anchor bolt forces for Test NWP2S25 
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Figure Q.29: Peak anchor bolt forces for Test NWP2S26 
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Figure Q.30: Peak anchor bolt forces for Test NWP2S27 



 774

Appendix Q 

Phase 2, NWP2S28 Seismic Test 
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Figure Q.31: Peak anchor bolt forces for Test NWP2S28 
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Figure Q.32: Peak anchor bolt forces for Test NWP2S29 
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Figure Q.33: Peak anchor bolt forces for Test NWP2S30 
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Figure Q.34: Peak anchor bolt forces for Test NWP3S01 
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Figure Q.35: Peak anchor bolt forces for Test NWP3S02 
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Figure Q.36: Peak anchor bolt forces for Test NWP3S03 
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Figure Q.37: Peak anchor bolt forces for Test NWP3S04 
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Figure Q.38: Peak anchor bolt forces for Test NWP4S01 
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Figure Q.39: Peak anchor bolt forces for Test NWP4S02 
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Figure Q.40: Peak anchor bolt forces for Test NWP4S03 
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Figure Q.41: Peak anchor bolt forces for Test NWP4S04 
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Figure Q.42: Peak anchor bolt forces for Test NWP5S01 
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Figure Q.43: Peak anchor bolt forces for Test NWP5S02 
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Figure Q.44: Peak anchor bolt forces for Test NWP5S03 
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Figure Q.45: Peak anchor bolt forces for Test NWP5S04 



 789

Appendix Q 

Phase 5, NWP5S05 Seismic Test 

0.55

2.48

H0.56H

1.39

1.26

0.89

1.78

0.79

0.30

0.05

0.02

0.010.16

0.01

0.03
0.04

0.03

0.16

H

1.94

0.06

1.00

0.03

H

2.56

0.02

0.22

0.24

1.12

0.48

0.93

0.05

0.11

0.12

0.26

0.03

1.18

H

3.18

0.01

0.24

H

0.08

0.97

0.51

0.37

0.52

0.02

0.02

H

0.67

H

1.15

H

0.39
0.01

H

2.82

0.250.42

H

0.51

0.33
0.89

H

0.93

0.31 N

H: Holdown

Note: All numerical
values represent
force in kips

 
Figure Q.46: Peak anchor bolt forces for Test NWP5S05 
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Figure Q.47: Peak anchor bolt forces for Test NWP5S06 
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Figure Q.48: Peak anchor bolt forces for Test NWP5S07 
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Figure Q.49: Peak anchor bolt forces for Test NWP5S08 
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Figure Q.50: Peak anchor bolt forces for Test NWP5S09 
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Phase 5, NWP5S11 Seismic Test 
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Figure Q.51: Peak anchor bolt forces for Test NWP5S11 
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Appendix R 
Selected Seismic Results:  
Peak Sill Plate and Stud Uplift
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Appendix R 

Phase 1, NWP1S01 Seismic Test 
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Figure R.1: Peak sill plate and stud uplift for Test NWP1S01  

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 

End Studs

Sill Plate

Foundation

Peak Stud 
Uplift

Peak Sill 
Plate Uplift

H: Holdown



 797

Appendix R 

Phase 1, NWP1S02 Seismic Test 
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Figure R.2: Peak sill plate and stud uplift for Test NWP1S02 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 

End Studs

Sill Plate

Foundation

Peak Stud 
Uplift

Peak Sill 
Plate Uplift

H: Holdown



 798

Appendix R 

Phase 1, NWP1S03 Seismic Test 
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Figure R.3: Peak sill plate and stud uplift for Test NWP1S03  

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 1, NWP1S04 Seismic Test 
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Figure R.4: Peak sill plate and stud uplift for Test NWP1S04  

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 1, NWP1S05 Seismic Test 
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Figure R.5: Peak sill plate and stud uplift for Test NWP1S05  

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 1, NWP1S17 Seismic Test 
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Figure R.6: Peak sill plate and stud uplift for Test NWP1S17 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 1, NWP1S07 Seismic Test 
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Figure R.7: Peak sill plate and stud uplift for Test NWP1S07  

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 1, NWP1S06 Seismic Test 
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Figure R.8: Peak sill plate and stud uplift for Test NWP1S06 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 1, NWP1S10 Seismic Test 
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Figure R.9: Peak sill plate and stud uplift for Test NWP1S10 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S01 Seismic Test 
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Figure R.10: Peak sill plate and stud uplift for Test NWP2S01 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S02 Seismic Test 
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Figure R.11: Peak sill plate and stud uplift for Test NWP2S02 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S03 Seismic Test 
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Figure R.12: Peak sill plate and stud uplift for Test NWP2S03 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S04 Seismic Test 
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Figure R.13: Peak sill plate and stud uplift for Test NWP2S04 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S05 Seismic Test 
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Figure R.14: Peak sill plate and stud uplift for Test NWP2S05 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S06 Seismic Test 
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Figure R.15: Peak sill plate and stud uplift for Test NWP2S06 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S07 Seismic Test 
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Figure R.16: Peak sill plate and stud uplift for Test NWP2S07 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S08 Seismic Test 
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Figure R.17: Peak sill plate and stud uplift for Test NWP2S08 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S09 Seismic Test 
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Figure R.18: Peak sill plate and stud uplift for Test NWP2S09 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S10 Seismic Test 
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Figure R.19: Peak sill plate and stud uplift for Test NWP2S10 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S11 Seismic Test 
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Figure R.20: Peak sill plate and stud uplift for Test NWP2S11 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S12 Seismic Test 
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Figure R.21: Peak sill plate and stud uplift for Test NWP2S12 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S13 Seismic Test 
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Figure R.22: Peak sill plate and stud uplift for Test NWP2S13 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S14 Seismic Test 
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Figure R.23: Peak sill plate and stud uplift for Test NWP2S14 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 

End Studs

Sill Plate

Foundation

Peak Stud 
Uplift

Peak Sill 
Plate Uplift

H: Holdown



 819

Appendix R 

Phase 2, NWP2S16 Seismic Test 
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Figure R.24: Peak sill plate and stud uplift for Test NWP2S16 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S17 Seismic Test 
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Figure R.25: Peak sill plate and stud uplift for Test NWP2S17 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S21 Seismic Test 
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Figure R.26: Peak sill plate and stud uplift for Test NWP2S21 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S24 Seismic Test 
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Figure R.27: Peak sill plate and stud uplift for Test NWP2S24 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S25 Seismic Test 
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Figure R.28: Peak sill plate and stud uplift for Test NWP2S25 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S26 Seismic Test 
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Figure R.29: Peak sill plate and stud uplift for Test NWP2S26 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S27 Seismic Test 
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Figure R.30: Peak sill plate and stud uplift for Test NWP2S27 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S28 Seismic Test 
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Figure R.31: Peak sill plate and stud uplift for Test NWP2S28 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S29 Seismic Test 
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Figure R.32: Peak sill plate and stud uplift for Test NWP2S29 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 2, NWP2S30 Seismic Test 
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Figure R.33: Peak sill plate and stud uplift for Test NWP2S30 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 3, NWP3S01 Seismic Test 
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Figure R.34: Peak sill plate and stud uplift for Test NWP3S01 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 3, NWP3S02 Seismic Test 
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Figure R.35: Peak sill plate and stud uplift for Test NWP3S02 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 3, NWP3S03 Seismic Test 
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Figure R.36: Peak sill plate and stud uplift for Test NWP3S03 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 3, NWP3S04 Seismic Test 
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Figure R.37: Peak sill plate and stud uplift for Test NWP3S04 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 4, NWP4S01 Seismic Test 
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Figure R.38: Peak sill plate and stud uplift for Test NWP4S01 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 4, NWP4S02 Seismic Test 
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Figure R.39: Peak sill plate and stud uplift for Test NWP4S02 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 4, NWP4S03 Seismic Test 
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Figure R.40: Peak sill plate and stud uplift for Test NWP4S03 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 4, NWP4S04 Seismic Test 
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Figure R.41: Peak sill plate and stud uplift for Test NWP4S04 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 5, NWP5S01 Seismic Test 
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Figure R.42: Peak sill plate and stud uplift for Test NWP5S01 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 5, NWP5S02 Seismic Test 

H
0.00
0.00

0.00
0.00

H

0.00
0.00

0.00
0.00

H

0.00
0.00

H

0.00
0.00

0.01
0.01

0.00
0.01

0.00
0.01

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

H

0.00
0.00

H

0.00
0.00

H

0.00
0.00

H

0.00
0.00

0.00
0.000.00

0.00

0.00
0.000.00

0.00

H

0.00
0.00

H

0.00
0.00

H

0.00
0.00

H

0.00
0.00

N

 
Figure R.43: Peak sill plate and stud uplift for Test NWP5S02 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 5, NWP5S03 Seismic Test 
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Figure R.44: Peak sill plate and stud uplift for Test NWP5S03 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 5, NWP5S04 Seismic Test 
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Figure R.45: Peak sill plate and stud uplift for Test NWP5S04 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 5, NWP5S05 Seismic Test 
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Figure R.46: Peak sill plate and stud uplift for Test NWP5S05 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 5, NWP5S06 Seismic Test 
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Figure R.47: Peak sill plate and stud uplift for Test NWP5S06 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 5, NWP5S07 Seismic Test 
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Figure R.48: Peak sill plate and stud uplift for Test NWP5S07 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 5, NWP5S08 Seismic Test 

H

0.06
0.30

0.63
0.63

H

0.73
0.78

0.55
0.55

H

0.41
0.41

H

0.64
0.76

1.27
1.61

0.84
1.02

0.90
1.43

0.93
0.98

1.42
2.76

0.51
0.540.48

0.66

0.05
0.44

H

0.28
0.37

H

0.01
0.20

H

0.01
0.02

H

0.04
0.18

0.44
0.44

1.13
1.130.14

0.21
0.07
0.32

H

0.21
0.38

H

0.15
0.20

H

0.04
0.25

H

0.23
0.23

N

 
Figure R.49: Peak sill plate and stud uplift for Test NWP5S08 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 5, NWP5S09 Seismic Test 
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Figure R.50: Peak sill plate and stud uplift for Test NWP5S09 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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Phase 5, NWP5S11 Seismic Test 
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Figure R.51: Peak sill plate and stud uplift for Test NWP5S11 

Note: The bottom numerical value 
represents the peak sill plate uplift and the 
top numerical value (in bold) represents 
the total uplift (sill plate + stud). All 
values are in inches. 
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MCEER Technical Reports 
 

MCEER publishes technical reports on a variety of subjects written by authors funded through MCEER.  These reports are 
available from both MCEER Publications and the National Technical Information Service (NTIS).  Requests for reports should 
be directed to MCEER Publications, MCEER, University at Buffalo, State University of New York, 133A Ketter Hall, Buffalo, 
New York 14260.  Reports can also be requested through NTIS, P.O. Box 1425, Springfield, Virginia 22151.  NTIS accession 
numbers are shown in parenthesis, if available. 
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address given above). 

 
NCEER-87-0012 "Parametric Studies of Frequency Response of Secondary Systems Under Ground-Acceleration Excitations," 
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NTIS (see address given above). 

 
NCEER-87-0013 "Frequency Response of Secondary Systems Under Seismic Excitation," by J.A. HoLung, J. Cai and Y.K. 
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above). 

 
NCEER-87-0014 "Modelling Earthquake Ground Motions in Seismically Active Regions Using Parametric Time Series 
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available through NTIS (see address given above). 

 
NCEER-87-0015 "Detection and Assessment of Seismic Structural Damage," by E. DiPasquale and A.S. Cakmak, 8/25/87, 

(PB88-163712, A05, MF-A01). This report is only available through NTIS (see address given above). 
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NCEER-87-0016 "Pipeline Experiment at Parkfield, California," by J. Isenberg and E. Richardson, 9/15/87, (PB88-163720, 

A03, MF-A01). This report is available only through NTIS (see address given above). 
 
NCEER-87-0017 "Digital Simulation of Seismic Ground Motion," by M. Shinozuka, G. Deodatis and T. Harada, 8/31/87, 

(PB88-155197, A04, MF-A01).  This report is available only through NTIS (see address given above). 
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Small Control Forces," J.N. Yang and A. Akbarpour, 8/10/87, (PB88-163738, A08, MF-A01). This report is 
only available through NTIS (see address given above). 

 
NCEER-87-0019 "Modal Analysis of Nonclassically Damped Structural Systems Using Canonical Transformation," by J.N. 

Yang, S. Sarkani and F.X. Long, 9/27/87, (PB88-187851, A04, MF-A01). 
 
NCEER-87-0020 "A Nonstationary Solution in Random Vibration Theory," by J.R. Red-Horse and P.D. Spanos, 11/3/87, 
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NCEER-87-0021 "Horizontal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by A.S. Veletsos and K.W. 

Dotson, 10/15/87, (PB88-150859, A04, MF-A01). 
 
NCEER-87-0022 "Seismic Damage Assessment of Reinforced Concrete Members," by Y.S. Chung, C. Meyer and M. 

Shinozuka, 10/9/87, (PB88-150867, A05, MF-A01).  This report is available only through NTIS (see address 
given above). 
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NCEER-87-0025 "Proceedings from the Symposium on Seismic Hazards, Ground Motions, Soil-Liquefaction and Engineering 
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MF-A01). This report is available only through NTIS (see address given above). 

 
NCEER-87-0026 "Report on the Whittier-Narrows, California, Earthquake of October 1, 1987," by J. Pantelic and A. 

Reinhorn, 11/87, (PB88-187752, A03, MF-A01).  This report is available only through NTIS (see address 
given above). 
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 851

NCEER-88-0006 "Combining Structural Optimization and Structural Control," by F.Y. Cheng and C.P. Pantelides, 1/10/88, 
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