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Project Overview

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

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

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

The societal impacts of this new DDBD procedure, aimed at increasing the height of woodframe 
structures equipped with economical seismic protection systems, is also investigated within 
the scope of this NEESWood project. Following the development of the DDBD philosophy for 
mid-rise (and all) woodframe structures, it was applied to the seismic design of a mid-rise (six-
story) multi-family residential woodframe condominium/apartment building. This mid-rise 
woodframe structure was constructed and tested at full-scale in a series of shake table tests on 
the E-Defense (Miki) shake table in Japan. The use of the E-Defense shake table, the largest 3-D 
shake table in the world, was necessary to accommodate the height and payload of the mid-rise 
building. 
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The research presented in this report focuses on the development of a numerical framework, suitable for 
nonlinear inelastic, static and dynamic two-dimensional analysis of light-frame wood structures.  The 
framework was validated by simulation examples based on existing experimental results and shake table 
tests carried out as part of this study as well as other experimental investigations available in the litera-
ture. The purpose of the shake table tests was: (1) to benchmark the dynamic characteristics and the seismic 
performance of a low-rise wood structure with realistic dimensions under various base input intensities, 
representative of both ordinary and near-fi eld ground motions in southern California, and (2) to investigate 
the effect of nonstructural components on the seismic response of the test structure. These examples demon-
strated the capability of the model to simulate load paths in the structure and predict variations in strength, 
stiffness and energy dissipation properties of the lateral-load-resisting system. The analysis illustrates that 
the proposed framework can provide reliable response predictions for structural systems incorporating dif-
ferent geometric confi gurations, anchorage conditions and gravity loading.
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ABSTRACT 
In support of the performance-based seismic design procedures for light-frame wood 

structures, developed within the NSF-funded NEESWood Project, a dual study with 

experimental and analytical components was conducted. 

In the context of the experimental investigation, a full-scale, two-story, light-frame wood 

townhouse building was tested on the twin relocatable tri-axial shake tables operating in 

unison, at the University at Buffalo UB-NEES site. The test structure was designed according 

to modern US engineered seismic design requirements (ICBO 1988) and constructed 

according to applicable practices in the 80’s in California. Four different test phases were 

conducted, associated with additional components in the building configuration, as the test 

structure initially featured only the structural shear walls considered in the design, and 

progressively interior (gypsum wallboard) and exterior (stucco) wall finishes were installed. The 

main objectives were to benchmark the dynamic characteristics and the seismic performance 

of a low-rise townhouse building with realistic dimensions under various base input intensities, 

representative of both ordinary and near-field ground motions in southern California, and to 

investigate the effect of non-structural components on the seismic response of the test 

structure. The test structure performed well under both DE and MCE levels of shaking, 

satisfying the collapse prevention objective, inherent in code-compliant seismic design. 

Moreover, the test results demonstrated the beneficial effect of wall-finishes on improving the 

seismic response of the structure, increasing the stiffness and the strength of the individual 

shear walls.  

The analytical task focused on the development, implementation and validation of a novel 

numerical framework, suitable for nonlinear inelastic, static and dynamic two-dimensional (2D) 

analysis of light-frame wood structures. The 2D building model is based on a sub-structuring 

approach that considers each floor diaphragm as rigid body with three kinematic, and 

potentially dynamic, degrees-of-freedom (DOF). A sub-structure model is developed for each 

individual single-story wall assembly that interacts with the adjacent diaphragms and generates 

the resisting quasi-static internal forces. The 2D shear wall model takes explicit consideration 

of all sheathing-to-framing connections and offers the option to simulate: (i) deformations in 
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the framing members, (ii) contact/separation phenomena between framing members and 

diaphragms, and (iii) any  anchoring equipment (i.e. anchor bolts, holdown devices), typically 

installed in light-frame shear walls to develop a vertical load path that resists overturning 

moments. Corotational descriptions are used to solve for displacement fields that satisfy the 

equilibrium equations in the deformed configuration, accounting for geometric nonlinearity 

(large rotations – small deformations) and P-Δ effects. These attributes result in a nonlinear 

element capable of capturing the lateral response of shear walls up to their complete failure 

and, thus, the side-sway collapse of the structure. To validate the proposed numerical 

framework, a number of simulation examples are presented, based on existing experimental 

results from pseudo-static tests of single- and two-story full-scale shear wall specimens, as well 

as shake-table tests of a single-story full-scale structure. These examples demonstrate the 

capability of the model to accurately simulate load paths in the structure and successfully 

predict variations in strength, stiffness and energy dissipation properties of the lateral-load-

resisting system. The complete set of numerical analyses presented in this study illustrates the 

versatility of the proposed sub-structure model to provide reliable response predictions for 

structural systems incorporating different geometric configurations, anchorage conditions and 

gravity loading. 
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CHAPTER 1:  INTRODUCTION 

1.1 Description and Review of the Seismic Behavior of Light-Frame Wood 
Structures  

The research work presented in this report describes the numerical and experimental 

investigations of the seismic response of light-frame wood structures. These low-rise 

residential buildings, widely used across North America, typically incorporate sheathed light-

frame wood shear walls as a lateral-load-resisting system. Since light-frame wood construction 

represents about 90% of the residential buildings in the United States and 99% of residences in 

California (CUREe 1998), a substantial portion of these structures is located in regions of 

moderate-to-high seismicity and is potentially susceptible to significant earthquake shaking 

during their life-spans. 
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Light-frame wood buildings consist of vertical (shear wall) and horizontal (floor) wood 

diaphragms. Figure 1.1a illustrates a single-story light-frame wood structure. Floor diaphragms 

distribute gravity and seismically induced loads to the wood shear walls and the seismic 

behavior of light-frame wood structures is dominated by the racking (shear) deformation of 

the shear walls along the horizontal directions parallel to the wall planes*.  

A wood shear wall, illustrated in Figure 1.1b, typically consists of (i) the framing members 

inter-connected with framing-to-framing connectors, (ii) the sheathing panels, and (iii) the 

sheathing-to-framing connectors (nails), typically distributed at a specified spacing along the 

panel edges. The in-plane lateral resistance is generated at the numerous sheathing-to-framing 

connections and the developed forces are directly related to the displacement field of the 

connectors, defined as the difference between the deformations of the panel sheathing and the 

wood framing (Figure 1.2a,b). It is the resultant connection forces acting on the framing that 

stabilizes the shear walls under the lateral loads transferred to the sill (bottom) and top plates 

of the wood frame from the floor diaphragms (Figure 1.2c,d). 

   
Figure 1.1 Illustration of (a) a Single-Story Light-Frame Wood Structure, and (b) a Wood Shear Wall 

 

                                                 
* Typically, the lateral resistance of shear walls along the horizontal direction perpendicular to the wall plane is neglected in 

seismic design of light-frame wood buildings. The basic points provided in this discussion refer to force and displacement 
fields solely along the wall plane.  

(b)(a) 
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Figure 1.2: Deformation and Free-Body Diagram of a Single-Panel Shear Wall under External Loads 

 

The pure racking deformation of wood shear walls is associated with significant hysteretic 

damping and dissipated energy by the sheathing-to-framing connections. The force-

displacement response of sheathing-to-framing connections, under cyclic loading, exhibits 

pinching characteristics as well as strength and stiffness degradation (Figure 1.3a), while these 

characteristics can also be identified in the global cyclic response of light-frame wood shear 

walls (Figure 1.3b). However, there are other modes of deformation, such as rocking or 

frictional sliding, that can affect the global lateral stiffness, strength, and energy dissipation 

characteristics of the inter-story wood walls, and subsequently modify the seismic response of 

the whole structure. The level of participation of secondary deformation modes other than 

pure racking kinematic distortion of the frame is related primarily to the load-deformation 

characteristics of the framing-to-framing connections as well as the shear-transferring and 

vertical load-anchoring devices between shear walls and floor diaphragms. Loads between 

light-frame wood members are transferred mainly through bearing and friction, but tensile 

(b) (a)

(d) (c)
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forces that are developed under equilibrium to lateral forces and that overcome the gravity 

compressive loads may cause members to detach, exposing (i) the framing-to-framing 

connectors to tensile deformation fields (separation phenomena) coupled with shear-

transferred loads, and (ii) the sheathing-to-framing connectors to modified displacement orbits 

to accommodate the local discontinuity of the wood framing. These phenomena modify the 

load paths from the structure to the ground and are associated in most cases with reduced 

global stiffness and energy dissipation capability. 

     
Figure 1.3 Qualitative Demonstration of the Cyclic Response of (a) a Sheathing-to-Framing Connection  

(from Ekiert and Hong 2006), and (b) a Light-Frame Wood Shear Wall (from Pardoen et al. 2003) 

 

Another factor that can affect the seismic behavior and excite secondary modes of 

deformation is the effect of nonstructural wall finishes. The installation, for example, of 

interior gypsum wallboard on structural wood shear walls may increase their lateral stiffness 

and strength, but may also lead to violation of fundamental capacity design principles in cases 

where the system overstrength produces demands that exceed the actual, as well as the 

expected, capacity of critical connections.  

Therefore, the seismic response of light-frame wood buildings is complex and the seismic 

performance of new and existing light-frame wood buildings in seismic-prone areas will be 

affected by various factors, such as: 

i. The construction era and, accordingly, the quality of materials and the availability of 

seismic design and construction standards. 
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ii. The consideration or not of engineering methods in the design process – since a part 

of the existing light-frame wood houses are based on non-engineering construction – 

and the effectiveness of the applicable design codes. 

iii. The construction quality and level of detailing in meeting the specified connections or 

structural details. 

iv. The types of interior and exterior wall finish materials and the methods of attachment 

to the structural members. 

v. The variability in mechanical properties of wood due to the inherent inhomogeneity 

and anisotropy. 

As stated wisely in CUREe (1998): “The seismic response of light-frame wood buildings is largely controlled 

by the connections of the numerous pieces of material that make up a structure and by the quality and 

workmanship of these connections.” 

1.2 Performance of Light-frame Wood Structures in Past Earthquakes 
While light-frame wood buildings have historically performed well with regard to life safety 

requirements in regions of moderate-to-high seismicity, these types of low-rise structures have 

sustained significant structural and nonstructural damage in recent earthquakes. 

Falk and Soltis (1988), summarizing observations from damage of light-frame wood buildings 

from past earthquakes, reported the susceptibility to damage of (i) two-story and split-level 

homes with large garage openings at ground level (1971 San Fernando Earthquake, Figure 

1.4a), and (ii) wood houses with short wood stud (cripple) walls in the substructure (1983 

Coalinga and 1984 Halls Valley Earthquakes). Other observations from these three seismic 

events included failures at sill plate connections and homes shifting off foundations. The 

authors concluded that properly constructed light-frame wood buildings performed well, but 

indicated prophetically that, in the United States, little work had been performed on the 

ductility of wood structures. 

Damage in light-frame wood buildings was also observed after the 1989 Loma Prieta 

Earthquake (Figure 1.4b,c), but the 1994 Northridge Earthquake has been recognized as the 
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seismic event that actually highlighted the seismic vulnerability of residential light-frame wood 

construction. It is indicative that out of the 25 fatalities caused by building damage during the 

Northridge Earthquake, 24 occurred in light-frame wood buildings (EQE 1995). Most of the 

fatalities were related to soft/first story collapse of apartment buildings with tuck-under garage 

(Figure 1.4d), and few to collapse of hillside houses inadequately supported on steep 

foundations (Hall et al. 1995). Extensive damage in structural components and nonstructural 

wall finishes of light-frame wood buildings was the main contributor to the temporary 

displacement of 100,000 residents, which persisted as a long-term displacement of 50,000 

residents (Perkins et al. 1998). The property loss to light-frame wood construction as a result of 

this single seismic event was estimated at $20 billion (Kircher et al. 1997), and exceeded the 

loss to any other type of construction. Of the $12.3 billion paid out for insurance claims, 78% 

has been for residential claims, almost all of which was associated with light-frame wood 

construction (Kircher et al. 1997). 

    

    
Figure 1.4 (a,b,d) Collapse of Two-Story Buildings due to Inadequate Lateral Strength at the Ground Level, and (c) 
Excessive Lateral Residual Displacements at the First Story of a Mid-Rise Building. All Cases are Related to a Soft-Story 
Mechanism (Photo Credit: (a,b,c) USGS, (d) Wikipedia) 

(a) (b) 

(c) (d) 
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1.3 Influence of Northridge Earthquake on Current State of Knowledge 
The significant damage experienced by light-frame wood construction during the 1994 

Northridge Earthquake highlighted the need for a more fundamental understanding of the 

seismic behavior of structural and nonstructural members and the load paths arising during 

earthquake shaking. Although studies on the seismic analysis of light-frame wood structures 

had been conducted for more than twenty years, the state of knowledge was not as advanced 

as for steel or concrete structures, because of the relative lack of research attention to wood 

buildings, based on their good historical performance. 

“Although 99% of the residences in California are of woodframe construction, there has been surprisingly little 

research focused on improving their earthquake resistance. The woodframe building’s earthquake problems have 

been overlooked and under-researched. It’s a kind of construction that appears to be simple but is actually 

complex. The seismic folklore in California has led people to believe that wood buildings perform well in 

earthquakes almost by accident, without the need to test and design them as thoroughly as steel, concrete, or 

masonry buildings. The Northridge Earthquake proved that assumption false. Even some well-engineered wood 

buildings suffered surprising amounts of damage.” 
[Robert Reitherman, CUREe Executive Director (CUREe 1998)] 

Furthermore, the huge financial loss and social disruption, as a result of a single seismic event, 

led the structural engineering community to the realization that the code-provided and 

minimum-specified level of aseismic protection, associated solely with prevention of 

substantial loss of life, may not be socially and economically acceptable, for a wide class of 

structures. Light-frame wood buildings that responded deep in the inelastic range but were not 

collapse hazards, suffered either from unrepairable level of structural damage, based on 

engineering or economical considerations, or from levels of structural or/and non-structural 

damage that questioned the financial profitability of retrofitting them. It was recognized that 

emphasis should be given, initially, in the production of reliable estimates of loss-hazards for 

existing and new construction and, secondly, in the development of effective decision-support 

methods that would lead to economically feasible solutions. 

In 1998, the Federal Emergency Management Agency (FEMA) funded the CUREe-Caltech 

Woodframe Project: “Earthquake Hazard Mitigation of Woodframe Construction”. It was a 

Hazard Mitigation Grant Program award to the California Institute of Technology, with the 
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premise of developing reliable and economical ways of improving woodframe building 

performance in earthquakes (CUREe 1998). Project participants included many universities, 

practicing engineers and industry representative, under management of California Universities 

for Research in Earthquake Engineering (CUREe). As part of the project, extensive 

experimental programs (from component quasi-static to full-scale shake-table testing) and 

analytical studies were carried out, focusing on various aspects that affect the local or global 

seismic behavior of light-frame wood building components. Field investigations were also 

conducted to examine the earthquake performance of light-frame wood buildings in 

earthquakes and primarily the Northridge Earthquake. Additionally, other studies were 

conducted using performance-based concepts to convert physical performance for different 

seismic demands and associated risks into economic terms and establish a better understanding 

of the related long-term financial loss under the uncertainty of earthquake shaking. The multi-

faceted nature of the project allowed the development of design recommendations and retrofit 

techniques and the inclusion of important findings in building codes and standards, while 

education and outreach programs synthesized and presented information in various formats to 

reach different audiences and to address different topics. The CUREe-Caltech Woodframe 

Project produced a number of valuable contributions and left a rich heritage of experimental, 

analytical and economical studies on the earthquake, and the associated life and loss, hazard 

mitigation of light-frame wood construction. 

1.4 Research Motivation 

1.4.1 The NEESWood Project 
To date, the height of light-frame wood 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, nonstructural limitations such as material fire requirements, and 

potential damage considerations for nonstructural wall finishes. Despite the complexity in the 

response of light-frame wood structures, this kind of systems has been traditionally designed 

using simple methods of analysis. 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 consideration of the 

influence that their stiffness and strength have on the other structural components of the 
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structural system. 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 United States and abroad relative to the steel and concrete industry. 

As a result, the NEESWood Project: “Developing Performance-Based Seismic Design 

Philosophy for Mid-Rise Light-frame Wood Construction” 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 light-frame wood construction. 

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 light-

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

rise light-frame wood structures. This is being accomplished through the development of a 

new seismic design philosophy that will make mid-rise light-frame wood construction a reality 

in regions of moderate-to-high seismicity. Such a design philosophy falls under the umbrella of 

the performance-based design paradigm. 

As part of the NEESWood Project, an experimental program that involved the three-

dimensional shake-table testing of a full-scale two-story light-frame wood townhouse building 

was conducted at the University at Buffalo. The test structure, designed and constructed 

according to applicable practices in the 80’s in California, represented one of the largest 

building specimens ever tested under three-dimensional earthquake simulation and utilized 

both twin shake tables at the Structural Engineering and Earthquake Simulation Laboratory 

(SEESL) at the University at Buffalo for over 9 months. The experimental program, extended 

in 5 test phases associated with different structural configurations of the building, was selected 

as such to provide a wide set of recorded data that can enable observation, identification and 

quantification of fundamental aspects that affect the seismic performance of a light-frame 

wood building with realistic dimensions, under increased levels – beyond design-basis – of 

shaking. The qualitative and quantitative observations from the benchmark test results can be 

directly applicable to performance-based design and analysis procedures, conducted within the 

NEESWood Project. The testing procedures and the main results of the processed data have 

been documented by Christovasilis et al. (2009a) and are summarized in Chapter 3 of this 

report. 
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1.4.2 The ATC-63 Project 
While experimental and analytical work on the seismic design and analysis of structures has 

been advancing, the collapse assessment of structural systems has been of particular research 

interest, since collapse prevention is the primary performance level implied in code design 

standards for the maximum considered earthquake level of shaking (MCE event in U.S. code 

practice). The recently completed FEMA-funded ATC-63 Project: “Quantification of Building 

System Performance and Response Parameters” (FEMA P695 2009) managed by the Applied 

Technology Council (ATC) is aimed at quantifying design parameters that have been 

traditionally used in force-based seismic design practice, such as the force-reduction factor (or 

R factor). These parameters are directly related to assumptions that simplify the seismic design 

process of structures that respond in the inelastic range. The methodology described in the 

ATC-63 Project involves dynamic response-history analyses of nonlinear numerical models 

under increasing amplitude of earthquake shaking, until collapse is reached. The results of the 

multi-level sets of analyses are integrated in a codified probabilistic framework to treat 

epistemic and aleatory uncertainties related to the accuracy of the numerical model and the 

level of seismic demand. The final outcome of this procedure yields a deterministic 

quantification of the seismic performance, with respect to a collapse prevention specified level 

of performance, of a group of archetype buildings with the same lateral-load-resisting system, 

under an ensemble of MCE events. Thus, the ATC-63 methodology attempts to specify 

acceptable force-reduction factors for newly developed structural systems, using a 

performance-based approach that will provide “equivalent safety against collapse in an earthquake, 

comparable to the inherent safety against collapse intended by current seismic codes, for buildings with different 

seismic-force-resisting systems,” as stated in the general project scope of FEMA P695 (2009). 

As part of the ATC-63 Project, an analytical task assigned to the research group at the 

University at Buffalo consisted of the implementation of the proposed methodology in light-

frame wood buildings that incorporated shear walls as a seismic-force-resisting system. Two 

index buildings were considered for complementary three-dimensional dynamic analyses 

(Christovasilis et al. 2009b), and 16 archetype buildings were considered for the two-

dimensional dynamic analyses described in FEMA P695. The numerical models used in these 

series of nonlinear dynamic analyses – developed under the CUREe-Caltech Woodframe 

Project by Folz and Filiatrault (2001, 2004a, 2004b) – demonstrated high computational 
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efficiency, because of the simplified numerical formulation that involves lumping the hysteretic 

behavior of shear walls in equivalent SDOF nonlinear shear springs, but also exposed 

limitations, due to (i) the inability to predict the reduction in stiffness and strength of shear 

walls with high aspect ratio, and (ii) the neglection of second order P-Δ effects due to gravity 

loads. The versatility of the ATC-63 methodology permits to explicitly account for these 

limitations by assigning a greater modeling uncertainty for archetypes incorporating high 

aspect ratio walls, as demonstrated in the example application presented in FEMA P695. 

Regardless of that, the use of more reliable numerical models that account for geometric 

nonlinearity and simulate additional secondary modes of deformation of light-frame wood 

shear walls will lead to more accurate estimates of the safety against collapse intended by 

current seismic codes. 

In a paper on challenges and progress in performance-based earthquake engineering, 

Krawinkler (1999) pointed that the objective of seismic engineering should be to design and 

build better and more economical structures, and performance-based engineering could serve 

well under this cause. One important conclusion, based on the discussion provided by 

Krawinkler (1999), is that performance-based engineering is the starting point for structural 

engineers to promote a more comprehensive importance of the integrity of structures under 

any human- or nature-imposed excitation. Yet, in order to implement it, structural engineers 

must first develop reliable tools for predicting, quantifying and assessing the performance 

analytically. Analyzing the research objectives that will lead to the development of 

performance-based engineering, Krawinkler (1999) mentions that, among others, research 

studies should focus on: 

“The development of more reliable analytical procedures that permit a performance evaluation of a wide variety of 

soil-foundation-structure systems and their components, of nonstructural systems, and of building contents, at all 

levels of performance, ranging from cosmetic structural or nonstructural damage to structural degradation leading 

to collapse, and with due consideration given to the uncertainties inherent in the assessment of seismic demands 

and capacities.” 

1.5 Scope and Objectives 
The scope of the NEESWood Benchmark Tests has been partially discussed in the previous 

section. The main objectives are: 
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• To benchmark the dynamic characteristics and the seismic performance of a code-

compliant building with realistic dimensions under various base input intensities, 

representative of both ordinary and near-field ground motions in southern California, 

and to assess the seismic response under equivalent design and maximum earthquake 

levels of shaking. 

• To investigate the effect of non-structural components on the seismic response of the 

test structure.  

• To identify and document damage in structural and non-structural components by 

conducting a detailed damage survey after the completion of each seismic test. 

The analytical part of the research work described in this report focuses on the development 

and validation of a novel numerical framework, suitable for nonlinear, inelastic, static and 

dynamic analysis of 2D models of light-frame wood buildings. The research objectives are: 

• The development of an analytical framework to describe the static equilibrium 

equations of light-frame wood shear walls, considering geometric nonlinearity 

associated with rotational DOF assuming small deformations, and to solve the static 

equilibrium equations in the deformed configuration. Primary importance is given to 

the capability to simulate additional modes of deformation of the wood framing, such 

as rocking and flexural response, as well as anchoring uplift-restrain devices that are 

typically installed in such systems. The target is to achieve good predicting capabilities 

of shear walls with various anchoring conditions (engineered or conventional 

construction) at a maximized range of global inter-story displacements (small to large, 

near collapse, story drifts). 

• The development of an in-house dedicated computer program to implement the 

analytical procedures in a numerical framework for multi-step monotonic or cyclic 

analysis of light-frame wood shear walls under quasi-static forces and prescribed 

displacements. 
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• The extension of the developed analytical and numerical procedures to the formulation 

of 2D numerical models of multi-story light-frame wood buildings and the 

implementation of solution schemes to calculate the response of wood buildings under 

static or dynamic loading conditions. 

• The development and implementation of preprocessing tools to: 

o Provide a convenient and simple format to import user data related to the 

numerical model (i.e. geometry and dimensions, material properties, analysis 

cases, etc.). 

o Provide a mesh generator algorithm that minimizes the amount of input data 

required to define the geometry of light-frame wood walls and can 

accommodate various structural configurations. 

• The validation of the proposed numerical framework against quasi-static and dynamic 

tests of full-scale, single- or multi-story, light-frame wood walls or buildings. 

1.6 Organization of the Report 
This report consists of 7 chapters, 3 appendices, and a list of references. Chapter 0 introduces 

the fundamentals on the seismic behavior of light-frame wood structures and outlines a 

summary of the response of such buildings in past earthquakes, while the last sections set the 

objectives of the research work conducted as part of this report. Chapter 2 presents a literature 

review of published numerical formulations for the static and dynamic response of light-frame 

shear walls, extending in part to formulations regarding complete light-frame wood buildings. 

Chapter 3 summarizes the test procedures and the most important results deduced from the 

benchmark shake-table tests of a full-scale two-story townhouse structure. Chapter 4 describes 

the proposed 2D numerical framework for the static and dynamic analysis of light-frame wood 

buildings, while Chapter 5 presents the validation of the proposed numerical model against 

quasi-static monotonic and cyclic tests of full-scale single and two-story walls. Chapter 6 

provides the validation of the proposed model against the response of a single-story specimen 

under shake-table testing. Chapter 7 summarizes the work conducted in this report, providing 

the most important conclusions drawn from this research study and outlining a list of 
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recommendations for future studies. Appendix A and Appendix B present information related 

to the estimation of the parameters used in the nonlinear connection models described in the 

validation procedures of Chapter 5 and Chapter 6, respectively. Finally, Appendix C presents a 

time step convergence study for the numerical model of Chapter 6. 
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2  
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 2:  LITERATURE REVIEW ON NUMERICAL 

MODELING OF LIGHT-FRAME WOOD STRUCTURES 

2.1 Introduction 
The numerical modeling of light-frame wood structures originated in the second half of the 

20th century with the linearized, static, non-iterative analysis of wood sheathed diaphragms and 

has evolved nowadays to nonlinear static and dynamic response-history analysis of shear walls 

and complete buildings, using commercial or dedicated user-developed finite element analysis 

software. The multi-component nature of light-frame wood buildings has favored the use of 

both simplified-macro and advanced-micro mathematical models, numerically implemented in 

a finite-element-based computer program, to predict the static or dynamic response of 

sheathing-to-framing connections, light-frame wood diaphragms and entire light-frame wood 
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buildings – following a sequence based on the physical size of the prototypes mostly studied in 

analytical and experimental research efforts. 

The Finite Element Method (FEM) has been used in a variety of displacement-based, (i) 2D or 

3D, (ii) simplified or sophisticated, numerical formulations over the years to describe the cyclic 

response of buildings or important building components of light-frame wood construction. 

The reason lies behind the generality and versatility of the FEM, which offers to investigators 

the capability to analyze structural prototypes of variable physical size at a user-defined (macro 

to micro) modeling scale, and to integrate the numerical models of all members of a structural 

assemblage under a unified computational framework. For example, finite element 

representations of the wood framing, the sheathing panel, and the sheathing-to-framing – and 

other inter-component – connectors can be integrated in a numerical model of a wood shear 

wall. On the other hand, the experimental results of shear wall tests can be used to back-track 

connection spring properties using a minimization procedure of the difference between the 

actual response and the numerical prediction of the finite element model. 

The literature review provided in this chapter attempts to present and discuss some of the 

relevant published research contributions on the 2D analysis of wood shear walls under 

horizontal and vertical loads. Additional necessary review on modeling of sheathing-to-framing 

connections is included, since these connections play, as widely accepted, the most important 

role in the lateral response of light-frame wood shear walls. Studies on three-dimensional 

modeling of light-frame wood diaphragms and buildings have also been considered, focusing 

on the modeling techniques for the in-plane response of wall diaphragms, and the effect of 

surrounding diaphragms on the in-plane behavior. The response of single-story wood shear 

walls under in-plane horizontal forces has been studied in a number of analytical, numerical, 

and experimental research projects. A thorough bibliographic review on the evolution of 

testing, modeling and reliability analysis of light-frame wood shear walls has been described by 

van de Lindt (2004). 

Shear walls act as the primary lateral-load-resisting system in a light-frame wood structure and 

are traditionally designed under a force-based procedure that assumes a static horizontal force 

as a fraction of the tributary weight that is laterally supported by the wall. Construction 

guidelines or equilibrium-based engineering calculations can provide a capacity-based analysis 
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of vertical load paths developed in the wood framing that can indicate the necessity for 

installation of (i) holdown devices in the end studs of the shear wall to resist uplifting inner 

forces, and (ii) anchor bolts in bottom sill plates in a specified spacing to transmit uplifting and 

lateral inner loads to the foundation. While this design and construction practice leads to a 

building that can be conceptually – or performance-based – rated to have “superior design and 

construction quality”, the majority of the residential houses in North America has been built 

with questionable and rather medium-to-poor construction quality (CUREe 1998). With this 

point in mind, the description of each proposed model attempts to investigate and highlight 

the application of modeling techniques to describe the effects of vertical load paths and equally 

acknowledge the assumptions made in boundary conditions or inter-component connections. 

Reviewing the available literature on the 2D numerical static analysis of wood shear wall 

diaphragms reveals that there are two major numerical strategies adopted by researchers to 

describe the static equilibrium equations of these systems. One strategy utilizes the finite 

element method to describe the numerous and different material components and compute 

the response under prescribed boundary and loading conditions. The other strategy attempts 

to explicitly describe the displacement fields of the wood framing and the sheathing panels, 

and accordingly the displacement field of each nail connector, through generalized modes of 

deformation and rigid body modes. The response (generalized force resistance or generalized 

displacement) under prescribed generalized loading and boundary conditions may then be 

conveniently calculated by equating external work with the internal strain energy collected 

cumulatively from the associated deformation modes of the panels and the wood framing, as 

well as from the slipping of the connectors. 

Although the finite element static analysis of a single-panel shear wall can be executed fairly 

easily on a personal computer based on documented methods, when considering multi-panel 

shear walls across a single or multiple floors, the numerical solution poses a high 

computational overhead. Failure to meet these demands leads either to inability of the 

computer program to conclude the analysis or excessive time to facilitate the solution. The 

problem becomes more apparent when pursuing a dynamic response-history analysis, since 

this procedure requires a great number of solution steps for each earthquake record, and the 

seismic assessment usually involves the execution of multiple dynamic analyses with different 
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ground motions. These reasons have led to the use of both detailed and simplified finite 

element models, depending on the physical size of the prototype and the type of analysis, 

favoring simplified modeling techniques, especially for dynamic analysis of 2D or 3D 

buildings. 

The following section presents some of the simplified models proposed in the last two-to-

three decades, for the static monotonic analysis of light-frame wood shear walls. Table 2.1 

summarizes the most important modeling characteristics of these studies. 

2.2 Simplified Numerical Models for Static Monotonic Analysis 
Tuomi and McCutcheon (1978) and McCutcheon (1985) described a simple shear wall model 

with a pure racking distortion of the rigid framing members, assuming that the frame corners 

move along the diagonals relative to the sheathing panel. The objective of this effort was to 

obtain a closed-form strength equation, which the authors did, using a two-parameter power 

curve for the nail uni-dimensional nonlinear elastic response.  

Easley et al. (1982) also developed shear wall strength formulae, based on experimental 

observations of the deformation patterns of the nail connectors, when a shear wall is subjected 

to lateral loads. Using a pre-defined horizontal and vertical force distribution in the nail 

connectors, based on their geometric location on the sheathing panel, the authors proposed 

two formulae applicable for response in the linear and in the nonlinear deformation range of 

the wall, respectively. These equations were developed for standard 4 ft by 8 ft sheathing 

panels and symmetric location of nail connectors in the plane of the shear wall. Easley et al. 

(1982) validated the suggested equations with monotonic tests of 8 wall specimens and 

complementary finite element analyses described in the following section. 

Gupta and Kuo (1985) in an attempt “to model wood framed shear walls rationally and as simply as 

possible” presented a shear wall model that considered a racking mode for the framing and 

generalized bending for the studs with rigid sill and top plates. Two modes of shear 

deformation were considered for the panel assuming a rigid translation of the sheathing with 

the centre of the wall. The model was used to perform nonlinear static analyses and compare 

the results with the experimental data as well as with the results from finite element analysis by 

Easley et al. (1982). Gupta and Kuo (1985) concluded, based on a comparison between rigid 
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and flexible studs, that the bending flexibility of the studs plays a secondary role on the global 

force-deformation characteristics of wood shear walls. Bending in the top and sill plates was 

not considered at all, partly on the grounds that the finite element analysis results from Easley 

et al. (1982) did not show this bending behavior as clear as for the vertical studs. 

Later, Gupta and Kuo (1987a) extended the shear wall model with rigid frame elements to 

include stud uplift from the sill plate, which was still assumed to be fixed at the foundation. In 

a companion publication (Gupta and Kuo 1987b), the authors further extended the shear wall 

model to include uplift of the rigid sill plate from the ground. The final model proposed 

consisted of seven kinematic defrees-of-freedom (DOF) considering uplift behavior in one 

end only, under constant static lateral in-plane load, considering (i) two shear DOF for all 

sheathing panels, (ii) one vertical DOF of the sheathing panels, linearly distributed to all panels 

from the bearing end (zero uplift) to the tensile end, (iii) one vertical DOF of the sill plate, 

linearly distributed from the bearing end (zero uplift) to the tensile end, (iv) one vertical DOF 

of the studs and the top plate, linearly distributed from the bearing end (zero uplift) to the 

tensile end, and finally (v) one horizontal DOF for the kinematic shear deformation of the 

studs and top plate. The separation of studs from the top plate was not considered in this 

study.  
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Table 2.1 Characteristics of Simplified Numerical Models for Static Monotonic Analysis of Wood Shear Walls 

Authors  Framing Sheathing 
Panel  

Sheathing-
to-Framing 
Connectors

Framing-to-
Framing 

Connectors 

Boundary 
Conditions Comments

Tuomi and 
McCutcheon 

(1978); 
McCutcheon 

(1985) 

Rigid framing; 1 
pure racking 

DOF 

1 shear 
DOF; panel 

translates 
and rotates 
according 

to kinematic 
assumptions

1 DOF; 
force 

calculated 
based on a 

power curve 
law 

Pin-
connections Fixed base 

Provides 
closed-form 
solutions of 

lateral 
resistance 
and wall 

displacement

Easley et al. 
(1982) 

Rigid framing; 1 
pure racking 

DOF 

1 shear 
DOF; 

2 DOF; 
Distribution 

of 
horizontal 

and vertical 
forces based 

on a pre-
defined 
pattern 

Pin-
connections Fixed base 

Provides 
closed-form 
solutions of 

lateral 
resistance 
and wall 

displacement

Gupta and 
Kuo (1985) 

1 pure racking 
DOF; 1 DOF 

for stud 
bending 

2 shear 
DOF; panel 

translates 
according 

to kinematic 
assumptions

1 DOF; 
force 

calculated 
based on a 

smooth 
curve 

Pin-
connections Fixed base 

Stud 
bending was 

finally 
rejected 

based on the 
small 

contribution 
in the 

predicted 
response 

Gupta and 
Kuo (1987a) 

1 pure racking 
DOF; 1 vertical 
DOF for stud 

uplifting 

2 shear 
DOF; 1 
vertical 

DOF for 
uplifting 

1 DOF; 
force 

calculated 
based on a 

smooth 
curve 

Pin-
connections at 
the top plate; 
uplift allowed 
uniformly at 

the bottom of 
the studs with 
linear springs 

Fixed base  

Gupta and 
Kuo (1987b) 

1 pure racking 
DOF; 2 vertical 
DOF for stud 
and sill plate 
uplifting; 1 

lateral DOF for 
sill plate 
slippage 

2 shear 
DOF; 1 
vertical 

DOF for 
uplifting 

1 DOF; 
force 

calculated 
based on a 

smooth 
curve 

Pin-
connections at 
the top plate; 
uplift allowed 
uniformly at 

the bottom of 
the studs with 
linear springs 

1 linear 
horizontal 
spring for 
sill plate 
slippage 

7 DOF Wall 
Element 
with stud 

and sill plate 
uplifting and 

sill plate 
slippage for 
monotonic 

iterative 
analysis 
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Gupta and Kuo (1987b) described a model for the static experimental results of a full-scale 

single floor rectangular light-frame wood structure with inclined roof in five subsequent 

construction phases (Tuomi and McCutcheon 1974). They formulated a building three-

dimensional model considering diaphragm (plane stress) action of walls, ceiling and sheathed 

roof, and presented the concept of sub-structuring each diaphragm as a wall element and 

associating global DOF of the building model with the wall element DOF of the rigid wood 

framing. The previous model was extended to nine kinematic DOF, where both ends could 

uplift, and was used to simulate the wall diaphragm perpendicular to the in-plane external 

force, on the uplifting side of the structure. Although this assumption of rigid framing was 

acceptable within the context of a simple analysis procedure, it was conceptually accepted that 

bending did not contribute to the uplifting behavior of the wood shear walls. 

These simplified models have been introduced first because they were implemented only for 

static analysis at various levels of lateral force below the ultimate strength and did not require 

the use of a dedicated structural analysis computer program. The iteration procedure, if the 

nonlinear backbone curve of the connectors is defined, involves a rather straightforward 

numerical implementation of the linear mathematical equations that describe the static 

response under linear connectors, updating successively the secant stiffness of the connectors, 

based on the computed deformations of the connectors. 

2.3 Finite Element Numerical Models for Static and Dynamic Analysis 
This section describes the finite element models suggested and implemented in computer 

codes or commercial software to predict the static and dynamic response of wood shear walls. 

The applications of these models for the analysis of light-frame wood buildings in two or three 

dimensions are also discussed. 

Two of the earliest contributions on finite element analysis of wood shear wall diaphragms are 

those by Polensek (1976) and Foschi (1977). Polensek (1976) described a model to predict the 

out of plane bending behavior of wood diaphragms, due to normal pressure perpendicular to 

the sheathing and vertical gravity loads, but did not address the in-plane lateral response, so 

further information is not provided in this review. 
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Foschi (1977) presented a finite element model for wood diaphragms using a 2-noded beam 

element for the wood framing and a 12-noded quadrilateral plane stress element for the 

sheathing. Sheathing-to-framing connections were described through a 2-noded nonlinear 

elastic spring aligned in the direction of the differential motion between framing and sheathing 

under in-plane loads. The framing-to-framing connections were modeled as 3 independent 2-

noded nonlinear elastic springs transferring shear, axial and bending moments between the 

connecting members. Foschi (1977) validated his model using the experimental response of a 

60 ft by 20 ft wood horizontal diaphragm, loaded as a simply supported beam with increasing 

in-plane loads perpendicular to the long diaphragm direction. Good agreement was shown for 

the deflection predictions in the middle of the 60ft long diaphragm. 

In addition to the simplified model and the strength formulae described in the previous 

section, Easley et al. (1982) used an existing structural finite element program to model the 

response of light-frame wood shear walls with typical dimensions. Wood framing and 

sheathing panels were modeled with 8-noded plane stress elements, and the sheathing-to-

framing connectors were described through two independent orthogonal nonlinear elastic 

springs. Framing connectors were considered to provide pinned connections between framing 

members. Easley et al. (1982) noted that since separation of the studs from the horizontal top 

and bottom plates was not considered in the simplified and the finite element model, the 

formulae provided were applicable to shear walls with framing connections that were effective 

in transferring tension loads between members. 

Itani and Cheung (1984) used 4-noded joint elements with 10 DOF to represent a line of 

nonlinear connectors in wood shear walls. Standard beam and plane-stress elements were used 

to mesh the framing and sheathing panels, respectively. Good agreement was observed in 

predicting the monotonic response of various shear wall tests. Later, Falk and Itani (1989) 

extended this work and introduced a 20 DOF, 4-noded transfer element to describe the 

deformations of all the connectors in a single sheathing panel. Using 4 beams and 1 

isoparameteric plane-stress element integrated in the proposed formulation provided a less 

computationally intensive numerical model to be used for the analysis of diaphragms with 

large dimensions. 
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Gutkowski and Castillo (1988) developed a finite element program that allowed modeling of 

exterior and interior sheathing panels in wood shear walls. Standard finite elements were used 

to simulate deformations in the framing, the panels and the nonlinear nail connectors. 

Additional framing-to-framing connector springs were employed to model linear response of 

the two orthogonal translations and one in-plane rotation. Stiffness accounting for the 

difference in bearing and tension parallel to the contact force was included for these 

connections, while sheathing bearing was modeled with nonlinear gap elements. Gutkowski 

and Castillo (1988) verified their model with results of experimental work performed by 

Patton-Mallory et al. (1984) at the U.S. Forest Products Laboratory. The shear wall specimens 

consisted of (i) gypsum wallboard fastened with drywall screws, (ii) plywood nailed with 8d 

common nails, (iii) both panel sheathings, one in each side of the wall. Interestingly, while the 

predictions for single-sheathed walls were very satisfactory, the model over-predicted the 

strength of double-sheathed walls. One possible reason, discussed by Gutkowski and Castillo 

(1988), was the reduction of strength in the nail connections due to changes in moisture 

content and shrinkage, taking place during the month that elapsed from construction to testing 

of the wall specimens. Gutkowski and Castillo (1988) noted that the actual support conditions 

existing in the test setup were realistically simulated in the proposed finite element model, 

raising awareness for the importance of this key point in similar work done by other 

researchers. 

Dolan and Foschi (1991), based on the work by Dolan (1989), extended the finite element 

program formerly developed by Foschi (1977) to include (i) out of plane bending and buckling 

of sheathing panels, (ii) bearing between sheathing panels using bilinear connectors, and (iii) 

sheathing-to-framing connections with three directions of movement and defined ultimate 

capacity, including discrete and smeared connectors. Framing-to-framing connections are not 

presented in Dolan and Foschi (1991), which should imply that pinned connections were 

considered. The predictions of ultimate strength capacity were very well correlated with the 

experimental results of seven full-scale 8ft-by-8ft shear walls under static lateral loads, 

conducted by Dolan (1989). In this test setup, the base and top of the wall were rigidly 

attached to the test frame and the end studs were anchored to the test frame as well (Dolan 

and Foschi 1991). The authors reported that the response beyond the peak load capacity could 
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not be computed due to numerical difficulties in the solution of the force-controlled solution 

algorithm. 

Later, White and Dolan (1995) developed a 2D shear wall model capable of performing 

nonlinear static and dynamic analysis. Element formulations were based on Dolan (1989) but 

out-of-plane deformations were not considered in this study. Two independent orthogonal 

springs were defined at each sheathing-to-framing connection, with hysteretic rules, described 

by Dolan (1991), which accounted for pinching and stiffness degradation. Similar static 

response of the proposed representation to that predicted by the more detailed model by 

Dolan and Foschi (1991) was observed, and good correlation was achieved with static and 

dynamic tests described in Dolan (1989). 

Filiatrault (1990) developed a simple structural analysis program to predict the behavior of 

timber shear walls under lateral static loads and earthquake excitations. Considering a pure 

racking deformation of the wood framing and rigid body motion of the sheathing deformed 

under constant shear, the author used a total of 5 global DOF to model a single-panel shear 

wall. Additional panels with 4 DOF each could be considered in the same 2D space. Using the 

hysteretic connector model by Dolan (1989), Filiatrault (1990) performed dynamic time-history 

analyses considering 1 horizontal dynamic DOF at the top of the shear wall. The 

computational efficiency of this simplified model and the relatively good correlation with static 

and dynamic tests by Dolan (1989) was highlighted by the author, stating that it could be a 

useful background structural model for reliability-based studies. 

Kasal and Leichti (1992) introduced the concept of energetically equivalent simplified finite 

element modeling as a more computationally effective method to compute the static response 

of complete light-frame wood buildings. Using a commercial software package, each shear wall 

was modeled in detail to include in-plane and out-of-plane deformations. The wood framing 

was defined by shell elements perpendicular to the wall plane while the sheathing panel was 

defined by shell elements parallel to the wall plane. Three independent nonlinear springs, 

including nail withdrawal, were utilized for each sheathing-to-framing connector, while pinned 

conditions were assumed at the stud-to-plate connections. This detailed model was analyzed 

under static lateral in-plane loads and the horizontal response was computed with respect to 

the wall drift. This force-displacement relationship was then fitted in an analytical formula and 
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was embodied in a diagonal nonlinear truss element that was subsequently used in the 

equivalent simplified model. A similar fitting procedure was presented to adjust the bending 

and torsional linear behavior of the diaphragm wall, based on the results of the detailed model. 

Later, Kasal et al. (1994) extended this procedure to model a one story light-frame wood test 

structure investigated by Phillips et al. (1993), by introducing inter-component connections 

between vertical and horizontal diaphragms. However, the hysteretic behavior of nailed 

connections was not properly accounted for, as stated by the authors, and the cyclic tests 

performed by Phillips et al. (1993) could not be directly compared. 

Tarabia and Itany (1997a, 1997b) introduced a complete finite element model for dynamic 

analyses of three-dimensional light-frame wood buildings. For the in-plane lateral behavior of 

each shear wall, each sheathing panel without openings was assumed to have 2 rigid body 

translations and 2 constant shear deformations, while sheathing panels incorporating one 

opening had 4 additional shear deformations. The motion of the frame was expressed through 

shape functions defined for the 4 corner nodes of the frame surrounding the panel. Sheathing-

to-framing connectors were modeled with two independent orthogonal springs that 

incorporated the hysteretic rules defined by Kivell et al. (1981) and accounted for pinching and 

stiffness degradation through piecewise-linear paths – the backbone curve was nonlinear 

exponential. Framing connectors with different linear stiffness in compression, tension, and 

shear were also included. The out-of-plane bending behavior of the wall diaphragms was 

decoupled from the shear in-plane behavior, neglecting withdrawal of nailed connections. 

Inter-component connections between diaphragms, similarly in concept to Kasal et al. (1994), 

were assigned in models of complete light-frame wood buildings. Very good agreement was 

found for predictions of static and dynamic tests of shear walls by Dolan (1989), while 

predictions of the load redistribution in the house tested by Phillips et al. (2003) were 

satisfactory correlated with the experimental results. 

Andreasson (2000) used commercial finite element software to formulate three-dimensional 

models of wood diaphragms and light-frame wood buildings and to study the static monotonic 

response under horizontal and vertical loads. Each wall diaphragm consisted of beam and shell 

elements for the framing and the sheathing panel, respectively, while 3 decoupled springs were 

used to model sheathing-to-framing as well as framing-to-framing connections. Tension-only 
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springs were used to simulate anchoring connections between studs and horizontal 

diaphragms and compression-only springs accounted for bearing effects between plates and 

diaphragms. In-plane connection springs were nonlinear elastic, while out-of-plane framing 

connections were assumed linear. Andreasson (2000) recognized that the use of 2 independent 

orthogonal springs for nailed connections yields higher stiffness and strength but a reasonable 

modification was not possible with the existing element library of the structural analysis code 

used. For this reason, in the final model the connector (nail) properties were adjusted to fit the 

finite element predictions with the response obtained from shear wall tests, conducted 

complementary to this study. The detailed model was used in a number of case-studies, one of 

which was to calculate the effective gravity load that counteracts uplifting forces in the tension 

side of a racking shear wall. 

Ceccotti et al. (2000) simulated each shear wall in a 3D symmetric structure with a rigid pinned 

4-noded frame that incorporated additional nonlinear rotational springs at the connections to 

simulate the shear resistance of the wall assemblage, based on experimental cyclic results. The 

hysteretic springs incorporated the model proposed by Ceccotti and Vignoli (1989) that 

accounted for pinching and stiffness degradation through piecewise-linear paths. The flexibility 

of floor diaphragms was simulated with elastic diagonal braces and a small increase in the 

response was observed with this configuration, compared to rigid diaphragms. 

He et al. (2001) presented a computer code capable of modeling 3D light-frame wood 

structures at the nail level and performing load-controlled or displacement-controlled cyclic 

static analysis. One of the revolutionary features of this approach was the mechanics-based, 

micro-modeling of each sheathing-to-framing connection in three dimensions, as described by 

Foschi (2000), which allows the development of cyclic force-displacement responses of 

sheathing-to-framing connectors that are load protocol independent. The strains in the plate 

and beam elements used for panels and framing, respectively, included second-order terms 

(Green strain) to allow consideration of deflection amplifications due to the effect of axial 

compressive loads (P-Δ effects). Framing-to-framing connections or anchoring devices were 

not included in this formulation. The numerical model was verified using monotonic and cyclic 

shear wall tests conducted by Durham et al. (1997) and close correlation was observed 

throughout the whole deformation ranges. The adoption of a numerical building model 
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including every sheathing-to-framing connector in conjunction with the simulation of these 

connections with a dedicated micro-model rendered this numerical framework presented by 

He et al. (2001) very computer intensive and highly computationally inefficient. This could be 

one of the reasons why the model has not been extended to include nonlinear dynamic 

response-history analysis of light-frame wood structures. 

Folz and Filiatrault (2001) proposed a simple 2D finite element model for cyclic analysis of 

wood shear walls, based partly on the previous work done by Filiatrault (1990), since 1 global 

DOF was used for the rigid framing and 4 DOF for each sheathing panel. The sheathing-to-

framing connections incorporated a hysteretic model that allowed for pinching as well as 

strength and stiffness degradation, utilizing a nonlinear exponential backbone curve and 

piecewise-linear paths under cyclic loading. The nail spacing was adjusted internally so that a 

monotonic analysis with two bi-directional connection springs at the adjusted spacing would 

yield similar stiffness and force resistance in the initial ascending curve as the monotonic 

analysis with a single uni-directional connection spring at the original spacing. This eliminated 

in part the stiffness and strength overestimation, associated with perpendicular decoupled 

springs. Another convenient feature of this model is the extraction of the optimal SDOF 

spring parameters for the analyzed shear wall, expressing force and displacement along the 

horizontal in-plane direction of the wall (Figure 2.1a,b). The model was verified against static 

and dynamic tests described in Durham et al. (1997), and reasonable agreement was found, 

given the simplicity of the numerical formulation. Later, Folz and Filiatrault (2004a, 2004b) 

introduced a structural analysis program for the seismic analysis of 3D light-frame wood 

structures, assuming rigid floor diaphragms and concentrating the nonlinear behavior solely in 

shear walls connecting floor diaphragms – a similar approach for static analysis was described 

earlier by Schmidt and Moody (1989). Each shear wall was represented by a SDOF horizontal 

spring (Figure 2.1c,d), the properties of which could be defined from shear wall tests or from 

the previously described cyclic analysis program. Folz and Filiatrault (2004a, 2004b) verified 

the dynamic model with the experimental response of a full-scale two-story light-frame wood 

structure conducted within the CUREe-Caltech Woodframe Project (Fischer et al. 2001). 

Despite the simplicity, these numerical models have been used in many reliability and seismic 

analysis studies because of their high computational efficiency. The numerical framework 



28 
 

described above is considered to be the current state-of-practice for dynamic response-history 

analysis of light-frame wood buildings. 

 

      
Figure 2.1 Modeling of light-frame wood buildings with CASHEW (Folz and Filiatrault 2001) and SAWS (Folz and 

Filiatrault 2004a, 2004b), (a) equivalent SDOF spring of a wood shear wall, (b) fitting of SDOF spring parameters to match 
the cyclic response of the wall assembly, (c) building sketch of a two-story light-frame wood structure, and (d) equivalent 

“pancake” building model (from Fischer et al. 2001) 

Dujic and Jarnic (2004) presented a simplified technique to model light-frame wood shear 

walls in 3D structures. Similarly to other researchers, a detailed 2D FE model was first 

formulated and the computed shear wall racking response was fitted in a nonlinear equivalent 

strut model.  Standard finite elements were used for the frame and the panels. The sheathing-

(b)(a) 

(d) (c) 
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to-framing connections were modeled with two independent orthogonal springs, while the 

hysteretic response was defined through piecewise-linear paths and accounted for pinching as 

well as strength and stiffness degradation. Holdown elements could be also considered at the 

end studs, while the sill plate was assumed to be fixed in the foundation. The dynamic analysis 

of the 3D building was carried out in a different finite element program. Floor diaphragms 

were considered rigid, while shear walls were represented by the pre-defined equivalent struts. 

Collins et al. (2005a, 2005b) presented a three-dimensional model for light-frame wood 

structures. The in-plane behavior of the shear walls was simulated as proposed by Kasal and 

Leichti (1992). The nailing hysteretic model was adopted from Kasal and Xu (1997) and 

accounted for pinching, strength and stiffness degradation under cyclic loading. Inter-

component connections were assigned between diaphragms. The verification of the model was 

based on the experimental results presented by Paevere et al. (2003) on a one story full-scale 

structure under torsional horizontal cyclic loads. 

Judd (2005) used a variety of commercial finite element software to simulate the static and 

dynamic response of wood shear walls and diaphragms. Standard 2D beam and plane stress 

elements were used for the framing and sheathing panels, respectively, while framing 

connections were assumed to be pinned. Judd (2005) utilized various hysteretic models for the 

sheathing-to-framing connections. One significant contribution and differentiation from 

previous studies, described by Judd and Fonseca (2005), was the explicit orientation – rotation 

in the wall plane – of the two orthogonal independent connection springs, according to the 

initial trajectory of each sheathing-to-framing connection, under lateral loads applied at the top 

of the wall. This procedure actually requires only one connector spring for the solution of the 

first step. The global rotation of each uni-directional spring is recorded and enforced 

throughout the analysis, while the perpendicular springs are added at the initiation of the 

second step. This modeling technique yielded more accurate predictions of static and dynamic 

shear wall tests, compared to the case of non-oriented springs used extensively in previous 

studies. Observing the monotonic backbone curves of shear wall models analyzed with both 

cases indicated that the peak strength was lower but was achieved at higher wall drifts.  

Xu (2006) utilized a commercial finite element program to simulate the response of wood 

shear walls and performed static and dynamic nonlinear analyses. A detailed model of inter-
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story shear walls was introduced to ultimately develop a simplified shear wall finite element to 

be used in 2D or 3D building models. The objective was to include rocking behavior in 

addition to racking deformations in the equivalent simple model. 2-noded beam and 4-noded 

shell elements were selected for representing the framing and the panel elements, respectively. 

The sheathing-to-framing connections consisted of two independent nonlinear springs, 

oriented as proposed by Judd (2005) and described in the previous paragraph. The hysteresis 

model was proposed by Foliente (1995), based on previous work by Bouc (1967), Wen (1976, 

1980), Baber and Wen (1981), and Baber and Noori (1985). This hysteresis model, which was 

corrected for two problematic scenarios under cyclic loading, can simulate very well the 

characteristics of wood connections such as pinching and strength and stiffness degradation. 

The framing-to-framing connections were assumed linear in shear actions, mentioning the 

unavailability of such type of connections tests. No tensile resistance was assigned for the end 

nail withdrawal when vertical studs separated from bottom or sill plates. Xu (2006) analyzed 

two anchorage conditions (full and intermediate level of uplift resistance) and compared the 

numerical predictions with shear wall tests performed by Salenikovich (2000). One assumption 

regarding the boundary conditions in the numerical models of Xu (2006) was that the sill plate 

was actually fixed at the base. Uplifting was considered only for studs at the bottom that were 

not anchored with a holdown. No separation between the studs and the top plate is reported 

in this study. The predictions for walls with full anchorage correlated very well with the test 

results, while the response of walls with intermediate anchorage (no holdowns, only sill plate 

anchor bolts) was under-predicted by the numerical model. The final shear wall element 

consisted of two diagonal hysteretic struts, similarly to previous studies, that could be defined 

based on analytical or experimental results. Very good agreement was found between the 

shake-table tests of a two-story light-frame wood house (Fischer et al. 2001) and the numerical 

building model, which consisted of the developed shear wall elements, calibrated from the 

detailed  finite element representations of each single-story wall line of the structure.  

Ayoub (2007) introduced a new hysteretic model with energy-based degrading constitutive 

laws for light-frame wood structures based on previous work by Rahnama and Krawinkler 

(1993) on general hysteretic degrading modeling. Shear wall models were formulated using 

commercial finite element software and the sheathing-to-framing connections incorporated the 

proposed behavior as distributed nonlinear interface elements, acting independently in the two 
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global directions. Beam elements with pinned connections were used for the framing members 

while shell elements were representing the sheathing panels. The energy-based concepts of 

deterioration provided good correlation with static shear walls tests, while a SDOF hysteretic 

spring was also employed to fit experimental or numerical response of shear wall assemblies in 

an equivalent simple wall model. A 2 DOF building model was formulated that predicted with 

very good accuracy the shake-table tests of a two-story light-frame wood house (Fischer et al. 

2001). 

Summarizing the description of the proposed numerical modeling techniques for light-frame 

wood structures, Table 2.2 contains some of the most important characteristics of these 

previous studies, provided within a simplified concept of reference. For further or more 

complete details, readers should be directed to the cited publications. Note that only a brief 

overview of these models was presented above and some modeling details were omitted for 

sake of brevity.  

2.4  Summary 
Following the review above of the numerical models proposed for the static and dynamic 

analysis of light-frame wood buildings, the following observations can be made: 

i. The majority of the proposed finite element shear wall models are formulated on the 

basis of pinned framing-to-framing connections and fixed sill plate to the foundation. 

There are cases where linear or nonlinear connectors have been assigned between 

framing members but convenient “strict” boundary conditions are usually considered 

for the bottom or the top of shear walls or wall assemblies. There has been no 

numerical model, for cyclic or dynamic analysis, similar to that described by 

Andreasson (2000) for monotonic static analysis up to the ultimate force capacity, 

which can incorporate separation of vertical studs from top and sill plates in 

conjunction with contact phenomena and anchoring devices in the direction normal to 

the adjacent horizontal diaphragms, which can allow separation and bending of the top 

and sill plate members. This type of coupled bending-shear-rocking structural response 

is usually secondary in well anchored light-frame wood shear walls or walls with 

intermediate anchorage that carry a good portion of the total gravity loads. However, 

uplifting and rocking behavior has been experimentally observed especially in narrow 
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shear walls with high aspect (height-over-length) ratio (Schmid et al. 1994; Dolan and 

Johnson 1997; Salenikovich 2000) as well as in shake-table tests of full-scale light-

frame wood structures (Fischer et al. 2001; Christovasilis et al. 2009a). Two possible 

reasons for these omissions can be the numerical difficulty associated with modeling 

contact/separation conditions and the lack of experimental or analytical studies on the 

response of these types of connections, other than sheathing-to-framing. 

ii. There are no numerical models that can effectively simulate the complex effects of 

wall finish materials on the response of wood shear walls. It has been experimentally 

documented and nowadays widely accepted that the interior and exterior nonstructural 

wall finish materials not only contribute to the lateral stiffness and strength of wood 

shear walls (Filiatrault et al. 2002), but the relatively low force and displacement 

capacity of these stiff but weak wall components also changes the observed failure 

mechanisms compared to structural single-sheathed wood shear walls. This is depicted 

in monotonic backbone curves that compare the response of identical shear walls with 

or without wall finishes, as well as woodframe walls with the non-structural finishes 

only (Gatto and Uang 2002; Ceccotti and Karacabeyli 2002; Pardoen et al. 2003). The 

experimental results show, for example, that the lateral resistance of a wood shear wall 

with exterior structural sheathing and interior gypsum wallboard cannot be accurately 

predicted by directly super-imposing the lateral contribution of each side of sheathing 

in a single-sheathed wall. This is more obvious in deformations past the peak lateral 

strength of the shear wall. Intuitively, if the kinematics of the framing is well defined 

with no nonlinear behavior, such as the case of pinned framing connections and fixed 

bottom plate, this coupling effect cannot be really explained†. This means that potential 

nonlinear internal deformations do exist in the framing and the path dependency 

response of sheathing-to-framing connections change the global hysteretic response 

after ultimate loads. 

iii. The in-plane nonlinear structural response of wood shear walls in complete 2D or 3D 

buildings has been mostly addressed through the use of one or a pair of “energetically 

                                                 
† Studies by Canadian researchers at Forintek have led to a possible explanation (i.e. the load distribution in the sheathing-to-

framing wood connectors is different when nonstructural wall finishes are present, which overload some connectors 
prematurely and yield failure loads less than the sum of the individual components). 
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equivalent” – as are mentioned by various researchers – nonlinear hysteretic springs 

for each inter-story shear wall. In fact, from the building models described in this 

review, only those proposed by Tarabia and Itany (1997) and He et al. (2001) 

considered a numerical building model at the nail level for nonlinear dynamic and 

static analysis, respectively. The convenience of the equivalent wall springs is apparent. 

First for the numerical efficiency that is achieved in processing time when hundreds of 

DOF have collapsed in a small number of master DOF for each shear wall in a 

building model. Secondly, numerical fitting of experimental force-displacement curves 

from shear wall tests can be an alternative to numerical fitting of the predictions of a 

finite element wall model. This was demonstrated in the international blind prediction 

study of the seismic response of the full-scale two-story light-frame wood house, 

tested under uni-axial horizontal shaking as part of the CUREe-Caltech Light-frame 

wood Project (Fischer et al. 2001). Five teams participated in this study and the results 

have been described by Folz and Filiatrault (2004c). Four of the participating teams 

considered as of primary importance in the prediction success, the mechanical 

properties of the prescribed sheathing-to-framing connections in the test structure. 

Such experimental connection tests data was provided by the organizers in advance. 

One of the teams, however, used available independent shear wall tests to estimate the 

response of the walls on the test structure. Nevertheless, the final building models 

formulated by all teams for dynamic analysis varied from a SDOF to a 3D MDOF 

system, but shear walls and in some cases floor diaphragms were represented by 

equivalent springs. The use of equivalency in shear wall modeling entails the belief that 

the response of each shear wall can be accurately quantified and simplified in a SDOF 

system. In the case of shear wall models that ignore the framing flexibility and assume 

a pure racking response under lateral loads, the only global DOF in the framing is 

indeed the horizontal displacement at the top of the wall. The equivalency can be 

applied in this case, acknowledging in advance the assumptions and limitations of the 

simplified model. If framing flexibility is accounted for without any vertical 

nonlinearity between the framing members (pinned connections and fixed base), the 

effect of vertical loads will be mostly insignificant and an equivalency can be described 

for the horizontal global DOF at the top of the wall. Based on the principle of virtual 

work, any gravity load that causes vertical deformations of the top of a shear wall 
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under lateral horizontal loading, affects the incremental external energy absorbed by 

the horizontal external force. This means that the horizontal global force of shear walls 

that respond in a combined shear/bending/rocking behavior will be affected by the 

magnitude and the distribution of vertical gravity loads and the actual vertical 

displacements at points of application of the gravity loads. Since the magnitude of 

gravity loads or the distribution may change during seismic loading, numerical 

equivalency as used currently in many studies may not be really applicable for shear 

walls with nonlinear response in the vertical direction. 

iv. In all cases where commercial finite element software was employed for cyclic analysis 

of light-frame wood components, the researchers had to add in the element library 

additional user-defined hysteretic-spring elements, suitable for the main characteristics 

of wood connections. This reveals the complexity regarding finite element analysis of 

light-frame wood structures and explains why a lot of research studies have focused on 

the development of in-house dedicated numerical models. 

Based on this discussion, the numerical framework developed in this report aims at eliminating 

limitations of existing shear wall models, by relaxing the fixed boundary conditions at the top 

and bottom of a shear wall and the pinned connections between horizontal and vertical 

framing members. This enables the simulation of uplifting and rocking modes of deformation, 

the level of participation of which depends on the specific anchorage conditions, the height-to-

width ratio of the shear wall segments and the gravity loads applied. Moreover, contrary to the 

calibrated macro-modeling approach of each shear wall assembly, the response of each inter-

story shear wall is enclosed in a shear wall element that can be used in a 2D building analysis, 

maintaining the same level of detail in both shear wall and building level nonlinear analyses. 

Finally, the assumption of small rotations is relaxed by adopting a corotational description of 

the displacements of the derived finite elements, which leads to solutions that satisfy the 

equilibrium equations in the deformed configuration. These attributes provide confidence that 

the numerical framework can be used for the seismic collapse assessment of light-frame wood 

structures. 
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CHAPTER 3:  EXPERIMENTAL SEISMIC RESPONSE OF A 

FULL-SCALE LIGHT-FRAME WOOD BUILDING: 
NEESWOOD BENCHMARK TESTS 

3.1 Introduction 
As part of the NEESWood Project, an experimental program that involved the three-

dimensional shake-table testing of a full-scale two-story light-frame wood townhouse building 

was conducted at the University at Buffalo (UB). The test structure represented one of the 

largest building specimens ever tested under three-dimensional earthquake simulation and 

utilized both twin shake tables at the Structural Engineering and Earthquake Simulation 

Laboratory (SEESL) at UB for over 9 months. The experimental program, extended in 5 test 
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phases associated with different structural configurations of the building, was selected as such 

to provide a wide set of recorded data that can enable observation, identification and 

quantification of fundamental aspects that affect the seismic performance of a light-frame 

wood building with realistic dimensions, under increased levels – beyond design-basis – of 

shaking. The qualitative and quantitative observations from the benchmark test results can be 

directly applicable to performance-based design procedures, conducted within the 

NEESWood Project, as well as for validation or calibration of numerical models. 

This chapter provides a summary of the experimental results generated throughout the 5 

different test phases, focusing on the effect of non-structural components on the dynamic 

characteristics and the seismic performance of the test structure. A detailed presentation of this 

full-scale experimental project along with a complete description of the experimental data can 

be found in Christovasilis et al. (2009a). 

3.2 Description of Test Building 
The full-scale test building considered in this study is one of the four California-style index 

buildings designed within the recently completed CUREE-Caltech Woodframe Project 

(Reitherman et al. 2003). 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. 

Figure 3.1 shows plan views of the first and second floor of the test building, while Figure 3.2 

presents exterior wall elevation views. The major structural components of the test building are 

identified in Figure 3.1 and are described in detail by Christovasilis et al. (2009a). The footprint 

of the test building is 61 ft by 22 ft. The height of the test building from the first floor slab to 

the roof eaves is 17 ft - 2 in and its total weight is 72 kips. 

The design of the test building is based on engineered construction according to the seismic 

provisions of the 1988 edition of the Uniform Building Code (ICBO 1988) for Seismic Zone 4 

and common design practices in California. The design base shear in each orthogonal direction 

of the building was 13 kips (or 18% of its weight).  
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Figure 3.1 Plan Views of Test Building 

 
Figure 3.2 Elevation Views of Test Building 
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All walls of the test building were built with 2x4 Hem-Fir studs except for the North, South 

and West walls of the garage where 2x6 studs were used. The exterior walls of the 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. Eight penny common nails (0.131 in 

diameter by 2.5 in long) with spacing of between 3 in to 6 in along panel edges and 12 in along 

interior studs were used to connect the OSB sheathing to the wood framing. Construction 

details regarding the two-story townhouse building are given by Reitherman et al. (2003) and 

Christovasilis et al. (2009a). Gypsum wallboard panels, 1/2 in thick, were installed on all 

interior walls and ceiling surfaces and on both sides of interior partitions. All surfaces were 

taped, mudded and painted. The panels were oriented horizontally on the walls and fastened 

with #6-1-1/4 in long drywall screws spaced at 16 in on center along the vertical studs only 

(no fastening along the top and bottom plates). The ceiling panels were fastened with the same 

screws spaced at 12 in on center. The stucco was attached to the wood framing by a galvanized 

16-gage steel wire lath, fastened to the OSB sheathing and vertical studs by 1-1/2 in long 

staples spaced at 6 in on center. The construction of the test building was conducted by 

professional contractors to replicate field conditions. 

3.3 Shake Table Test Program 

3.3.1 Experimental Setup  
The twin re-locatable, 50 ton, tri-axial shake tables of the SEESL at UB were utilized for the 

experiment. The two tables acting in unison were required to accommodate the size and 

weight of the full-scale test building. The 23 ft by 23 ft extension steel frames available on both 

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. Threaded A-307 steel 

rods bolted to the existing extension frames were used as anchor bolts for the sill plates. A 2-

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

sill plates to simulate the friction of the sill plate against a concrete foundation. Seismic 

holdowns were installed at the end of various first level narrow wall piers, as shown in Figure 

3.1. 
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3.3.2 Instrumentation 
More than 250 sensors were used to monitor the response of the test building during the shake 

table tests. Displacement transducers were used to measure the absolute horizontal and vertical 

displacements of the shake tables and of several locations on each floor level of the test 

building. The displacements of the test building relative to the shake tables could then be 

obtained by subtracting the shake table displacements from the floor displacements. The uplift 

and sliding of the sill plate and shear wall studs relative to the floor levels were also monitored 

at several locations by linear displacement potentiometers. Accelerometers were used to record 

absolute horizontal and vertical acceleration time-histories at several locations over the shake 

tables, floor and roof of the test building. All anchor bolts around the perimeter of the test 

building were instrumented with load cells in order to obtain the distribution of anchor bolt 

tensile forces at all times during the shake table tests. Additionally, eleven video cameras were 

used to record each seismic test. A detailed list of instruments used in the shake table tests is 

given in Christovasilis et al. (2009a). 

3.3.3 Testing Protocol 
Multiple seismic tests were conducted for various configurations of the test building. Table 3.1 

presents a summary of the five seismic test phases included in the test program and the 

corresponding configurations of the test building. Low amplitude white noise tests were also 

conducted between the seismic tests of each phase to determine the changes in the dynamic 

characteristics (natural periods, mode shapes and damping) of the test building as it 

experienced increasing levels of damage during each test phase. The building was repaired after 

each test phase to return the lateral load-resisting system to its original characteristics before 

the start of each subsequent test phase. These repairs were extensive and included replacing 

some of the OSB panels, gypsum wallboards and wood studs. 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. 

In this chapter, only Phases 1, 3, 4 and 5 are discussed. Information on Test Phase 2, 

incorporating fluid dampers in selected locations of the test building, is available in Shinde et al. 

(2007). Test Phases 1, 3, 4 and 5 were designed to evaluate the effect of interior and exterior 

wall finishes on the seismic response of the test building. In Phase 1, the test building 
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incorporated only the wood structural members without any wall finishes. In Phase 3, 1/2 in 

thick gypsum wallboard was applied to the interior surfaces of the structural perimeter walls 

and to both sides of the two interior structural shear walls, located at the fist level of the test 

building in the North-South direction (see Figure 3.1). In Phase 4, gypsum wallboards were 

also applied to all interior partition walls and ceilings. Finally, in Phase 5, 3-coat, 7/8 in thick, 

stucco was applied to the exterior walls. Figure 3.3 shows photographs of the Phase 1 and 

Phase 5 test building ready for testing on the shake tables. 

Table 3.1 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 
sheathed walls 
Test Phase 1 structure with 1/2 in thick gypsum wallboard installed with #6-1-1/4 in 
long screws @ 16 in on center on structural wood sheathed walls 
Test Phase 3 structure with 1/2 in thick gypsum wallboard installed with #6-1-1/4 in
long screws on all walls (16 in on center) and ceilings (12 in on center) 
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 on center on all exterior walls 
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Figure 3.3 Test Building on Shake Tables: (a) without Wall Finishes – Test Phase 1 and  

(b) with Wall Finishes – Test Phase 5 

3.3.4 Input Ground Motions 
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 (DE) 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 DE (Krawinkler et al. 2000). The near-field ground motions represented a 

Maximum Considered 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 (Krawinkler et al. 



46 
 

2000). Figure 5.4 presents the absolute acceleration response spectra at 5% damping for these 

two (unscaled) tri-axial seismic records.  

In addition to the DE and MCE hazard levels, the Canoga Park ground motions were scaled 

to simulate hazard levels of 99.9%/50 years, 50%/50 years and 20%/50 years. The resulting 

Peak Ground Accelerations (PGA) applied in the principal directions of the test building are 

listed in Table 3.2. Five seismic test levels were considered during each phase of seismic 

testing. For each seismic test level, two seismic tests were conducted: one tri-axial (3D) test 

followed by one horizontal bi-axial (2D) test. Note that during Test Phases 1, 3 and 4, only 

Seismic Test Levels 1 and 2 were conducted in order to limit the damage of the test building to 

a repairable level. The structure was not repaired between test levels.  

 
Figure 3.4 Absolute Acceleration Response Spectra for 5% Damping of Earthquake Ground Motions Used in Seismic 

Tests: (a) Canoga Park Record, (b) Rinaldi Record 



47 
 

Table 3.2 Ground Motions for Seismic Tests 

Seismic 
Test Level Ground Motions Hazard Level

%/50 years 
Scaled PGA (g) 

East-West North-South Vertical 

1 1994 Northridge 
Canoga Park 99.99 0.04 0.05 0.06 

2 1994 Northridge 
Canoga Park 50 0.19 0.22 0.26 

3 1994 Northridge 
Canoga Park 20 0.31 0.36 0.42 

4 1994 Northridge 
Canoga Park 

10 
(DE) 0.43 0.50 0.59 

5 1994 Northridge 
Rinaldi 

2 
(MCE) 0.47 0.84 0.85 

 

3.4 Results of Ambient Vibration Tests 
Before and after each seismic test, the dynamic properties of the test building were estimated 

by simulated ambient vibration tests. For this purpose, the test building was excited by a low-

level white-noise base acceleration input having a flat (i.e. uniform) spectrum with 0.5–50 Hz 

frequency band and a Root Mean Square (RMS) amplitude of less than 0.10 g.  

The natural periods, mode shapes and associated modal damping ratios were determined 

through Transfer Functions (TFs) of the story acceleration response of the structure and the 

base motion. Thirty two horizontal accelerometers, located at the floor and roof levels of the 

test building, 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 commercial data 

analysis software (DADiSP/2002 2006) with dedicated script files developed for this study. 

The equivalent viscous damping ratios of the test building were determined using the well 

known half-power bandwidth method (see e.g. Clough and Penzien 1993) applied to the peaks 

of the TFs. 

Figure 3.5 shows the initial fundamental periods and mode shapes, extracted from the ambient 

vibrations tests in each principal direction of the test building, for Test Phases 1, 3, 4 and 5. 

Not surprisingly, the fundamental periods of the test building are significantly longer in its 

transverse (North-South) direction than in its longitudinal (East-West) direction. The first 

mode shape is mainly associated with transverse deformations of the structure, while the 
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second mode shape demonstrates torsional effects that result in longitudinal and transverse 

deformations. The introduction of gypsum wallboard finishes on the structural walls in Test 

Phase 3 causes a reduction in the fundamental period of 9% and 5% along the transverse and 

longitudinal directions of the test building, respectively. From a single-degree-of-freedom 

system point of view, these fundamental period reductions correspond to increases in lateral 

stiffness of 21% and 11% along the transverse and longitudinal directions of the test building, 

respectively (see (3.1) below). These results indicate that introducing gypsum wallboard 

finishes on the interior surfaces of the structural walls increased the lateral stiffness of the test 

building. On the other hand, the introduction of similar gypsum wallboard finishes to all the 

interior partition walls and ceilings in Test Phase 4 had no effect on the fundamental periods 

and, thereby, the lateral stiffness of the test building (at least at low levels of shaking). This lack 

of positive effect can be attributed to the lack of structural connections between the interior 

partition walls and the floor and roof diaphragms of the test building. Although the bottom 

plates of the partition walls were nailed to the floor sheathing and joists, the top plates were 

attached to the underside of the second floor framing and bottom chord of the roof trusses 

with roof truss clips. These clips contain 1-1/2 in slots to allow vertical truss chord and floor 

joist movement when gravity loads are applied. 

The introduction of stucco on the exterior walls of the test building in Phase 5 causes a 

reduction in the fundamental period of 3% and 9% along the transverse and longitudinal 

direction of the test building compared to the Phase 4 configuration. In terms of equivalent 

lateral stiffness, Phase 5 exhibits an increase in lateral stiffness of 29% and 32% along the 

transverse and longitudinal directions, respectively, compared to the original Phase 1 building. 

For both directions, the deformations are concentrated in the first level of the test building, 

indicating the potential for a weak first story collapse mechanism. The fundamental mode 

shapes in the longitudinal direction are also affected by torsional response and by the in-plane 

shear deformations of the floor diaphragm in the stair core area between the two main units of 

the townhouse, particularly for the Phases 1 and 3. For Phases 4 and 5, the shear deformations 

of the diaphragm are reduced because of the in-plane stiffness provided by the gypsum 

ceilings. 
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Figure 3.5 Initial Natural Periods and Mode Shapes of Test Building 

Figure 3.6 illustrates the deterioration of the equivalent lateral stiffness in the transverse 

(North-South) direction of the test building through the various seismic tests conducted, 

assuming a single-degree-of-freedom response of the test building. Since the initial 

fundamental period T0 is known, as well as the fundamental period Ti measured after each 
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seismic test, the normalized equivalent lateral stiffness ki, as a percentage of the initial lateral 

stiffness k0 can be calculated after each seismic test as: 

 
2

oi

o i

Tk
k T

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

 (3.1) 

The deterioration of the lateral stiffness is more pronounced for the Test Phase 1 

configuration. 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 tri-axial DE 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 simulated 

ground 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. 

 
Figure 3.6 Variations of Normalized Lateral Stiffness in North-South Direction of Test Building 
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Figure 3.7 shows the variations of the first modal equivalent viscous damping ratio measured 

in the North-South direction of the test building after each seismic test conducted. The first 

modal damping ratios range from 10 to 20% of critical, with a mean value of around 15% of 

critical for all test phases. 

 
Figure 3.7 Variations of First Modal Damping Ratios in North-South Direction of Test Building 

3.5 Results of Seismic Tests 

3.5.1 Global Hysteretic Responses  
Figure 3.8 shows the global hysteretic responses (base shear force vs relative horizontal 

displacement at the center of the roof eave level) of the test building during Test Phases 1, 3, 4 

and 5, respectively and under Seismic Test Level 2 (see Table 3.2). The base shear was 

computed by summing the inertia forces at each level of the test building based on horizontal 

acceleration recordings. The maximum base shear and displacement achieved in each direction 

are indicated by circles on each graph. As expected, the lateral displacements in the transverse 

(North-South) direction are significantly larger than those in the longitudinal (East-West) 

direction. 

In Test Phase 1, the wood-only building experienced a peak roof displacement of 2.5 in (1.3% 

building drift) in its transverse direction under the Seismic Test Level 2 representing excitation 

intensity of 44% of that expected for the Level 4 Design Earthquake (DE). The introduction 
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of gypsum wallboard finishes on the structural walls in Test Phase 3 resulted in a significant 

reduction in transverse roof displacements (approximately 44% reduction compared to the 

wood-only building of Phase 1). The overall hysteretic response of the building in Test Phase 3 

is also stiffer than that of Test Phase 1, indicating the important effects that the gypsum 

wallboard had in stiffening the structural walls. The introduction of gypsum wallboard on the 

interior partition walls and ceilings in Test Phase 4 resulted in a further reduction of 29% in 

roof displacements in the transverse direction (1.4 in for Phase 3 vs 1.0 in for Phase 4). Finally, 

the introduction of stucco on the exterior walls reduced the roof displacements even further to 

0.7 in; similar results are observed in the longitudinal direction. 

Note in Figure 3.8 that only moderate pinching is observed for the transverse (North-South) 

direction in the wood-only Test Phase 1 building, while almost linear elastic responses are 

observed for Test Phases 3, 4 and 5. This result indicates that the wall finishes not only reduce 

the displacement response of the test building but changed also its overall hysteretic 

characteristics. 

Figure 3.9 shows the effective lateral stiffness in each direction and for each building 

configuration. The effective stiffness values were obtained by computing the slope linking the 

positive and negative peak base shear forces and peak roof displacement coordinates from the 

graphs shown in Figure 3.8. The effective stiffness values increase significantly in both 

directions with the application of interior wall finishes. The increase of stiffness after the 

application of the exterior stucco finish in Test Phase 5 is more significant in the longitudinal 

(East-West) direction than in the transverse (North-South) direction. This can be attributed to 

the more pronounced shear deformations of the low aspect ratio walls in the longitudinal 

direction. In the transverse direction, significant foundation uplift and rocking occurred, which 

reduced the shear stiffness contribution of the wall elements. 
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Figure 3.8: Global Hysteretic Responses of Test Building, Test Level 2 

Figure 3.10 shows the global hysteretic responses obtained with the complete (Phase 5) 

building under Test Levels 4 (DE) and 5 (MCE), respectively. In the transverse (North-South) 

direction, the maximum roof displacement reached 1.6 in (0.8% drift) under the DE level and 
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4in (2.0 % drift) under the MCE level. Note that the wood-only building of Phase 1 exhibited, 

under Test Level 2, a peak roof displacement larger than the Phase 5 building under the DE 

Test Level 4. 
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Figure 3.9 Effective Lateral Stiffness of Test Building, Test Level 2 
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Figure 3.10 Global Hysteretic Responses of Test Building, Test Phase 5 
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3.5.2 Response of Garage Wall Line 
The seismic response of the test building in its transverse (North-South) direction was 

significantly influenced by the response of the garage wall line at the first level. The narrow 

wall piers (aspect ratio of 2.5:1) on each side of the garage opening compounded by the 

significant torsional response of the building under high intensity shaking (Christovasilis et al. 

2009a), caused this garage wall line to experience the largest inter-story drifts. 

Figure 3.11 shows the inter-story drift time-histories measured along the garage wall line 

during Test Phases 1, 3, 4, and 5, respectively and under Seismic Test Level 2 (see Table 3.2). 

The garage wall line of the wood-only building of Phase 1 experiences a peak relative 

displacement of 1.65 in (1.5% inter-story drift) which corresponds to 65% of the total building 

drift developed in the transverse direction during this test (see Figure 3.8). This result indicates 

that most of the transverse lateral displacements of the test building in the garage wall line 

occurred at the first level, which suggests a possible soft-story collapse mechanism under 

higher amplitude base excitations. Note that this conclusion is valid for the garage wall line 

only under high level of excitations. For some other wall lines in the building, the second story 

inter-story drifts could be greater than the first story in some cases under lower amplitude 

excitation. 

Again, the introduction of gypsum wallboard finishes on the structural walls in Test Phase 3 

caused a significant reduction in the peak drift experienced by the garage wall line (42% 

reduction compared to the wood-only building of Phase 1). The response of the Test Phase 4 

building, however, is almost identical to that of Phase 3. This can be explained by the fact that 

very little interior partition wall lines were incorporated in the first level of the test building (see 

Figure 3.1). The incorporation of exterior stucco finish also caused a significant reduction in 

the peak drift experienced by the garage wall line (66% reduction compared to the wood-only 

building of Phase 1 and 42% reduction compared to the Phase 3 building). 

Figure 3.12 shows the inter-story drift time-histories measured along the garage wall line of the 

completed Test Phase 5 building under Seismic Test Levels 4 (DE) and 5 (MCE), respectively. 
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Figure 3.11 Response of Garage Wall Line, Test Level 2 
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Figure 3.12 Response of Garage Wall Line, Test Phase 5 

The Test Phase 5 building experienced peak relative displacements at the garage wall line of 1.3 

in (1.2% inter-story drift) and 3.4 in (3.1% inter-story drift) under the DE and MCE levels, 

respectively. Note again that the wood-only Phase 1 building experienced higher drifts at the 

garage wall line under Test Level 2 (44% DE) than the complete Test Phase 5 building under 

Test Level 4 (100% DE). This result again underscores the significant contribution of the wall 

finishes in improving the seismic response of the test building.  

3.5.3 Observed Damage to Test Building 
After the completion of each seismic test, a detailed damage survey was conducted on the test 

building in order to document the evolution of damage with test phases and test levels. In this 

section, the damage observed on the various structural and non-structural components of the 

test building is briefly described. 

3.5.3.1 Damage to Gypsum Wallboard 
Hairline cracking occurred in the gypsum wallboard applied to the interior surfaces of the 

structural walls of the Phase 3 test building after the Test Level 2 shaking, as shown in Figure 

3.13a. This cracking occurred mainly at corners of the openings of the interior shear walls (see 

Figure 3.1) and propagated with increasing level of shaking. 

Test Level 4

Test Level 5
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Ceiling gypsum damage was also observed in the Test Phase 4 building. Cracking of the 

partition-to-ceiling connections in the transverse direction of the test building started under the 

Test Level 2 shaking, as shown in Figure 3.13b. Ceiling damage increased in the Test Phase 5 

building until a large portion of the ceiling gypsum failed under the Test Level 5 shaking, as 

shown in Figure 3.13c. This failure occurred in the second level ceiling connecting the two 

main rectangular units of the test building and can be attributed to the in-plane shear 

deformation of the ceiling diaphragm at that location (see Figure 3.5). 

3.5.3.2 Damage to Stucco 
Hairline cracking of stucco in the Phase 5 test building started after the Test Level 2 shaking. 

This cracking occurred mainly at corners of windows and door openings and propagated with 

increasing level of shaking. After Test Level 5 (MCE), significant spalling and cracking of 

stucco occurred around the garage door opening, as shown in Figure 3.14. 

3.5.3.3 Damage to Sill Plates 
The most significant damage observed in the Test Phase 5 building after Test Level 5 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 1/2 in, as shown in 

Figure 3.15. It is believed that this damage is the result of combined in-plane and out of plane 

deformations of the wall panels. In the in-plane direction, sliding of the sill plate relative to the 

holdown devices can induce longitudinal splitting of the sill plate. In the out-of-plane direction, 

eccentric vertical loading from the sheathing nails can cause tension splitting perpendicular to 

grain in the sill plate.  
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Figure 3.13 Damage to Gypsum Wallboard,  

(a) Diagonal Hairline Cracking in Corner of Pedestrian Door Opening, Test Phase 3, Test Level 2,  
(b) Cracking of Partition-to-Ceiling Connection, Test Phase 4, Test Level 2, and  

(c) Ceiling Failure, Test Phase 5, Test Level 5 
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Figure 3.14 Damage to Stucco, Test Phase 5, Test Level 5, 
 (a) Diagonal Cracking in Corner of Garage Door Opening,  

(b) Spalling at Garage Wall Pier 

 
Figure 3.15 Sill Plate Failure, Test Phase 5, Test Level 5 
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3.5.4 Estimation of Displacement Components 
In this section, an attempt to decompose the first floor inter-story displacements of specific 

walls into different components is presented, 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 3.16a. Figure 3.16b 

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. 
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Figure 3.16 (a) Location and (b) Configuration of the Walls used for the Displacement Decomposition 
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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 3.17 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 3.17a 

presents the sill-plate uplift displacement time-histories (UP2 and UP4) and Figure 3.17b 

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. Figure 3.17c 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) = 

UP1(t) + UP2(t)  - UP3(t) + UP4(t)
(t) = 

⋅

⋅

U,S
Wall

U,S+S
Wall

d h
L

d h
L

 (3.2) 

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 3.17: (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, 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. Figure 3.18a,b 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.  

Figure 3.19 and Figure 3.20 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. 

Figure 3.19 clearly indicates that the application of wall finish materials reduced the wall 

deformation ratio of three of the four walls, from high values of around 0.7, 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 (Figure 3.19a and Figure 3.20a). 

Figure 3.20 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. 
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Figure 3.18: Displacement Components of Garage Wall E16 for (a) Test Phase 1, Test Level 2 and 

(b) Test Phase 4, Test Level 2 
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Figure 3.19 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 3.20: 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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3.6 Summary 
The shake table testing of a full-scale light-frame wood building, conducted as part of the 

NEESWood Project, has provided an opportunity to study various parameters that influence 

the dynamic properties and the seismic response of light-frame wood buildings. 

The key results obtained in this study are summarized below: 

 The test structure of Phase 5, which included all structural and non-structural 

components, survived under seismic excitations representing the DE and MCE levels 

of shaking. The seismic response of the test building under three-dimensional base 

excitations demonstrated torsional behavior resulting from the asymmetric geometry 

of the structure in the longitudinal (East-West) direction and the reduced effective 

lateral stiffness of the narrow wall piers first level garage wall in its transverse (North-

South) direction. The maximum central roof drift under the DE and MCE events was 

0.8% and 2%, respectively, while the maximum inter-story drift at the garage wall was 

1.2% and 3.1%, respectively. These responses verified that the collapse prevention 

requirement, inherent in code-compliant seismic design, was satisfied. No potential 

loss of life or collapse hazard was identified during or after the execution of the tests. 

 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 the initial 

fundamental period of the test structure. 

 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 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 
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from the partition walls, the significant reduction of interstory 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. 

 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 Test 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 Test Level 2. The 

corresponding value for the Phase 5 test structure, incorporating stucco as exterior 

finish, is above 90%. 

 The fundamental damping ratios of the test structure in the transverse direction ranged 

from 10% to 20% of critical, with a mean value of approximately 15% for all the 

structural configurations. 

 For all test phases, the first mode shapes were mainly associated with transverse 

deformations of the structure. The second mode shapes were also affected by torsional 

response and by the in-plane shear deformations of the floor diaphragm in the stair 

core area between the two main units of the townhouse, particularly for the Phases 1 

and 3. For Phases 4 and 5, the shear deformations of the diaphragm were reduced 

because of the in-plane stiffness provided by the gypsum ceilings. 

 Hairline cracking occurred in the gypsum wallboard applied to the interior surfaces of 

the structural walls of the Phase 3 test structure during Test Level 2. This cracking 

occurred mainly at corners of the openings of the interior shear walls and propagated 

with increasing level of shaking. 
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 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 Test Level 2. Ceiling damage increased in the Phase 5 test structure until a large 

portion of the ceiling gypsum failed under Test 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 Test Level 2.  

This cracking occurred mainly at corners of windows and door openings and 

propagated with increasing level of shaking. After Test 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 Test 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 1/2 in. This damage would be very costly to repair in a real building. 

 The estimation of the inter-story displacement components experienced by various 

first-story walls demonstrates the participation of secondary modes of deformation 

beyond the dominant racking shear respose. The Phase 1 structure exhibited the 

lowest participation of secondary modes, mainly in the form of sill plate and stud 

uplift. The installation of interior and exterior wall finishes resulted in a limitation of 

the racking response and an amplification of the secondary modes of deformation. 
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4  
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 4:   NUMERICAL FRAMEWORK FOR STATIC AND 

DYNAMIC ANALYSIS OF TWO-DIMENSIONAL MODELS OF 

LIGHT-FRAME WOOD STRUCTURES 

4.1 Introduction 
This chapter presents the analytical derivations and the numerical framework developed within 

the context of this report so as to compute the static and dynamic response of 2D light-frame 

wood structure models under lateral loads.  

The literature review on numerical modeling of light-frame wood structures, provided in 

Chapter 2, highlighted the use of simplified shear wall elements to simulate the resistance of 

individual inter-story wall segments, when analyzing the global response of light-frame wood 
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structures. The structural properties of the simplified shear wall elements were in most cases 

derived from a detailed single-story shear wall model or from experimental data of shear wall 

tests with matching geometric and structural configurations. 

While this approach of modeling light-frame wood structures offers numerical efficiency 

reducing the computational overhead needed to execute the analysis, it has been already 

discussed in Section 2.3 that certain limitations arise in the predicting capabilities of existing 

formulations. The main reason for these limitations is that the response of a light-frame wood 

shear wall is not exclusively dependent on the structural characteristics of the shear wall itself 

(i.e. nailing schedule, anchoring devices, aspect ratio of full-height segments); it is also 

dependent on the wall boundary conditions, or else the transferred forces and the imposed 

displacements by the horizontal floor diaphragms at the top and bottom of the shear wall. In 

turn, the wall boundary conditions are dictated from the characteristics and the global response 

of the whole structure. 

This coupling interaction between the structural components of a light-frame wood structure 

is not properly accounted for in the existing simplified formulations but may not be 

pronounced for well anchored shear walls or shear walls with intermediate anchorage that 

carry a good portion of the gravity load, because in these cases the shear mode of deformation 

is dominant. However, in cases of shear walls with poor or fair anchorage conditions this 

coupling interaction becomes significant and requires a more complex formulation that can 

account for other modes of deformation (i.e. flexural and rocking modes) with due 

consideration of the interaction effect of the shear walls with the floor diaphragms. 

Recognizing that the simulation of a shear wall with a simplified element is not applicable to 

every case, the model developed in this report considers a detailed element for each shear wall, 

yet targets to achieve relatively low computational overhead through the development of a 

convenient and simplified framework to effectively express the interaction between the 

structural members of a light-frame wood structure. The following section presents the 

concept of sub-structure modeling applied in the case of 2D light-frame wood structure 

models. 
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4.2 Sub-Structure Modeling of Light-Frame Wood Structures 
Figure 4.1 illustrates a typical exterior wall of a two-story light-frame wood building that can 

represent the prototype of a 2D model needed for seismic analysis and design of the structure.  

 
Figure 4.1 Typical Exterior Wall of a Two-Story Light-Frame Wood Building 

It was shown in Section 2.1 that a detailed numerical model that explicitly describes framing 

members, sheathing panels and sheathing-to-framing connections requires the introduction of 

a great number of kinematic degrees-of-freedom (DOF). When considering the global analysis 

of a complete building, the use of an excessive number of global DOF can result in high 

memory demands. Additionally, while this excessive number of DOF is required for the 

accurate calculation of resisting forces, the DOF needed for the calculation of the inertial 

forces can be significantly less. It can be, thus, favorable (i) to consider a numerical building 

model with reduced DOF, called master DOF, which can adequately represent the inertial 

forces in the global level; and (ii) to use a sub-structuring approach to condense out the 

numerous DOF of each detailed shear wall model in a set of internal DOF, maintaining only 

the associated master DOF in the building model. 
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An efficient selection of master DOF is those associated with the motion and the deformation 

of the floor diaphragms. If we consider floor diaphragms to be rigid then only 3 DOF in the 

2D wall plane – two translations and one rotation – are sufficient to describe the equilibrium 

equations for each diaphragm. If the shear walls are assumed to deform in a pure shear mode 

of deformation, the rigid diaphragms shall translate but not rotate, however, if framing axial 

and bending flexibility is considered, the diaphragms shall translate and rotate within the wall 

plane. A number of conclusions can be drawn based on this discussion. More specifically: 

o The minimum number of DOF needed to describe the boundary conditions of a 

single-story shear wall is 6, associated with the 3 rigid body motions of the diaphragms 

above and below the wall, as shown schematically in Figure 4.2. 

 
Figure 4.2 Boundary DOF of an Inter-Story Shear Wall Assuming Rigid Diaphragms 

o Light-frame wood shear walls act as structural elements with shear, axial and moment 

interaction, since the motion of the diaphragms affects the framing deformations and, 

thus, the distribution of sheathing-to-framing resisting forces. This interaction implies 

that two identical wall segments within the same inter-story shear wall shall not 

demonstrate identical responses, unless boundary conditions are identical. 

o It is not valid to formulate reduced numerical models based on the symmetry of the 

structure when the shear walls are not restricted to deform in pure shear. The 

complete length of the building should be considered so that global equilibrium under 

lateral forces will result in realistic vertical reaction forces based on the actual 

geometry of the structure. 
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o Last but not least, an effective simplified shear wall element, to be used as equivalent 

of a detailed shear wall model in a building model analysis, should address the 

coupling interaction between the 6 DOF shown in Figure 4.2 and such formulations 

have not been proposed in the reviewed existing literature. 

These observations have led to the development of a numerical framework for the analysis of 

light-frame wood buildings that considers rigid floor diaphragms as the primary components 

and addresses the resisting forces generated by the inter-story shear walls through the 

interaction with the floor diaphragms. This allows the use of a detailed numerical model for 

each story of the building that is effectively defined as a 2-noded, 6 DOF, displacement-based 

shear wall element, as shown in Figure 4.3. 

 
Figure 4.3 Illustration of Master DOF of a Building Model and Shear Wall Elements for the Simulation of Each Story 

4.3 Derivation and Solution of Equilibrium Equations of Two-Dimensional 
Models of Light-Frame Wood Shear Walls under Quasi-static Loading 
Conditions 

4.3.1 Introduction  
This section describes the analytical derivations that involve the development of a finite 

element framework for the expression and solution of the static equilibrium equations of light-

frame wood shear walls that assemble a 2D continuous single-story vertical diaphragm of a 

light-frame wood building. 
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The fundamental assumption in this study is that floor diaphragms act as rigid bodies. 

Deformation DOF for floor diaphragms could be included in the developed framework but 

the simulation of contact and separation phenomena would become more elaborate. It is 

believed that this assumption is the simplest possible to simulate the boundaries of a shear wall 

assembly preserving continuity in internal forces and moments throughout the height of the 

building, associated with the translation and rotation of the diaphragms. Future studies may 

include the consideration of diaphragm flexibility, always within the same sub-structuring 

approach since diaphragms are indeed explicit structural components that represent the 

boundaries of an inter-story wall assembly. 

The proposed shear wall element enables the analyst to select between a simplified and a 

detailed formulation. The former is computationally efficient and predicts reliable results for 

well-anchored shear walls, while the latter is more computationally intensive but yields more 

accurate responses and is applicable for both engineered and conventional construction. The 

main difference between the two options is the approach adopted to describe the wood 

framing, since the formulations used to describe sheathing panels and sheathing-to-framing 

connectors are essentially the same. In the Pure Shear formulation described in Section 4.3.2, 

framing is assumed rigid and pin-connected and is considered to be rigidly attached to the 

floor diaphragms. In the Model formulation described in Section 4.3.3, framing members are 

modeled with linear beam elements, while link-spring elements are utilized to simulate 

contact/separation phenomena between vertical studs and horizontal plates, 

contact/separation phenomena between horizontal plates and diaphragms, as well as 

anchoring connections between framing and diaphragms. 

In each case, the proposed numerical framework accounts for geometric nonlinearity 

associated with large rotations and for P-Δ effects due to gravity loads, assuming small 

deformations of the structural members that remain linear elastic, such as the individual 

framing members and the sheathing panels. The solution algorithm implemented to perform 

nonlinear multi-step analyses is presented in Section 4.3.4. 

Additionally, a novel unidirectional phenomenological spring model, described in Section 4.3.5, 

is developed to capture the nonlinear hysteretic response of sheathing-to-framing connections. 

The backbone response is described through a smooth curve. The loading and unloading 
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paths, which follow hysteretic rules that demonstrate pinching as well as strength and stiffness 

degradation, are described through multi-linear force-displacement curves.  

4.3.2 Formulation of a Shear Wall Element Suppressing Framing Deformations 
The simplified formulation that suppresses framing deformations is introduced first, since it 

involves the description of fundamental analytical derivations that are utilized in the detailed 

formulation as well. Let us consider a sample shear wall with a single sheathing panel located 

within a Global Cartesian System (GCS) xOy, as shown in Figure 4.4. The shear wall has length 

LW and height HW, while the lower and upper diaphragms have thicknesses h1 and h2, 

respectively. The sheathing panel has width b, height h and thickness t. The coordinates of the 

center of the panel are (x0 , y0). In this numerical formulation, material nonlinearity is 

considered solely at the sheathing-to-framing connections, while generalized modes of 

deformation are considered to describe the sheathing and the framing domain. 

 
Figure 4.4 Dimensions and Configuration of a Sample Shear Wall 

4.3.2.1 Kinematics and Equilibrium Equations of a Sheathing-to-Framing 
Connector Element 

Introduction 

A sheathing-to-framing connector can be considered as a linkage between two points, one in 

the panel and one in the frame. These two points initially exist at the same location in the 2D 

plane of the wall but they are parts of two independent planar domains. As the two mediums 

(panel and frame) are displacing in directions specified by the equilibrium equations, the 
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connectors are deformed transferring forces between the mediums. Typically, a pair of 

orthogonal unidirectional springs that connect the horizontal and vertical translational DOF of 

the frame and the panel at each connection point, as shown in Figure 4.5b, has been utilized in 

most of the proposed sheathing-to-framing connection models. It has been recognized, 

however, that the use of two independent springs tends to over-estimate the strength and 

energy dissipation characteristics of the connection. Intuitively, the use of a single spring, as 

shown in Figure 4.5a, is more appropriate for monotonic loading but instability under cyclic 

loading eliminates this method. Studies presented by Judd (2005) and Judd and Fonseca (2005) 

have demonstrated that the orientation of each pair of orthogonal springs can be based on the 

analysis of the shear wall model under infinitesimal lateral deformation, according to the 

parallel and perpendicular directions of the initial trajectory as shown in Figure 4.5c. This 

approach produces more reasonable results, eliminating the over-estimation of strength and 

energy dissipation. 

None of the existing formulations have taken, however, into consideration the rotation of the 

two connecting domains, which is needed in order to express the equilibrium equations in the 

deformed configuration. Due to material nonlinearity of the orthogonal springs, equilibrating 

nodal moments have to be computed based on the rotational fixity of each node. Based on the 

fact that a typical nail connector is embedded by at least 75% of its length to the framing 

member it is assumed that each pair of orthogonal springs rotates with the associated framing 

node and is pin-connected to the associated panel. Alternatively, it could be assumed that each 

pair of springs rotates by the average of the two nodal rotations or by different fractions of the 

two nodal rotations that sum up to unity, so that an equal rotation of the two nodes will always 

result in an equal rigid body rotation of the connector element. 

 
Figure 4.5 Modeling of a Sheathing-to-Framing Connection Using (a) a Single Spring; (b) a Pair of Orthogonal Springs 

Oriented with the GCS; and (c) a Pair of Orthogonal Springs Oriented with the First Trajectory of the Orbit 

(a) (b) (c)
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Section 4.3.5 presents all the analytical derivations related to the unidirectional constitutive 

model and the consideration of bidirectional coupling of the two orthogonal connector forces. 

The remaining part of this section presents the derivations for the general case that a 

connector is initially oriented with a predefined angle θ0 with respect to the GCS. 

Kinematics of a Sheathing-to-Framing Connector Element 

A sheathing-to-framing connector element has 2 orthogonal internal DOF, us and vs , which are 

defined with respect to an element Local Cartesian System (LCS) ξOη. Figure 4.6 illustrates the 

initial and deformed configuration of a connector element. The element displacement vector 

DS consists of the global translations, uf and vf , and the rotation, θf , of the framing node, as 

well as of the global translations, up and vp , of the panel node, and is defined as:  

 { }T
 = f f f p pu v u vθSD  (4.1) 

 
Figure 4.6 (a) Initial and (b) Deformed Configuration of a Sheathing-to-Framing Connector Element 

Based on the initial and deformed configuration, the internal displacements are computed as: 
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where uS = {us  vs }T and Λ(θ) has the following properties 
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Using the exact analytical expression of the internal displacements, an internal virtual 

displacement field δuS can be computed for a given element virtual displacement δDS. 
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This derivation leads to an equilibrium matrix BS, which has elements that are nonlinearly 

related to the element displacements DS. 

Equilibrium Equations of a Sheathing-to-Framing Connector Element 

Figure 4.7 illustrates a free body diagram of a connector element. The element force vector FS 

consists of the global forces, pf and qf , and the moment, mf , of the framing node, as well as of 

the global forces, pp and qp , of the panel node, and is defined as: 

 { }T
 = f f f p pp q m p qSF  (4.5) 

The equilibrium equations are computed from the principle of virtual work. Under a virtual 

displacement field δDS, the internal and external virtual work is equal. 

 ext intW  = W  δ δ ⇒  
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where pS = {ps qs}T are the internal forces in the LCS ξOη. Expressing the equilibrium in the 

deformed configuration leads naturally to the resulting moment at the framing node mf, as 

computed from (4.6), which is generally zero if and only if the orthogonal springs are linear 

elastic with the same stiffness. 

  =  - f s s s sm v p u q⋅ ⋅  (4.7) 

 
Figure 4.7 Free Body Diagram of a Connector Element 

The tangent stiffness matrix of the connector element is computed from the variation of the 

element force vector with respect to the element displacement vector 
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The stiffness matrices shown in (4.8) are calculated as: 
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where ksu and ksv correspond to the tangent stiffness of the orthogonal springs in the LCS. 

Stiffness matrix KS2 includes higher order effects and is usually neglected, since it does not 

improve significantly the convergence rate and requires additional calculations. 

4.3.2.2 Kinematics and Equilibrium Equations of a Sheathing Panel Element 

Introduction 

Sheathing panels are assumed to deform in pure shear and remain within the linear elastic 

range of the material. Each sheathing panel represents an explicit structural component that 

interacts only with the sheathing-to-framing connectors. Bearing and separation between 

adjacent sheathing panels is not considered in this formulation. 

Kinematics of a Sheathing Panel Element 

Panel elements are modeled with 4 DOF, two rigid body translations U and V, one rigid body 

rotation Θ with respect to the center of the panel, and a uniform pure shear deformation γ, as 

shown in Figure 4.8. 

 { }T = U V Θ γPD  (4.11) 

The reasons that led to the selections of these generalized modes of deformation are discussed 

below: 

• The use of nonlinear phenomenological springs to explicitly describe the response of 

each sheathing-to-framing connection, as shown later in Section 4.3.5, represents a 
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simplified model of the actual response that accounts, among others, for local 

deformations in the region of the panel surrounding the connector, such as wood 

crushing and splitting. 

• Other than local nonlinear deformations, rectangular sheathing panels typically 

demonstrate high out-of-plane resistance and elastic deformations within the wall 

plane. Cracks in sheathing panels are observed in cases where they enclose window 

and door openings, however, the primary objective is to assess the response of 

segmented shear walls that consist of full height rectangular panels. Thus, the 

proposed formulation is limited to rectangular sheathing panels that deform linearly 

elastic. 

• Geometric nonlinearity can be easily included by decomposing the displacement fields 

in rigid body and internal deformation modes. Adopting a corotational description of 

the displacement field of a panel element allows the analytical derivation of the 

nonlinear kinematic equations and leads to solutions that satisfy equilibrium in the 

deformed configuration. 

 
Figure 4.8 (a) Illustration of a Panel Element, (b) Pure Shear Deformation of a Panel Element, and (c) Kinematic DOF of a 

Panel Element Associated with Rigid Body Motion 

Panel Local Cartesian System 

If the sample sheathing panel shown in Figure 4.8a is fastened to the wood framing through n 

number of connectors (nails or screws) then there is also n number of two-dimensional 

displacement vectors uP = {up vp}T that express the motion of the points of the panel along the 

GCS, which are denoted as iuP and i ranges from 1 to n.  

(a) (b) (c)
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Let us define a LCS ξΟη that originates at the center of the panel and is initially parallel to the 

GCS as shown in Figure 4.8. The location of each point on the panel is identified through the 

point local coordinate vector iξP where: 
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Panel Shear Deformation 

The kinematics of the shear mode of deformation is expressed with respect to the LCS ξΟη, 

which rotates with the panel rotation Θ. The point displacement vector iuP
γ due to shear 

deformation is given by: 
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Panel Rotation 

The panel rotation Θ is handled thought the transformation matrix Λ(Θ) defined previously in 

(4.2) and the point local coordinate vector iξP. Figure 4.9 shows the initial iξP and rotated iξP
Θ 

coordinate vectors of a single point due to rotation Θ given by: 
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Figure 4.9 Rotation of a Panel 

The point displacement vector iuP
Θ is: 
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 ( )i i i i i =  -  =  - Θ ⋅ΤΘ Θ
P P P P Pu ξ ξ Λ ξ ξ  (4.15) 

Panel Rotation and Shear Deformation 

If we consider now that in (4.15) the point initial coordinate vector iξP includes the point 

displacement vector from shear deformation iuP
γ, it is: 

 i i i=  + γ γ
P P Pξ ξ u  (4.16) 

Based on (4.15) and (4.16) it can be written that: 
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This means that the displacement of each point iuP
Θ,γ  due to rotation and shear deformation is 

a nonlinear function of Θ and γ.  

Panel Rigid Translation 

We finally define the point displacement vector iuP
U,V from the two rigid body translations U 

and V as: 

 i  = 
U
V
⎧ ⎫
⎨ ⎬
⎩ ⎭

U,V
Pu  (4.18) 

Panel Total  Deformation 

The point displacement vector iuP is given by: 

 ( ) ( )i i i i i i i =  +   =  +  +  - Θ ⋅ΤU,V Θ,γ U,V γ
P P P P P P Pu u u u Λ ξ u ξ  (4.19) 
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or 

 ( )
i i i

i
i i i

cos -sin
 =  =  +  +  - 

sin cos
p p p

p p p

U Θ Θ
f

V Θ Θ
ξ η ξ

γ
η ξ η

⎛ ⎞⎧ ⎫ ⎧ ⎫ ⎧ ⎫⎧ ⎫ ⎡ ⎤ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪⋅ ⋅⎜ ⎟⎨ ⎬ ⎨ ⎬ ⎨ ⎬ ⎨ ⎬⎢ ⎥ ⎜ ⎟⎪ ⎪ ⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎣ ⎦ ⎩ ⎭ ⎩ ⎭ ⎩ ⎭⎝ ⎠
P Pu D  (4.20) 

Using the exact analytical expression of the point displacement vector, a virtual displacement 

field δ iuP can be computed for a given panel virtual displacement δDP. 

 

i i i i

i
i i i i

 =  

P P P P

P P P P

u u u u
U V
v v v v
U V

Θ γ
δ δ

Θ γ

⎡ ⎤∂ ∂ ∂ ∂
⎢ ⎥∂ ∂ ∂ ∂⎢ ⎥ ⋅ ⇒
⎢ ⎥∂ ∂ ∂ ∂
⎢ ⎥∂ ∂ ∂ ∂⎣ ⎦

P Pu D  

 ( ) ( )
( ) ( )

i i i i i i

i

i i i i i i

1 0 sin (  + ) cos (  + ) cos  sin
=

0 1 cos (  + ) sin (  + ) sin  + cos

p p p p p p

p p p p p p

Θ ξ η γ Θ η ξ γ Θ η Θ ξ
δ δ

Θ ξ η γ Θ η ξ γ Θ η Θ ξ

⎡ ⎤⋅ ⋅ ⋅ ⋅ ⋅ ⋅
⎢ ⎥ ⋅ ⇒
⎢ ⎥⋅ ⋅ ⋅ ⋅ ⋅ ⋅⎣ ⎦

P P

- - - 
u D

-  
 

 ( )
i i -

i i
i i -

1 0 -
 =  = 

0 1
p p

p p

η η
δ δ δ

ξ ξ
⎡ ⎤

⋅ ⋅⎢ ⎥
⎢ ⎥⎣ ⎦

Θ,γ Θ

P P P P PΘ,γ Θu D B D D  (4.21) 

The nonlinear terms iξP
Θ,γ and iξP

-Θ of matrix iBP are defined from (4.17) and (4.14), 

respectively, as: 

 
i i i

i
i i i

cos -sin
 =  =  + 

sin cos
p p p

p p p

Θ Θ
Θ Θ

ξ ξ η
γ

η η ξ
⎛ ⎞⎧ ⎫ ⎧ ⎫ ⎧ ⎫⎡ ⎤⎪ ⎪ ⎪ ⎪ ⎪ ⎪⋅ ⋅⎜ ⎟⎨ ⎬ ⎨ ⎬ ⎨ ⎬⎢ ⎥ ⎜ ⎟⎪ ⎪ ⎪ ⎪ ⎪ ⎪⎣ ⎦⎩ ⎭ ⎩ ⎭ ⎩ ⎭⎝ ⎠

Θ,γ
Θ,γ
P Θ,γξ  (4.22) 

 
( ) ( )
( ) ( )

i - i i
i -

i - i i

cos - -sin - cos sin
 =  =  = 

sin - cos - -sin cos
p p p

p p p

Θ Θ Θ Θ
Θ Θ Θ Θ

ξ ξ ξ
η η η

⎧ ⎫ ⎧ ⎫ ⎧ ⎫⎡ ⎤ ⎡ ⎤⎪ ⎪ ⎪ ⎪ ⎪ ⎪⋅ ⋅⎨ ⎬ ⎨ ⎬ ⎨ ⎬⎢ ⎥ ⎢ ⎥
⎪ ⎪ ⎪ ⎪ ⎪ ⎪⎣ ⎦⎣ ⎦⎩ ⎭ ⎩ ⎭ ⎩ ⎭

Θ
Θ

P Θξ  (4.23) 

Equil ibrium Equations of a Sheathing Panel Element 

Figure 4.10 illustrates a free body diagram of a panel element. The element force vector FP 

consists of the generalized forces in the two global directions P and Q, the generalized moment 

with respect to the center of the panel M, and the generalized shear force T, which is energy 

conjugate to the shear deformation γ. 
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 { }T = P Q M TPF  (4.24) 

The equilibrium equations are computed from the principle of virtual work. Under a virtual 

displacement field δDP, the internal and external virtual work is equal. 

 ext intW  = W  δ δ ⇒  

 ( )T i T i

i = 1 V

 =   + G dV 
n

ξη ξηδ δ δγ γ⋅ ⋅ ⋅ ⋅ ⇒∑ ∫P P P PD F u p  

 ( ) ( ) ( )T T i T i

i = 1 V

 =   +  + G  +  dV 
n

δ δ δ γ γ γ γ⋅ ⋅ ⋅ ⋅ ⋅ ⇒∑ ∫P P P P PD F D B p  

 ( ) ( )T T i T i

i = 1
 =   + 4 G b h t  

n

δ δ δγ γ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⇒∑P P P P PD F D B p  

 ( ) { }TT T i T i

i = 1
 =   + 0 0 0  

n

GKδ δ γ⎛ ⎞⋅ ⋅ ⋅ ⋅ ⇒⎜ ⎟
⎝ ⎠
∑P P P P PD F D B p  

 ( ) { }Ti T i

i = 1
 =   + 0 0 0

n

GK γ⋅ ⋅∑P P PF B p  (4.25) 

where ipP = {ipp iqp}T is the internal point force vector acting on the panel from the ith 

connector, G is the shear modulus of the panel and γξη is the engineering shear strain in the 

LCS. Since small deformations have been assumed, the generalized shear stiffness of the panel 

KG remains constant and independent of the shear deformation γ. 

 = 4 G b h tGK ⋅ ⋅ ⋅ ⋅  (4.26) 
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Figure 4.10 Free Body Diagram of a Panel Element in the (a) Undeformed and (b) Deformed Configuration 

The tangent stiffness matrix of the panel element is computed from the variation of the 

element force vector with respect to the element displacement vector 

 
( ) { }Ti T i

i = 1

  + 0 0 0
 =  =  

n

GK γ⎛ ⎞∂ ⋅ ⋅⎜ ⎟∂ ⎝ ⎠ ⇒
∂ ∂

∑ P P
P

P
P P

B p
FK
D D

 

 
( ) { }( )Ti Ti i

i T i
i

i = 1 i = 1

0 0 0
 =  +  + 

n n GK γ∂ ⋅⎛ ⎞∂⎛ ⎞∂ ∂ ⎜ ⎟⋅ ⋅ ⋅ ⇒⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
∑ ∑ PP P

P P P
P P P P

Bp uK B p
u D D D

 

  =  +  + P P1 P2 P3K K K K  (4.27) 

The stiffness matrices shown in (4.27) are calculated as: 

 ( )
i i

i T i T i i
i

i = 1 i = 1
 =  = 

n n⎛ ⎞∂ ∂⋅ ⋅ ⋅ ⋅⎜ ⎟∂ ∂⎝ ⎠
∑ ∑ PPP P

P1 P P S P
P P

p uK B B K B
u D

 (4.28) 

 
( )i T

i

i = 1
=  

n ⎛ ⎞∂
⎜ ⎟⋅ ⇒
⎜ ⎟∂⎝ ⎠

∑ P
P2 P

P

B
K p

D
 

(a) (b)
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 ( ) ( )i i i i i - i i - i

0 0 0 0
0 0 0

 = 
-  + -  + 

0
p p p p p p p pp q p q

sym

ξ η ξ η

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⋅ ⋅ ⋅ ⋅
⎢ ⎥
⎢ ⎥⎣ ⎦

P2 Θ,γ Θ,γ Θ ΘK  (4.29) 

 
{ }( )T

0 0 0 0
0 0 0 0 0 0

 =  = 
0 0

G

G

K

sym K

γ
⎡ ⎤
⎢ ⎥∂ ⋅
⎢ ⎥
⎢ ⎥∂
⎢ ⎥
⎣ ⎦

P3
P

K
D

 (4.30) 

where iKS
PP is the submatrix corresponding to the panel DOF, as computed in (4.8), for the ith 

connector. Stiffness matrix KP2 includes higher order effects and is usually neglected, since it 

does not improve significantly the convergence rate and requires additional calculations. 

4.3.2.3 Kinematics and Equilibrium Equations of the Framing Domain 

Introduction 

The framing members, as discussed earlier, act as rigid beams and the wall assembly, consisting 

of the framing and the two rigid diaphragms, distorts under a pure kinematic mode of 

deformation with no internal strain energy. This single mode is essentially associated with the 

relative horizontal inter-story drift imposed by the diaphragms. However, when considering 

geometric nonlinearity the vertical inter-story drift is dependent on the horizontal inter-story 

drift, as shown in Figure 4.11a. In addition, the rigid diaphragms do not rotate relative to each 

other but the element may be subjected to a rigid body motion, as shown in Figure 4.11b, if 

the base diaphragm is not restricted against rotation. These reasons dictate that it is desirable to 

express the displacement field of the framing domain with respect to the 6 DOF of the two 

diaphragms. After all, these are the boundary DOF of the 2-noded shear wall element that 

interact with the numerical D1 building model. 
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Figure 4.11 (a) Racking Deformation of the Framing Domain, and (b) Rigid Body Rotation of the Framing Domain 

This suggests that although the framing members provide no lateral resistance, they do provide 

vertical resistance to gravity loads, which has to be accounted for in order to include second 

order P-Δ effects in the numerical response. Conveniently, the two vertical end posts of the 

shear wall assembly that encloses the full width of the story can be simulated with 2-noded 

linear truss elements with high axial stiffness that connect the two diaphragms providing no 

lateral resistance in the initial configuration. Furthermore, the 4 connection points between 

two diaphragms and the two vertical truss elements enclose the rectangular shear wall domain 

and existing finite element formulations of a quadrilateral element can be applied to express 

the kinematics of the framing members. The inherent assumption of straight boundary lines 

enclosing the quadrilateral domain fits well to the assumption of rigid diaphragms and the use 

of end-post truss elements. 

Kinematics and Equilibrium Equations of a Truss Element 

Kinematics of a Truss Element 

A truss element has 1 internal DOF ut which is defined with respect to an element Local 

Cartesian System (LCS) ξOη that has the ξ axis crossing through the two nodes of the element. 

Figure 4.12 illustrates the initial and deformed configurations of a truss element. The element 

displacement vector DT consists of the global translations, u1 and v1 , and, u2 and v2 , of the two 

nodes and is defined as:  

 { }T
1 1 2 2 = u v u vTD  (4.31) 

(a) (b) 
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Figure 4.12 (a) Initial and (b) Deformed Configuration of a Truss Element 

The initial length L0 of the truss element is given by: 

 ( ) ( )2 22 1
0 2 1 2 1

2 1

x  - x
L  =  = x  - x  + y  - y

y  - y
⎧ ⎫
⎨ ⎬
⎩ ⎭

 (4.32) 

where x1, x2, y1 and y2 are the initial global coordinates of the two nodes of the element. The 

initial angle Φ0 of the truss element is computed as: 

 
( )

( ) ( )( )
( ) ( )( )

2 1 2 1

0 2 1 2 1 2 1

2 1 2 1 2 1

 π/2 sgn(y  - y )                 ,   x  - x = 0
 Φ  =  arctan y  - y x  - x       ,   x  - x  > 0

arctan y  - y x  - x  + π,   x  - x  < 0

if
if

if

⎧ ⋅
⎪⎪
⎨
⎪
⎪⎩

/

/

 (4.33) 

where sgn refers to the signum function defined as: 

 
1,  if x > 0

sgn(x) = -1,  if x < 0
0,  if x = 0

⎧
⎪
⎨
⎪
⎩

 (4.34) 

The actual length L in the deformed configuration is given by: 

 ( ) ( )2 22 2 1 1
2 2 1 1 2 2 1 1

2 2 1 1

x  +  - x  - 
 =  = x  +  - x  -  + y  +  - y  -  

y  +  - y  - 
u u

L u u v v
v v

⎧ ⎫
⇒⎨ ⎬

⎩ ⎭
 

(a) (b) 
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 2 2 =  +   = x y SL L L L  (4.35) 

The element internal deformation ut can be directly computed as: 

 0=  - Ltu L  (4.36) 

Using the exact analytical expression of the internal deformation, a virtual displacement field 

δut can be computed for a given element virtual displacement δDT. 

 
1 1 2 2

 =  t t t t
t

u u u uu
u v u v

δ δ
⎡ ⎤∂ ∂ ∂ ∂ ⋅ ⇒⎢ ⎥∂ ∂ ∂ ∂⎣ ⎦

TD  

 
1 1 2 2

 =  S S S S
t

S

L L L LLu
L u v u v

δ δ
⎡ ⎤∂ ∂ ∂ ∂∂ ⋅ ⋅ ⇒⎢ ⎥∂ ∂ ∂ ∂ ∂⎣ ⎦

TD  

 1 = -2 -2 2 2  
2t x y x y

S

u L L L L
L

δ δ⎡ ⎤⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⇒⎣ ⎦⋅ TD  

 ( ) ( ) ( ) ( )0 0 0 0 = -cos Φ  + -sin Φ  + cos Φ  + sin Φ  +  tu Φ Φ Φ Φδ δ⋅ ⇒⎡ ⎤⎣ ⎦ TD  

 ( ) = tuδ δ⋅T T TB D D  (4.37) 

The rotation Φ of the reference frame in the GCS, as shown in Figure 4.12b, can be computed 

as: 

 
( ) ( ) ( ) ( )2 1 2 1 2 1 2 1

0

x  - x  -  - y  - y  - 
 = arcsin

L
v v u u

Φ
L

⎛ ⎞⋅ ⋅
⎜ ⎟⋅⎝ ⎠

 (4.38) 

 

( )0 0 0 0 0 0

2 2 1 1 2 2 1 1
0 0

2 1 2 1
0 0

0 0

sin  = sin ( Φ ) - Φ  = sin( Φ ) cosΦ  - cos( Φ ) sinΦ
y  +  - y  - x  +  - x  - sin( Φ ) =  ,  cos( Φ ) = 

y  - y x  - xsinΦ  =                ,  cosΦ  = 
L L

Φ Φ+ Φ+ Φ+
v v u uΦ+ Φ+

L L

⎧ ⎫
⎪ ⎪⋅ ⋅
⎪ ⎪
⎪ ⎪
⎨ ⎬
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎩ ⎭

 (4.39) 
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Equil ibrium Equations of a Truss Element 

Figure 4.13 illustrates a free body diagram of a truss element. The element force vector FT 

consists of the global forces, p1 and q1 , and, p2 and q2 , of the two nodes and is defined as: 

 { }T
1 1 2 2 = p q p qTF  (4.40) 

The equilibrium equations are computed from the principle of virtual work. Under a virtual 

displacement field δDT, the internal and external virtual work is equal. 

 ext intW  = W  δ δ ⇒  

 T T=  t tu pδ δ⋅ ⋅ ⇒T TD F  

 T T T=  tpδ δ⋅ ⋅ ⋅ ⇒T T T TD F D Β  

 T = tp⋅T TF Β  (4.41) 

where pt is the internal force which is equal to: 

 
0

 =  = 
Lt t t t
EAp k u u⋅ ⋅  (4.42) 

where EA is the product of the elastic modulus of the material and the cross-section area of 

the truss element. 

 
Figure 4.13 Free Body Diagram of a Truss Element 
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The tangent stiffness matrix of the truss element is computed from the variation of the 

element force vector with respect to the element displacement vector 

 
( ) ( )T T

T =  =  =  +  t t t
t

t

p p u p
u

∂ ⋅ ∂∂ ∂∂ ⋅ ⋅ ⋅ ⇒
∂ ∂ ∂ ∂ ∂

T TT
T T

T T T T

Β ΒFK Β
D D D D

 

 =  +  T T1 T2K K K  (4.43) 

The stiffness matrices shown in (4.8) are calculated as: 

 T T =  = t t
t

t

p u k
u
∂ ∂⋅ ⋅ ⋅ ⋅
∂ ∂T1 T T T

T

K Β Β Β
D

 (4.44) 

 
( )

( )( )

( )( )

( )( )

( )( )

0
1 1 2 2

0T
1 1 2 2

0
1 1 2 2

0
1 1 2 2
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-sin Φ  + 
 =  =  

cos Φ  + 

sin Φ  + 

t t

Φ
u v u v

Φ
u v u v

p p
Φ

u v u v

Φ
u v u v

⎡ ⎤⎡ ⎤∂ ∂ ∂ ∂ ⋅⎢ ⎥⎢ ⎥∂ ∂ ∂ ∂⎣ ⎦⎢ ⎥
⎢ ⎥⎡ ⎤∂ ∂ ∂ ∂⎢ ⎥⋅⎢ ⎥∂ ∂ ∂ ∂ ∂⎢ ⎥⎣ ⎦⋅ ⋅ ⇒⎢ ⎥

∂ ⎡ ⎤∂ ∂ ∂ ∂⎢ ⎥⋅⎢ ⎥⎢ ⎥∂ ∂ ∂ ∂⎣ ⎦⎢ ⎥
⎢ ⎥⎡ ⎤∂ ∂ ∂ ∂ ⋅⎢ ⎥⎢ ⎥∂ ∂ ∂ ∂⎢ ⎥⎣ ⎦⎣ ⎦

T
T2

T

Β
K

D
 

 

2 2

2 2

2

2

sin -cos sin -sin cos sin
cos cos sin -cos

 = 
sin -cos sin

cos

T T T T T T

T T T Tt

T T T

T

Φ Φ Φ Φ Φ Φ
Φ Φ Φ Φp

L Φ Φ Φ
sym Φ

⎡ ⎤⋅ ⋅
⎢ ⎥⋅⎢ ⎥⋅
⎢ ⎥⋅
⎢ ⎥
⎢ ⎥⎣ ⎦

T2K  (4.45) 

where ΦT = Φ0 + Φ. The partial derivatives computed in (4.45) are presented below for three 

of the elements of the stiffness matrix. Stiffness matrix KT2 includes higher order effects and is 

usually neglected, since it does not improve significantly the convergence rate and requires 

additional calculations. 

The variation of cosΦT with respect to u1 is: 
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 ( ) 22 2

2 3 2
1 1

-  - -cos -  + 1 =  =  =  = -  

x x
x

yT x

L LL L LΦ L LL L
u u L L L L

⎛ ⎞ ⎛ ⎞∂ ⋅⎜ ⎟ ⎜ ⎟∂ ⎝ ⎠ ⎝ ⎠ ⋅ ⇒
∂ ∂

 

 ( ) 2

1

cos sin = -T TΦ Φ
u L

∂
∂

 (4.46) 

The variation of cosΦT with respect to v1 is: 

 ( )
2

1 1

0 - -
cos 1 =  =  =  

yx
x

yT x

LL L
LΦ L LL

v v L L L L

⎛ ⎞⎛ ⎞ ⋅∂ ⎜ ⎟⎜ ⎟∂ ⎝ ⎠ ⎝ ⎠ ⋅ ⋅ ⇒
∂ ∂

 

 ( )
1

cos cos sin = T T TΦ Φ Φ
v L

∂ ⋅
∂

 (4.47) 

The variation of sinΦT with respect to v1 is: 

 ( ) 2 2 2

2 3 2
1 1

-  - -
-  + sin 1 =  =  =  = -  

y y
y

yT x

L L
L L

L LΦ L L L
v v L L L L

⎛ ⎞ ⎛ ⎞
∂ ⋅⎜ ⎟ ⎜ ⎟∂ ⎝ ⎠ ⎝ ⎠ ⋅ ⇒

∂ ∂
 

 ( ) 2

1

sin cos = -T TΦ Φ
v L

∂
∂

 (4.48) 

Kinematics and Equilibrium Equations of a Quadrilateral Element 

Kinematics of a Quadri lateral  Element 

A 4-noded quadrilateral element that encloses the framing domain, which is initially orthogonal 

and aligned to the GCS xOy, is utilized to express the kinematics of each point of the framing 

members that is connected to the sheathing panels through nailing connectors. Assuming for 

simplicity a single sheathing panel, there are n number of internal displacement vectors uF that 

include the two global translations uf and vf as well as the rotation θf
 of the framing member, 
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which are denoted as iuF and i ranges from 1 to n. The element displacement vector DF, 

illustrated in Figure 4.14, consists of the global translations at the four nodes, and is defined as: 

 { }T
1 1 2 2 3 3 4 4 = u v u v u v u vFD  (4.49) 

 
Figure 4.14 Kinematic DOF of the Framing Domain 

A Local Cartesian System (LCS) parallel to the GCS that originates from the centre of the 

quadrilateral element is defined as shown in Figure 4.14, where the location of each point on 

the framing domain is identified through the point local coordinate vector ixF. It is reminded 

that LW is the length and HW the height of the shear wall assembly. 

 { }
i i

W Wi
i i

W W

[-L /2, L /2]
,  

[-H /2, H /2]
f f

f f

x x
y y

⎧ ⎫ ⎧ ⎫∈⎪ ⎪ ⎪ ⎪
⎨ ⎬ ⎨ ⎬∈⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎩ ⎭

Fx =   (4.50) 

The displacement field can be simply described based on the generalized coordinates iξf and iηf 

that can be found in the formulation of an isoparametric 4-noded quadrilateral element (Cook 

et al. 2002). 

 

i
i

W

i
i

W

 = 
L /2

 = 
H /2

f
f

f
f

x

y

ξ

η

⎧ ⎫
⎪ ⎪
⎪ ⎪
⎨ ⎬
⎪ ⎪
⎪ ⎪⎩ ⎭

 (4.51) 

The two global translations iuf and ivf can be computed as linear variations of the global 

displacements at the four nodes: 
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⎧ ⎫
⎪ ⎪
⎪ ⎪
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⎪ ⎪ ⎣ ⎦ ⎪ ⎪⎩ ⎭
⎪ ⎪
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⎪ ⎪
⎪ ⎪⎩ ⎭

F N D  (4.52) 

where iN1 to iN4 are the shape functions given by: 
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i i i
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1 = 1 + 1 + 
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4

f f

f f

f f

f f

N

N

N

N

ξ η

ξ η

ξ η

ξ η

⎧ ⎫⋅ ⋅⎪ ⎪
⎪ ⎪
⎪ ⎪⋅ ⋅⎪ ⎪
⎨ ⎬
⎪ ⎪⋅ ⋅
⎪ ⎪
⎪ ⎪
⎪ ⎪⋅ ⋅
⎩ ⎭

 (4.53) 

The rotation of the framing node iθf depends on whether the framing member is initially 

oriented horizontally or vertically, as shown in Figure 4.15. 

 
Figure 4.15 Associated Kinematic DOF of a Vertical and a Horizontal Framing Member 

Based on (4.38), the rotation of an initially vertical framing member iθf
v is equal to: 

 
( ) ( )

i i
i 34 12

2 2 2 2i i i i
34 12 34 12 W

 -  = arcsin -  = arcsin -
 +  -  +  -  + H

v x
f

x y

u u L
L Lu u v v

θ
⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

 (4.54) 
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The partial derivative of iθf
v with respect to iu34 is equal to: 

 
2 2i

i i2
34 34

2 2
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 (4.55) 

The partial derivative of iθf
v with respect to iv34 is equal to: 

 
2 2i

i i2
34 34

2 2

-
 + 1 =  

1 - -  
 + 

x

v
x yf

x

x y

L
L L

v v
L

L L

θ

⎛ ⎞
⎜ ⎟∂
⎜ ⎟∂ ⎝ ⎠⋅ ⇒

∂ ∂⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

 

 
i

i 22
34

0 - 1 = -  =  
 

y
v xf x

y

L
L LL L

v L L LL

θ
⎛ ⎞

⋅⎜ ⎟∂
⋅ ⋅ ⇒⎜ ⎟

∂ ⎜ ⎟⎜ ⎟
⎝ ⎠

 

 
i

i i i
i

34 W

1 1 1 = cos  +  = - sin   - sin
2 H

v
f v v v

f f fv L L
θ π θ θ θ

∂ ⎛ ⎞⋅ ⋅ ≈ ⋅⎜ ⎟∂ ⎝ ⎠
 (4.56) 

Utilizing (4.52), the displacements iu34 and iv34 are equal to: 
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 (4.57) 

Combining (4.55) to (4.57) a virtual rotation δiθf
v can be computed for an element virtual 

displacement δDF as: 
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F θ FD N D  (4.58) 

Based on (4.38), the rotation of an initially horizontal framing member iθf
h is equal to: 
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 (4.59) 

The partial derivative of iθf
h with respect to iu23 is equal to: 
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The partial derivative of iθf
h with respect to iv23 is equal to: 
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 (4.61) 

Utilizing (4.52), the displacements iu23 and iv23 are equal to: 
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 (4.62) 

Combining (4.60) to (4.62) a virtual rotation δiθf
h can be computed for an element virtual 

displacement δDF as: 
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F θ FD N D  (4.63) 

Finally, a virtual internal field δ iuF is equal to: 

 ( )
i

i i
i =  = δ δ δ
⎡ ⎤

⋅ ⋅⎢ ⎥
⎣ ⎦

F F F F F
θ

N
u D B D D

N
 (4.64) 

where  

 

i i

i i

 = ,  if member is vertical

 = ,  if member is horizontal

v
θ θ

h
θ θ

N N

N N
 (4.65) 

Contributions to the Quadri lateral  Element from the Truss Elements 

The global DOF of the two truss elements 1DT and 2DT, where the left upper indices 1 and 2 

refer to the left and the right vertical trusses, respectively, are related to the quadrilateral DOF 

DF as: 
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D D B D

D
 (4.66) 

Accordingly, a virtual displacement δDFT is equal to: 

  = δ δ⋅FT FT FD B D  (4.67) 

Equil ibrium Equations of a Quadri lateral  Element 

Figure 4.16 illustrates a free body diagram of a quadrilateral element. The element force vector 

FF consists of the global forces at the four nodes and is defined as: 

 { }T
1 1 2 2 3 3 4 4 = p q p q p q p qFF  (4.68) 

 
Figure 4.16 Free Body Diagram of a Quadrilateral Element 

The internal force vector related to the framing members is ipF = {ipf iqf imf}T. The equilibrium 

equations are computed from the principle of virtual work. Under a virtual displacement field 

δDF, the internal and external virtual work is equal. 

 ext intW  = W  δ δ ⇒  
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where FFT contains the global forces of the trusses 1FT and 2FT computed as: 
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 (4.70) 

The tangent stiffness matrix of the quadrilateral element is computed from the variation of the 

element force vector with respect to the element displacement vector 
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The stiffness matrices shown in (4.71) are calculated as: 
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where iKS
FF is the submatrix corresponding to the framing DOF, as computed in (4.8), for the 

ith connector. Stiffness matrix KF2, which include higher order effects, is neglected due to the 

significant computational cost from the existence of two cases (vertical and horizontal 

members). 

Kinematics and Equilibrium Equations of the Rigid Diaphragms 

Kinematics of the Rigid Diaphragms 

The element displacement vector DD consists of the global translations and rotation of the two 

rigid diaphragms, and is defined as: 

 { }T
1 1 1 2 2 2 = U V U VΘ ΘDD  (4.74) 

Figure 4.17 illustrates the kinematic DOF of the diaphragms DD and the internal kinematic 

DOF DF, as defined in the previous section. 

 
Figure 4.17 Kinematic DOF of the Rigid Diaphragms 

The displacement vector of a point on the rigid diaphragm can be expressed by derivations 

already provided for the panel element formulation. It is reminded that the lower and upper 

diaphragms have thicknesses h1 and h2, respectively. Thus, the internal displacement vector DF 

can be expressed through the global displacement vector DD as: 
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 (4.75) 

Using the analytical expressions for the internal deformations, a virtual displacement δDF for a 

given global virtual displacement δDD as: 
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 ( ) = δ δ⋅F D D DD B D D  (4.76) 

where the nonlinear elements of BD represent the algebraic distance in the global directions of 

the respective point from the center of the associated diaphragm, and are computed as: 
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 (4.77) 

Equil ibrium Equations of the Rigid Diaphragms 

Figure 4.18 illustrates a free body diagram of the two rigid diaphragms. The element force 

vector FD consists of the global forces and moments of the two rigid diaphragms, and is 

defined as: 

 { }T
1 1 1 2 2 2 = P Q Μ P Q ΜDF  (4.78) 

 
Figure 4.18 Free Body Diagram of the Rigid Diaphragms 

The equilibrium equations are computed from the principle of virtual work. Under a virtual 

displacement field δDD, the internal and external virtual work is equal. 

 ext intW  = W  δ δ ⇒  

 T T=  δ δ⋅ ⋅ ⇒D D F FD F D F  
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 T T T=  δ δ⋅ ⋅ ⋅ ⇒D D D D FD F D B F  
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The tangent stiffness matrix of the two diaphragms is computed from the variation of the 

element force vector with respect to the element displacement vector 

 
( ) ( )T T

T =  =  =  +  
∂ ⋅ ∂∂ ∂ ∂⋅ ⋅ ⋅ ⇒

∂ ∂ ∂ ∂ ∂
D F DD F F

D D F
D D F D D

Β F ΒF F DK Β F
D D D D D
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The stiffness matrices shown in (4.80) are calculated as: 
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where 
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 (4.83) 

The stiffness matrix KD2 includes higher order effects and is usually neglected, since it does not 

improve significantly the convergence rate and requires additional calculations. 
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4.3.2.4 Global Equilibrium Equations and Global Stiffness Matrix of a Shear Wall 
Element Suppressing Framing Deformations 

The global equilibrium equations and the global tangent stiffness matrix of a shear wall 

element that suppresses framing deformations can be expressed based on the analytical 

derivations provided earlier in this section. If NP is the total number of panels of the shear wall 

assembly, the total number of global DOF NDOF is equal to: 

 DOF PN  = 6 + 4 N⋅  (4.84) 

For the sample shear wall, presented in Figure 4.4, NP = 1 and NDOF = 10. The equilibrium 

equations for the panel and the framing domain have been given in (4.25) and (4.79), 

respectively, and are repeated below: 
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 (4.85) 

The global tangent stiffness matrix of the shear wall model KW is computed as: 
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where KP and KD have been derived in (4.27) and (4.80), respectively. The off diagonal 

stiffness sub-matrices are computed as: 
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where iKS
PF is the submatrix corresponding to the respective off diagonal terns, as computed in 

(4.8), for the ith connector. Similarly: 

 ( ) ( )T T i T i i

i = 1

 =  = 
n

⋅ ⋅ ⋅∑ FP
DP PD D F S PK K B B K B  (4.88) 

The incremental equilibrium equations can be written as: 

  = δ δ⎧ ⎫ ⎡ ⎤ ⎧ ⎫
⋅⎨ ⎬ ⎨ ⎬⎢ ⎥

⎩ ⎭ ⎣ ⎦ ⎩ ⎭
D D DP D

P PD P P

F K K D
F K K D

 (4.89) 

Since no external forces are acting on the panel elements (δFP = 0) the equilibrium equations 

can be condensed to a 6 DOF system that represent the shear wall element in a building model 

analysis: 

 ( )-1 =  + -  δ δ δ⋅ ⋅ ⋅ ⋅ ⇒D D D DP PP PD DF K D K K K D  

  = δ δ⋅D
D W DF K D  (4.90) 

where the global stiffness matrix of the shear wall element KW
D is: 

 -1 =  - ⋅ ⋅D
W D DP PP PDK K K K K  (4.91) 

4.3.3 Formulation of a Shear Wall Element Including Framing Deformations 
The formulation of a shear wall element that includes framing deformations is introduced in 

this section. The derivations for the sheathing panel elements and the sheathing-to-framing 

connector elements remain the same as presented in the previous section for a shear wall 

element with no framing deformations. The only difference between the two numerical models 

is the modeling framework adopted for the framing members of the shear wall assembly, while 

diaphragms are still considered rigid. 

Although the assumption of rigid framing members and anchored horizontal plates to the 

diaphragms led to a simple and computationally efficient formulation to simulate a pure 

kinematic distortion of the framing domain including geometric nonlinearity, this hypothesis 
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poses limitations on the capability to predict (i) the response of light-frame wood structures 

with medium-to-poor anchorage conditions and, (ii) the variation of structural performance of 

fully sheathed wall segments as a result of the height-to-length ratio and the actual anchorage 

conditions of the segment. In this perspective, the framing members have to be simulated as 

individual structural components that are inter-connected with framing-to-framing and 

anchoring connections and interact with the sheathing panels through the associated 

connectors. It is, thus, selected to represent the framing members with linear elastic beam 

elements with axial and flexural behavior using center-line modeling of each individual framing 

component. This approach involves the assignment of a finite element mesh of the vertical 

and horizontal framing members of the wall assembly and a set of nodes that represent 

discrete points of the structural components. Each node is described through 3 DOF in the 

2D plane and can be assigned at each framing location where sheathing-to-framing connectors 

exist. Considering a wall segment with no openings the framing configuration will consist of 

vertical continuous studs connected to the horizontal continuous sill and top plates and a 

detailed numerical model of the framing domain can be developed as shown in Figure 4.19. 

In Figure 4.19, the framing domain of the shear wall assembly is considered as three groups of 

components: the sill plate members, the top plate members and the internal framing members. 

These components are meshed with 2-noded beam elements assigning different nodes for 

each group at the interaction surface, which is actually the location of each plate-to-stud 

connection at the horizontal boundaries of the wall assembly. This eventually requires the 

development and use of appropriate interface elements to simulate: (i) the interaction between 

horizontal and vertical framing members; (ii) the interaction between horizontal boundary 

plates and diaphragms; and (iii) the structural response of anchoring equipment (i.e. anchor 

bolts, holdowns). 

Clearly, this numerical model offers the versatility to simulate various modes of deformation 

but also poses challenges on the proper modeling of the adopted modes. Since the 

formulations are described in static conditions, the interface elements should provide static 

determinacy to the framing components under a displacement controlled motion of the 

diaphragms. This prerequisite does not allow the general simulation of coupled friction and 

contact phenomena, which requires a solution under dynamic conditions with tracking 
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algorithms that identify the modes of deformation in the time domain. Moreover, the solution 

is sought in the deformed configuration, which means that sliding friction between a vertical 

stud and a horizontal plate would require tracking of the motion of the stud tip on the 

horizontal plate. For these reasons, sliding friction is not considered between the framing 

components and it is assumed that loads parallel to a contact area are transferred independent 

of the perpendicular normal force and result to minimal horizontal differential displacements. 

In the perpendicular direction, contact/separation is effectively simulated with a nonlinear 

elastic spring that ideally transfers only compressive loads. 

 

PlatePlate--toto--Stud Contact ElementStud Contact Element

DiaphragmDiaphragm--toto--Plate Contact ElementPlate Contact Element

DiaphragmDiaphragm--toto--Framing Connector ElementFraming Connector Element

 
Figure 4.19 Detailed Numerical Model of the Framing Domain 

In the initial configuration of a shear wall assembly, the contact area between the plates and 

studs or diaphragms is horizontal and provides high axial stiffness under bearing condition; 

that is compressive forces normal to the contact area. Thus, under service loads, a shear wall 
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assembly within a light-frame wood house is subjected to vertical gravitational loads that are 

transferred to the ground through the framing members of the structure under minimal 

vertical deformations. In this state of equilibrium, the internal forces in plate-to-stud framing 

connectors and any anchoring equipment are practically very small, since the vertical load 

paths are established through the framing domain under contact conditions. Therefore, in a 

general sense, the assumption of no sliding response is based on the assumption that under 

gravitational loads the global static friction force along the boundaries of the independent 

group of components is higher that the lateral strength of the shear wall assembly. 

Conveniently, under this assumption the response of the plate-to-stud framing connectors and 

anchoring equipment need to be defined only along vertical tensile deformations. The tensile 

strength of the plate-to-stud framing connectors (nail withdrawal) is typically small, so these 

components can be conservatively neglected. Thus, the location and the response of anchoring 

equipment in vertical tension will define alone the resistance of the shear wall assembly to 

overturning, shear-induced loads. 

If horizontal blocking is provided, the framing members are meshed with 2-noded beam 

elements that are pin-connected to the continuous vertical studs. This entails that no 

separation is accounted between individual members within the internal framing component 

group. This assumption is valid when analyzing typical segmented shear walls that consist of a 

number of full height panels positioned horizontally to form a fully-sheathed shear wall 

segment. Conceptually, separation between any intersecting internal framing members can be 

considered with the same approach; that is assigning different nodes for each component at 

the interaction surface and using appropriate 2-noded connector elements to describe the 

response at the interface. However, it can be claimed that horizontal separation between 

internal framing members will be minimal in the global wall level since the shear wall is not 

subjected to extensional horizontal deformations. On the contrary, the shear wall is subjected 

to bending and lateral loads transferred from the floor diaphragms, which may induce 

extensional vertical deformations at the global wall level when a rocking motion is involved. In 

this sense, the consideration of separation of the framing members solely at the stud-to-plate 

connections is justified, since the major component of the extensional vertical deformations in 

the framing will be concentrated right at this location in the form of framing separation. 
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4.3.3.1 Kinematics and Equilibrium Equations of a Beam Element 

Kinematics of a Beam Element 

A 2-noded beam element has 3 internal DOF uB; one axial elongation ub and two node 

rotations φ1 and φ2, which are defined with respect to an element Local Cartesian System (LCS) 

ξOη that has the ξ axis crossing through the two nodes of the element. Figure 4.20 illustrates 

the initial and deformed configurations of a beam element. The element displacement vector 

DB consists of the global translations and rotations, u1, v1 and θ1, and u2, v2 and θ2, of the two 

nodes and is defined as:  

 { }T
1 1 1 2 2 2 = u v u vθ θBD  (4.92) 

 
Figure 4.20 (a) Initial and (b) Deformed Configuration of a Beam Element 

The initial length L0 of the beam element is given by: 

 ( ) ( )2 22 1
0 2 1 2 1

2 1

x  - x
L  =  = x  - x  + y  - y

y  - y
⎧ ⎫
⎨ ⎬
⎩ ⎭

 (4.93) 

where x1, x2, y1 and y2 are the initial global coordinates of the two nodes of the element. The 

initial angle Φ0 of the beam element is computed as: 
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( ) ( )( )

2 1 2 1

0 2 1 2 1 2 1

2 1 2 1 2 1

 π/2 sgn(y  - y )                 ,   x  - x = 0
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if
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⎧ ⋅
⎪⎪
⎨
⎪
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/

/

 (4.94) 

(a) (b) 
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where sgn has been defined in (4.34). The actual length L in the deformed configuration is 

given by: 

 ( ) ( )2 22 2 1 1
2 2 1 1 2 2 1 1

2 2 1 1

x  +  - x  - 
 =  = x  +  - x  -  + y  +  - y  -  

y  +  - y  - 
u u

L u u v v
v v

⎧ ⎫
⇒⎨ ⎬

⎩ ⎭
 

 2 2 =  +   = x y SL L L L  (4.95) 

The element internal deformations can be computed as: 

 
0

1 1

2 2

=  - L
=  - 
=  - 

bu L
Φ
Φ

ϕ θ
ϕ θ

 (4.96) 

where Φ corresponds to the rotation of the reference frame, as shown in Figure 4.20b, and can 

be computed as: 

 
( ) ( ) ( ) ( )2 1 2 1 2 1 2 1

0

x  - x  -  - y  - y  - 
 = arcsin

L
v v u u

Φ
L

⎛ ⎞⋅ ⋅
⎜ ⎟⋅⎝ ⎠

 (4.97) 
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Τ Τ
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⎧ ⎫
⎪ ⎪⋅ ⋅
⎪ ⎪
⎪ ⎪
⎨ ⎬
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎩ ⎭

 (4.98) 

where ΦT = Φ0 + Φ. Using the exact analytical expression of the internal deformation, a virtual 

displacement field δuB can be computed for a given element virtual displacement δDB. 
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The first row of BB is identical to BT computed for the truss element in (4.37). The partial 

derivatives of the internal rotations φ1 and φ2 are computed similarly to the derivations shown 

in (4.55) and (4.56) for the kinematics of the rigid framing members. BB can also be expressed 

as the product of two matrices, as shown below: 
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 (4.100) 

Equilibrium Equations of a Beam Element 

Figure 4.21 illustrates a free body diagram of a beam element. The element force vector FB 

consists of the global forces and moments, p1, q1 and m1, and p2, q2 and m2, of the two nodes 

and is defined as: 

 { }T
1 1 1 2 2 2 = p q m p q mBF  (4.101) 
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The internal force vector is pB = {pb τ1 τ2}Τ. The equilibrium equations are computed from the 

principle of virtual work. Under a virtual displacement field δDΒ, the internal and external 

virtual work is equal. 

 ext intW  = W  δ δ ⇒  

 T T=  δ δ⋅ ⋅ ⇒B B B BD F u p  

 T T T=  δ δ⋅ ⋅ ⋅ ⇒B B B B BD F D Β p  

 T = ⋅B B BF Β p  (4.102) 

where pB is equal to: 
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⎪ ⎪ ⎪ ⎪⎢ ⎥⋅ ⋅ ⋅ ⇒⎨ ⎬ ⎨ ⎬⎢ ⎥
⎪ ⎪ ⎪ ⎪⎢ ⎥⋅ ⋅⎩ ⎭ ⎣ ⎦ ⎩ ⎭

 

  = ⋅B B Bp k u  (4.103) 

where E, A and I are the elastic modulus, cross-section area and moment of inertia of the 

beam element with respect to in-plane bending. Note that kB is constant since it is based on 

small deformation theory. 

 
Figure 4.21 Free Body Diagram of a Beam Element 

The tangent stiffness matrix of the beam element is computed from the variation of the 

element force vector with respect to the element displacement vector 



117 
 

 
( ) ( )T T
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B B B B B
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 =  +  B B1 B2K K K  (4.104) 

The stiffness matrices shown in (4.104) are calculated as: 
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 (4.108) 

Stiffness matrix KB2 includes higher order effects and is usually neglected, since it does not 

improve significantly the convergence rate and requires additional calculations. 
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4.3.3.2 Kinematics and Equilibrium Equations of a Plate-to-Stud Contact Element 

Kinematics of a Plate-to-Stud Contact Element 

A plate-to-stud contact element is defined as a 2-noded connector that effectively simulates 

contact and separation of the two nodes in the normal to the contact area direction, while 

transferring forces parallel to the contact area with no sliding response. The derivations are 

based on the two-dimensional contact interaction between a point (contact body) and a 

straight line (target body). Figure 4.22 illustrates the kinematics of a stud-to-plate contact 

element. The motion of the point is described through the translational DOF of the respective 

node, u2 and v2, defined at the tip of a vertical stud. The motion of the center point of the line 

is defined through the 3 DOF of the respective node, u1, v1 and θ1, defined at the horizontal 

plate at the plate-to-stud connection. The kinematic and equilibrium equations are essentially 

identical to the sheathing-to-framing connector element, described in Section 4.3.2.1. The 

element displacement vector DC is defined as: 

 { }T
1 1 1 2 2 = u v u vθCD  (4.109) 

A plate-to-stud contact element has 2 orthogonal internal DOF, uc and vc, which are defined 

with respect to an element Local Cartesian System (LCS) ξOη which rotates with the target 

body. The η axis is always normal to the target surface and positive values represent separation 

of the two bodies. 

 
Figure 4.22 Kinematics of a Stud-to-Plate Contact Element 

Based on the initial and deformed configuration, the internal displacements are computed as: 
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where 

 
 = 1,  for a sill-plate-to-stud connector
 = -1,  for a top-plate-to-stud connector

c

c

η
η

 (4.111) 

Using the exact analytical expression of the internal deformations, a virtual displacement field 

δuC can be computed for a given element virtual displacement δDC. 
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Constitutive Model of a Plate-to-Stud Contact Element 

The constitutive model developed for the plate-to-stud contact element yields the contact 

forces pC = {pc qc}T, as a function of the internal displacements uC. The forces are uncoupled 

since, as mentioned earlier, sliding response is not considered. 

The response in the normal direction has been historically described with a linear spring that 

exhibits different stiffness in the positive and negative direction. Along the positive direction 

the stiffness is very low and simulates the separation of the bodies, while along the negative 

direction the stiffness is very high and simulates the bearing/contact of the bodies. The use of 
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this constitutive model requires the selection of appropriate stiffness values to establish a 

satisfying level of accuracy in the numerical analysis. The accuracy can be directly related to the 

error in the penetration displacement for a given compressive force, as well as the error in the 

tensile force for a given tensile displacement. Since the use of constant stiffness offers no 

upper bounds on both the maximum penetration displacement and the maximum tensile 

force, appropriate – in terms of accuracy – stiffness values often leads to a great differential 

change of stiffness, which is concentrated at a single displacement point, the origin. This large 

difference in the stiffness is likely to cause numerical difficulties in the solution procedure 

leading to low convergence rates and increased probability of no convergence for a constant 

convergence criterion. 

Building on the discussion provided above, the constitutive model proposed herein effectively 

simulates absolute contact conditions related to minimal penetration under compressive forces 

and minimal resistance under extensional displacements. Figure 4.23 illustrates the force-

displacement response of the contact spring along the normal direction, while (4.113) shows 

the nonlinear mathematical formulation. The parameters dtol and ftol in (4.113) are positive real 

values that are selected as such to be small enough to be considered close to zero, as shown in 

(4.114).  
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 ( )( ) ( )( ),  > 0 ,   0tol tol tol told f d f ≈∪  (4.114) 

The characteristics of the response shown in Figure 4.23 are favorably suited for the numerical 

simulation of contact/separation phenomena under quasi-static conditions. The tensile force is 

bounded by ftol while the penetration is not exactly but nearly bounded by dtol. The change of 

stiffness is nonlinearly distributed along the displacement range resulting in a smooth force-

displacement response. As a result, the solution can be achieved with very good convergence 

rates, which are not very sensitive to the user parameters dtol and ftol. 
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The tangent stiffness in the normal direction kcv is equal to: 
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Figure 4.23 Force-Displacement Response of a Stud-to-Plate Contact Element along the Normal Direction 

The response in the direction parallel to the contact area can be described with a linear spring 

with high axial stiffness, since no sliding is permitted. Again, the use of very high stiffness 

causes numerical difficulties in the solution procedure and in such cases it is typically more 

convenient to use constraint equations – through the use of Lagrange multipliers – that yield 

no differential displacement by directly imposing the displacement constraint. However, this 

approach is not applicable in this case because the orientation of the contact area is not known 

a priori, rather depends on the rotation of the target body. To overcome any numerical 

difficulties associated with the use of stiff linear springs to represent rigid behavior – this 

approach is known as penalty method – the model presented previously for the response along 

the normal direction is slightly modified to yield favorable response characteristics for 

numerical analysis of rigid connections. 

Figure 4.24 illustrates the force-displacement response of the contact spring along the parallel 

direction, while (4.116) shows the nonlinear mathematical formulation. The parameters dtol and 

ftol are defined as previously and could potentially be the same. As shown in Figure 4.24, the 
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initial stiffness, defined as the ratio between ftol and dtol, need not be significantly high while 

differential displacements are bounded within acceptable margins, because of the hardening of 

the response.  
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where sgn has been defined in (4.34). 
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Figure 4.24 Force-Displacement Response of a Stud-to-Plate Contact Element along the Parallel Direction 

The tangent stiffness in the parallel direction kcu is equal to: 
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Equilibrium Equations of a Plate-to-Stud Contact Element 

Figure 4.25 illustrates a free body diagram of a plate-to-stud contact element. The element 

force vector FC consists of the global forces at the two nodes and the moment at the framing 

node and is defined as: 

 { }T
1 1 1 2 2 = p q m p qCF  (4.118) 

The equilibrium equations are computed from the principle of virtual work. Under a virtual 

displacement field δDC, the internal and external virtual work is equal. 
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Figure 4.25 Free Body Diagram of a Stud-to-Plate Contact Element 

The tangent stiffness matrix of the connector element is computed from the variation of the 

element force vector with respect to the element displacement vector 
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 =  +  C C1 C2K K K  (4.120) 

The stiffness matrices shown in (4.120) are calculated as: 
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Stiffness matrix KC2 includes higher order effects and is usually neglected, since it does not 

improve significantly the convergence rate and requires additional calculations. 

4.3.3.3 Kinematics and Equilibrium Equations of a Diaphragm-to-Plate Contact 
Element 

Introduction 

Diaphragm-to-plate contact elements are developed to simulate a beam on a rigid foundation. 

Analogous to the previous descriptions, in this case each node of the horizontal sill or top 

plate represents a contact body, while each diaphragm represents a target body. This ensures 

that penetration criteria will be satisfied at the nodes but not necessarily along the internal 

length of each beam element. However, the framing members are typically meshed with a fine 

grid due to the location of evenly spaced nodes at the sheathing-to-framing connectors. Nodes 

also exist at any intersection with the vertical studs. So, the beam is subjected to concentrated 

forces and moments at the nodes and satisfying the penetration criteria at all the nodes with a 

fine mesh results in very small penetration error along the internal length of the beam 

elements. Sliding motion is not permitted parallel to the diaphragm but the beam can detach in 

the direction normal to the diaphragm. So, unlike plate-to-stud contact elements, diaphragm-

to-plate contact elements assigned for example at the sill plate boundary of the shear wall 

assembly will feature different and distinct contact bodies but a single common target body, 

the rigid diaphragm. 



125 
 

Kinematics of a Diaphragm-to-Plate Contact Element 

Figure 4.26 illustrates the kinematics of a diaphragm-to-plate contact element. The element 

displacement vector DDC is defined as: 

 { }T
1 1 1 2 2 = U V u vΘDCD  (4.123) 

 
Figure 4.26 Kinematics of a Diaphragm-to-Plate Contact Element 

The internal deformations uC = {uc vc}T can be computed as shown for a plate-to-stud contact 

element in (4.110) by expressing the point DOF {u1 v1 θ1}T with respect to the diaphragm 

displacements DOF {U1 V1 Θ1}T: 
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 (4.124) 

where ξc and ηc are the initial point coordinates with respect to the center of the diaphragm. A 

virtual displacement field δuC can be computed for a given element virtual field δDDC as: 

  =  =  δ δ δ∂ ∂ ∂⋅ ⋅ ⋅ ⇒
∂ ∂ ∂

C C C
C DC DC
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u u Du D D
D D D
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 ( ) = δ δ⋅C DC DC DCu Β D D  (4.125) 

where ΒC is computed in (4.112) after substituting the variables as shown in (4.124). 

Furthermore, ξcΘ and ηc
Θ are the coordinates of the point on the diaphragm at the actual 

deformed configuration, computed as: 

 ( )1 = cc

cc

Θ

Θ

ξξ
Θ

ηη
⎧ ⎫ ⎧ ⎫

⋅⎨ ⎬ ⎨ ⎬
⎩ ⎭⎩ ⎭

TΛ  (4.126) 

Constitutive Model of a Diaphragm-to-Plate Contact Element 

The constitutive model in the direction normal to the contact area is the same as shown in 

(4.113) for the plate-to-stud contact element. The force-displacement response in the direction 

parallel to the contact area can be either linear or as shown earlier in (4.116). 

Equilibrium Equations of a Diaphragm-to-Plate Contact Element 

Figure 4.27 illustrates a free body diagram of a diaphragm-to-plate contact element. The 

element force vector FDC consists of the global forces at the two nodes and the moment at the 

framing node and is defined as: 

 { }T
1 1 1 2 2 = P Q M p qDCF  (4.127) 

The equilibrium equations are computed from the principle of virtual work. Under a virtual 

displacement field δDDC, the internal and external virtual work is equal. 

 ext intW  = W  δ δ ⇒  

 T T=  δ δ⋅ ⋅ ⇒DC DC C CD F u p  

 T T T=  δ δ⋅ ⋅ ⋅ ⇒DC DC DC DC CD F D Β p  

 T T T T =  =  = ⋅ ⋅ ⋅ ⋅DC DC C D C C D CF Β p Β Β p Β F  (4.128) 

where pC = {pc qc}T is the internal force vector. 
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Figure 4.27 Free Body Diagram of a Diaphragm-to-Plate Contact Element 

The tangent stiffness matrix of the element is computed from the variation of the element 

force vector with respect to the element displacement vector 
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 =  +  DC DC1 DC2K K K  (4.129) 

The stiffness matrices shown in (4.129) are calculated as: 

 T T =  = ∂ ∂⋅ ⋅ ⋅ ⋅
∂ ∂

C C
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 (4.130) 
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 (4.131) 

Stiffness matrix KDC2 includes higher order effects and is usually neglected, since it does not 

improve significantly the convergence rate and requires additional calculations. 

4.3.3.4 Kinematics and Equilibrium Equations of a Diaphragm-to-Framing 
Connector Element 

The diaphragm-to-framing connector elements are developed to simulate anchoring 

equipment such as anchor bolts and holdowns. Such equipment is typically used at the base of 
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the first-story of light-frame wood structures to provide a good level of lateral and overturning 

support. Since these elements connect diaphragms and nodes that belong either to the 

horizontal plates (anchor bolts) or to the tip of vertical studs (holdowns) the derivations 

involved are essentially identical to those described in Section 4.3.3.3 for diaphragm-to-plate 

contact elements. The force-displacement response in the direction parallel to the diaphragm 

can be either linear or as shown earlier in (4.116). The response normal to the diaphragm can 

be either elastic or nonlinear inelastic, using the phenomenological connector model developed 

for sheathing-to-framing connectors. Appendices A and B contain information on identified 

parameters used for a nonlinear response of anchoring equipment. 

4.3.3.5 Global Equilibrium Equations and Global Stiffness Matrix of a Shear Wall 
Element Including Framing Deformations 

The global equilibrium equations and the global tangent stiffness matrix of a shear wall 

element that includes framing deformations can be expressed based on the analytical 

derivations provided earlier in this section. If NP is the total number of panels of the shear wall 

assembly and NF is the total number of nodes defining the framing domain, the total number 

of global DOF NDOF is equal to: 

 DOF F PN  = 6 + 3 N  + 4 N⋅ ⋅  (4.132) 

The incremental equilibrium equations can be written in matrix format as: 

  = δ δ
⎧ ⎫ ⎡ ⎤ ⎧ ⎫
⎪ ⎪ ⎪ ⎪⎢ ⎥ ⋅⎨ ⎬ ⎨ ⎬⎢ ⎥
⎪ ⎪ ⎪ ⎪⎢ ⎥⎩ ⎭ ⎣ ⎦ ⎩ ⎭

D DD DF DP D

F FD FF FP F

P PD PF PP P

F K K K D
F K K K D
F K K K D

 (4.133) 

where the subscript "D" denotes the 6 DOF associated with the two diaphragms, the subscript 

"F" denotes the DOF associated with the framing domain, and the subscript "P" denotes the 

DOF associated with the panel elements. The global stiffness matrix KW can be further 

decomposed in 4 components as: 

 =  +  +  + 1 2 3 4
W W W W WK K K K K  (4.134) 
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where each stiffness matrix represents cotributions from the different structural compoenents, 

as described in the following sections. 

Stiffness Contributions from Sheathing-to-Framing Connector and Panel Elements 

The stiffness contributions from the sheathing-to-framing connector and the panel elements 

are described as:  

  = 
⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

1 1 1
W FF FP

1 1
PF PP

0 0 0
K 0 K K

0 K K
 (4.135) 

where the individual stiffness matrices are shown for a single panel with n number of 

connectors. The panel element equilibrium matrices iBP have been previously defined in (4.21): 
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 (4.136) 

where iKS and KP have been given in (4.8) and (4.27), respectively. 

Stiffness Contributions from Beam Elements 

The stiffness contributions from the beam elements are described as:  

  = 
⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

2 2
W FF

0 0 0
K 0 K 0

0 0 0
 (4.137) 

where K2
FF is the stiffness matrix that results from all the individual 6-by-6 beam element 

stiffness matrices and is built according to the connectivity of each beam element. 
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Stiffness Contributions from Plate-to-Stud Contact Elements 

The stiffness contributions from the plate-to-stud contact elements are described as:  

  = 
⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

3 3
W FF

0 0 0
K 0 K 0

0 0 0
 (4.138) 

where K3
FF is the stiffness matrix that results from all the individual plate-to-stud contact 

elements which are connected to nodes of the framing domain. 

Stiffness Contributions from Diaphragm-to-Stud Contact Elements and Diaphragm-

to-Framing Connector Elements 

The stiffness contributions from the diaphragm-to-plate contact elements and the diaphragm-

to-framing connector elements are described as:  

  = 
⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

4 4
DD DF

4 4 4
W FD FF

K K 0
K K K 0

0 0 0
 (4.139) 

where K4
W is the stiffness matrix that results from all the individual contact and connector 

elements that connect the diaphragm with the framing nodes of the horizontal plates. 

Global Stiffness Matrix of Shear Wall Element 

The global stiffness matrix KW can now be written as: 

  

 
 = 

 = 

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

∑

4 4
DD DF

4
4 i 1

W FD FF FP
i 1

1 1
PF PP

K K 0

K K K K

0 K K

 (4.140) 

 
The final 6-by-6 global stiffness matrix of the shear wall element is computed by static 

condensation of the DOF associated with the framing domain and the panels. Since no 
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external forces are acting on the sheathing panels or the framing nodes the equilibrium 

equations can be condensed to a 6 DOF system that represent the shear wall element in a 

building model analysis. The stiffness matrix KD
W is 

 

-1

 =  =  - 

⎛ ⎞⎡ ⎤
⎜ ⎟⎡ ⎤⎢ ⎥⎡ ⎤ ⋅ ⋅⎜ ⎟⎢ ⎥⎣ ⎦ ⎢ ⎥ ⎣ ⎦⎜ ⎟⎢ ⎥⎣ ⎦⎝ ⎠

∑
4

i 1 4
FF FPD 4 4 FD

i 1W DD DF
1 1
PF PP

K K K
K K K 0

0K K
 (4.141) 

4.3.4 Solution Algorithm of a Shear Wall Element under Quasi-Static Loading 
Conditions 

4.3.4.1 Introduction 
This section summarizes the solution algorithm utilized to solve the quasi-static equilibrium 

equations of a shear wall element under prescribed load and displacement controlled boundary 

conditions. Due to geometric and material nonlinearity the solution procedure is facilitated in 

the time domain and static equilibrium is sought at discrete time instants that can be 

conveniently considered to have a constant time increment Δt. The use of this artificial time 

increment is convenient when multiple displacement constraints with nonzero values are 

applied, or when additionally external loads are also considered at certain DOF. The motion of 

the system is expressed by the global displacement vector D with dimensions NDOF-by-1, 

where NDOF is the total number of global DOF. Initially, at t = 0, {D}0 = {0}. Equilibrium at 

each time instant t = τ is satisfied when external and internal forces are equal. These forces are 

expressed through the vectors Pext and Pint, respectively, and have the same dimensions with 

D. Initially, {Pext}0 = {Pint}0 = {0} and equilibrium is expressed as: 

 { } { }τ τ = ext intP P  (4.142) 

Pint results from the addition of the internal forces of all the finite elements that build up the 

numerical model. Since equilibrium is expressed in the deformed configuration the internal 

element forces are not linearly related to the element displacements even if the elements are 

assumed to follow a linear elastic material law. However, the internal forces and the tangent 
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stiffness matrices of the elements that follow either a linear elastic or nonlinear elastic material 

law can be expressed with respect to the element displacements at that time instant as: 

 
{ } { }( )
[ ] { }( )

τ τ

τ τ

t = τ

  

 =   
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int

int

P D

PK D
D

 (4.143) 

 
where [K]τ is the tangent global stiffness matrix of the numerical model at time τ. 

On the contrary, the internal forces and the tangent stiffness matrices of the elements that 

follow a nonlinear inelastic material law depend on the history of the displacement field as well 

as on the element displacements at that time instant. The nonlinear inelastic response is 

typically defined with respect to the variation of the displacements from a known equilibrium 

state and can be conveniently considered to depend on a set of parameters Z which are known 

at the initial equilibrium state, define the nonlinear inelastic material laws embedded in the 

respective elements, and change for each new equilibrium state. If {Pint}τ, {D}τ and Ζτ are 

known and the variation of the displacements ΔD is given over a time increment Δt such as 

{D}τ+Δt = {D}τ + ΔD, the internal forces and the tangent stiffness matrices at time t = τ + Δt 

can be expressed as: 
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 (4.144) 

For convenience (4.144) will be used as a general representation of the internal forces of the 

numerical model based on both geometric and material nonlinearity. 

4.3.4.2 Application of Constraints 
This section describes how to apply the displacement constraints imposed on the numerical 

model. A single-point constraint sets a single DOF to a known value, which often is zero, 

while a multi-point constraint imposes a relationship among two or more DOF. In the case of 
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a shear wall element, only single-point constraints are potentially imposed on the global DOF 

of the diaphragms. In any case, the total number of constraints CDOF is always less than the 

total number of DOF NDOF. A number of constraint equations that relate global displacement 

DOF can be written in the form: 

  = ⋅Q C D  (4.145) 

where Q is a CDOF x 1 vector and C is a CDOF x NDOF matrix that both contain constants. For 

discussion, D can be rearranged and partitioned such as (4.145) becomes: 

 [ ] = 
⎧ ⎫
⋅⎨ ⎬
⎩ ⎭

f
f c

c

D
Q C C

D
 (4.146) 

where Df are the unconstrained DOF and Dc are the constrained DOF. Because there are as 

many constrained DOF as many constraint equations, matrix Cc is square and nonsingular. 

Given the constraint equations, the solution matrix can be written as: 

  = 
⎡ ⎤⎧ ⎫ ⎧ ⎫
⎢ ⎥⎪ ⎪ ⎪ ⎪⋅⎨ ⎬ ⎨ ⎬⎢ ⎥
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T
f ff fc f f

T
c cf cc c c

f c

F K K C D
F K K C D
Q C C 0 λ

 (4.147) 

where λ are forces of constraint. The solution is then equal to: 
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D K K C F
λ C C 0 Q

 (4.148) 

For single-point constraints (4.147) can be further simplified because Cf is a zero matrix. Each 

row of Q is equal to the value imposed on the respective constrained DOF. It is: 

  =  
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 (4.149) 

The solution presented in (4.149) is well suited for numerical analysis of large systems with a 

few single-point constrained DOF, because no rearranging of the global stiffness matrix is 

required. Although the derivations provided above are for illustration with the DOF 

rearranged so that constrained and unconstrained DOF are separated, in a real numerical 

application the facilitation of (4.149) would simply require substituting the equilibrium 

equation of the constrained DOF with the associated constrain equation. Any forces acting on 

the constrained DOF Fc will not affect the solution, which is dependent on the forces applied 

on unconstrained DOF Ff and the differential motion of constrained DOF if elements of Q 

are nonzero.  

4.3.4.3 Execution of a Multi-Step Analysis 
A multi-step analysis procedure can be generally described in the time domain as discussed in 

the introductory part of this section. For any time instant τ the single-point constrained DOF 

Dc follow predefined paths so that: 

 { } [ ]
τ

τ  = 
⎧ ⎫
⋅⎨ ⎬
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f
c

c

D
Q 0 C

D
 (4.150) 

Any external forces acting on the unconstrained DOF Df are also defined along the time 

domain. The external forces corresponding to the constrained DOF represent the reaction 

forces, which can be found after the convergence of each solution step. The external force 

vector Pext can be written as: 

  =  = 
⎧ ⎫ ⎧ ⎫
⎨ ⎬ ⎨ ⎬
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f ext
ext

c ext

F F
P

F R
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where Fext is a (NDOF - CDOF)-by-1 vector that represents the applied external forces and Rext is 

a CDOF-by-1 vector that represents the reaction forces. Thus, {Fext}τ is known a priori. 

Similarly, the internal force vector Pint can be written as: 

  = 
⎧ ⎫
⎨ ⎬
⎩ ⎭

int
int

int

F
P

R
 (4.152) 

Let us now describe the strategy for the execution of an incremental solution step from an 

equilibrium state at t = τ to the equilibrium state at t = τ + Δt. Since equilibrium is satisfied at t 

= τ, it can be written that: 

 { } { }τ τ = ext intP P  (4.153) 

Also, {D}τ, [K]τ and Zτ are known quantities. At time t = τ + Δt the external force vector 

{Fext}τ+Δt and the displacements of constrained DOF {Dc}τ+Δt are known. The motion of the 

structure will depend on the variation of the external loads and the constrained displacements 

expressed as: 

 { } { } { }τ+Δt τ+Δt τΔ  =  - ext ext extF F F  (4.154) 

and 
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 (4.155) 

If the response of the system was assumed to be linear, the equilibrium would be found 

directly by deriving that: 

 { } { } { } { }τ τ+Δt τ τ+Δt +  Δ  =  +  Δ  ⇒ext ext int intP P P P  
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Combining (4.155) and (4.156) as shown in (4.149) yields the following variation of the 

displacement field: 
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 (4.157) 

Since the response of the system is nonlinear, a Newton-Raphson iterative procedure, which 

drives the load imbalance between external and internal forces to zero, is utilized to define the 

equilibrium state. A general description of the adopted procedure can be found in Cook et al. 

(2002). Each iteration is denoted with an index j where j = {1,2,3,…} and any quantities found 

at that iteration carry the subscript j. Quantities specifying the initial conditions of the 

iterations carry the subscript j-1. 

Initiation of Solution Step 

Before the beginning of the iterations the following assignments are made. 
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 (4.158) 

Initiation of First Iteration 

Invoking (4.157) the displacement increment {ΔD}j is found which is added to the current 

displacement vector {D}j-1 
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 { } { } { }j j-1 j
 =  + ΔD D D  (4.160) 

Based on the new displacement vector and the parameters Z that correspond to the 

equilibrium state at t = τ, the new internal force vector and the new tangent stiffness matrix are 

computed, as shown in (4.144).  
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The load imbalance {LI}j between external and internal forces that correspond to the 

unconstrained DOF can now be computed as: 

 { } { }j j
 =  - ext intLI F F  (4.162) 

Convergence is satisfied when the load imbalance {LI}j is sufficiently small according to a 

selected norm of {LI}j and a specified tolerance ε. The Euclidean norm is selected to compute 

the length of the imbalance force between all the global active DOF and apply the 

convergence criterion. Convergence is satisfied when: 

 { } { } { }( )1
T 2

j j j
 =  ε⋅ ≤LI LI LI  (4.163) 

Initiation of Successive Iterations 

If the convergence criterion is not satisfied, iterations are performed carrying out (4.159) to 

(4.162) until (4.163) is valid. {LI}j is the driving force of the successive iteration when j → j+1. 

(4.159) can now be written as: 
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where  

 { } { }1
j

Δ , if j = 1
Δ  = 

   , if j > 1
⎧
⎨
⎩

Q
Q

0
 (4.165) 

As shown in (4.165), the displacements of the constrained DOF after the first iteration are set 

by default to zero values. Since iterative displacements are added to the total displacements, the 

differential motion of the constrained DOF from τ to τ+Δt has already been applied during 

the first iteration. 

End of the Solution Step 

When convergence is satisfied, the equilibrium state has been defined at t = τ+Δt such as: 
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 (4.166) 

The solution of the next time step can be executed based on the new equilibrium state found 

at the current solution step.  

4.3.5  Constitutive Model of a Sheathing-to-Framing Connector Element 

4.3.5.1 Introduction 
This section describes the analytical derivations developed to simulate the response of a 

sheathing-to-framing connection assembly under unidirectional and bidirectional loading. As 

discussed earlier, the lateral resistance of a shear wall assembly results from the interaction of 

two planar domains – the framing and the sheathing – that takes place at the numerous nailing 
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connections that fasten each sheathing panel on the framing members. Nails are dowel-type 

fasteners with typical diameter less than 0.25 in and typical length between 2 and 3 in. The 

response under general bidirectional loading is complex due to material nonlinearity observed 

in the form of wood crushing at the boundaries with the steel connector as well as in the form 

of axial, shear, and flexural deformations of the steel connector itself. The response of this type 

of connections can be experimentally identified by quasi-static connection tests of sheathing-

to-framing assemblies. The test setup of such type of experimentation is designed to apply 

monotonic or cyclic displacement histories along one direction of the 2D plane. The direction 

of loading in the wall plane is defined with respect to the direction of the wood grains in the 

framing lumber, which run parallel to the length of the member. Thus, two different test 

configurations are typically used. In the first configuration, the specimens are 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 are imposed along a direction perpendicular to the 

grain of the framing lumber, as shown in Figure 4.28a,b. The test setup used by Ekiert and 

Hong (2006) for loading parallel and perpendicular to grain is shown in Figure 4.28c,d. 
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Figure 4.28 (a) Direction of Nailing Deformation Parallel to Grain, (b) Direction of Nailing Deformation Perpendicular to 

Grain, (c) Parallel to Grain Connection Test Setup with 2x4 Framing, and (d) Perpendicular to Grain Connection Test 
Setup with 2x4 Framing (from Ekiert and Hong 2006) 

Figure 4.29a illustrates the monotonic and the cyclic response of a sheathing-to-framing 

connector under loading parallel to grain, while Figure 4.29b shows the displacement protocol 

imposed for the cyclic test. The displacement corresponds to the differential displacement of 

the two wood mediums and the force corresponds to the shear resistance developed by the 

sheathing-to-framing connector. These results have been generated by Ekiert and Hong (2006) 

as part of the NEESWood Project and have been documented in the NEESWood benchmark 

test report (Christovasilis et al. 2009a). 

The monotonic force-displacement response can be characterized as a curve with no apparent 

yield point and yield plateau. The initial stiffness decreases almost along the entire 

(a) (b)

(c) (d)
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displacement range and a discrete capping point that defines the strength of the connection 

can be defined. 

The cyclic response exhibits two main characteristics. First, the response is nonlinear inelastic 

but the force-displacement curves lie mainly in the 1st and the 4th quadrant in the sense that the 

system cannot develop significant resisting forces on unloading paths; that is paths that bring a 

displaced connector to the initial position. Secondly, the loading paths, which displace the 

connector from the initial configuration, corresponding to each direction, depend highly on 

the maximum displacement previously experienced at this particular direction. Loading paths 

along virgin displacement ranges follow closely the backbone curve but under cyclic loading 

along the same displacement ranges the resisting forces are lower than the previous cycle. The 

main force degradation is observed at the second cycle and leads to a pinching response 

followed by a hardening behavior when the displacements approach and exceed the maximum 

experienced displacement. These characteristics result principally from the bearing effect of the 

resisting forces developed between the wood mediums and the steel connector and secondarily 

from the friction between the three components during deformation. 

4.3.5.2 Unidirectional Response 
The unidirectional force-displacement response under cyclic loading has been considered in 

most research studies on the analysis of light-frame wood systems as a unidirectional spring 

with phenomenological, user-defined, hysteretic laws that adequately reproduce the 

experimental response observed from testing of sheathing-to-framing assemblies (see Chapter 

2). Few studies have simulated each sheathing-to-framing connector similarly to an elasto-

plastic pile embedded in a nonlinear foundation (Foschi 2000 and Chui et al. 1998). These 

more advanced formulations are necessary to understand and identify in a greater detail the 

nonlinear response of this type of connections but the required computational overhead to 

simulate a wood shear wall assembly, which contains numerous connectors, under this 

approach is too high. Eventually, when these detailed formulations are well established, they 

should lead to simplified accurate hysteretic rules that can be used within a nonlinear spring. 

The phenomenological model developed in this study is mainly based on previous work from 

Sivaselvan and Reinhorn (1999) but utilizes findings from other studies related to the specific 
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response of wood connections (Foschi 1977; Girhammar et al. 2004) and the modeling of 

strength and stiffness degradation phenomena (Ibarra et al. 2005, Ayoub 2007). 

 
Figure 4.29 (a) Monotonic and Cyclic Response Parallel to Grain; 8d Common Nails; 7/16 in Thick OSB Panel; 2x4 Hem-

Fir Lumber; (b) Cyclic Displacement Protocol 

The implementation is based on a set of 14 branches that define all the possible hysteretic 

paths and a set of rules in the form of a logic tree that govern the transition between branches. 

The model requires 10 input parameters, which are presented in Table 4.1. The first 5 

parameters are related to the basic hysteretic model with pinching response. These are the 

initial elastic stiffness Ko; the initial yield force Fyo; the initial post-yield stiffness ratio αo as a 

fraction of the initial elastic stiffness; the pinching force ratio σ as a fraction of the initial yield 

force; and the pinching displacement ratio σu as a secondary parameter related to the 

displacement at the pinching force σFyo. The remaining 5 parameters are related to the specific 

modes of strength and stiffness degradation that can be potentially integrated in the hysteretic 

response. These are the displacements at the initiation and at the ultimate displacement-based 

strength degradation, uini and uult respectively; the energy-based strength degradation parameter 

(a) 

(b) 
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β; the energy-based reloading stiffness degradation parameter γ; and the displacement-based 

unloading stiffness degradation parameter κ. 

Table 4.1 Nomenclature and Description of the 10 Input Model Parameters 

Parameters 
Units 
(US 

customary) 
Range Description 

oK  lbs/in ( )0, +∞  Initial elastic stiffness 

yoF  lbs ( )0, +∞  Initial yield force 

oα  - [ ]0, 1  Initial post-yield stiffness ratio (fraction of the initial 
elastic stiffness) 

σ  - [ ]0, 1  Pinching force ratio (fraction of the initial yield force) 

uσ  - [ ]0, 1  Pinching displacement ratio (secondary parameter 
related to the displacement at the pinching force σFyo) 

iniu  in ( )ult0, u  Displacement at initiation of displacement-based 
strength degradation 

ultu  in ( )iniu , +∞ Displacement at ultimate displacement-based strength 
degradation 

β  - [ ]0, 1  Parameter related to the energy-based strength 
degradation 

γ  lbs-1 [ )0, +∞  Parameter related to energy-based reloading stiffness 
degradation 

κ  - ( )0, +∞  Parameter related to displacement-based unloading 
stiffness degradation 

 

Basic Hysteretic Model with Pinching Response 

Figure 4.30a illustrates the displacement histories and Figure 4.30b the force-displacement 

responses of the basic hysteretic model with pinching response that does not incorporate any 

degradation modes. The main displacement history (shown in black) follows steps 0 to 7 and a 

secondary history (shown in grey) diverges following steps 6′ to 9′. The two-digit circled 

numbers identify the path index Ipath of each branch. The first digit identifies the type of the 

hysteretic path (1 to 6) and the second digit identifies the direction of motion (1 or 2). 
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Figure 4.30 Basic Hysteretic Model with Pinching Response: (a) Displacement History; and (b) Force-Displacement History 

Backbone Curves – Branches 11 and 12 

The backbone force FBB is expressed as a function of the displacement – or slip – u 

experienced by the nailing connection as: 

 ( )
o

yo o

K u
-
F (1-α )

BB yo o o o(u) = sgn(u) F (1-α ) + α K u 1 - eF
⋅

⋅
⎛ ⎞
⎜ ⎟⋅ ⋅ ⋅ ⋅ ⋅
⎜ ⎟
⎝ ⎠

 (4.167) 

where sgn is the signum function. 

The nonlinear function shown in (4.167) was first proposed by Foschi (1977) by defining the 

term Fyo(1-αo) = Fo as the input parameter, which corresponds to the force intercept of the 

(a) 

(b) 
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post-elastic linear curve at u = 0. This function has been widely used in many studies related to 

wood structures because it exhibits no pure initial elastic range and a smooth transition from 

the elastic to the plastic range. 

The stiffness of the backbone curve KBB is equal to: 

 BB
BB

(u)(u) =   
u

FK ∂
⇒

∂
 

 ( )
o o

yo o yo o

K u K u
- -
F (1-α ) F (1-α ) o

BB o o yo o o o
yo o

K(u) = α K 1 - e  + F (1-α ) + α K u  e
F (1-α )

K
⋅ ⋅

⋅ ⋅
⎛ ⎞
⎜ ⎟⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
⎜ ⎟ ⋅
⎝ ⎠

 (4.168) 

Basic Unloading Curves – Branches 21 and 22 

The basic unloading curves are linear branches with stiffness Kunl equal to the initial stiffness 

Ko and initiate upon displacement reversal from a backbone curve. The hysteretic paths 

originate from the unloading displacement uunl
+/- and terminate when a permanent 

displacement uper
+/- is established at zero force, as shown in Figure 4.30b. 

Primary Reloading Curves – Branches 31 and 32 

The primary reloading curves are linear branches that follow after the basic unloading curves 

and establish the pinching response of the nonlinear model. Originating from the permanent 

displacement uper
+/- the pinching point denoted as (uσ+/-, Fσ

+/-) is defined as: 

 
( )+/- +/-

σ u σy u per

+/-
σ yo

u  = (+/-) σ u  + 1 - σ u

F  = (+/-) σ F

⎧ ⎫⋅ ⋅ ⋅
⎪ ⎪
⎨ ⎬
⎪ ⎪⋅ ⋅⎩ ⎭

 (4.169) 

where uσy corresponds to the displacement at which the backbone force is equal to σFyo. The 

pinching displacement uσ+/- is computed each time a permanent displacement uper
+/-, greater 

than the existing one, is established in the same direction. 
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Secondary Reloading Curves – Branches 41 and 42 

The secondary reloading curves are linear branches that follow after the primary reloading 

curves and connect the pinching point (uσ+/-, Fσ
+/-), defined previously, with the backbone 

point that corresponds to the unloading displacement uunl
+/- established in the given direction. 

These branches represent the hardening behavior observed in pinching systems when the 

transient displacement approaches the previously established maximum unloading 

displacement. 

Basic Reloading Curves – Branches 51 and 52 

The basic reloading curves are linear branches with stiffness equal to the initial stiffness Ko and 

initiate upon displacement reversal from the basic unloading curves 21 and 22. The hysteretic 

paths originate from the displacement reversal point and terminate at the unloading 

displacement uunl
+/-, as shown in Figure 4.30b. 

Internal Loading Curves – Branches 61 and 62 

The internal loading curves are linear branches with stiffness equal to the initial stiffness Ko 

and initiate upon displacement reversal from the primary and secondary reloading curves 31, 

32, 41 and 42. Similarly, the internal curves terminate at one of the primary or secondary 

reloading curves.  

Model with Hysteretic Degradation Modes 

Unloading Stiffness Degradation 

The stiffness of the basic unloading curves (21 and 22), the basic reloading curves (51 and 52) 

and the internal loading curves (61 and 62) is computed based on the pivot rule, proposed by 

Park et al. (1987). According to this rule, the load-reversal branches are assumed to target a 

pivot point on the initial elastic branch at a force of κFyo on the opposite side, where κ is the 

stiffness degradation parameter. The unloading stiffness Kunl is computed with respect to the 

current displacement ucur and force Fcur as: 

 ( ) ( )
( )

cur cur o cur yo
unl cur cur o

cur cur o o cur yo

sgn u  - F /K F  + κ F
u , F  = K

sgn u  - F /K K u  + κ F
K

⋅ ⋅
⋅

⋅ ⋅ ⋅
 (4.170) 
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Strength Degradation 

Strength and post-elastic stiffness degradation is implemented with the consideration of two 

damage indices umax and H; umax is the maximum absolute displacement experienced by the 

system and H is the non-recoverable hysteretic strain energy dissipated, which excludes the 

elastic energy retrieved if the system unloads to zero force. These damage indices are 

associated to damage functions, SU and SH, which lead to complete failure of the resisting 

mechanism of the system under excessive displacements (displacement-based) or excessive 

hysteretic strain-energy dissipation (energy-based). The degraded backbone force FD,BB is 

expressed as: 

 ( )
o

y

K u
-

(1- )
D,BB max y o(u, u , H) = sgn(u) (1- ) + K u 1 - e F αF F α α

⋅
⋅

⎛ ⎞
⎜ ⎟⋅ ⋅ ⋅ ⋅ ⋅
⎜ ⎟
⎝ ⎠

 (4.171) 

where Fy and α are the degraded yield force and post-elastic stiffness ratio defined as: 

 
( ) ( )
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(u , H) = α u H

F S S
S Sα
⋅ ⋅⎧ ⎫⎪ ⎪
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 (4.172) 

The displacement-based damage function SU is defined as: 

 ( )
1c

max
U max

2

uu  = exp -
c

S
⎛ ⎞
⎜ ⎟
⎝ ⎠

 (4.173) 

where c1 and c2 are positive parameters. A generic plot of the shape of this damage function is 

illustrated in Figure 4.31. Due to the fact that c1 and c2 have no physical interpretation, they are 

computed based on the input parameters uini and uult that represent the displacements at which 

the degradation initiates (SU(uini) = 0.999) and terminates (SU(uult) = 0.001), respectively. If these 

two parameters are defined, then c1 and c2 are equal to: 

 
( )( ) ( )( )( ) ( ) ( )( )

( ) ( )1

1 int ult

c
2 ult

c  = -ln -ln 0.001  + ln -ln 0.999 / ln u  - ln u

c  = - u / ln 0.001

⎧ ⎫⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭

 (4.174) 
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Figure 4.31 Plot of Damage Function SU 

The displacement-based damage function was proposed by Girhammar et al. (2004) and was 

implemented as an additional multiplier to the backbone force function introduced by Foschi 

(1977) and shown in (4.167). In this study, it is used as a damage-function to reduce the yield 

force and the post-elastic stiffness. 

The energy-based damage function SH is defined similarly to Sivaselvan and Reinhorn (1999) 

as: 

 ( )H
ult

β ΗH  = 1 -  0
1 - β H

S ⋅ ≥  (4.175) 

where β is input parameter and Hult is the hysteretic energy dissipated by the degraded 

backbone curve, for monotonic loading up to the ultimate displacement uult , considering only 

the displacement-based degradation, i.e. assigning umax = u and H = 0: 

 ( )
oult

y

K uu -
(u,0) (1- (u,0))

ult y o
0

H  = (u,0) (1- (u,0)) + (u,0) K u 1 - e duF αF α α
⋅

⋅
⎛ ⎞
⎜ ⎟⋅ ⋅ ⋅ ⋅
⎜ ⎟
⎝ ⎠

∫  (4.176) 

The non-recoverable hysteretic energy H is computed based on ucur and Fcur as: 

 ( )
( )

2
cur

str
unl cur cur

F
H = H  - 

2 u , FK⋅
 (4.177) 

( )iniu  , 0.999

( )ultu  , 0.001
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where Hstr is the total strain energy of the system at the current point. The degraded yield force 

Fy and post-elastic stiffness ratio α is dependent on the non-recoverable strain energy H, which 

in turn depends on the degraded current force as shown in (4.177). Thus, equations (4.171) 

and (4.172) are implicit and the solution is computed with an iterative procedure, using the 

non-recoverable strain energy from the previous step as a first estimate. 

Accelerated Reloading Stiffness Degradation 

The accelerated reloading stiffness degradation has been used by Ibarra et al. (2005) to capture 

a specific behavior of degrading hysteretic systems. It has been observed in cyclic force-

displacement loops that the secondary reloading curves (41 and 42) do not target the backbone 

curve at the point that corresponds to the unloading displacement uunl
+/- established in the 

given direction, but at a displacement utar
+/- that is greater in absolute values from uunl

+/-, 

depending on the number of hysteretic cycles occurred and the amount of dissipated energy. 

Many of the existing formulations incorporate the increase of utar
+/- by a constant input 

parameter that relates the ratio of the target over the unloading displacement. In this study, the 

target displacement is computed based on the amount of non-recoverable energy dissipated 

from the instant the unloading displacement is established. Thus, utar
+/- is computed as: 

 ( )+/- +/- +/-
tar unl unlu  = (+/-) γ H - H  + u⋅ ⋅  (4.178) 

where γ is input parameter and Hunl
+/- is the non-recoverable hysteretic energy dissipated until 

the instant the unloading displacement is established. Equation (4.178) is implicit and the 

solution is computed with an iterative procedure, using the non-recoverable strain energy from 

the previous step as a first estimate. 

Hysteretic Responses Il lustrat ing Adopted Degradation Modes 

The effects of the degradation modes on the hysteretic response of the system are illustrated in 

Figure 4.33 to Figure 4.38, for two displacement histories shown in Figure 4.32. The first 

displacement history (Figure 4.32a) consists of 4 symmetric cycles with increasing amplitude, 

while the second one (Figure 4.32b) contains the same individual cycles in the opposite order, 

resulting in cycles of decreasing amplitude. The hysteretic responses are normalized to the 

initial yield force Fyo and the initial yield displacement uyo, which is equal to Fyo/Ko. The other 3 
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parameters that affect the basic hysteretic model are kept constant (αo = 0.1 and σ = σu = 0.3). 

The parameters that control the degradation modes are assigned to initial values that mitigate 

the degradation effects (uini / uyo = 20 > 10 , uult / uyo = 25 > uini / uyo , β = γ = 0 and κ = 200). 

 
Figure 4.32 Displacement Histories with Cycles of (a) Increasing Amplitude, and (b) Decreasing Amplitude 

Figure 4.33 shows the cyclic response of the basic hysteretic model without any degradation 

modes. The response under virgin displacements follows the backbone curve and the pinching 

stiffness is decreasing under cycles of increasing amplitude, but is constant under cycles of 

decreasing amplitude. The hysteretic shape of the pinching response can be modified by 

varying the parameters σu and σ that control the displacement and the force of the pinching 

point, respectively, as shown earlier in (4.169). 

 
Figure 4.33 Hysteretic Responses of Basic Model without Degradation Modes under Displacement Histories with Cycles of 

(a) Increasing Amplitude, and (b) Decreasing Amplitude 

Figure 4.34 shows the cyclic response of the basic hysteretic model that incorporates unloading 

stiffness degradation for κ = 5. This means that the load-reversal branches target a pivot point 

on the initial elastic branch at a force of 5Fyo on the opposite side.  

(a) (b)

(a) (b)
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Figure 4.34 Hysteretic Responses of Basic Model with Unloading Stiffness Degradation under Displacement Histories with 

Cycles of (a) Increasing Amplitude, and (b) Decreasing Amplitude 

Figure 4.35 demonstrates the cyclic response of the basic hysteretic model that incorporates 

displacement-based strength degradation. This response is obtained for uini = 2uyo and  

uult = 15uyo. This mode of degradation results in a nonlinear smooth backbone response that 

can accommodate softening and ductile failure of the system. Moreover, the backbone force-

displacement responses in the positive and negative directions are coupled with a single 

damage index (umax), which results in modified envelope curves between the two displacement 

histories.  

 
Figure 4.35 Hysteretic Responses of Basic Model with Displacement-Based Strength Degradation under Displacement 

Histories with Cycles of (a) Increasing Amplitude, and (b) Decreasing Amplitude 

Figure 4.36 demonstrates the cyclic response of the basic hysteretic model that incorporates 

energy-based strength degradation. This response is obtained for β = 0.2. This mode of 

degradation reduces the envelope forces as a result of the non-recoverable hysteretic energy 

(a) (b)

(a) (b)



152 
 

dissipated. Furthermore, it does not modify the pinching forces for the displacement history 

with cycles of decreasing amplitude (Figure 4.36b). 

 
Figure 4.36 Hysteretic Responses of Basic Model with Energy-Based Strength Degradation under Displacement Histories 

with Cycles of (a) Increasing Amplitude, and (b) Decreasing Amplitude 

Figure 4.37 demonstrates the cyclic response of the basic hysteretic model that incorporates 

accelerated stiffness degradation. This response is obtained for γ = 0.2/Fyo. This mode of 

degradation increases in magnitude the target displacement of the reloading curves as a 

function of the non-recoverable hysteretic energy dissipated from the instant of unloading.  

 
Figure 4.37 Hysteretic Responses of Basic Model with Accelerated Reloading Stiffness Degradation under Displacement 

Histories with Cycles of (a) Increasing Amplitude, and (b) Decreasing Amplitude 

Figure 4.38 demonstrates the cyclic response of the basic hysteretic model that combines all 

the degradation modes. The 10 user input parameters can be calibrated so as to reproduce the 

hysteretic response of sheathing-to-framing connections or other components (i.r. holdown 

(a) (b)

(a) (b)
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equipment). Appendix A and B contain calibrated parameters for different components that 

were considered in the validation studies conducted as part of this report.  

 
Figure 4.38 Hysteretic Responses of Basic Model with Combined Degradation Modes under Displacement Histories with 

Cycles of (a) Increasing Amplitude, and (b) Decreasing Amplitude 

4.3.5.3 Bidirectional Response 
The bidirectional response of each sheathing-to-framing connector element in the proposed 

shear wall model can be simulated with 4 different approaches related to the consideration or 

not of (i) a coupling interaction, and (ii) an initial orientation of each pair of orthogonal 

unidirectional independent springs. The numerical models, used in the validation studies 

presented in Chapter 5 and Chapter 6, are analyzed with the consideration of both the 

interaction and the orientation of each pair of springs. 

Interaction of Orthogonal Springs in the Local Coordinate System 

As discussed in Section 4.3.2.1, a sheathing-to-framing connector element has 2 orthogonal 

internal DOF in the wall plane u and v, which are defined with respect to an element Local 

Cartesian System (LCS) ξOη (see Figure 4.6). The orthogonal forces are typically computed 

using a pair of independent unidirectional nonlinear springs with the same properties. The 

independent forces p and q in this case are defined as: 

 
( )
( )

UNI

UNI

 = 
 = 

p F u
q F v

⎧ ⎫⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭

 (4.179) 

(a) (b) 
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where FUNI is the functional that computes the resisting forces under unidirectional 

displacement loading. This approach is simplified but acceptable within the general perspective 

of macro-modeling of this type of connections with zero-length elements‡. However, the lack 

of interaction leads to unrealistic response when one of the springs has failed exceeding the 

ultimate displacement but the orthogonal spring can still provide a resisting force. In order to 

alleviate this undesirable effect, a damage function SR is defined to introduce an interaction 

between the two components. The orthogonal forces pint and qint including the implemented 

interaction are computed as: 
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U max
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 (4.180) 

where SU is the displacement-based damage function defined in (4.173), umax and vmax are the 

maximum absolute displacements in the horizontal and vertical (local) directions, and rmax is the 

maximum radius computed as the square-root-of-sum-of-squares of each pair of input 

displacements. 

The unidirectional cyclic displacement history, shown in Figure 4.39a, is used as the basic input 

for a number of analyses utilizing the input nail parameters computed in Appendix B. The 

effect of the direction of the displacement history in the 2D plane is investigated for 3 

different angles (θ = 15o, 30o and 45o) with respect to the horizontal axis, as shown in Figure 

4.39b. For each angle, the hysteretic responses in the two orthogonal directions are computed 

for 3 different cases, as illustrated in Figure 4.40. The first case corresponds to a pair of 

independent orthogonal springs aligned to the horizontal and vertical directions. The second 

case corresponds to a single spring oriented to the input direction. The third case corresponds 

to the response of the independent orthogonal springs of the first case, modified for coupling 

interaction as shown in (4.180).  

                                                 
‡ The actual response under general bidirectional loading is coupled and complex, since a mechanics-based approach (Foschi 

2000, Chui et al. 1998) requires the consideration of additional internal DOF. 
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Figure 4.39 (a) Unidirectional Input Displacement History and (b) Plan View of Bidirectional Displacement Input 

The results shown in Figure 4.40 demonstrate that the use of a pair of independent springs can 

produce significantly overestimated resisting forces with respect to a single spring oriented in 

the direction of loading. The implemented interaction reduces the independent spring forces, 

providing better correlation with the oriented spring components, and drives both springs to 

failure when the radius (rmax) approaches the ultimate displacement. However, the 

overestimation of strength and post-elastic stiffness of the ascending part of the backbone 

curve is not completely eliminated. The effects of the spring interaction on the lateral response 

of a shear wall model are demonstrated in the example presented in the third part of this 

section. 

 

(a) 

(b) 
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Figure 4.40 Vertical and Horizontal Hysteretic Responses of Connections for (a, b) θ = 15o, (c, d) θ = 30o, and (e, f) θ = 45o 

Orientation of Orthogonal Springs 

As discussed in Section 4.3.2.1, each pair of unidirectional orthogonal springs rotates with the 

associated framing node rotation θf , but the initial orientation angle θ0 is an input variable. The 

typical option is to select θ0 = 0 for each connector element, aligning the springs to the global 

directions. Judd and Fonseca (2005) proposed an alternative approach to define the orientation 

(a) (b)

(c) (d) 

(e) (f)



157 
 

angle of each connector element in a shear wall finite element analysis by orienting each pair of 

springs according to the initial trajectory of the given connector, computed under lateral 

loading. This approach is proposed on the basis that under lateral wall deformation each 

sheathing-to-framing connection deforms mainly along a single direction with a given angle 

with respect to the global directions. This was verified in a number of numerical analyses 

presented by Judd (2005), which demonstrated that the orientation of the springs resulted in a 

reduction of the post-elastic stiffness and the capping force of the backbone shear wall 

responses, compared to the non-oriented cases. 

It is important to note that Judd and Fonseca (2005) assumed pinned connections between 

framing members and fixed sill plate to the ground in the numerical shear wall models. In this 

case, the axial and moment interaction in the shear response of the shear wall model is 

neglected and the only internal DOF is the differential lateral displacement between the top 

and bottom boundaries. This results in a single resisting mechanism that is independent of the 

gravity loads and the direction of loading§. If sheathing-to-framing connector elements are 

assumed to be linear elastic, the lateral response of the wall is also linear elastic for a small 

lateral differential displacement, so the computed initial angles are also unbiased by the 

amplitude of the imposed differential displacement. This fundamental behavior of a shear wall 

assembly is captured in the proposed numerical framework by the simplified Pure Shear 

formulation that considers pinned connections between rigid framing members and fixed 

boundaries to the base and floor diaphragms. Under this approach, a single-step analysis to 

determine the initial orientation of each connector can be executed by subjecting each shear 

wall element to an inter-story lateral displacement, constraining the 3 DOF of the bottom 

diaphragm, as well as the rotational DOF of the top diaphragm. The latter is selected to 

translate horizontally by 0.5% and vertically by -0.0012% of the wall height**. The sheathing-

to-framing connector elements are simulated by a pair of linear elastic springs, which means 

that the response is equal to a single spring oriented to the trajectory of the connector. The 

initial angle θ0 of each connector element is equal to the substraction of the rotation of the 

framing node θf from the actual orientation angle computed in the deformed configuration. 

                                                 
§ This means that for each connector element the absolute difference between the initial orientation angles computed for a 

positive and a negative lateral loading will be around 180 degrees. 

** The vertical displacement is computed as (cos(arcsin(0.5/100)) – 1)*100% of the wall height 
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An analogous approach has not been implemented for a shear wall element described with the 

detailed Model formulation, which can simulate contact/separation effects between framing 

members and diaphragms, and capture axial, moment and shear deformations of the framing 

domain. In this case, the floor diaphragms of the building model translate in both directions 

and rotate in the wall plane when subjected to lateral loads, thus, the initial response of each 

shear wall element depends on the initial response of the whole building under a lateral force 

or displacement profile. Moreover, the fundamentally nonlinear elastic behavior of 

contact/separation phenomena leads to a system that can potentially demonstrate a nonlinear 

initial response, even if the sheathing-to-framing connections are linear elastic. For these 

reasons, the single-step analysis to determine the initial orientation of each connector in a shear 

wall element is executed using the simplified Pure Shear formulation independently of the 

formulation selected for the actual analysis (Pure Shear or Model). The effects of the spring 

orientation on the lateral response of a shear wall model are demonstrated in the following 

example. 

4.3.5.4 Shear Wall Application Example for Investigation of Different Bidirectional 
Models 

In order to demonstrate the effects of spring interaction and orientation on the lateral 

response of a shear wall, the numerical model of the single-story structure presented in the 

validation studies of Chapter 6 is used to perform a number of monotonic and cyclic pushover 

analyses. The prototype structure consists of an 8 ft long by 8 ft high shear wall that 

incorporates a single OSB panel, 4 ft by 8 ft, at the center. Edge and field nailing is specified at 

6 in and 12 in oc. The structural configuration and the material properties used in the 

numerical analyses are presented in Section 6.2 and Section 6.3, respectively. 

Pure Shear Formulation and No Gravity Loads 

First, the Pure Shear formulation is employed to compute the monotonic as well as the cyclic 

response under the displacement protocol shown in Figure 4.41. Figure 4.42 illustrates the 

numerical model and indicates 4 connector elements that are monitored, in order to visualize 

their deformations in the wall plane. For this case, no gravity loads are applied to the floor 

diaphragm. All 4 different combinations, based on the consideration or not of the interaction 
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and the orientation of each sheathing-to-framing connector, are analyzed and the results are 

illustrated in Figure 4.43. 

 
Figure 4.41 Cyclic Displacement Protocol Used in the Application Example 

 

Figure 4.42 Numerical Model of the Application Example for Pure Shear Formulation and 
Indication of Monitored Connector Elements 

The monotonic analysis results (Figure 4.43a) demonstrate that the spring orientation leads to 

a system that is more flexible in the post-elastic ascending regime, compared to the non-

oriented case, and the capping force is lower, yet achieved at a greater displacement. These 

observations are consistent with the results presented by Judd and Fonseca (2005). The 

coupling interaction, when considered for the oriented case, results in a small reduction of the 

resisting forces in the descending regime of the backbone response past the capping point. 

This means that the connector elements deform primarily in the oriented directions until the 

1

3

2

4
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system develops its maximum strength. The coupling interaction combined with the non-

oriented case results in a small reduction of the capping force and the descending response 

converges to the response of the oriented case with interaction. The cyclic analysis results 

(Figure 4.43b) show that the pinching response is similar among the 4 cases and the 

differences are concentrated in the backbone loading curves, where the response is affected 

similarly to the monotonic analyses. Figure 4.43c and Figure 4.43d illustrate the initial 

deformed shape for a small positive and negative inter-story drift of 0.05%, respectively, for 

the case of no orientation or interaction. It can be observed that under both loading directions 

each connector deforms in the wall plane by the same amplitude but in opposite directions. 

 

 
Figure 4.43 (a, b) Monotonic and Cyclic Pushover Results for Pure Shear Formulation and No Gravity Loads, and 

(c, d) Initial Deformed Shape of the Numerical Model for 0.05% Positive and Negative Inter-Story Drift 

(a) (b)

(c) (d) 
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The global bidirectional displacement orbits of 4 connector elements (see Figure 4.42), 

extracted from the cyclic analyses, are illustrated in Figure 4.44, where each panel shows the 

orbits of a single connector computed under the 4 different analysis cases. The displacements 

are computed by substracting the global displacements of the sheathing node from the global 

displacements of the framing node. 

 

 
Figure 4.44 Displacement Orbits from Cyclic Analysis for Pure Shear Formulation and No Gravity Loads for  

(a) Connector #1, (b) Connector #2, (c) Connector #3, and (d) Connector #4 

The results verify that the principal deformations of the oriented connectors are unidirectional. 

The non-oriented connectors follow modified orbits, compared to the oriented ones, with 

respect to the direction or the magnitude of the deformations. The interaction of non-oriented 

connectors results in modified directions that are closer to the oriented ones. Note that the 

initial trajectories for each connector are similar among the 4 cases but the actual trajectories of 

the non-oriented connectors are modified because of the alignment of all the connectors to 

zero initial angles. Since the global response of each connector depends on the initial 

(a) (b)

(c) (d)
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orientation, a random selection should equally consider initial orientation angles between 0 and 

45 degrees, which is the invariant radial span of a pair of orthogonal nonlinear springs. 

Figure 4.45 shows the local bidirectional displacement orbits of the 4 connector elements, 

computed under the 4 different analysis cases. The local displacements are computed as a 

function of the orientation angle θ0 and the framing rotation θf of each connector element, as 

shown in (4.2).  

 

 
Figure 4.45 Local Displacement Orbits from Cyclic Analysis for Pure Shear Formulation and No Gravity Loads for  

(a) Connector #1, (b) Connector #2, (c) Connector #3, and (d) Connector #4 

The local deformations of the oriented connectors lie principally along the local horizontal 

direction, which means that the initial orientation angles were correctly estimated a priori from 

the single-step orientation analysis. 

(a) (b)

(c) (d)
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Model Formulation and No Gravity Loads 

For a second application, the detailed Model formulation is employed to compute the 

monotonic and cyclic responses for the same 4 analysis cases. This approach considers 

contact/separation effects between framing members and diaphragms, and captures axial, 

moment and shear deformations of the framing domain. Thus, the numerical model, shown in 

Figure 4.46, incorporates the specific anchorage conditions of the prototype structure, as 

described in Section 6.2. For this case, no gravity loads are applied to the floor diaphragm. The 

results are illustrated in Figure 4.47. 

          

Figure 4.46 Numerical Model of the Application Example for Model Formulation and 
Indication of Monitored Connector Elements 

The monotonic (Figure 4.47a) and cyclic (Figure 4.47b) analysis results show a different trend 

compared to the Pure Shear formulation, because both non-oriented models demonstrate 

lower resisting forces, compared to the oriented ones. The coupling interaction modifies the 

response of the oriented model, reducing the resisting forces and providing a better correlation 

with the non-oriented responses. 

It is also observed that the capping forces among the 4 cases range below 1000 lbs, while with 

the Pure Shear formulation the capping forces were above 2500 lbs. This significant reduction 

in the shear, or lateral, resistance of the shear wall element is attributed to the inability of the 
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Anchor bolt or other 
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axial and moment resisting mechanisms to provide the required boundary conditions for a 

racking deformation of the wall. Indeed, the initial deformed shapes, shown in Figure 4.47c 

and Figure 4.47d, illustrate that the floor diaphragm rotates and translates vertically as a result 

of a lateral load, thus, the existence of a gravity load would increase the resistance. 

Furthermore, the end wall stud under tension separates from the top plate because the tensile 

strength of plate-to-stud connections in the vertical direction is small and conservatively 

ignored in the numerical model. Since the holdowns are not located at the end studs of the 

sheathing panel, the panel and the associated vertical studs demonstrate a rocking response 

within the wall plane, while the sheathing-to-framing deformations are concentrated mainly 

along the sill and top plates. 
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Figure 4.47 (a, b) Monotonic and Cyclic Pushover Results for Model Formulation and No Gravity Loads, and 

(c, d) Initial Deformed Shape of the Numerical Model for 0.05% Positive and Negative Inter-Story Drift 

The global bidirectional displacement orbits of the 4 connector elements (see Figure 4.46), 

extracted from the cyclic analyses, are illustrated in Figure 4.48, where each panel shows the 

orbits of a single connector computed under the 4 different analysis cases.  

(a) (b)

(c) (d)
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Figure 4.48 Displacement Orbits from Cyclic Analysis for Model Formulation and No Gravity Loads for  

(a) Connector #1, (b) Connector #2, (c) Connector #3, and (d) Connector #4 

These plots clearly show that the principal deformations of all the connector elements are in 

the vertical direction. However, the deformations are not distributed along both positive and 

negative directions. The only exception applies to Connector #2, which is subjected to very 

small deformations because the vertical stud rotates with the sheathing panel. Connector #1 is 

mainly deformed under a negative lateral load, while Connector #3 is deformed under a 

positive lateral load. Connector #4 is deformed under both cases because of the rocking 

motion of the sheathing panel. These deformation characteristics pose challenges on the 

definition of a consistent approach to determine the initial orientation angles of connector 

elements with the Model formulation.  

The local displacements orbits, illustrated in Figure 4.49, verify that the orientation angles 

computed from the Pure Shear formulation are not accurate, but the consideration of 

coupling interaction provides similar amplitudes of the deformations with the non-oriented 

(c) (d) 

(a) (b)
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models. So, the orientation and interaction of the connector elements did not modify their 

principal deformations compared to the non-oriented ones, but yielded higher resisting forces 

because the coupling interaction implemented does not completely eliminate the 

overestimation of the response compared to a single oriented spring, as shown earlier in Figure 

4.40. 

 

 
Figure 4.49 Local Displacement Orbits from Cyclic Analysis for Model Formulation and No Gravity Loads for  

(a) Connector #1, (b) Connector #2, (c) Connector #3, and (d) Connector #4 

Model Formulation and Gravity Load of 6700 lbs 

The third analysis case considers the Model formulation with the actual gravity load of the test 

specimen of 6700 lbs. This gravity load is applied initially in a separate nonlinear analysis case, 

which yields the initial conditions for the subsequent lateral displacement-controlled analysis. 

The same 4 different models are considered and the results are illustrated in Figure 4.50.  

(a) (b)

(c) (d)
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Figure 4.50 (a, b) Monotonic and Cyclic Pushover Results for Model Formulation and Gravity = 6700 lbs, and 

(c, d) Initial Deformed Shape of the Numerical Model for 0.05% Positive and Negative Inter-Story Drift 

The responses from the monotonic (Figure 4.50a) and cyclic (Figure 4.50b) analyses are very 

similar among the 4 different models and the response for the connectors with orientation and 

interaction is the most conservative. The gravity load has contributed significantly to the 

improvement of the lateral response and the capping forces range above 2000 lbs. The initial 

deformed shapes, illustrated in Figure 4.50c and Figure 4.50d, demonstrate similar 

deformations to the Pure Shear formulation, with the addition of the bending deformations 

of the vertical framing members. 

Figure 4.51 illustrates the global bidirectional displacement orbits of the monitored connector 

elements extracted from the cyclic analyses. The principal deformations of the oriented 

(a) (b)

(c) (d)
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connectors are unidirectional, while the non-oriented connectors follow modified orbits, 

compared to the oriented ones. The interaction of non-oriented connectors results in modified 

directions that are closer to the oriented ones. 

 

 
Figure 4.51 Displacement Orbits from Cyclic Analysis for Model Formulation and Gravity = 6700 lbs for  

(a) Connector #1, (b) Connector #2, (c) Connector #3, and (d) Connector #4 

Figure 4.52 shows the local bidirectional displacement orbits of the 4 connector elements, 

computed under the 4 different analysis cases. The local deformations of the oriented 

connectors lie principally along the local horizontal direction, which means that the initial 

orientation angles were correctly estimated a priori from the single-step orientation analysis 

based on the Pure Shear formulation. 

(c) (d)

(a) (b)
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Figure 4.52 Local Displacement Orbits from Cyclic Analysis for Model Formulation and Gravity = 6700 lbs for  

(a) Connector #1, (b) Connector #2, (c) Connector #3, and (d) Connector #4 

Summary 

The consideration of the proposed coupling interaction between the pair of orthogonal 

nonlinear springs of each connector element results in more conservative lateral responses of 

the shear wall systems, compared to the independent pairs of springs with the same orientation 

angles. However, the coupling interaction does not completely eliminate the overestimation of 

the response, as shown for the Model formulation with no gravity loads. This is consistent 

with the results shown earlier in Figure 4.40. It is interesting to note that the non-oriented and 

oriented responses with coupling interaction have smaller differences in both the deformations 

of the connectors and the resisting forces with respect to the models without interaction. This 

indicates that the development of a coupling interaction approach that can favorably eliminate 

any overestimation of the response shown in Figure 4.40 for different orientation angles, will 

lead to the same shear wall responses independently of the initial orientation angles of the 

connector elements. 

(a) (b)

(c) (d)
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The orientation of the connector elements, according to the initial trajectories from an analysis 

that is based on the Pure Shear formulation, is consistently conservative when the Pure 

Shear formulation is used for the nonlinear analysis. In the case of the Model formulation, the 

effect depends on the overall structural characteristics of the shear wall system and the gravity 

loads. 

4.4 Derivation and Solution of Equilibrium Equations of Two-Dimensional 
Models of Light-Frame Wood Structures under Dynamic/Seismic 
Loading Conditions 

4.4.1 Formulation of a Building Model 
This section describes the analytical derivations that involve the development of a finite 

element framework for the expression and solution of the dynamic equilibrium equations of a 

2D model of a light-frame wood building. Having introduced in Section 4.3 the sub-structure 

model of each inter-story wood shear wall that leads to a 2-noded shear wall element, the 

procedure described herein is based on the existing knowledge of the formulation of numerical 

models for response-history nonlinear inelastic analysis in the time domain. 

As shown in Figure 4.53, each rigid diaphragm is represented with one node with 3 DOF while 

a k-story building is represented by k number of sub-structure shear wall elements that are 

connected in series. The global stiffness matrix of the building model KBM resources from the 

contributions of each shear wall element through the 6-by-6 stiffness matrix iKD
W, where the 

subscript i ranges from 1 to k. Assuming that the base diaphragm is fixed to the ground, the 

number of DOF NDOF is: 

 DOFN  = 3 k⋅  (4.181) 

and the fist-story element contributes to the global stiffness matrix the lower right 3-by-3 

submatrix of 1KD
W. The stiffness matrix of each shear wall element is computed as shown in 

(4.91) or (4.141), depending on the two analysis options. 
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Figure 4.53 Illustration of Master DOF of a Building Model and Shear Wall Elements for the Simulation of Each Story 

The global mass matrix MBM is calculated from the floor masses that are explicitly assigned for 

each diaphragm. If mi is the translational mass assigned to the ith floor, the 3-by-3 mass matrix 
iM is equal to: 
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⎢ ⎥
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where 

 ( ) ( )( )2 2i
rot,i W i = L  + h

12
mm ⋅  (4.183) 

and LW is the length of the building model, while hi is the thickness of the ith floor diaphragm. 

The global damping matrix is formulated utilizing a Rayleigh damping scheme that considers 

the global damping matrix CBM to be proportional to the mass and the initial stiffness global 

matrices of the numerical model: 

 m k = c  + c⋅ ⋅BM BM BMC M K  (4.184) 

where cm and ck are scalar multipliers with units sec-1 and sec, respectively, that are computed 

based on the eigen-value analysis of the undamped structure. Using a classical damping matrix 

that retains the orthogonality properties with the eigen-vectors – or mode shapes – of the 
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system provides a simple way to (i) assign the desired modal damping ratios ζ1 and ζ2 at two of 

the natural periods of the system T1 and T2, and (ii) estimate the damping ratios provided for 

every period of interest, based on the initial stiffness and mass matrices of the model. 

It should be noted that the principal energy dissipation mechanism is provided by the 

hysteretic damping produced by the nonlinear inelastic response of sheathing-to-framing and 

diaphragm-to-framing connections. Therefore, the viscous damping properties are 

conceptually estimated based only on supplemental energy dissipating mechanisms in the 

structure, such as slippage and sliding friction between structural components. The modal 

damping ratios are considered in the majority of the research studies to range around 1-2% of 

critical, for the first and second natural modes of vibration. 

The modal damping ratio ζi at each natural period Ti is given by: 
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where Φi is the mode shape of the ith mode and Mi and Ki the generalized mass and 

generalized stiffness, respectively. Provided that T1 and T2 are not equal, the multipliers needed 

to provide the desired ζ1 and ζ2 are given by: 
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 (4.186) 

4.4.2 Solution Algorithm of a Building Model under Dynamic Loading Conditions 
This section summarizes the solution algorithm utilized to solve the dynamic equilibrium 

equations of a numerical building model under a prescribed base acceleration time history. The 

solution procedure is developed in the time domain and dynamic equilibrium is sought at 

discrete time instants with a constant time increment Δt. Equilibrium at each time instant t = τ 

is satisfied when external forces are equilibrated under the summation of inertial, viscous and 

internal forces: 

 { } { } { } { }τ τ τ τ =  +  + ⋅ ⋅ext int BΜ ABS BΜF F M A C V  (4.187) 

where {AABS}τ and {V}τ are the NDOF-by-1 absolute acceleration and relative velocity vectors, 

respectively, of the numerical model. The absolute acceleration can be written as: 

 { } { } { } { }
τ

τ τ τ τ x

y

a
 =  +  =  + 

a
⎧ ⎫
⋅⎨ ⎬
⎩ ⎭

ABS GRA A A A r  (4.188) 

where {A}τ is the relative acceleration vector; ax and ay are the input ground accelerations in 

the respective global directions; r is a NDOF -by-2 matrix that contains unit values at the first 

column along the rows of horizontal DOF and at the second column along the rows of 

vertical DOF. Combining (4.187) and (4.188) the equilibrium is written as: 
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ext BΜ int BΜ BΜF M r F M A C V  (4.189) 

The equilibrium is sought at time t = τ + Δt and is expressed by: 

 { } { } { } { }
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ext BΜ int BΜ BΜF M r F M A C V  (4.190) 

The internal forces and the tangent stiffness matrix of the building model follow a nonlinear 

inelastic material law and depend on the history of the displacement field – set of known 

parameters Zτ at the last equilibrium state - as well as on the element displacements at that time 

instant {D}τ+Δt., as shown below: 
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Utilizing the Newmark method (Newmark 1959) with numerical factors γ and β the relative 

velocities and displacements at t + Δt are given by: 
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The relative acceleration vector {A}τ+Δt is computed from (4.192) based on {D}τ+Δt and the 

known equilibrium state at τ as: 

 { } { } { } ( ) { } { }τ+Δt τ τ τ τ+Δt2 21 -  - Δt  - Δt 1 - 2β  = β Δt
2
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Similarly the relative velocity vector {V}τ+Δt is equal to: 

 { } { } { }( ) { } { }τ+Δt τ+Δt τ τ τγ γ γ =  -  -  - 1  - Δt  - 1
β Δt β 2β

⎛ ⎞ ⎛ ⎞
⋅ ⋅ ⋅ ⋅⎜ ⎟ ⎜ ⎟⋅ ⎝ ⎠ ⎝ ⎠

V D D V A  (4.194) 

The internal force vector {Fint}τ+Δt is approximated from a first order Taylor expansion as: 

 { } { } [ ] { } { }( )τ+Δt τ τ τ+Δt τ =  +  - ⋅int int BMF F K D D  (4.195) 

Substituting (4.193), (4.194) and (4.195) into the equilibrium equation of (4.190) leads to a 

single-step prediction of the displacement increment ΔD: 
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 (4.196) 

Since the response of the system is nonlinear, a Newton-Raphson iterative procedure, which 

drives the load imbalance to zero, is utilized to define the equilibrium state. Each iteration is 

denoted with an index j where j = {1,2,3,…} and any quantities found at that iteration carry 

the subscript j. Quantities specifying initial conditions of the iterations carry the subscript j-1. 
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Initiation of Solution Step 

Before the beginning of the iterations the following assignments are made. 
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Iterative Solution 

Invoking (4.196) in an incremental form the displacement increment {ΔD}j is found and 

added to the current displacement vector {D}j-1. The dynamic tangent stiffness matrix [KD]j-1 is 

equal to: 

 [ ] [ ] 2j-1 j-1

1 γ =  +  + 
β Δt β Δt

⋅ ⋅
⋅ ⋅D BM BM BMK K M C  (4.198) 

The load imbalance {LI}j-1 at the initiation of the iteration is: 

 { } { } { } { }j-1 j-1 j-1 j-1
 =  -  -  - ⋅ ⋅ext int BM BMLI F F M A C V  (4.199) 

The displacement iterative increment is: 

 { } [ ]( ) { }
-1

j j-1 j-1
Δ  = ⋅DD K LI  (4.200) 

 { } { } { }j j-1 j
 =  + ΔD D D  (4.201) 
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Based on the new displacement vector and the parameters Z that correspond to the 

equilibrium state at t = τ, the new internal force vector and the new tangent stiffness matrix are 

computed, as shown in (4.191).  
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Additionally, the relative velocity and acceleration vectors are computed based on (4.193) and 

(4.194): 
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The load imbalance {LI}j can now be computed as: 

 { } { } { } { }j j j j
 =  -  -  - ⋅ ⋅ext int BM BMLI F F M A C V  (4.204) 

Convergence is satisfied when the load imbalance {LI}j is sufficiently small according to a 

selected norm of {LI}j and a specified tolerance ε. The Euclidean norm is selected to compute 

the length of the imbalance force between all the global active DOF and apply the 

convergence criterion. Convergence is satisfied when: 

 { } { } { }( )1
T 2

j j j
 =   ε⋅ ≤LI LI LI  (4.205) 

Initiation of Successive Iterations 

If the convergence criterion is not satisfied, iterations are performed carrying out (4.198) to 

(4.204) until (4.205) is valid. {LI}j is the driving force of the successive iteration when j → j+1. 

(4.196) can now be written as: 
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 [ ]( ) { } { } { } { }j-1 j j-1 j-1 j-1
Δ  =  -  -  - ⋅ ⋅ ⋅D ext int BM BMK D F F M A C V  

End of the Solution Step 

When convergence is satisfied, the equilibrium state has been defined at t = τ+Δt such as: 
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The solution of the next time step can be executed based on the new equilibrium state found 

at the current solution step.  

4.5 Summary of the Proposed Numerical Framework 
This chapter introduces a numerical framework for the nonlinear inelastic, static and dynamic 

analysis of light-frame wood buildings. The numerical formulation addresses the two-

dimensional (2D) in-plane response of inter-story light-frame wood shear walls that 

incorporate single-sided sheathing panels, which are the structural elements considered in the 

seismic design. Considering each inter-story shear wall assembly as a single sub-structure 

element with internal nonlinear DOF, a 2D building model is formulated that represents a 

vertical continuous wall diaphragm of a prototype building. This is the first fundamental step 

towards the three-dimensional analysis of complete light-frame wood buildings with additional 

non-structural components. 

The 2D building model is based on a sub-structuring approach that considers each floor 

diaphragm as rigid body with 3 kinematic and potentially dynamic degrees-of-freedom (DOF) 

in the vertical plane. A sub-structure element is developed for each individual single-story wall 

assembly that interacts with the adjacent diaphragms, above and below, and generates the 

resisting quasi-static internal forces. Utilizing floor diaphragms as boundary elements of the 
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sub-structures developed for each story allows simulation of other modes of deformation (i.e. 

flexural and rocking modes), with due consideration of the interaction effects between shear 

walls and floor diaphragms. 

The 2D shear wall model consists of a number of finite elements developed to simulate the 

structural components, such as sheathing panels, framing members and inter-component 

connections. Sheathing panels are described with 4 generalized DOF and linear elastic 

behavior while sheathing-to-framing connections are described with two orthogonal coupled 

phenomenological springs that exhibit pinching, strength deterioration and stiffness 

degradation. Each orthogonal pair of springs representing a single sheathing-to-framing 

connection is rotated according to the initial trajectory computed under infinitesimal lateral 

wall deformation. The proposed shear wall element enables the analyst to select between a 

simplified and a detailed formulation to describe the wood framing components. In the former 

case, referred as Pure Shear formulation, framing is assumed rigid and pin-connected and is 

considered to be rigidly attached to the floor diaphragms. In the latter case, referred as Model 

formulation, framing members are represented with linear elastic beam elements with axial and 

flexural behavior using centre-line modelling of each individual framing component. This 

approach offers the option to simulate contact/separation phenomena between vertical studs 

and horizontal plates, contact/separation phenomena between horizontal plates and 

diaphragms, as well as anchoring connections between framing and diaphragms (i.e. anchor 

bolts, holdowns), typically installed in light-frame shear walls to develop a vertical load path 

that resists overturning moments. The use of corotational descriptions of the displacement 

fields of the finite elements implemented in the proposed numerical framework accounts for 

geometric nonlinearity associated with large rotations and for P-Δ effects due to gravity loads, 

assuming small deformations of the structural members that remain linear elastic, such as the 

individual framing members and the sheathing panels. These attributes result in a nonlinear 

element that satisfies equilibrium in the deformed configuration and is capable of capturing the 

lateral response of shear walls up to their complete failure and, thus, the side-sway collapse of 

the structure. 

Validation of the numerical framework with experimental testing data from full-scale specimen 

is presented in the next two chapters.
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5  
 
 
 
 
 
 
 
 
 
 
CHAPTER 5:   MODEL VALIDATION FOR STATIC, 

MONOTONIC AND CYCLIC ANALYSIS 

5.1 Introduction 
This chapter presents two validation examples that attempt to demonstrate the potential of the 

proposed numerical framework to better predict the response of light-frame shear walls or wall 

assemblies under lateral quasi-static monotonic or cyclic loading. Test data from various shear 

wall tests, conducted by Pardoen et al. (2003), have been used to compare numerical 

predictions and experimental responses at a global level (i.e. inter-story response) as well as at a 

local level (i.e. end-post uplift and holdown response) when possible. Two numerical 

predictions are illustrated throughout the various figures. One is labeled Pure Shear and 

represents the simplified numerical model described in Section 4.3.2 that considers nonlinear 



182 
 

inelastic action solely at the sheathing-to-framing connections, assuming a pure kinematic 

distortion of rigid framing members and fixed plate-to-diaphragm boundary conditions. The 

second prediction is labeled Model and represents the numerical model described in Section 

4.3.3 that accounts for framing flexibility and nonlinear phenomena between framing members 

and diaphragms.  

5.2 Example 1: Single-Story Shear Walls 
The selected experimental data for this first example have been generated by Pardoen et al. 

(2003) within the CUREe-Caltech Woodframe Project. As part of this experimental task, 26 

groups of single-story light-frame shear walls, with the same dimensions but various structural 

and material configurations, were tested under monotonic and cyclic displacement-controlled 

protocols. 

5.2.1 Test Specimens 
The wall dimensions of all specimens were equal to 16 ft long by 8 ft high, while 3 different 

configurations were considered, as shown in Figure 5.1. The first configuration consisted of 

four panels forming a Fully Sheathed (FS) wall, while the second configuration incorporated a 

door opening in the center of the wall and is denoted as a Pedestrian Door (PD) wall. The last 

configuration incorporated a Garage Door (GD) with one wall segment at each end with a 

relatively high Aspect Ratio (AR), defined as the height-to-length ratio, of 2.5. Each of the 3 

groups consisted of 3 identical specimens. One specimen was tested under monotonic loading 

and the remaining two specimens were tested under cyclic loading using the CUREe loading 

protocol (Krawinkler et al. 2003). The framing consisted of nominal 2x4 studs spaced at 16 in 

on center (oc). The lumber used for framing was Douglas-Fir Number 1 or better. The top 

plate and the vertical studs with holdown devices consisted of two framing members. The 

sheathing provided was Oriented Strand Board (OSB), 3/8 in thick. Sheathing panels were 

fastened to the framing with 8d box gun nails, 2.5 in long with 0.113 in diameter. Edge nailing 

was specified at 6 in oc for the FS and PD configurations and at 3 in oc for the GD wall. Field 

nailing was specified at 12 in oc for all specimens.  
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Table 5.1 tabulates design parameters, such as the lateral ASD capacity and the uplifting design 

force, for the investigated shear walls. The AR adjustment factor, adopted in recent design 

codes (IBC 2006) to reduce the design strength of wall segments with AR higher than 2, is 

equal to 0.8 for GD wall, indicating a reduction in design strength of 20%. 

16 ft

8 ft

8 ft

8 ft

3 ft

9.67 ft

(FS)(FS)

(PD)(PD)

(GD)(GD)

4 ft 4 ft

4 ft 2.5 ft

3.16 ft

7 ft

6.67 ft

 
Figure 5.1 Geometric and Panel Configurations of the Shear Walls Simulated in Example 1 

5.2.2 Test Setup 
The testing configuration was designed to provide (i) in-plane loading and support conditions 

only at the framing members, (ii) capability to develop in-plane vertical deformations, and (iii) 

overall stability along the out-of-plane horizontal direction. An elevation view of the test setup 

is presented in Figure 5.2. Two steel channel beams were used at the base and the top of the 

wall specimens to simulate the diaphragm boundary conditions. The base steel beam was 

attached to the laboratory strong floor through bolted and welded connections to provide a 

rigid reaction boundary, while the framing was connected with anchor bolts and holdown 

devices, welding the bolts on the steel beam. The top steel beam, a MC10x28.5 channel, was 

attached to the double top plate of the wall with 3/8 in diameter lag screws spaced at 6 in. The 

racking shear forces were applied to the steel beam with a 50 kips capacity hydraulic actuator 

(see Figure 5.2). 
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Table 5.1 Design Parameters for Investigated Shear Walls in Example 1 

Wall Configuration FS PD GD 
Aspect Ratio 8/16 = 0.5 8/6.5 = 1.23 8/3.16 = 2.53 

No. of Segments 1 2 2 

Nailing Schedule Edge Nailing @ 6 in oc 
Field Nailing @ 12 in oc 

Edge Nailing @ 3 in oc
Field Nailing @ 12 in oc

ASD Capacity 
(force per length) 260 plf 490 plf 

Aspect Ratio 
Adjustment Factor 1 1 2·3.16/8 = 0.8 

ASD Capacity 
(force - including 

aspect ratio adjustment 
factor and number of 

segments) 

260·16·1·1 = 4160 lbs 260·6.5·1·2 = 3380 lbs 490·3.16·0.8·2 = 2462 lbs

Uplifting Design 
Force 260·8 = 2080 lbs 490·8 = 3920 lbs 

 

 
Figure 5.2 Elevation View of Test Setup (from Pardoen et al. 2003) 

5.2.3 Cyclic Test Protocol 
The CUREe loading protocol, developed by Krawinkler et al. (2003), consists of 40 cycles, as 

shown in Figure 5.3a, where each cycle represents a symmetric oscilation with a predefined 

amplitude in the positive and negative directions. The loading protocol is normalized to a 

reference displacement Dref that is associated with the monotonic response of an identical test 

specimen. The normalized protocol consists of 6 initiation cycles of amplitude 0.05 and 8 

primary cycles of increasing amplitude of 0.075, 0.1, 0.2, 0.3, 0.4, 0.7, 1.0 and 1.5. Each primary 
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cycle is followed by 6, 3 or 2 training cycles with an amplitude 75% that of the corresponding 

primary cycle. The reference displacement Dref is computed by Pardoen et al. (2003) as 60% of 

the monotonic displacement capacity Dm , which is the displacement in the softening regime of 

the monotonic response at which the force is 80% of the ultimate force Fult , as shown in 

Figure 5.3b. 

 

 
Figure 5.3 (a) Normalized CUREe Loading Protocol, and (b) Definition of 
Monotonic Displacement Capacity Dm for a Sample Monotonic Response 

5.2.4 Framing Configuration and Boundary Connections 
Figure 5.4 to Figure 5.6 illustrate the structural configuration and boundary connections of 

each shear wall specimen (top) along with the equivalent numerical model (bottom). The FS 

wall, designed as a single assembly, has one holdown at each wall’s end post. On the contrary 

the PD and GD walls are designed as two assemblies, featuring holdowns at the end posts of 

Displacement, D 

Force, F

0.8Fu 

Dm

Fu 

Dref = 0.6Dm

(b) 

(a) 
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the interior openings as well. Simpson Strong-TieTM HTT22 holdowns with a 5/8 in diameter 

bolt and anchor bolts with a 1/2 in diameter bolt were used for all test specimens. 

          

 
Figure 5.4 Structural Configuration (top) and Numerical Model (bottom) of FS Wall 
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Figure 5.5 Structural Configuration (top) and Numerical Model (bottom) of PD Wall 

As specified in the report by Pardoen et al. (2003), the end post of each wall assembly consisted 

of three vertical framing members. The outer member was independent from the remaining 

two and had a distance of 0.5 in from the adjacent stud. The remaining two members were 

connected at the bottom with the nails used to attach the holdown to the inner third stud. 

Nailing was provided at the specified distance across the length of the outer and the inner stud. 

Thus, the numerical models feature two independent vertical studs, assigning double axial and 

bending stiffness in the inner framing member. Similarly, internal posts of the PD and GD 

walls with holdowns at the base, as well as horizontal top plates, consisted of two framing 
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members, but nailing was provided across the length of both members. In this case, the 

numerical models feature a single member with half of the specified nailing distance and 

double axial and bending stiffness. It should be noted that only rectangular panels can be 

assigned in the numerical model, thus, the cut-out sections of the sheathing panels above the 

PD and GD wall openings where simulated with independent panels, as shown in Figure 5.5 

and Figure 5.6. 

         

 
Figure 5.6 Structural Configuration (top) and Numerical Model (bottom) of GD Wall 
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The gravitational force applied on the upper diaphragm was estimated around 1000 lbs 

accounting for the weight of the top steel beam and cover plates (780 lbs) as well as half of the 

weight of the shear wall specimen (1/2·440 lbs for FS wall). 

5.2.5 Material and Spring Connector Properties 
Table 5.2 presents basic dimensions and associated typical material properties for the linear 

elastic beam and panel elements utilized in the numerical analyses. The modulus of elasticity of 

the beam elements was specified from Table 4A in NDS (2005) for Douglas-Fir Number 1 

grade. The elastic modulus of OSB was estimated based on typical properties given by 

manufacturers. 

Table 5.2 Dimensions and Material Properties of Linear Elastic Beam and Panel Elements 

Sheathing Panels 
Oriented Strand Board 

Shear modulus 
[psi] 

Thickness 
[in] 

220000 3/8 

Wood framing 
2x4 Douglas-Fir 

Modulus of elasticity 
[psi] 

Cross section dimensions 
[in] 

1700000 1.5x3.5 
 

Table 5.3 presents the properties of the linear and nonlinear elastic elements utilized to 

simulate the interaction between framing members and diaphragms. The force in the normal – 

initially vertical – direction relative to the contact area is computed from the nonlinear elastic 

response given in (4.113), using the input parameters dtol and ftol shown in Table 5.3. The 

response in the direction parallel to the contact area is computed according to the nonlinear 

elastic relationship given in (4.116) for stud-to-plate contact elements, which effectively 

minimizes the flexibility in this direction. On the contrary, the diaphragm-to-plate contact 

elements are considered to act linearly elastic with a very low stiffness of 100 lbs/in.  This low 

value is used in order to reduce unrealistic catenary action along the horizontal plate when 

uplifting from the diaphragm. Note that the resistance in this direction is provided by the 

diaphragm-to-framing connection elements. 

Table 5.4 presents the properties of the diaphragm-to-framing connection elements. The 

stiffness parallel to the contact area is 50000 lbs/in for holdowns and anchor bolts at the 
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bottom of the wall, and 10000 lbs/in for the lag screws at the top of the wall. The response of 

the holdowns in the normal direction is the only nonlinear inelastic behavior considered in the 

diaphragm-to-framing connection elements. The spring parameters for nonlinear holdown 

connectors were estimated as described in Appendix A. The stiffness normal to the contact 

area is 10000 lbs/in and 5000 lbs/in for the anchor bolts and the lag screws, respectively. 

Table 5.3 Properties of Linear and Nonlinear Elastic Contact Elements 

Elements 
Direction 
relative to 

contact 
Behavior 

Input parameters 

dtol 
[in] 

ftol 
[lbs] 

Elastic 
stiffness 
[lbs/in] 

Stud-to-plate 
contact 

elements 

Parallel Nonlinear 
elastic (4.116) 0.0001 0.1 N/A 

Normal Nonlinear 
elastic (4.113) 0.0001 0.1 N/A 

Diaphragm-to-
plate contact 

elements 

Parallel Linear elastic N/A N_A 100 

Normal Nonlinear 
elastic (4.113) 0.0001 0.1 N/A 

 

Table 5.4 Properties of Diaphragm-to-Framing Connection Elements 

Elements Direction relative to 
contact Behavior Elastic stiffness 

[lbs/in] 

Holdowns at the 
bottom of the wall 

Parallel Linear 50000 
Normal Nonlinear inelastic 150000 

Holdowns at the 
 top of the wall 

Parallel N/A N/A 
Normal N/A N/A 

Anchor bolts at the 
bottom of the wall 

Parallel Linear 50000 
Normal Linear 10000 

Anchor bolts at the top 
of the wall 

Parallel Linear 10000 
Normal Linear 5000 

 

The parameters of the sheathing-to-framing nonlinear springs were based on experimental 

connection data generated by Fisher et al. (2001). The identification process and the spring 

parameters are presented in Appendix A. Table 5.5 summarizes the basic characteristics of the 

backbone curve of the nonlinear springs utilized for modeling sheathing-to-framing and 

holdown connections. Figure 5.7 illustrates the monotonic and cyclic response of each 
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unidirectional nail spring. The bidirectional response is implemented with an orientation and a 

coupling interaction of each pair of springs, as described in Section 4.3.5.3. 

Table 5.5 Characteristics of Backbone Curve of Nonlinear Inelastic Springs 

 
Initial 

Stiffness 
[lbs/in] 

Yield 
Force 
[lbs] 

Capping 
Force 
[lbs] 

Displacement 
at Capping 

Force 
[in] 

Displacement 
at Failure 

[in] 

3/8 in OSB / 
8d Box Gun 
Nails / 2x4 
Douglas-Fir 

12650 141.9 266.8 0.54 3.30 

HTT22 
Holdown 

Spring 
150000 8000 10415.4 0.53 1.80 

 

 
Figure 5.7 Monotonic and Cyclic Response of a Unidirectional Nail Spring for 

[3/8 in OSB / 8d Box Gun Nails / 2x4 Douglas-Fir] 
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5.2.6 Comparison of Global Experimental Responses and Numerical Predictions 
This section presents the comparison of global responses between experimental and numerical 

data, generated for each wall configuration. Figure 5.8 illustrates the monotonic pushover test 

results from one specimen along with the numerical predictions for the three wall 

configurations. The ASD capacity per IBC (2006) is shown with a dashed line. 

Concentrating first on the ascending branch of the backbone curves up to the capping point 

(point of maximum strength); it is observed that the Model responses achieve a good 

correlation with the Test responses in terms of force and stiffness variations along the 

examined deformation range. As expected, the Pure Shear model generally predicts higher 

global stiffness and strength characteristics compared to the Model predictions. For all cases, 

the reduction in stiffness and strength observed in the Model responses lead to more accurate 

predictions of the experimental behavior. This statement does not hold only for the strength 

predictions of the PD wall. For this case, the strength prediction is more accurate for Pure 

Shear response, yet the initial ascending branch of the backbone curve is more accurately 

represented by the Model response. It should be noted that the maximum experimental 

strength of the PD wall is higher than that of the FS wall although its allowable design force is 

lower by about 20% that of FS wall, as shown earlier in Table 5.1.. On the contrary the 

numerical strength predictions are consistent with the allowable forces (i.e. lower strength for 

PD wall compared to FS wall), which implies that there is an additional resisting mechanism in 

the test specimen that is not reflected in the numerical models. The differences observed 

between the two numerical predictions indicate the level of participation of modes of 

deformation other than pure kinematic frame distortion. For the FS and PD wall 

configurations that consist of walls segments with low aspect ratios (see Table 5.1), the 

increase of capping force for Pure Shear response is about 5-10%, compared to the Model 

response. On the contrary, the increase of capping force is beyond 30% for the GD wall when 

framing deformations are not considered. This difference suggests participation of uplifting 

and overturning modes, justified by the high aspect ratio of the GD wall segments. This 

difference also justifies the use of the aspect ratio adjustment factor in IBC (2006) for walls 

with aspect ratio greater than 2. Interestingly, the reduction of 20% in design allowable 

strength compares well with the relative reduction of 20-25% in maximum strength, 

considering the effect of the aspect ratio in the Model responses. For all three cases, the 
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predicted Model displacements at the forces corresponding to the ASD Capacity per IBC 

(2006) are closer to the Test displacements than the Pure Shear predictions. 

 

 

 
Figure 5.8 Comparison of Monotonic Response for (a) FS Wall, (b) PD Wall, and (c) GD Wall 

 

 

(a) 

(b) 

(c) 
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Based on the experimental results, the monotonic displacement capacity Dm was equal to 3.55, 

5.10 and 6.55 in for FS, PD and GD walls, respectively. Thus, the reference displacement Dref 

used in the corresponding cyclic protocol for each structural configuration was accordingly 

equal to 2.15, 3.05 and 3.90 in for FS, PD and GD walls, respectively. 

Figure 5.9 illustrates the cyclic pushover test results for two different test specimens (labels 

Test A and Test B) along with the numerical Model predictions, for the three wall 

configurations. In general, the predicted cyclic behavior is well correlated with the 

experimental response exhibiting in-cycle and cyclic strength degradation and pinching 

characteristics, consistent with the test observations. 

For FS and PD walls, the numerical envelope forces in the post-elastic regime range between 

0~15% percent lower than the experimental forces, except for the response of PD wall – Test 

A – in the positive direction (Figure 5.9c). In this case, the maximum experimental strength is 

similar in magnitude to the strength observed in the monotonic test and higher than the 

strength observed in the negative direction or any direction of the second identical test (Test 

B). These differences in the response could be related to (i) the contribution of the cut-out 

sections above the door opening, which are actually parts of full-height sheathing panels, and 

(ii) the higher tie-down preload in the holdown devices of Test A, compared to Test B, as 

shown later and discussed in Section 5.2.7. For GD wall, the numerical envelope forces are in 

very good agreement with the experimental envelope forces. 

Summarizing the experimental and numerical global responses, Figure 5.10 illustrates the 

monotonic and cyclic pushover curves on the left column (Figure 5.10a,c,e) and the associated 

cumulative strain energy dissipation from the cyclic responses on the right column (Figure 

5.10b,d,f). These figures show that the Pure Shear responses tend to predict not only higher 

stiffness and strengths, but also fatter hysteresis loops during pinching response. This 

difference is more pronounced for the GD wall leading to significant overestimation of the 

energy dissipation capability. The energy dissipation capability predicted by the Model 

responses is consistently lower than the energy dissipated by the Test responses but the overall 

rate of dissipation is reasonably predicted throughout the deformation ranges. 
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Figure 5.9 Comparison of Cyclic Response from Two Specimens for (a,b) FS Wall, (c,d) PD Wall, and (e,f) GD Wall 

 

 

(a) 

(c) 

(e) 

(b) 

(d) 

(f) 
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Figure 5.10 Comparison of Cyclic Response and Dissipated Energy for (a,b) FS Wall, (c,d) PD Wall, and (e,f) GD Wall 

 

(a) 

(c) 

(e) 

(b) 

(d) 

(f) 
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5.2.7 Comparison of Local Experimental Responses and Numerical Predictions 
This section presents the comparison of local responses between experimental and numerical 

data, generated for each wall configuration. Note that experimental data of local responses 

were available only for the cyclic tests and numerical predictions are provided only by the 

Model formulation. 

Figure 5.11 illustrates the vertical displacements at the bottom of the end posts (studs) as a 

function of the global lateral wall displacement. First and foremost, the uplifting behavior 

predicted by the numerical analyses is qualitatively validated by the associated experimental 

data. This can be expected based on the low gravity load of 1000 lbs that cannot contribute 

sufficiently to the overturning resistance, as well as on the fact that the end vertical studs are 

not anchored to the base (see Figure 5.4 to Figure 5.6). Quantitatively, the predicted uplifting 

(positive) displacements are in good agreement with the the experimental displacements for all 

wall configurations. Thus, maximum values are similar for FS and PD walls and almost double 

for GD walls. This is observed in both analytical and experimental responses and is justified by 

the reduced nailing schedule from 6 in to 3 in considered for the GD wall. This eventually 

results to greater uplifting design forces by a factor of 2, as shown earlier at Table 5.1. The 

negative displacement values observed in the experimental results represent compressive 

deformation (crushing) of the sill plate along the member’s thickness and perpendicular to 

grain. These phenomena are not considered in the numerical model assuming absolute contact 

conditions and no cross-grain deformations in the framing. 

Figure 5.12 to Figure 5.14 illustrate the force-uplift response of the holdowns installed in the 

FS, PD and GD walls, respectively. The predictions presented refer to both forces and 

displacements, since these are related to internal actions and deformations of the shear wall 

components. It is observed that the response of holdowns installed at the wall ends is 

underestimated by the numerical model, while the response of holdowns installed at the inner 

posts (adjacent to the interior opening for PD and GD walls) is reasonably predicted. This may 

be attributed to the different approach selected to model the external and internal end posts, as 

described earlier in Section 5.2.4 and based on the report by Pardoen et al. (2003). The internal 

posts are considered as a single member with half of the specified nailing distance, while the 

external posts are simulated with two independent members with the specified nailing distance. 
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If these two members are not independent then the uplifting force in the external holdown 

studs will be increased. 

 

 

 
Figure 5.11 Comparison of End Post Bottom Uplift for (a,b) FS Wall, (c,d) PD Wall, and (e,f) GD Wall 

 

 

(a) 
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(b) 

(d) 
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Figure 5.12 Comparison of Holdown Response for FS Wall 

 
Figure 5.13 Comparison of Holdown Response for PD Wall 

Note the higher tie-down preload in the holdown devices of Test A, compared to Test B, for 

PD wall in Figure 5.13, which are also greater for the holdowns resisting uplift under loading 

in the positive direction (Figure 5.13a,c). This could explain the difference in the horizontal 

(a) (b) 

(a) 

(c) 

(b) 

(d) 
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response of the two identical specimens. The nonlinear axial model used in the numerical 

model for the uplift response of the holdown connectors does not account for the effects of 

preload or the eccentricity of the vertical resistance of about 2 in, from the center of the 

holdown bolt to the center of the adjacent vertical stud. A mechanics-based model that can 

consider such effects in conjuction with the shear response of the wood-to-plate connectors 

would provide more accurate predictions, given that the preload is known for each test.  

Although it is accepted that there is room for improvement in the numerical predictions of the 

holdown responses, it is argued that given the modeling assumptions and material property 

uncertainties, the differences observed are acceptable. Furthermore, the “blind” predictions 

presented herein do not involve any trial-and-error fitting of material or spring properties to 

provide a more accurate prediction of the experimental response. 

 

 
Figure 5.14 Comparison of Holdown Response for GD Wall 

(a) 

(c) 

(b)

(d)
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5.2.8 Predicted Deformed Shapes of Wall Configurations 
Figure 5.15 summarizes the backbone curves predicted by the Model monotonic pushover 

analyses for the three wall specimens. Two points are identified in each curve, as listed in Table 

5.6, and are used to plot the predicted deformed shapes of the numerical models. The first 

point corresponds to the maximum (capping) force and the second point corresponds to a 

degraded state with 25% of the maximum force. Figure 5.16 to Figure 5.21 illustrate the 

deformed shapes captured for the FS, PD and GD wall configurations at these selected points 

on the backbone curve. A common observation for all wall configurations is that the left end 

post separates from the sill plate while the adjacent holdown stud separates from the top plate. 

This indicates a clock-wise rotation of the top diaphragm that causes the field studs to separate 

from the sill or top plate according to the local load path developed. The internal framing 

deformations are more pronounced for the GD wall and this justifies the significant difference 

between the numerical predictions and test data when these deformations are not considered. 

 
Figure 5.15 Monotonic Pushover Predictions and Indication of the Point of the Analysis Plotted in Figure 5.16 to 5.21 

Table 5.6 Characteristics of the Backbone Curve of the Model Predictions 

 
 FS Wall PD Wall GD Wall 

Capping force 
[kips] 11.95 10.42 10.51 

Displacement @ cap. force 
[in] 2.85 2.90 3.45 

Displacement @ 25% of cap. force 
[in] 7.55 9.10 7.45 
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Figure 5.16 Deformed Shape of FS Wall from Monotonic Analysis at Global Lateral Displacement of +2.85 in 

 

 
Figure 5.17 Deformed Shape of FS Wall from Monotonic Analysis at Global Lateral Displacement of +7.55 in 

Displacement Amplification Factor = 5

Displacement Amplification Factor = 2
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Figure 5.18 Deformed Shape of PD Wall from Monotonic Analysis at Global Lateral Displacement of +2.90 in 

 

 
Figure 5.19 Deformed Shape of PD Wall from Monotonic Analysis at Global Lateral Displacement of +9.10 in 

Displacement Amplification Factor = 5

Displacement Amplification Factor = 2
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Figure 5.20 Deformed Shape of GD Wall from Monotonic Analysis at Global Lateral Displacement of +3.45 in 

 

 
Figure 5.21 Deformed Shape of GD Wall from Monotonic Analysis at Global Lateral Displacement of +7.45 in 

 

 

Displacement Amplification Factor = 5

Displacement Amplification Factor = 2
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5.3 Example 2: Two-Story Shear Walls 
The experimental data utilized in this second example have been generated by Pardoen et al. 

(2003) within the CUREe-Caltech Woodframe Project. Further to the single-story shear wall 

test results, which have been used in the first validation example presented in Section 5.2, 

Pardoen et al. (2003) performed pseudo-static testing of two-story light-frame wood shear 

walls. Two different groups were considered, each group consisting of only one specimen, 

which was tested under cyclic loading using the CUREe loading protocol (Krawinkler et al. 

2001). 

5.3.1 Test Specimens 
The dimensions of the two-story specimens were equal to 16 ft long by 17 ft high, as shown in 

Figure 5.22. Each story had a clear height of 8 ft, while the diaphragm between the two stories 

was 1 ft high. The first specimen featured fully-sheathed walls in both stories and is denoted as 

FS2S wall. The first story of the second specimen incorporated a pedestrian door opening, 

similarly to the single-story specimens presented in Section 5.2, while the second story 

incorporated two large window openings in the mid span of the wall. This specimen, denoted 

as PD2S wall, was identical to the east side of the two-story full-scale light-frame wood house 

tested in the University of California, San Diego, within an experimental shake-table task of the 

CUREe-Caltech Woodframe Project (Fischer et al. 2001, Filiatrault et al. 2002). 

The framing consisted of nominal 2x4 studs spaced at 16 in oc, using Douglas–Fir lumber 

graded No. 1 or better. The top plate and the vertical studs with holdown devices consisted of 

two framing members. The sheathing provided was Oriented Strand Board (OSB) 3/8 in 

thick. Sheathing panels were fastened to the framing with 8d box gun nails, 2.5 in long with 

0.113 in diameter. Edge and filed nailing was specified at 6 in and 12 in oc, respectively. 

5.3.2 Test Setup 
The testing configuration was similar to that described in Section 5.2.2 for the single-story 

specimens. To enable the application of lateral forces at both levels, an additional steel beam 

was fastened to the double top plate of the second-story wall with 3/8 in diameter lag screws 

spaced at 6 in oc. The racking shear forces were applied to the steel beams of the first and 

second story through a vertical spreader beam, which was in turn attached to the actuator, as 
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shown in Figure 5.23. The total weight acting at the top of the walls was estimated at 1300 lbs 

and 1000 lbs for the first and second story, respectively. 

16 ft

8 ft

(FS2S)(FS2S)

4 ft 4 ft

8 ft

4 ft 4 ft

1 ft

                 

16 ft

8 ft

(PD2S)(PD2S)

8 ft

1 ft

3 ft4 ft 2.5 ft

6.67 ft

9.67 ft

3.16 ft

7 ft 4.5 ft

16 ft

8 ft

(PD2S)(PD2S)

8 ft

1 ft

3 ft4 ft 2.5 ft

6.67 ft

9.67 ft

3.16 ft

7 ft 4.5 ft

 
Figure 5.22 Geometry and Panel Configurations of the 2-Story Shear Walls Tested by Pardoen et al (2003) 

 

 
Figure 5.23 Photo of PD2S Wall during Testing (from Pardoen et al. 2003) 
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5.3.3 Framing Configuration and Boundary Connections 
Figure 5.24 and Figure 5.25 illustrate the framing configuration and boundary connections of 

each two-story specimen (left) along with the equivalent numerical model (right). Similarly to 

the single-story walls, each story featured double top plates and inner vertical posts and triple 

wall end posts. The same nailing pattern was applied, providing edge nailing at 6 in oc to both 

framing members for top plates and vertical posts, except for the top plates of the second-

story walls, which were nailed along one framing member only. The top steel beam, a 

MC10x28.5 channel, was attached to the double top plate of the wall with 3/8 in diameter lag 

screws spaced at 6 in oc. Simpson HTT22 tension ties with a 5/8 in diameter bolt and anchor 

bolts with a 1/2 in diameter bolt were used to anchor the base of the first-story walls. 

Additionally, CS16 tension coiled straps were connected to the studs of the first- and second-

story walls to provide overturning resistance to the upper story. As a result, two additional 

vertical studs with an edge nailing schedule were installed at the first-story of the PD2S wall. 

The sill plates of the second story-walls are assumed to be nailed to the diaphragm below 

according to construction practices, although no information is provided in the experimental 

report by Pardoen et al. (2003). These connections are considered at 6 in oc, similarly to the 

top-plate anchor bolts but with different material properties. Similarly to the single-story 

specimens with wall openings, the cut-out sections of the sheathing above and below openings 

of PD2S wall were considered as independent panels, as shown in Figure 5.25. 

5.3.4 Material and Spring Connector Properties 
Material properties presented in Section 5.2.4 for single-story walls are applicable to the 

numerical models of the two-story specimens as well. Table 5.2 presented basic dimensions 

and associated typical material properties for the linear elastic beam and panel elements, while 

Table 5.3 presented the properties of the nonlinear elastic contact springs. Table 5.7 and Table 

5.8 present the properties of the diaphragm-to-framing connection elements for the first and 

second story of the models, respectively. Regarding uplift restraining devices, the properties of 

the vertical connection springs representing the CS16 straps were estimated from the spring 

properties already specified for HTT22 holdowns, as described in Appendix A. Note that each 

strap was modeled with two independent nonlinear springs that connected the corresponding 

studs of the first- and second-story walls to the floor diaphragm acting perpendicular to the 

floor diaphragm. This limitation arises from the adopted modeling framework for multi-story 
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buildings, presented in Section 4.4, which allows interaction between shear walls and 

diaphragms but does not allow interaction between shear walls of different stories. Table 5.9 

summarizes the basic characteristics of the backbone curve of the nonlinear springs utilized for 

anchoring connections 

Table 5.7 Properties of Diaphragm-to-Framing Connection Elements Utilized for the First Story Numerical Model 

Elements Direction relative to 
contact Behavior Elastic stiffness 

[lbs/in] 

Holdowns at the 
bottom of the wall 

Parallel Linear 50000 
Normal Nonlinear inelastic 150000 

Holdowns at the 
 top of the wall 

Parallel Linear 20000 
Normal Nonlinear inelastic 60000 

Anchor bolts at the 
bottom of the wall 

Parallel Linear 50000 
Normal Linear 10000 

Anchor bolts at the top 
of the wall 

Parallel Linear 10000 
Normal Linear 5000 

 

Table 5.8 Properties of Diaphragm-to-Framing Connection Elements Utilized for the Second Story Numerical Model 

Elements Direction relative to 
contact Behavior Elastic stiffness 

[lbs/in] 
Holdowns at the 

bottom of the wall 
Parallel Linear 20000 
Normal Nonlinear inelastic 60000 

Holdowns at the 
 top of the wall 

Parallel N/A N/A 
Normal N/A N/A 

Anchor bolts at the 
bottom of the wall 

Parallel Linear 1000 
Normal Linear 500 

Anchor bolts at the top 
of the wall 

Parallel Linear 10000 
Normal Linear 5000 

 

Table 5.9 Characteristics of Backbone Curve of Nonlinear Inelastic Springs 

 
Initial 

Stiffness
[lbs/in] 

Yield 
Force 
[lbs] 

Capping 
Force 
[lbs] 

Displacement 
at Capping 

Force 
[in] 

Displacement 
at Failure 

[in] 

HTT22 Holdown 
Spring 

(bottom of 1st story 
walls) 

150000 8000 10415.4 0.53 1.80 

CS16 Strap Spring 
(top of 1st story walls 

and bottom of 
 2nd story walls) 

60000 3200 4166.2 0.53 1.80 
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Figure 5.24 Structural Configuration (top) and Numerical Model (bottom) of FS2S Wall 



210 
 

              

 
Figure 5.25 Structural Configuration (top) and Numerical Model (bottom) of PD2S Wall 
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5.3.5 Comparison of Global Experimental Responses and Numerical Predictions 
Figure 5.26 illustrates experimental and predicted hysteretic force-displacement responses for 

each story of the two wall specimens. 

The first-story walls Model predictions of envelope forces in the post-elastic regime range 

between 10~20% percent lower than the experimental forces for inter-story displacements that 

are less than 2 in for the FS2S wall and less than 3 in for the PD2S wall. Past these 

displacement ranges, the Test responses demonstrate strength and stiffness degradation that 

the Model responses do not capture. Deterioration in strength is more evident for the PD2S 

wall and for positive displacements of the FS2S wall. Interestingly, there is no obvious strength 

degradation for negative displacements of the FS2S wall. Observations of local responses, such 

as the force-displacement characteristics of holdown ties at the base of the first-story walls, can 

provide additional information to explain the experimental and numerical responses. This 

discussion is provided in Section 5.3.6 referring to Figure 5.30. 

 The Model predictions of the responses of the second-story walls are in relatively good 

agreement with the experimental results for the entire displacement range. For the FS2S wall, 

the predicted envelope curve demonstrates about 10% higher forces than the experimental 

envelope curve, at the same inter-story horizontal drifts. For the PD2S wall, predicted and 

experimental forces of the envelope curve are very well correlated. However, both numerical 

models under-estimate the energy dissipation capability and predict unloading curves that 

recover a greater part of the accumulated strain energy than what was observed experimentally. 

This may be attributed to inelastic action in uplift-restrain connections that is not considered in 

the numerical models.  

Figure 5.27 illustrates global experimental and numerical responses that include both Model 

and Pure Shear predictions, as well as the strain energy absorbed in each story of each 

specimen. 

Concentrating first on the first-story walls, the Pure Shear responses predict about 5-10% 

higher forces than the Test responses. Similarly to what was observed for single-story walls 

with wall segments of low aspect ratio, the Pure Shear predictions dissipate more energy than 
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the Model predictions but the overall hysteretic response is not significantly different between 

both numerical models. 

On the contrary, the Pure Shear predictions for the second-story walls demonstrate significant 

overestimation of the developed forces compared to the Model and Test responses. 

Maximum forces from the Pure Shear predictions are more than 20% higher than the 

experimental forces for both FS2S and PD2S walls.  

 

 
Figure 5.26 Comparison of Cyclic Response for (a,c) FS2S Wall, and (b,d) PD2S Wall 

(a) 

(c) 

(b) 

(d) 
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Figure 5.27 Comparison of Cyclic Response and Dissipated Energy for (a,c,e) FS2S Wall, and (b,d,f) PD2S Wall 

The difference in predicted forces of the second story may also be attributed in part to the fact 

that the floor diaphragms are restrained from rotating in the Pure Shear formulation. Thus, 

any imposed horizontal inter-story drift translates to the same exact internal wall deformation. 

On the contrary, rotation of the first-floor diaphragm introduces an inter-story horizontal 

component that modifies the actual wall internal deformations. Deformed shapes of the 

(a) 

(c) 

(e) 

(b) 

(d) 

(f) 
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numerical models shown in Figure 5.31 and Figure 5.32 demonstrate that the rotation of the 

floor diaphragm in this case actually reduces the effective second-floor inter-story 

displacement, which effectively leads to lower resisting forces. More discussion on this subject 

is provided in Section 5.3.7. 

5.3.6 Comparison of Local Experimental Responses and Numerical Predictions 
This section presents the comparison of local responses between experimental and numerical 

data, generated for each 2-story specimen. Figure 5.28 illustrates the vertical displacements at 

the bottom of the end posts of the first story, as a function of the global lateral inter-story wall 

displacement. The maximum uplift displacements of the Test responses ranged around 0.8-0.9 

in, while the Model responses predicted maximum uplift displacements of 0.5-0.6 in. 

Experimental results also demonstrate a negative compressive deformation due to crushing of 

the sill plate perpendicular to grain, as shown later in Figure 5.41a of Section 5.5. This 

compressive flexibility is not considered in the numerical model. 

 
Figure 5.28 Comparison of End Post Bottom Uplift of 1st-Story for (a,b) FS2S Wall, and (c,d) PD2S Wall 

(a) 

(c) 

(b)

(d) 



215 
 

Figure 5.29 illustrates the vertical displacements at the bottom of the end posts of the second 

story relative to the diaphragm below, as a function of the global lateral inter-story wall 

displacement. For the FS2S wall, experimental and numerical responses are in good agreement 

and demonstrate reduced end post uplift displacements, compared to the first story, with 

maximum values less than 0.2 in. For the PD2S wall, the numerical model over-predicts the 

maximum uplift displacements by about 0.2 in. 

 
Figure 5.29 Comparison of End Post Bottom Uplift of 2nd-Story for (a,b) FS2S Wall, and (c,d) PD2S Wall 

Figure 5.30 presents a comparison of the force-displacement response of holdown devices. 

Figure 5.30a,b illustrate the response of the holdowns installed in the first story of the FS2S 

wall; while Figure 5.30c,d,e,f illustrate the response of the holdowns installed in the first story 

of the PD2S wall. It is observed that the holdown forces are predicted well by the numerical 

model, but the corresponding deformations are under-predicted by about 60%. However, the 

good agreement in developed forces gives confidence that the load paths to resist external 

actions predicted by the model are realistic. 

(a) 

(c) 

(b)

(d) 
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Figure 5.30 Comparison of Holdown Response of 1st-Story for (a,b) FS2S Wall, and (c,d,e,f) PD2S Wall 

Similarly to the first-story hysteretic responses shown in Figure 5.26, the experimental uplifting 

forces are degraded during the last virgin cycles; the cycles that reach the maximum inter-story 

displacements. The only exception applies to the holdown installed at the right end post of the 

FS2S wall, as shown in Figure 5.26c, for which no strength deterioration is observed. This is 

consistent with the absence of strength deterioration in the developed horizontal inter-story 

(a) 

(c) 

(b) 

(d) 

(e) (f)
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forces when horizontal displacements are negative – directed towards the left – resulting in 

uplifting of the right end of the wall (Figure 5.26a). First, this observation verifies the 

importance of well-designed anchoring devices that will effectively suppress uplifting 

phenomena, allowing the development of the maximum potential in strength and energy 

dissipation capability of the shear wall system. Second, it justifies the proposed modeling 

framework that is focused on the simulation of interaction nonlinear phenomena between 

framing members. 

5.3.7 Predicted Deformed Shapes of Wall Configurations 
Figure 5.31 and Figure 5.32 illustrate the deformed shapes of the numerical models for the 

FS2S and PD2S walls, respectively, at the instant of the maximum positive horizontal global 

displacement of the first story.  

For the FS2S wall, the first story exhibits sill plate and stud uplift at the left wall end, as a result 

of the tensile vertical equilibrium forces. Separation of field studs from the top or bottom plate 

is observed in the left part of the wall while the right part is deformed primarily in shear. The 

second story wall is subjected to a much lower inter-story drift and exhibits very small 

deformations. Additionally, the floor diaphragms rotate clock-wise in the direction of the 

external overturning actions, which results in lower internal wall deformations. 

For the PD2S wall, both wall segments of the first story exhibit sill plate and stud uplift at the 

left end post, but the uplifting deformations are more pronounced for the right segment. The 

second story wall also exhibits uplifting of the sill plate at the left wall end, as well as separation 

of the top plate from the roof diaphragm at the right wall end. Rotation of the floor 

diaphragms, similarly to the FS2S wall, tends to reduce the internal wall deformations. 
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Figure 5.31 Deformed Shape of FS2S Wall at Global Lateral Displacements of +3.53 in (1st Story) and +4.15 in (2nd Story) 

 

 
Figure 5.32 Deformed Shape of PD2S Wall at Global Lateral Displacements of +4.93 in (1st Story) and +6.06 in (2nd Story) 

Displacement Amplification Factor = 10

Displacement Amplification Factor = 5
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5.4 Numerical Example of Single-Story Shear Walls without Holdown 
Equipment 

To further investigate the capabilities of the numerical framework, the numerical models 

developed for the singe-story walls of Example 1 (Section 5.2) are modified to represent shear 

wall segments without any holdown equipment by removing the diaphragm-to-framing 

connectors attached to end studs. These modified models are then subjected to the same 

loading protocols corresponding to each of the three cases and their predicted cyclic responses 

are illustrated in Figure 5.33. Figure 5.34 summarizes the backbone curves from the monotonic 

pushover analyses. Two points are identified in each curve, as listed in Table 5.10, and are used 

to plot the predicted deformed shapes of the numerical models. The first point corresponds to 

the maximum (capping) force and the second point corresponds to a degraded state with 25% 

of the maximum force. Figure 5.35 to Figure 5.40 illustrate the deformed shapes captured for 

the FS, PD and GD wall configurations. 

The analysis results clearly demonstrate that the removal of holdowns results in substantially 

lower stiffness, strength and energy dissipation capability of the shear wall system. The capping 

force developed under monotonic loading is reduced by about 30%, 40% and 60% for FS, PD 

and GD walls, respectively, compared to the models with holdown devices. The displacement 

at the capping force is also reduced by 40% for FS and PD walls, but only 3% for GD wall. 

This is attributed to the fact that the removal of holdowns results in different failure modes of 

FS and PD walls, as illustrated in Figure 5.36 and Figure 5.38. The absence of overturning 

resistance induces a rocking mode of deformation, characterized by the separation of the sill 

plate from the vertical studs and the progressive failure of the attached sheathing-to-framing 

connectors at the base of the wall. It should be noted that the Pure Shear formulation cannot 

predict these differences in the response between anchored and unchored walls, which in turn 

is the key feature of the Model formulation and the proposed detailed numerical framework. 
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Figure 5.33 Comparison of Cyclic Response and Dissipated Energy for Specimens without Holdowns: 

(a,b) FS Wall, (c,d) PD Wall, and (e,f) GD Wall 
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Figure 5.34 Monotonic Pushover Predictions and Indication of the Point of the Analysis Plotted in Figure 5.35 to 5.40 

 

Table 5.10 Characteristics of the Backbone Curve of the Model without Holdown Predictions 

 
 FS Wall PD Wall GD Wall 

Capping force 
[kips] 8.31 6.52 4.53 

Displacement @ cap. force 
[in] 1.55 1.70 3.35 

Displacement @ 25% of cap. force 
[in] 3.30 4.95 10.00 
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Figure 5.35 Deformed Shape of FS Wall without Holdowns from Monotonic Analysis at Lateral Displacement of +1.55 in 

 
Figure 5.36 Deformed Shape of FS Wall without Holdowns from Monotonic Analysis at Lateral Displacement of +3.30 in 

Displacement Amplification Factor = 5

Displacement Amplification Factor = 2
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Figure 5.37 Deformed Shape of PD Wall without Holdowns from Monotonic Analysis at Lateral Displacement of +1.70 in 

 

 
Figure 5.38 Deformed Shape of PD Wall without Holdowns from Monotonic Analysis at Lateral Displacement of +4.95 in 

Displacement Amplification Factor = 5

Displacement Amplification Factor = 2
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Figure 5.39 Deformed Shape of GD Wall without Holdowns from Monotonic Analysis at Lateral Displacement of +3.35 in 

 

 
Figure 5.40 Deformed Shape of GD Wall without Holdowns from Monotonic Analysis at Lateral Displacement of +10.0 in 

Displacement Amplification Factor = 5

Displacement Amplification Factor = 2
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5.5 Summary of Predicting Capabilities of the Proposed Numerical Model 
This section summarizes the main conclusions regarding the capability of the proposed Model 

to blind predict the experimental response of single- and two-story light-frame wood shear 

walls under lateral quasi-static monotonic or cyclic loading. The test specimens featured uplift 

restraining components (holdowns, anchor bolts and straps for two-story walls) and the 

conclusions apply to well-anchored light-frame shear wall systems under low gravity loads. 

It has to be noted that the material properties utilized in the numerical models represent 

average values, based on experimental results or engineering handbooks. The inherent 

variability of fundamental properties of wood components has not been considered in this 

study, since a deterministic model has been adopted for the representation of the physical 

behavior. This fact justifies in part differences between experimental results and numerical 

predictions of light-frame wood shear walls. 

In general, the global inter-story hysteretic response is predicted very well by the Model 

formulation, independently of the structural and geometric characteristics of the shear wall. 

This is better understood when considering that numerical predictions of the Pure Shear 

formulation achieve a good correlation for first-story walls with low Aspect Ratio (AR) wall 

segments – below a value of 2 – but significantly over-estimate stiffness, strength and energy 

dissipation characteristics of wall segments with high AR or generally second-story walls. The 

consideration of framing flexibility and contact/separation between framing members and 

diaphragms leads to better estimates of the actual response by modifying the force and 

displacement characteristics that result in more flexible responses, compared to the Pure 

Shear responses, with lower energy dissipation capability. The effectiveness of the detailed 

model is more pronounced for (i) the GD wall, which consisted of two high AR wall piers, and 

(ii) the second-story of the FS2S and PD2S walls, in the sense that for these cases the 

difference between the two numerical predictions is significant. The comparison of local 

responses, such as the end post uplift displacement and the holdown hysteretic response, 

demonstrated that predictions are less accurate when comparing local displacements but 

provide good accuracy when comparing local forces. This difference can also be attributed to 

secondary modes of deformation in the holdown devices, such as plate bending and frame-to-

plate connector slip, which are not accounted for by the axial spring element of the numerical 
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model. It is also important to note that the numerical results predict similar variations of local 

responses for different wall configurations to the variations observed in the experimental 

results. 

To close the discussion, Figure 5.41 illustrates close-up view images of the GD wall specimen 

at three locations after testing along with the deformed shape of the numerical model shown 

earlier in Figure 5.21. Figure 5.41a focuses on the connection of the header with the inner 

studs. It is shown that the header has actually separated from the jack studs, while the full 

height stud has also detached from the top plate. This is similar to what is predicted by the 

model in Figure 5.41d and justifies the modeling technique of the GD wall regarding the 

header, given that separation between framing members is not considered within the wall but 

only between sill/top plates and studs. The horizontal beam representing the header has a high 

axial and bending stiffness but the sheathing panel covering the header is not nailed along the 

bottom edge. This allows the vertical studs of the full height pier to separate from the top 

plate, without imposing additional tensile strength from the header. Figure 5.41b shows the 

cross-grain crushing of the sill plate under compressive load carried from the stud above. As 

mentioned, this mode of deformation is not considered in the proposed model, but could be 

integrated in the response of the contact spring that connects the sill plate and the stud. Figure 

5.41c focuses on the bottom of the wall end that is under tensile vertical forces. Again, the 

observed deformed shape matches the predicted deformed shape shown in Figure 5.41d. The 

outer and the field stud has uplifted from the sill plate, while the studs anchored with the 

holdown remain connected to the sill plate. These correlations demonstrate that the proposed 

numerical framework predicts realistic load paths within the shear wall. 
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Figure 5.41 Correlation of Deformation Patterns between (a,b,c) Experimental, and (d) Numerical Deformed Shapes 

(a) 

(c) 

(b) 

(d) 
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6  
 
 
 
 
 
 
 
 
 
 
CHAPTER 6:   MODEL VALIDATION FOR DYNAMIC 

ANALYSIS 

6.1 Introduction 
This chapter investigates the capabilities of the proposed numerical framework for dynamic 

time-history analysis of a 2D model of a light-frame wood structure. The experimental shake-

table tests utilized in this example have been conducted and documented by Shinde and 

Symans (2010), as part of the NEESWood Project. Similarly to the validation examples of 

Chapter 5, two numerical predictions are illustrated throughout the various figures. One is 

labeled Pure Shear and represents the simplified numerical model described in Section 4.3.2, 

while the second prediction is labeled Model and represents the detailed numerical model 

described in Section 4.3.3.  
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6.2 Test Specimen 
The test specimen consisted of two identical shear walls aligned parallel to the direction of 

shaking. The top of the walls was connected to a horizontal floor diaphragm, consisting of 

wooden truss joists, 9 and 1/2 in deep, with blocking. On top of the diaphragm and along the 

direction of shaking, a 9 ft long steel beam (W14x120) was connected to the truss joists and 

provided part of the seismic mass. Additional lead bricks were uniformly distributed over the 

steel beam and the diaphragm for a total weight of 13200 lbs (or 825 lb/ft per wall) acting on 

both walls (Shinde and Symans 2010). Figure 6.1 shows a photo of the test specimen on the 

shaking table at the Rensselaer Polytechnic Institute (RPI). 

Each shear wall was about 8 ft long by 8 ft high and incorporated a single OSB panel 4 ft by 8 

ft because it served as a benchmark structure for comparison with a retrofitted damper-wall 

with similar dimensions (Shinde and Symans 2010). The framing consisted of nominal 2x6 

studs spaced at 16 in oc. The lumber used for framing was Spruce-Pine-Fir. The top plate and 

the end studs consisted of two framing members. The sheathing provided was OSB, 7/16 in 

thick. Sheathing panels were fastened to the framing with 8d common nails, 2.5 in long with 

0.131 in diameter. Edge and field nailing was specified at 6 in and 12 in oc, respectively. 

Simpson Strong-TieTM HD6A holdowns with 7/8 in diameter A325 steel bolts were used to 

connect the double end studs to the shake-table through the sill plate. Additionally, two 7/8 in 

diameter anchor bolts with 3 in square washers were used to connect the central portion of the 

sill plate to the shake-table. 
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Figure 6.1 Photo of the Test Specimen (from Shinde and Symans 2010) 

The double top plate was connected to the floor joists with A34 framing clips at 9 in oc, while 

additional A35 framing clips were used to connect the top plate to the rim joist. More 

information on connection details can be found in Shinde and Symans (2010). 

Since the two shear walls were identical and their recorded experimental responses were very 

similar – no significant torsion was identified in the vertical direction – the equivalent 

numerical model simulated a single shear wall with half of the total weight supported (6700 lbs 

including half of the wall’s self weight).  

Figure 6.2 illustrates the structural configuration of the shear wall specimen (left) and the 

equivalent numerical model (right). The master DOF of the building model are identified as 

the two global translations, U and V, and the in-plane rotation Θ of the center of the rigid 

diaphragm. The 3-by-3 mass matrix M assuming uniform mass distribution is equal to: 
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Figure 6.2 Structural Configuration (left) and Numerical Model (right) of the RPI Wall 
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6.3 Material and Spring Connector Properties 
Table 6.1 presents basic dimensions and associated typical material properties for the linear 

elastic beam and panel elements utilized in the numerical analyses. The modulus of elasticity of 

the beam elements was specified from Table 4A in NDS (2005) for Spruce-Pine-Fir Stud 

grade. The elastic modulus of OSB was estimated based on typical properties given by 

manufacturers.  

Table 6.2 presents the properties of the linear and nonlinear elastic elements utilized to 

simulate the interaction between framing members and diaphragms. The force in the normal – 

initially vertical – direction relative to the contact area is computed from the nonlinear elastic 

response given in (4.113), using the input parameters dtol and ftol shown in Table 6.2. The 

response in the direction parallel to the contact area is computed according to the nonlinear 

U

V 

Θ
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elastic relationship given in (4.116) for stud-to-plate contact elements, which effectively 

minimizes the flexibility in this direction. On the contrary, the diaphragm-to-plate contact 

elements are considered to act linearly elastic with a very low stiffness of 100 lbs/in.  This low 

value is used in order to reduce unrealistic catenary action along the horizontal plate when 

uplifting from the diaphragm. Note that the resistance in this direction is provided by the 

diaphragm-to-framing connection elements. 

Table 6.3 presents the properties of the diaphragm-to-framing connection elements. The 

stiffness parallel to the contact area is 50000 lbs/in for holdowns and anchor bolts at the 

bottom of the wall, and 20000 lbs/in for the connections at the top of the wall. The response 

of the holdowns in the normal direction is the only nonlinear inelastic behavior considered in 

the diaphragm-to-framing connection elements. The spring parameters for nonlinear holdown 

connectors were estimated as described in Appendix B. The stiffness normal to the contact 

area is 20000 lbs/in for the anchor bolts at the bottom of the wall and 2000 lbs/in for the 

framing clips at the top of the wall. 

Table 6.1 Dimensions and Material Properties of Linear Elastic Beam and Panel Elements 

Sheathing Panels 
Oriented Strand Board 

Shear modulus 
[psi] 

Thickness 
[in] 

220000 7/16 

Wood framing 
2x6 Spruce-Pine-Fir 

Modulus of elasticity 
[psi] 

Cross section dimensions 
[in] 

1200000 1.5x5.5 
 

Table 6.2 Properties of Linear and Nonlinear Elastic Contact Elements 

Elements 
Direction 
relative to 

contact 
Behavior 

Input parameters 

dtol 
[in] 

ftol 
[lbs] 

Elastic 
stiffness 
[lbs/in] 

Stud-to-plate 
contact 

elements 

Parallel Nonlinear 
elastic (4.116) 0.0001 0.1 N/A 

Normal Nonlinear 
elastic (4.113) 0.0001 0.1 N/A 

Diaphragm-to-
plate contact 

elements 

Parallel Linear elastic N/A N_A 100 

Normal Nonlinear 
elastic (4.113) 0.0001 0.1 N/A 
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Table 6.3 Properties of Diaphragm-to-Framing Connection Elements 

Elements Direction relative to 
contact Behavior Elastic stiffness 

[lbs/in] 

Holdowns at the 
bottom of the wall 

Parallel Linear 50000 
Normal Nonlinear inelastic 120000 

Holdowns at the 
 top of the wall 

Parallel N/A N/A 
Normal N/A N/A 

Anchor bolts at the 
bottom of the wall 

Parallel Linear 50000 
Normal Linear 20000 

Anchor bolts at the top 
of the wall 

Parallel Linear 20000 
Normal Linear 2000 

 

The parameters of the sheathing-to-framing nonlinear springs were based on experimental 

connection data generated by Ekiert and Hong (2006). The identification process and the 

spring parameters are presented in Appendix B. Table 6.4 summarizes the basic characteristics 

of the backbone curve of the nonlinear springs utilized for modeling sheathing-to-framing and 

holdown connections. Figure 6.3 illustrates the monotonic and cyclic response of each 

unidirectional nail spring. The bidirectional response is implemented with an orientation and 

an interaction of each pair of springs, as described in Section 4.3.5.3. 

Table 6.4 Characteristics of Backbone Curve of Nonlinear Inelastic Springs 

 
Initial 

Stiffness 
[lbs/in] 

Yield 
Force 
[lbs] 

Capping 
Force 
[lbs] 

Displacement 
at Capping 

Force 
[in] 

Displacement 
at Failure 

[in] 

7/16 in OSB / 
8d Common 
Nails / 2x6 

Spruce-Pine-
Fir 

11800 137.4 268.3 0.52 3.42 

HD6A 
Holdown 

Spring 
120000 6400.0 8332.1 0.53 1.80 

 



235 
 

 
Figure 6.3 Monotonic and Cyclic Response of a Unidirectional Nail Spring for 

[7/16 in OSB / 8d Common Nails / 2x6 Spruce-Pine-Fir] 

6.4 Input Ground Motions 
Three shake-table tests with increasing amplitude were conducted using the same test 

structure. The ground motions were selected from the 1994 Northridge Earthquake. The first 

two shake-table tests were conducted using the Canoga Park record with an amplitude scale 

factor of 0.12 and 0.40, respectively. The third shake-table test was conducted using the Rinaldi 

record, with an amplitude scale factor of 0.40. The acceleration response spectra 

corresponding to the achieved ground motions recorded from the shake table during testing 

are illustrated in Figure 6.4. The response spectra of the original recorded motions have been 

presented in Section 3.3.4 

6.5 Comparison of Natural Periods and Illustration of Numerical Mode 
Shapes 

The natural period of the test structure was identified through white noise input of 0.02 in 

amplitude and 0-30 Hz bandwidth (Shinde and Symans 2010). Table 6.5 presents the 

fundamental natural period identified before any seismic test was conducted as well as the 

three numerically predicted natural periods of the two models. The numerical natural periods 

correspond to the global stiffness matrix that is obtained after application of the gravity load of 

6700 lbs. 
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Figure 6.4 Acceleration Response Spectra of the Achieved Input Ground Motions 

Table 6.5 Experimental and Numerical Natural Periods in seconds 

Mode Experimental Numerical (Model) Numerical (Pure Shear) 
1 0.258 0.271 0.218 
2 N/A 0.029 0.011 
3 N/A 0.023 0.007 

 

The fundamental period of the test specimen is 0.26 sec, which agrees well with the Model 

prediction of 0.27 sec. The Pure Shear formulation predicts a stiffer system that corresponds 

to a natural period of 0.22 sec. This difference corresponds to an increase of the initial stiffness 

of the detailed model by 50%. The periods of the higher modes predicted by the numerical 

models are also presented for sake of completeness. Note the separation between the first and 

the higher natural periods in the numerical models. This results from the high axial and 

bending stiffness of the framing members. Figure 6.5 illustrates the 3 Model mode shapes, 

while Table 6.6 and Table 6.7 list the displacements of the corresponding mode shapes for the 

Model and the Pure Shear formulations, respectively. The 1st mode shape is associated with 

the horizontal racking deformation of the shear wall, the 2nd mode shape is related to the axial 

deformation of the vertical framing members and the 3rd mode shape is associated with the 

rotation of the rigid diaphragm. 
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Figure 6.5 Plots of Numerical Model Mode Shapes: (a) Mode 1; (b) Mode 2; and (c) Mode 3 

(a) 

(b) 

(c) 
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Table 6.6 Numerical Model Mode Shapes 

Master DOF 
(see Fig. 6.2) 

Mode 
1 2 3 

U [in] 1.000E+00 -2.821E-05 4.279E-01 
V [in] 9.764E-06 1.000E+00 2.782E-02 
Θ [rad] -5.993E-04 -3.894E-05 9.034E-01 

 

Table 6.7 Numerical Pure Shear Mode Shapes 

Master DOF 
(see Fig. 6.2) 

Mode 
1 2 3 

U [in] 1.000E+00 -4.547E-07 6.065E-02 
V [in] 3.362E-07 1.000E+00 1.538E-03 
Θ [rad] -7.688E-05 -1.950E-06 9.982E-01 

 

6.6 Input Data for Dynamic Nonlinear Analysis 
Stiffness and mass proportional Rayleigh damping, as described in Section 4.4.1, was selected 

such as to provide a damping ratio of 1% of critical for the 1st (horizontal) and the 2nd (vertical) 

mode of vibration, which is applicable when nonlinear hysteretic response is considered for 

the sheathing-to-framing connections, as discussed previously in Section 4.4.1. Figure 6.6 

illustrates the modal damping ratios specified for each numerical formulation, computed as 

shown in (4.185). These are not identical since the stiffness matrices are not identical. 

 
Figure 6.6 Rayleigh Damping Specified For Each Numerical Formulation 
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The Newmark constant acceleration method with β = 1/4 and γ = 1/2 with Newton-Raphson 

iterations, as described in Section 4.4.2, was selected as the time integration scheme. The time 

step used in the nonlinear dynamic analysis was equal to 0.005 sec and every solution step was 

recorded in the output file. The experimental data were recorded at the same time step of 

0.005 sec (200 Hz sampling frequency) and were filtered with a 5th order low-pass filter with a 

cut-off frequency of 25 Hz. An additional analysis case was executed to investigate if a smaller 

time step of 0.001 sec provided significant differences in the numerical responses. The results 

from this case, presented in Appendix C, indicated that a time step of 0.005 sec was adequate 

in providing almost identical responses with the case of a smaller time step of 0.001 sec. Thus, 

due to the computational efficiency, the first option was selected. 

6.7 Comparison of Global Experimental Responses and Numerical 
Predictions 

The experimentally recorded horizontal responses of the two identical shear walls, acting in the 

direction of shaking, were averaged in order to obtain a single set that can be compared with 

the numerical response of a single shear wall model. This process yielded the averaged absolute 

displacement, velocity and acceleration responses of the sill and the top plate, or else the 

bottom and the top of the shear wall framing. Additionally, the absolute acceleration and 

displacement responses of the shake table were recorded along the centerline of the two shear 

walls. The inter-story wall displacement is defined as the differential displacement between the 

top plate and the shake table. The horizontal resisting force is computed from the absolute 

acceleration at the top plate††. Thus, the integration of the experimental force-displacement 

response provides the hysteretic strain and damping energy response. The inter-story wall 

velocity is defined as the differential velocity between the top and the sill plate. Since the 

numerical models do not account for horizontal slippage between top plate and diaphragm, 

the numerical horizontal displacement, velocity and acceleration response of the top plate is 

directly computed from the response of the floor diaphragm. 

The three shake-table motions recorded were merged into a single motion with 10 sec interval 

of zero intensity between each record. This motion was then used for a single nonlinear 

dynamic analysis of the building model. The experimental and numerical responses for each of 
                                                 
†† Computed as minus the mass times the acceleration. 
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the three shake-table tests conducted are presented in the following figures. Figure 6.7 to 

Figure 6.9 present data relevant to Test 1 to Test 3, respectively. Figure 6.10 presents data 

relevant to all three tests. Each of these figures presents the force-displacement response; the 

strain and damping energy response; the time histories of the inter-story displacement and 

velocity; and the time history of the top of wall absolute acceleration. Accordingly, Table 6.8 to 

Table 6.10 list the maximum and minimum response values for Test 1 to Test 3, respectively, 

and provide the percentage differences between experimental and numerical maximum and 

minimum values. 

Commenting first on the numerical predictions for Test 1, it is observed that the test specimen 

exhibits a hysteretic response even for quite small inter-story displacements of about 0.1 in. 

This response is not predicted by the numerical models and it is believed that it originates from 

the horizontal response between framing-to-framing and framing-to-diaphragm connections. 

These connections in the numerical model are considered to be rigid due to the difficulty in 

assessing the actual behavior – depends on the friction between these components that is 

related to the actual vertical force – and the weak contribution of this behavior in the global 

response under medium-to-high ground excitation. As a result, the hysteretic strain energy 

dissipated by the numerical models is about 40%~45% of the actual energy dissipated during 

the test. Maximum displacements are under-estimated but the Model predictions provide a 

better correlation compared to the Pure Shear predictions. 

Commenting on the predictions for Test 2, the numerical force-displacement hysteretic 

responses are fairly well correlated to the experimental ones. It is observed, however, that the 

experimental loops do not exhibit the distinct pinching response that is usually observed 

during pseudo-static cyclic tests. Thus, the numerical predictions fail to closely follow the 

experimental response. Maximum inter-story displacements are under-estimated by about 35% 

(Model) and 50% (Pure Shear) and maximum forces are over-estimated by about 10% for 

both formulations. The hysteretic strain energy dissipated by the numerical models is about 

75% of the actual energy dissipated during the test. Model predictions correlate better with the 

experimental results than Pure Shear predictions. 
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Figure 6.7 Comparison of Experimental and Analytical Data for Test 1: (a) Hysteretic Response; (b) Hysteretic Strain 
Energy; (c) Inter-Story Displacement Time History; Inter-Story Velocity Time History; and (e) Top of Wall Absolute 

Acceleration Time History 

(a) (b) 

(c) 

(d) 

(e) 
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Figure 6.8 Comparison of Experimental and Analytical Data for Test 2: (a) Hysteretic Response; (b) Hysteretic Strain 
Energy; (c) Inter-Story Displacement Time History; Inter-Story Velocity Time History; and (e) Top of Wall Absolute 

Acceleration Time History 

(a) (b) 

(c) 

(d) 

(e) 
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Figure 6.9 Comparison of Experimental and Analytical Data for Test 3: (a) Hysteretic Response; (b) Hysteretic Strain 
Energy; (c) Inter-Story Displacement Time History; Inter-Story Velocity Time History; and (e) Top of Wall Absolute 

Acceleration Time History 

(a) (b) 

(c) 

(d) 

(e) 
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Figure 6.10 Comparison of Experimental and Analytical Data for All Tests: (a) Hysteretic Response; (b) Hysteretic Strain 

Energy; (c) Inter-Story Displacement Time History; Inter-Story Velocity Time History; and (e) Top of Wall Absolute 
Acceleration Time History 

 

 

(a) (b) 

(c) 

(d) 

(e) 
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Table 6.8 Comparison of Maximum and Minimum Values between Experimental and Numerical Responses for Test 1 

 Test Model Pure Shear 
 Positive Negative Positive Negative Positive Negative

Inter-Story Displacement [in] 0.08 -0.10 0.06 -0.10 0.06 -0.06 
Force [kip] 0.46 -0.55 0.54 -0.84 0.67 -0.67 

Inter-Story Velocity [in] 1.62 -1.31 1.42 -1.66 1.34 -1.26 
Top of Wall Abs. Acceleration [g] 0.08 -0.07 0.13 -0.08 0.10 -0.10 

Percentage Difference (%) 
Inter-Story Displacement N/A N/A -29.3 0.6 -30.3 -45.3 

Force N/A N/A 15.9 53.3 43.7 21.1 
Inter-Story Velocity N/A N/A -12.2 26.7 -17.7 -3.6 

Top of Wall Abs. Acceleration N/A N/A 53.3 15.9 21.2 43.8 
 

Table 6.9 Comparison of Maximum and Minimum Values between Experimental and Numerical Responses for Test 2 

 Test Model Pure Shear 
 Positive Negative Positive Negative Positive Negative

Inter-Story Displacement [in] 0.66 -0.82 0.40 -0.58 0.31 -0.42 
Force [kip] 1.45 -1.52 1.52 -1.71 1.51 -1.65 

Inter-Story Velocity [in] 8.04 -7.63 5.98 -5.53 4.57 -4.86 
Top of Wall Abs. Acceleration [g] 0.23 -0.22 0.26 -0.23 0.25 -0.23 

Percentage Difference (%) 
Inter-Story Displacement N/A N/A -38.7 -29.1 -53.3 -49.0 

Force N/A N/A 5.2 12.4 4.5 8.3 
Inter-Story Velocity N/A N/A -25.6 -27.6 -43.1 -36.3 

Top of Wall Abs. Acceleration N/A N/A 12.4 5.2 8.3 4.5 
 

Table 6.10 Comparison of Maximum and Minimum Values between Experimental and Numerical Responses for Test 3 

 Test Model Pure Shear 
 Positive Negative Positive Negative Positive Negative

Inter-Story Displacement [in] 3.21 -3.29 3.43 -3.22 2.07 -2.39 
Force [kip] 1.79 -2.22 2.34 -2.27 2.20 -2.48 

Inter-Story Velocity [in] 19.36 -14.75 22.58 -20.54 15.37 -12.92 
Top of Wall Abs. Acceleration [g] 0.33 -0.27 0.34 -0.35 0.37 -0.33 

Percentage Difference (%) 
Inter-Story Displacement N/A N/A 7.0 -2.2 -35.4 -27.4 

Force N/A N/A 31.0 2.1 23.0 11.6 
Inter-Story Velocity N/A N/A 16.6 39.3 -20.6 -12.4 

Top of Wall Abs. Acceleration N/A N/A 2.1 31.0 11.6 23.0 
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Regarding the predictions for Test 3, the Model formulation provides the best correlation 

among the 3 tests. Maximum inter-story displacements are within 7% difference while forces 

are over-estimated by about 15%, as an average of the two directions. The strain energy 

dissipated is similar to the experimental strain energy. Similarly to the previous cases, the Pure 

Shear formulation provides a stiffer numerical model. It is also observed that the Model 

response exhibits a high-frequency oscillation especially at maximum and minimum 

displacement ranges. This is attributed to the vibration in the vertical direction of the shear 

wall and can be eliminated by increasing the modal damping specified for the 2nd mode of 

vibration, from 1% to 5% for example. It has been observed, however, that due to 

consideration of geometric nonlinearity the damping mechanism in the vertical direction 

provides resistance in the horizontal direction, as well, for inter-story drifts higher than 

3%~4%. This is not desirable when assessing the collapse margin of the numerical model, 

thus, a low damping ratio in the vertical direction has been considered more appropriate. 

6.8 Summary 
A single-story shear wall specimen that was subjected to three shake-table tests with ground 

motions of increasing amplitude was used to assess the capabilities of the proposed numerical 

building model for dynamic nonlinear time-history analysis. The numerical models were based 

on estimated properties of the structural elements – derived from available component test 

data, engineering properties, and engineering judgment – providing a blind prediction of the 

experimental response. The numerical results are in reasonably good agreement with the 

experimental results, there is, however, room for improvement in the estimation of the 

structural component properties or modification of constitutive models that can provide more 

accurate predictions.  
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7  
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 7:   SUMMARY, CONCLUSIONS AND 

RECOMMENDATIONS 

7.1 Summary and Conclusions 
In support of the performance-based seismic design procedures for light-frame wood 

structures, developed within the NSF-funded NEESWood Project, a dual study with 

experimental and analytical components has been presented in this report. This chapter 

provides a summary and the main conclusions from each research work. 

7.1.1 Experimental Study 
In the context of the experimental investigation, a full-scale, two-story, light-frame wood 

townhouse building was tested on the twin relocatable tri-axial shake tables operating in 
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unison, at the University at Buffalo UB-NEES site. The test structure was designed according 

to modern US engineered seismic design requirements (ICBO 1988) and constructed 

according to applicable practices in the 80’s in California. Four different test phases were 

conducted, associated with additional components in the building configuration, as the test 

structure initially featured only the structural shear walls considered in the design, and 

progressively interior (gypsum wallboard) and exterior (stucco) wall finishes were installed. 

The main objectives were to benchmark the dynamic characteristics and the seismic 

performance of a code-compliant building with realistic dimensions under various base input 

intensities, representative of both ordinary and near-field ground motions in southern 

California, and to investigate the effect of non-structural components on the seismic response 

of the test structure. Additional objectives included the documentation of damage in structural 

and non-structural components by conducting a detailed damage survey after the completion 

of each seismic test.  

The main conclusions from this experimental study are listed below: 

 The test structure incorporating all structural and non-structural components (Phase 

5), performed well under seismic excitations representing the DE and MCE levels of 

shaking. The seismic response of the test building under three-dimensional base 

excitations demonstrated torsional behavior resulting from the asymmetric geometry 

of the structure in the longitudinal (East-West) direction and the reduced effective 

stiffness of the narrow wall piers at the first level garage wall in its transverse (North-

South) direction. The maximum central roof drift under the DE and MCE events was 

0.8% and 2%, respectively, while the maximum inter-story drift at the garage wall was 

1.2% and 3.1%, respectively. These responses verified that the collapse prevention 

requirement, inherent in code-compliant seismic design, was satisfied. No potential 

loss of life or collapse hazard was identified during or after the execution of the tests. 

 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 (44% of DE). The application of 
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gypsum wallboard on the partition 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 interstory drifts on the second 

floor was also explained by the increase of diaphragm effect on the roof level. The 

application of stucco as exterior finish further reduced the inter-story drifts in both 

levels of the test structure. 

 The good performance of the test structure was associated with inelastic deformations 

that resulted in limited damage in structural and non-structural components.  The most 

common type of damage, for shear walls subjected to inter-story drifts greater than 

1%, included: 

o Sheathing pull-out at wall corners and permanent differential movement of 

adjacent panels. 

o Cracking and splitting of sill and top plates and cracking of studs attached to 

holdowns. 

o Crushing of gypsum wallboard at wall corners and buckling of gypsum 

wallboard at door openings. 

o Cracking of stucco on door and window openings and cracking and spalling of 

stucco at the corners of the structure. 

Besides these observations, the experimental data from the NEESWood benchmark tests 

represents a unique dataset for the validation of three-dimensional numerical models of low-

rise light-frame wood structures that can simulate both structural and non-structural 

components. 

7.1.2 Analytical Study 
The analytical task focused on the development, implementation and validation of a novel 

numerical framework, suitable for the nonlinear inelastic, static and dynamic analysis of light-
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frame wood buildings. The numerical formulation addresses the two-dimensional (2D) in-

plane response of inter-story light-frame wood shear walls that incorporate single-sided 

sheathing panels, which are the structural elements considered in the seismic design. 

Considering each inter-story shear wall assembly as a single sub-structure element with internal 

nonlinear DOF, a 2D building model is formulated that represents a vertical continuous wall 

diaphragm of a prototype building. This is the first fundamental step towards the three-

dimensional analysis of complete light-frame wood buildings with additional non-structural 

components. 

The 2D building model is based on a sub-structuring approach that considers each floor 

diaphragm as rigid body with 3 kinematic and potentially dynamic degrees-of-freedom (DOF) 

in the vertical plane. A sub-structure element is developed for each individual single-story wall 

assembly that interacts with the adjacent diaphragms, above and below, and generates the 

resisting quasi-static internal forces. Utilizing floor diaphragms as boundary elements of the 

sub-structures developed for each story allows simulation of other modes of deformation (i.e. 

flexural and rocking modes) of the framing domain, with due consideration of the interaction 

effects between shear walls and floor diaphragms. 

The 2D shear wall model consists of a number of finite elements developed to simulate the 

structural components, such as sheathing panels, framing members and inter-component 

connections. Sheathing panels are orthogonal, by default, and are described with 4 generalized 

DOF and linear elastic behavior. No bearing phenomena are included between sheathing 

panels. The sheathing-to-framing connections are described with two orthogonal coupled 

phenomenological springs that exhibit pinching, strength deterioration and stiffness 

degradation. Each orthogonal pair of springs representing a single sheathing-to-framing 

connection is rotated according to the initial trajectory of the connector force computed under 

infinitesimal lateral wall deformation. The proposed shear wall element enables the analyst to 

select between a simplified and a detailed formulation to describe the wood framing 

components. In the former case, referred as Pure Shear formulation, framing is assumed rigid 

and pin-connected and is considered to be rigidly attached to the floor diaphragms. In the 

latter case, referred as Model formulation, framing members are represented with linear elastic 

beam elements with axial and flexural behavior using centre-line modelling of each individual 
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framing component. This approach enables the consideration of contact/separation 

phenomena between vertical studs and horizontal plates, contact/separation phenomena 

between horizontal plates and diaphragms, as well as anchoring equipment between framing 

and diaphragms (i.e. anchor bolts, holdowns), typically installed in light-frame shear walls to 

develop a vertical load path that resists overturning moments. The use of corotational 

descriptions of the displacement fields of the finite elements implemented in the proposed 

numerical framework accounts for geometric nonlinearity associated with large rotations and 

for P-Δ effects due to gravity loads, assuming small deformations of the structural members 

that remain linear elastic, such as the individual framing members and the sheathing panels. 

To validate the proposed numerical framework, a number of simulation examples were 

presented, based on existing experimental results from pseudo-static tests of single- and two-

story full-scale shear wall specimens, as well as shake-table tests of a single-story full-scale 

structure. 

The results from the validation studies of single- and two-story specimens under quasi-static 

displacement-controlled loading conditions (Pardoen et al. 2003) led to the following 

conclusions: 

 The numerical models based on the detailed Model formulation provide reliable 

estimates of the lateral hysteretic responses of engineered single- and two-story 

specimens carrying minimal gravity loads, independently of the aspect ratio of the 

shear wall segments or the location of the shear wall assemblies (first or second story). 

The numerical models successfully reproduce the behavioral characteristics of the test 

specimens under monotonic and cyclic displacement protocols that drive the system 

deep into the inelastic range, providing a consistent response under yielding, 

hardening, softening and pinching behavior. The predicted backbone forces, extracted 

from the cyclic responses, tend to be on average within 5%-10% lower than the 

experimental forces along the post-elastic ascending and descending regime. As a 

result, the hysteretic strain energy dissipation capability is consistently underestimated 

in the numerical predictions.  
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 The numerical models based on the Pure Shear formulation provide good estimates 

of the lateral hysteretic responses of engineered shear wall assemblies with low aspect 

ratio segments, which are located at the first story. For these cases, the predicted 

backbone forces, extracted from the cyclic responses, tend to be on average within 

5%-10% higher than the experimental forces and correlate well with the strain energy 

dissipation capability. However, the responses of the high aspect ratio Garage Door 

(GD) wall and both second story wall assemblies clearly demonstrate that the Pure 

Shear formulation significantly overestimates the strength, stiffness and energy 

dissipation capability, compared to the experimental responses. 

 The effectiveness of the detailed model is more pronounced for (i) the GD wall, which 

consists of two high AR wall piers, and (ii) the second-story walls of the two-story 

specimens, since for these cases the differences between detailed and simplified 

numerical predictions are significant. Although these differences were expected for the 

GD wall and are consistent to the use of the aspect ratio adjustment factor in IBC 

(2006), the differences in the cyclic response of the second story walls provide 

evidence that the response of engineered shear wall segments located at higher floors 

of a light-frame wood structure may deviate from the expected racking response, even 

for low aspect ratio wall segments. 

 The comparison of local responses from the Model formulation results, such as the 

end post uplift displacement and the holdown hysteretic response, demonstrated that 

predictions are less accurate when comparing local displacements but provide good 

accuracy when comparing local forces. It is also important to note that the numerical 

results predict similar variations of local responses, for different wall configurations, to 

the variations observed in the experimental results. 

 The deformed shapes of the GD wall model are well correlated to the deformations of 

the actual test specimen, demonstrating that the load paths developed within the shear 

wall domain were realistic. 

Complementary numerical analyses were performed to assess the effect of holdown equipment 

on the lateral performance of the three single-story shear wall specimens, by removing the 
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diaphragm-to-stud connector elements from the detailed numerical models. The analysis 

results clearly demonstrate that the removal of holdowns results in substantially lower stiffness, 

strength and energy dissipation capability of the shear wall system, when the gravity loads 

applied are minimal. The computation of the numerical responses of such poorly-anchored 

shear wall assemblies represents a key feature of the proposed numerical framework and 

provides the means to obtain reliable performance estimates of both engineered and 

conventional shear wall construction. 

The validation studies based on the unidirectional shake table test results of a single-story 

symmetric structure (Shinde and Symans 2010) verify the applicability of the sub-structure 

modeling approach to perform nonlinear dynamic response-history analysis with shear wall 

models that include all the primary sources of nonlinear inelastic behavior. Despite the high 

gravity load applied at the floor diaphragm that results in small backbone force differences 

between simplified and detailed models, the dynamic nature of the excitation leads to higher 

inter-story drifts of the detailed model compared to the simplified one. The numerical results 

are in reasonable agreement with the experimental results, but there is still room for 

improvement in the estimation of the structural component properties or modification of 

constitutive models that can provide more accurate predictions. 

7.2 Recommendations 
The main recommendations derived from this research work are summarized below: 

 The interior and exterior wall finish nonstructural components contribute to an 

increase of the lateral stiffness of shear wall assemblies and modify the dynamic 

characteristics of a light-frame wood building, reducing the building drifts under low 

level earthquake shaking. For the experimental structure and based on the ambient 

vibration tests, the increase in the lateral stiffness from the installation of gypsum 

wallboard and stucco was 15% and 30%, respectively, on average for each principal 

direction. Although these components are not considered in the seismic design, the 

contribution to the lateral resistance can be considered for capacity design of 

anchorage equipment and boundary connections. 
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 The design objectives of a light-frame wood building within a performance-based 

approach should consider the repair costs associated with damage in structural and 

nonstructural components. 

 Low aspect ratio shear walls with good anchorage conditions are the most reliable 

configurations because they demonstrate a robust lateral hysteretic response that 

depends less than other configurations on the gravity loads applied and the specific 

boundary conditions. Well-anchored high aspect ratio wall segments are more 

susceptible to a rocking response that involves separation of the end studs from the 

top plate. This mode of deformation is amplified when interior gypsum wallboard is 

fastened to the vertical studs of the shear wall framing. 

7.3 Future Work 
The following future research work is recommended based on the experimental and analytical 

studies described in this report:  

 Use of the detailed shear wall model to apply the methodology described in FEMA 

P695 (2009) and to quantify design parameters that have been traditionally used in 

force-based seismic design practice, such as the force-reduction factor (or R factor). 

The use of reliable numerical models that account for large displacements and simulate 

additional secondary modes of deformation of light-frame wood shear walls will lead 

to more accurate estimates of the safety against collapse intended by current seismic 

codes, compared to existing simplified state-of-practice numerical models. 

 Use of the detailed shear wall model to benchmark the monotonic response of typical 

single-story assemblies with respect to the structural configuration, the nailing 

schedule, the anchorage conditions and the gravity loads. Use of the generated results 

within the displacement-based design procedures developed within the NEESWood 

Project. 

 Development of a three dimensional (3D) building model based on the existing sub-

structuring approach that will allow to customize the level of detailing in the numerical 

simulation of each sub-structure shear wall and diaphragm element according to the 
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problem specifics, such as: the actual size and structural configuration of the prototype 

structure, the type of analysis to be executed, the level of accuracy desired, and the 

available computational power. 

 Modification of the existing numerical framework to include two-sided shear wall 

models that will allow the simulation of internal gypsum wallboard. 

 Validation of the 3D model with the experimental benchmark tests. 
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APPENDIX A: PARAMETER ESTIMATION OF THE 

NONLINEAR INELASTIC SPRINGS UTILIZED IN THE 

NUMERICAL MODELS OF CHAPTER 5 

A.1   Estimated Parameters 
The parameters needed to describe the unidirectional response of nonlinear inelastic springs, 

utilized in the numerical models presented in Chapter 5, are listed in Table A.1.  

Table A.1 Parameters of Nonlinear Inelastic Springs Utilized in Chapter 5 

 oK  
[lbs/in] 

yoF  
[lbs] 

oα  
[-] 

σ  
[-] 

uσ  
[-] 

iniu  
[in] 

ultu
[in] 

β  
[-] 

γ  
[lbs-1] 

κ  
[-] 

3/8 in OSB / 
8d Box Gun 
Nails / 2x4 
Douglas-Fir 

12649.9 141.9 0.040 0.350 0.221 0.011 3.30 0.05 3.87E-04 50.0 

HTT22 
Holdown 

Spring 
150000 8000 0.050 0.010 0.250 0.150 1.80 0.05 5.00E-05 20.0 

CS16 
Strap  

Spring 
60000 3200 0.050 0.010 0.250 0.150 1.80 0.05 1.25E-04 20.0 

 

A.2   Parameter Estimation for Sheathing-to-Framing Spring 
The parameters for the sheathing-to-framing nonlinear springs were defined based on 

unidirectional cyclic tests of 3 sheathing-to-framing connection specimens (Fischer et al. 2001). 

The specimens consisted of the same material and geometric properties (3/8 in OSB / 8d box 

nails / 2x4 Douglas-Fir) as the shear wall specimens and were tested parallel to the grain of the 

framing lumber. 

The parameter estimation was executed using a MATLAB (Mathworks 2009) integrated 

subroutine that employs a minimization procedure to yield the optimum model parameters. 

Assigning an initial set of parameters p, where p is a 10-by-1 vector, and utilizing the recorded 
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displacement history of each connection test d, the nonlinear force history f(p,d) predicted by 

the numerical model is used to define the objective function H(p) to be minimized as: 
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 (A.1) 

where c is a n-by-1 vector that contains the experimentally recorded force history and n 

corresponds to the number of recorded steps. 

Instead of computing the optimum parameters for each cyclic test and then calculating the 

final parameters as the average of the 3 sets, a single optimization procedure was executed 

using the data from the tests as a single set. Since the number of recorded steps was the same 

for all tests, no weighting factor was considered in the objective function. The parameters 

estimated from the identification procedure are listed in Table A.1. The hysteretic response 

and the associated strain energy for the cyclic tests and the numerical prediction are shown in 

Figure A.1. 

A.3   Parameter Estimation for HTT22 Holdown Spring 
The parameters for the HTT22 holdown spring were estimated from the force-displacement 

history deducted from the cyclic Test A of the Garage Door wall, shown in Figure 5.14b. A 

single experimental response was used because at this stage the intention was to acquire 

acceptable parameters for the nonlinear numerical response and not to define the optimum 

parameters for a specific holdown device. The latter should be performed in conjunction with 

analytical and numerical studies at the component level, which would provide the capability to 

estimate the parameters for similar devices as well.  

The parameters estimated from the identification procedure are listed in Table A.1. The 

hysteretic response and the associated strain energy for the cyclic test and the numerical 

prediction are shown in Figure A.2. 
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Note that the tension allowable load provided by the specifications was 4165 lbs at a deflection 

of 0.152 in, thus, for a linear response the stiffness would be 27400 lbs/in.  

 
Figure A.1 (a) Monotonic and Cyclic Response, and (b) Strain Energy Response of a Unidirectional Nail Spring for: 

[3/8 in OSB / 8d Box Gun Nails / 2x4 Douglas-Fir] 

(a) 

(b) 
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Figure A.2 (a) Monotonic and Cyclic Response, and (b) Strain Energy Response of a HTT22 Holdown Spring 

A.4   Parameter Estimation for CS16 Strap Spring 
The parameters for the CS16 strap spring were estimated directly from the parameters already 

defined for the HTT22 holdown spring, due to lack of experimental data for this type of 

component. The tension allowable load for the CS16 strap was 1705 lbs which is 40% that of 

the HTT22 holdown (4165 lbs). Thus, the initial stiffness Ko and yield force Fyo were selected 

(a) 

(b) 
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as 40% of the values assigned for the HTT22 holdown spring. The remaining parameters were 

not modified except for the parameter γ which was multiplied by the inverse of 40% which is 

equal to 2.5. 

The parameters for the CS16 strap spring are listed in Table A.1. The assumed hysteretic 

response for the two devices is shown in Figure A.3. 

 
Figure A.3 Cyclic Responses of a CS16 Strap and HTT22 Holdown Spring 
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APPENDIX B: PARAMETER ESTIMATION OF THE 

NONLINEAR INELASTIC SPRINGS UTILIZED IN THE 

NUMERICAL MODELS OF CHAPTER 6 

B.1   Estimated Parameters 
The parameters needed to describe the unidirectional response of nonlinear inelastic springs, 

utilized in the numerical models presented in Chapter 6, are listed in Table B.1.  

Table B.1 Parameters of Nonlinear Inelastic Springs Utilized in Chapter 6 

 oK  
[lbs/in] 

yoF  
[lbs] 

oα  
[-] 

σ  
[-] 

uσ  
[-] 

iniu  
[in] 

ultu
[in] 

β  
[-] 

γ  
[lbs-1] 

κ  
[-] 

7/16 in OSB 
/ 8d 

Common 
Nails / 2x6 

Spruce-
Pine-Fir 

11800.2 137.4 0.050 0.365 0.265 0.007 3.42 0.10 4.55E-04 5.7 

HD6A 
Holdown 

Spring 
120000 6400 0.050 0.010 0.250 0.150 1.80 0.05 6.25E-05 20.0 

 

B.2   Parameter Estimation for Sheathing-to-Framing Spring 
The parameters for the sheathing-to-framing nonlinear springs were defined based on 

unidirectional monotonic and cyclic tests of sheathing-to-framing connection specimens 

(Ekiert and Hong 2006). The specimens consisted of 7/16 in OSB, 8d common nails and 2x6 

Hem-Fir framing lumber. Since the test specimen was constructed with Spruce-Pine-Fir 

lumber, a modification in the final spring parameters was executed based on the specific 

gravity of the two framing materials, as described later in this section. 

The existence of both cyclic and monotonic pushover tests, conducted both perpendicular and 

parallel to grain, gave the opportunity to synthesize these test data in order to find the 

parameters for the sheathing-to-framing connectors that better represent the most probable 

response, independent of grain orientation. 
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B.2.1   Processing of Monotonic Test Data 
The objective was to construct a representative backbone curve independent of grain 

orientation. 

First, the monotonic pushover curves were interpolated at equal displacement intervals of 

0.001 in. This interpolation was possible because the recording frequency was quite small with 

displacements intervals of the order of 10E-04 in and the displacement history was a 1-1 

ascending function with respect to the number of recording steps. This procedure also reduced 

the number of recording steps to about 2000, which is more manageable than the 67000 steps 

of the original signals. 

Subsequently, the median force at each displacement was computed for each group of curves 

representing loading perpendicular and parallel to grain, as shown in Figure B.1. The median 

response was preferred from the mean or average response because it yielded a smoother 

backbone curve. Furthermore, the capping forces were almost equal for both directions of 

loading (280 lbs and 278 lbs for perpendicular and parallel to grain, respectively) but the 

corresponding displacements were quite different (0.344 in and 0.917 in for loading 

perpendicular and parallel to grain, respectively). 

In order to synthesize the two median backbone curves shown in Figure B.1, each signal was 

first modified to remove local force fluctuations, so as to yield a force-displacement function 

that is 1-1 ascending up to the point of capping force and 1-1 descending, from the point of 

capping force to the point of failure. The original and modified signals are shown in Figure 

B.2.  

Subsequently, the backbone curves were normalized with respect to the capping force so that 

the maximum force value was equal to 1. Then, the modified signals were interpolated at equal 

force increments of 0.001. This allowed calculating the median displacement between the two 

loading cases for the same fraction of the resisting force. The final median backbone curve 

shown in Figure B.2 was the product of the median normalized curve and the median capping 

force of the two original curves that was equal to 279 lbs. 
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Figure B.1 Experimental and Median Backbone Curves for Loading (a) Perpendicular to Grain, and (b) Parallel to Grain for 

[7/16 in OSB / 8d Common Nails / 2x6 Hem-Fir] 

(a) 

(b) 
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Figure B.2 Median Backbone Curves for  

[7/16 in OSB / 8d Common Nails / 2x6 Hem-Fir] 

B.2.2   Minimization Procedure and Final Parameters 
The minimization procedure that has been described in Appendix A was used again with some 

minor modifications. Thus, a single optimization procedure was executed using the data from 

the tests as a single set. Moreover, it was decided to assign 50% of the weight in the calibration 

against the median backbone curve and 50% of the weight in the calibration against the cyclic 

tests available. A total of 16 cyclic tests were available (8 for loading perpendicular to grain and 

8 for loading parallel to grain), each containing 5000 recording steps. Using a weight factor of 

unity for each cyclic data point, the total weight was equal to 16*5000, which is equal to 80000. 

The single monotonic curve consisted of 2013 points. Since the weight between cyclic and 

monotonic test data was the same, each monotonic data point was assigned a weight factor 

equal to 80000/2013, which is equal to 39.74. The parameters estimated from the 

identification procedure are listed in Table B.2. The hysteretic response and the associated 

strain energy for the monotonic cyclic tests and the numerical prediction are shown in Figure 

B.3. 



275 
 

 
Figure B.3 (a) Monotonic and Cyclic Response, and (b) Strain Energy Response of a Unidirectional Nail Spring for: 

[7/16 in OSB / 8d Common Nails / 2x6 Hem-Fir] 

As mentioned in the introductory section of this appendix, the test specimen was constructed 

with Spruce-Pine-Fir lumber, while the nail connection specimens were constructed with 

Hem-Fir lumber. The former material has a specific gravity of 0.42 and a dowel bearing 

strength of 3350 psi, while the latter has a specific gravity of 0.43 and a dowel bearing strength 

(a) 

(b) 



276 
 

of 3500 psi, based on Table 11.3.2 and Table 11.3.2A of NDS (2005). It was assumed, for 

simplicity, that the strength of the two connections was correlated similarly to the dowel 

bearing strength. Thus, the strength of the Spruce-Pine-Fir connections was about 95% 

(3350/3500*100) that of the Hem-Fir connections. Therefore, the initial stiffness Ko and yield 

force Fyo were selected as 95% of the values assigned for the Hem-Fir connections. The 

remaining parameters were not modified except for the parameter γ which was multiplied by 

the inverse of 95%. 

Table B.2 Parameters of Nonlinear Inelastic Sheathing-to-Framing Springs 

 oK  
[lbs/in] 

yoF  
[lbs] 

oα  
[-] 

σ  
[-] 

uσ  
[-] 

iniu  
[in] 

ultu
[in] 

β  
[-] 

γ  
[lbs-1] 

κ  
[-] 

7/16 in OSB 
/ 8d 

Common 
Nails / 2x6 

Hem-Fir 

12412.2 144.6 0.050 0.365 0.265 0.007 3.42 0.10 4.33E-04 5.7 

7/16 in OSB 
/ 8d 

Common 
Nails / 2x6 

Spruce-
Pine-Fir 

11800.2 137.4 0.050 0.365 0.265 0.007 3.42 0.10 4.55E-04 5.7 

 

B.3   Parameter Estimation for HD6A Holdown Spring 
The parameters for the HD6A holdown spring were estimated directly from the parameters 

already defined for the HTT22 holdown spring, due to lack of experimental data for this type 

of component. The tension allowable load for the HD6A holdown was 3305 lbs which is 80% 

that of the HTT22 holdown (4165 lbs). Thus, the initial stiffness Ko and yield force Fyo were 

selected as 80% of the values assigned for the HTT22 holdown spring. The remaining 

parameters were not modified except for the parameter γ which was multiplied by the inverse 

of 80% which is equal to 1.25. 

The parameters for the HD6A holdown spring are listed in Table B.1. The assumed hysteretic 

response for the two devices is shown in Figure B.4. 



277 
 

 
Figure B.4 Cyclic Responses of a HD6A and a HTT22 Holdown Spring 
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APPENDIX C: CONVERGENCE STUDY ON THE TIME STEP 

FOR NONLINEAR DYNAMIC ANALYSIS OF CHAPTER 6 
A convergence study was executed in order to investigate the optimum time step (Δt), to be 

used in the nonlinear dynamic analysis, in terms of numerical accuracy and numerical 

efficiency. Only the Model formulation was used in these analyses. The test data were 

recorded at a sampling frequency of 200 Hz, thus, a time step of 0.005 sec was the first and 

most logical selection for the analysis time step. Furthermore, the fundamental period of the 

numerical model (0.27 sec) was more than 50 times larger than 0.005 sec. An additional 

analysis was executed with a time step of 0.001 sec. The output frequency was reduced to 1 

every 5 analysis steps, thus, both numerical predictions provided the output data at the same 

time step of 0.005 sec. Subsequently, maximum and minimum response values were computed 

and are presented in Table C.1 to Table C.3 for Test 1 to Test 3, respectively. Note that the 

values shown for a time step of 0.005 sec are the same as those listed in Chapter 6. 

The results indicate that the differences between the two analysis cases are quite small. For 

Test 1 and Test 2, maximum and minimum values are different by less than 0.5%. For Test 3, 

differences exceed 0.5% only for the maximum lateral force and the minimum absolute 

acceleration at the top of the wall. Given that the analysis with a time step of 0.005 sec is 

executed almost 5 times quicker than the same analysis with a time step of 0.001 sec and the 

numerical results are almost identical, the former time step was selected as optimum for the 

given dynamic nonlinear analyses. 

Table C.1 Comparison of Maximum and Minimum Values for Test 1 

 Δt = 0.001 sec Δt = 0.005 sec 
 Positive Negative Positive Negative 

Inter-Story Displacement [in] 0.06 -0.10 0.06 -0.10 
Force [kip] 0.54 -0.84 0.54 -0.84 

Inter-Story Velocity [in] 1.42 -1.66 1.42 -1.66 
Top of Wall Abs. Acceleration [g] 0.13 -0.08 0.13 -0.08 

 Percentage Difference (%) 
Inter-Story Displacement N/A N/A 0.2 -0.2 

Force N/A N/A 0.1 -0.1 
Inter-Story Velocity N/A N/A 0.3 -0.4 

Top of Wall Abs. Acceleration N/A N/A -0.1 0.1 
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Table C.2 Comparison of Maximum and Minimum Values for Test 2 

 Δt = 0.001 sec Δt = 0.005 sec 
 Positive Negative Positive Negative 

Inter-Story Displacement [in] 0.40 -0.58 0.40 -0.58 
Force [kip] 1.52 -1.71 1.52 -1.71 

Inter-Story Velocity [in] 5.97 -5.51 5.98 -5.53 
Top of Wall Abs. Acceleration [g] 0.26 -0.23 0.26 -0.23 

 Percentage Difference (%) 
Inter-Story Displacement N/A N/A 0.0 0.2 

Force N/A N/A 0.0 0.0 
Inter-Story Velocity N/A N/A 0.1 0.2 

Top of Wall Abs. Acceleration N/A N/A 0.0 0.0 
 

Table C.3 Comparison of Maximum and Minimum Values for Test 3 

 Δt = 0.001 sec Δt = 0.005 sec 
 Positive Negative Positive Negative 

Inter-Story Displacement [in] 3.44 -3.21 3.43 -3.22 
Force [kip] 2.30 -2.27 2.34 -2.27 

Inter-Story Velocity [in] 22.47 -20.62 22.58 -20.54 
Top of Wall Abs. Acceleration [g] 0.34 -0.34 0.34 -0.35 

 Percentage Difference (%) 
Inter-Story Displacement N/A N/A -0.2 0.3 

Force N/A N/A 1.7 -0.2 
Inter-Story Velocity N/A N/A 0.5 -0.4 

Top of Wall Abs. Acceleration N/A N/A -0.2 1.7 
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